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Seagrass beds are significant sinks for microplastics. However, the degradation of

seagrass beds poses significant challenges, and evidence regarding its impacts on

microplastic sinks remains scarce. In this study, sediment cores were collected to

investigate microplastic stock and composition, microplastic carbon, and organic

carbon stock in Zostera japonica seagrass bed and adjacent degraded area in a

lagoon Swan Lake, China. Themicroplastic stock in seagrass bed (84.5 ± 18.5million

particles ha-1) was found significantly higher than degraded area (51.8 ± 0.6 million

particles ha-1), resulting in release of 38.7% of buried microplastics reactivated in

water column. Similarly, 30.0% of the microplastic carbon stock and 66.1% of the

total organic carbon stock were eroded due to seagrass degradation. The carbon

stocks derived from microplastics were estimated at 0.19 ± 0.10 kg C ha-1 in the

seagrass bed and 0.13 ± 0.11 kg C ha-1 in the degraded area, contributing minimally

to the total organic carbon stock (0.0023% and 0.0026%, respectively). Notably,

seagrass degradation within a single year may trigger rapid erosion of organic

carbon andmicroplastics buried for over 20 years in Swan Lake. A linear relationship

was observed between sediment microplastic carbon and total organic carbon

contents (Organic carbon = 1990 + 35100 × Microplastic carbon, R² = 0.26,

p < 0.001). Microplastics in the sediments were predominantly fiber (48.1%), black

(40.7%), 250–500 μm (47.0%) microplastics in degraded area, while plate (26.7%),

blue and transparent, each contributing 26.7% and 125–250 μm (38.2%) in seagrass

bed. Seagrass bed degradationmay not only reduce the stock ofmicroplastics in the

sediments but also alter their composition. This study initially quantified the

contribution of microplastics to organic carbon stocks in seagrass bed sediments

and underscored the urgent need for seagrass conservation to mitigate climate

change and prevent the remobilization of historically buried microplastics.
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1 Introduction

The issue of plastic pollution has become a global crisis, with mass

production reaching 414 million tons in 2023 alone (Plastics Europe,

2024). Globally, the annual flux of unmanaged plastic waste from land

to marine environments has been estimated at 0.1–3.8 million tons

(Zhang et al., 2023). Even more concerning, plastics in the

environment undergo fragmentation due to solar radiation,

biological processes, and physical forces, breaking down into smaller

particles known as microplastics (diameter < 5 mm) (Thompson et al.,

2004; GESAMP, 2015). Microplastics may pose substantial risks to

marine life, including physical harm and introducing chemical toxicity

through added substances such as plasticizers, flame retardants, and

stabilizers (Hermabessiere et al., 2017; Amelia et al., 2021).

Microplastics are ubiquitous, widely documented in lakes, rivers and

coastal zones (Bao et al., 2024), even reaching the most remote and

pristine locations, such as the Mariana Trench and polar region

(Mishra et al., 2021; Peng et al., 2018).

Seagrass beds are critical blue carbon ecosystems in coastal

zones, playing a vital role in carbon sequestration (Duarte et al.,

2013). Recent studies also highlighted their importance as

significant sinks for microplastics. In the Mediterranean Sea,

microplastics ranging from 68 to 3,819 particles kg-1 were

detected in the surface sediment layers of seagrass beds (Dahl

et al., 2021a). Microplastic abundance was detected at 142 ± 140

particles kg-1 in the tropical estuarine small-bodied seagrass beds in

Brazil (Souza et al., 2024). Along the southeast coast of India, higher

abundance of microplastics were observed in the sediments of

submerged seagrass beds (14–45 particles kg-1) compared to

unvegetated areas (4–9 particles kg-1) (Esmeralda and Patterson,

2025). Similarly, microplastics were found to accumulate 1.3–2.9

times more in seagrass beds than bare flat in the South China Sea

(Huang et al., 2020, 2021). In northern China, microplastic

abundance in the sediments of seagrass beds ranged from 159 to

440 particles kg-1 across Changdao island, Shuangdao bay, Sanggou

bay and Huiquan bay (Zhao et al., 2022). Seagrass beds can capture

organic matter and microplastics in sediments by increasing seabed

friction, attenuating waves, and reducing the momentum of

suspended particles (Huang et al., 2020; Risandi et al., 2023).

Microplastics were also found tangling with natural lignocellulosic

fibers with up to 1470 plastic particles kg-1 of plant material in

seagrass beds (Sanchez-Vidal et al., 2021).

However, seagrass beds are facing severe degradation with 7%

yr-1 globally due to factors such as fishing activities, eutrophication,

and coastal development (Waycott et al., 2009; Dahl et al., 2022;

Xiao et al., 2020). With seagrass declining, their capacity to

sequester and store organic carbon weakens by reducing input of

autogenous and exogenous organic matters, lower stability of

carbon storage and direct erosion (Dahl et al., 2021b; Ren et al.,

2024). The global seagrass loss may induce 63–297 Tg C yr-1

emission of carbon assuming the released carbon was oxidized

(Fourqurean et al., 2012). Microplastics are exogenous particles that

closely resemble organic matter (Huang et al., 2021), but the impact

of seagrass decline on microplastic accumulation remains

unknown. Microplastics may be released from sediments during
Frontiers in Marine Science 02
seagrass degradation, and be reactivated in the environment and

posing further ecological risks.

The role of microplastics in the Earth’s carbon biogeochemical

cycles has drawn attention in recent years, as the primary

constituent of microplastics is carbon (Huang and Xia, 2024).

Microplastics were estimated to account for 0.1–5% of total

particulate organic carbon in the oceanic water column between

depths of 30 m and 2000 m (Zhao et al., 2025). By 2035, 14 PG

carbon embedded in accumulated plastics in the Earth could rival

the amount of global blue carbon stocks (Stubbins et al., 2021).

Microplastics due to their small size may erroneously be accounted

for part of the organic carbon pool. Microplastic carbon was

estimated to contribute 0.001 – 1.197% of sediment organic

carbon stocks in the mangrove of Hong Kong, China (Chen and

Lee, 2021). However, the contribution of microplastic accumulation

in organic carbon stocks in degraded and healthy seagrass beds has

yet to be explored.

Swan Lake is a hot spot for temperate seagrass research in the

northern China, which is a shallow semi-enclosed lagoon with 0–2 m

water depth. This lagoon occupied 212.4 ha seagrass beds in 2022,

dominating by Zostera marina and Z. japonica. Z. japonica mainly

inhabits in the intertidal zone, while Z. marina is distributed in the

subtidal area (Liang et al., 2023). However, degradation of Z. japonica

seagrass beds in the east of Swan Lake was observed in 2023 through

field surveys and satellite imagery. Therefore, seagrass bed degradation

in the lagoon of Swan Lake, China, may induce the joint

remobilization of historically buried microplastics and organic

carbon. The specific hypotheses proposed are 1) seagrass bed

degradation may reduce the storage of microplastics and organic

carbon, leading to release of these particles back into the environment;

2) microplastic loss may contribute only minimally to total organic

carbon stocks; and 3) degradation of seagrass beds may significantly

alter the distribution of microplastic morphologies in sediments.
2 Materials and methods

2.1 Field work

Seagrass sites (122.580578° E, 37.351943° N) and adjacent

degraded sites (122.580104° E, 37.352133° N) were set up in the

east of Swan Lake. During fieldwork, the healthy seagrass sites were

covered by dense Z. japonica, whereas the degraded area had an

extremely sparse distribution of seagrass (Figure 1). According to

satellite images, the degraded area was covered by seagrass from

2016 to 2022 but had largely vanished by 2023 (Figure 2). The

distance between two sampling sites is ~ 40 m and degraded sites

are ~ 20 m from the edge of the seagrass beds. On September 26,

2023, a 25 cm × 25 cm quadrat was randomly placed to collect the

seagrass aboveground biomass and measure the shoot density and

height. Sediment core to a depth of 14 cm were collected within the

quadrat using a stainless-steel corer (length: 80 cm and diameter:

5.9 cm) and a piston. Sediment cores were sectioned at 2 cm

intervals in the field. Sediment cores were collected in three

replicates at each site, with distance ~ 5 m among replicates.
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2.2 Extraction and identification of
microplastics

The procedure for microplastic extraction was modified from

the method described by Coppock et al (Coppock et al., 2017), using

sediment microplastic isolation (SMI) units (Figure 3).

Approximately 50 g of dried sediment sample from each core

slice was placed in a beaker with a ZnCl2 solution (1.69 g cm-3)

and stirred with a glass rod to thoroughly disperse the sediment.

The ball valve of SMI unit was opened to prefill it with ZnCl2
solution. The sediment mixture was then gently added into the long

tube of SMI, allowing lighter microplastic to separate from sand.

The SMI was fully rotated for one minute and allowed to settle at

least 3 hours until clear. The supernatant was then carefully

transferred into a clean beaker. This process was repeated by

refilling the SMI unit with fresh ZnCl2 solution to ensure

comprehensive extraction and transfer into the same beaker. To

remove floating organic materials, 20 ml of 30% H2O2 was added to

the beaker and allowed to react in 60°C oven for 12 hours.

Afterward, the supernatant was filtered using a nylon membrane
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(pore size: 10 μm, Delvstlab Co., Ltd., Haining, China), which was

subsequently stored in a filter preservation box.

Stereomicroscope (ZEISS SteREO Discovery V20, Carl Zeiss,

Germany) was used to examine particles on the membranes and all

the particles were record by pictures. micro-Fourier Transform

Infrared Spectrometer (Micro-FTIR, Shimadzu, IRTracer 100 and

AIM 9000, Japan) was employed to determine the polymer

composition of representative microplastics from natural particles. A

total of 43 particles across all sampling sites underwent Micro-FTIR

analysis. The pictures of confirmed microplastics were applied in

ImageJ software (http://imagej.nih.gov) to measure: area, fit ellipse

(major and minor axis), fiber and thread length, fiber and thread

diameter, max and min Feret diameter, thickness (only soft film and

rigid flat shapes available).

Microplastics were classified into six shape categories: thread,

fiber, fragment, film, flat and pellet. Colors were grouped into black,

white, blue, red, transparent, tan, green, and purple. The size of

microplastics was categorized into six classes based on their length

or maximum Feret diameter: 125–250 μm, 250–500 μm, 500–1000

μm, 1,000–2,000 μm and 1,000–5,000 μm. The abundance of
FIGURE 1

Map of sampling sites in the Zostera japonica seagrass bed and degraded area in Swan Lake, Shandong Province, China.
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microplastics in each size class were normalized by the width of the

respective size class (Cozar et al., 2014).

Both negative and positive controls were applied during

microplastic extraction and identification. Negative controls were

conducting the microplastic extraction and identification
Frontiers in Marine Science 04
procedures without adding sediment samples for three times.

Only one natural blue fiber made from cotton (identified by

Micro-FTIR) was found. For positive controls, clean sand samples

were spiked with known microplastics and processed using the

same extraction protocol described above. The recovery efficiency
FIGURE 2

Satellite image of studied seagrass beds in false color (near infrared, red and green bands) in 2023 (2023-a) and dynamic change of seagrass bed
distribution from 2016 to 2023. The green and yellow colors represent the extent of seagrass beds and bare flats, respectively. The red numbers
indicate the annual area of seagrass beds.
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was 90.9 ± 2.8%. Throughout the analysis, Milli-Q water was

used for cleaning all equipment. Additionally, aluminum foil was

used to cover containers and samples to minimize the risk of

microplastic contamination.
2.3 Sediment characteristics

Wet sediments samples were weighed before drying in the oven

at 65°C for 48 hours to constant weight. The dried sediments were

reweighed to calculate water content and dry bulk density according

to sample volume. Dried sediments were finely ground and

subjected to oxidation using potassium dichromate, followed by

measurement with a spectrophotometer (585 nm). The standard

curve used for quantification are provided in the Supplementary

File (Supplementary Figure S1). Grain size distribution of

ungrounded sediments of two cores from seagrass and degraded

sites was measured using a laser particle size analyzer (Sync

Microtrac MRB, USA), which included percentile of D10, D25,

D50, D75 and D90 particle sizes, as well as the silt content. The

sorting coefficient of sediments (So) is calculated by dividing D75

by D25.
2.4 Microplastic carbon and organic
carbon stocks

According to the polymer identified by Micro-FTIR, the density

and carbon content of each polymer were determined and

summarized (Supplementary Table S1). Thread and fiber plastic

shapes are assumed to be cylinders, whereas fragment and pellet
Frontiers in Marine Science 05
shapes are considered ellipsoids, and film and flat plastics to follow

a prism shape. Different volume models were applied to calculate

the microplastic volume, mass and carbon (Equations 1–3). The

density (r) and polymer carbon content of each shape were

calculated by weighted average of shape and polymer type.

MPCthread   and   fiber

=
pr1� length� width2

4
� carbon   content   1 (1)

MPCfragment,    pellet   and   foam

=
pr2�major�minor2

6
� carbon   content   2 (2)

MPCfilm   and   flat = r3� area� thickness� carbon   content   3 (3)

Microplastic (particles ha-1), microplastic carbon (kg ha-1) and

organic carbon (Mg C ha-1) stocks were calculated as Equation 4.

TheHi is 2 cm interval. The qi is dried density of the i layer. Ci is the

abundance of microplastic (particles kg-1) or microplastic carbon

(%) or organic carbon (%) in the sediments.

StocksMPs,   MPs   carbon   and   organic   carbon =o
7

i=1
Ci � qi � Hi (4)
2.5 Remote sensing image processing

The annual change and areal extent of seagrass beds in the study

region were quantified based on Sentinel-2 satellite images from

August 1 to October 31 for the years 2016 to 2023. Only cloud-free
FIGURE 3

Schematic overview of microplastic analysis and methodological workflow.
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images during low tide with beach exposed were selected for analysis.

Buffer zones with a 200-meter radius were generated around the

identified seagrass sampling locations. The landward areas were

masked and removed to focus on the exposed intertidal zones.

Normalized Difference Vegetation Index (NDVI) and Normalized

Difference Water Index (NDWI) were calculated and added as new

bands to the Sentinel-2 imagery. Feature of three classes that seagrass,

bare flats and water were created based on true-color and false-color

composites images. Supervised classification was performed using a

Support Vector Machine (SVM) algorithm, and classification

accuracy was evaluated using overall accuracy and the kappa

coefficient (Supplementary Table S2).
2.6 Data and statistical analysis

Data analysis and visualization were carried out using R

software package 3.5.1 (Team, 2018) and sampling maps were

obtained using ArcGIS 10.5 software (ESRI, California, USA).

Remote sensing images were processed in Google Earth Engine

(GEE) platform. Data is presented as mean ± standard error. One

and two-way ANOVA was used when approved by homogeneity

and normality of variance condition (Levene test and Shapiro-Wilk

test). Otherwise, non-parametric (Kruskal-Wallis for one way and

Scheirer–Ray–Hare for two-way analysis) test was used for

statistical analysis. The relationship between microplastic carbon

and sediment organic carbon was analyzed using linear regression,

where microplastic carbon outliers were removed using the boxplot

method. When p < 0.05, the value was considered statistically

significant and p < 0.01 indicated highly significance.
3 Results

3.1 Microplastic and organic carbon stocks
between seagrass beds and degraded area

Microplastic stock within 14 cm depth in seagrass beds (84.5 ±

18.5 million particles ha-1) was found significantly higher than in

degraded area (51.8 ± 0.6 million particles ha-1) (P < 0.05).

Similarly, the sedimentary carbon stock within 14 cm depth in

seagrass beds (9.82 ± 1.49 Mg C ha-1) was notably higher than in

degraded area (3.33 ± 0.08 Mg C ha-1). For the corresponding

microplastic stock in mass unit and microplastic carbon stock, there

was no significant differences between seagrass beds and degraded

area (p > 0.05), which was 0.27 ± 0.14 kg ha-1 and 0.19 ± 0.10 kg C

ha-1 in seagrass beds and 0.18 ± 0.14 kg ha-1 and 0.13 ± 0.11 kg C ha-

1 in degraded area, respectively (Figure 4). The microplastic carbon

stocks only account for a small fraction of organic carbon stocks

with 0.0023% and 0.0026% in seagrass beds and degraded

area, respectively.

In September 2023, the density of the Z. japonica seagrass bed

was 2624.0 ± 184.5 shoots m-², with an average height of 13.7 ± 1.3

cm and an aboveground biomass of 34.4 ± 3.8 g DW m-². From
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2016 to 2023, the classification of remote sensing imagery revealed

highly fluctuations in seagrass beds (Figure 2). The area increased

between 2016 and 2018, followed by a decline, then peaked at 2.24

hectares in 2021 before decreasing again. Notably, the degraded

sites retained seagrass presence over the past seven years but almost

disappeared entirely by 2023. The disappearance of seagrass in

degraded area resulted in a 32.7 million particles ha-1 (38.7%)

reduction in microplastic stock compared to vegetated areas

(Figure 4). The mass of microplastic stocks in seagrass bed was

0.84 kg ha-1 higher than degraded area. Additionally, organic

carbon stock decreased by 6.49 Mg C ha-1 (66.1%), while

microplastic carbon only decreased by 0.06 kg C ha-1 (30.0%).
3.2 Vertical change of microplastics in
related with organic carbon content

The vertical distribution of microplastics varied greatly. The

average microplastic abundance at seagrass sites was higher than

that at degraded sites, except at 6–8 cm slice. From 6 cm downward,

microplastic abundance in degraded sites was closer to seagrass sites

compared to 2–6 cm (Figure 5). Notably, no microplastics were

detected in the top 6 cm of sediment at one of the cores (D3) from

the degraded sites (Figure 5). Microplastic abundance at seagrass

sites ranged from 17.0 to 50.1 particles kg-1, while at degraded sites,

it varied between 10.6 and 33.1 particles kg-1. Similarly, microplastic

carbon content was consistently higher at seagrass sites compared

to degraded sites, except at 6–8 cm slice. Microplastic carbon ranged

between 0.003 and 0.134 μg g-1 at seagrass sites, and from 0.001 to

0.324 μg g-1 at degraded sites. For organic carbon content, seagrass

sites consistently displayed higher values (0.31–0.49%) compared to

degraded sites (0.09–0.24%). However, starting at 6 cm depth,

organic carbon content in degraded sites showed an increasing

trend, approaching that of seagrass sites.

Dry bulk density at seagrass sites was slightly lower than that at

degraded sites, with values ranging from 1.58 to 1.70 g cm-3 in

seagrass sites and 1.61 to 1.94 cm-3 in degraded sites (Table 1). In

contrast, the value of silt content between the seagrass and degraded

sites were similar in the upper 0–4 cm, and separated in the middle

and mixing after 10 cm. The vertical trends of sorting coefficient

were similar with silt content. A significant positive correlation was

observed between microplastic carbon and sediment organic

carbon, with a linear regression relationship (Organic carbon =

1990 + 35100× Microplastic carbon, R2 = 0.26, p < 0.001) (Figure 5).
3.3 Characteristics of microplastics and
sediments

In this study, nine types of microplastic polymers were

identified, with polypropylene (PP) being the dominant type,

accounting for 44%. Polyester and polyvinyl alcohol (PVA) each

comprised 12%, while polyethylene (PE) and polyvinyl chloride

(PVC) accounted for 8%, respectively. The percentage of shape,

color and size of microplastics between seagrass and degraded sites
frontiersin.org
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were not statistically significant (p > 0.05). In terms of microplastic

shape, it varied significantly (p < 0.01) among 6 different shape

types. Seagrass sites were dominated by rigid plate microparticles

(26.7%), followed by thread (24.4%), fiber (22.2%), and fragment

(17.8%) shapes (Figure 6). Pellet shaped microplastics were only

found at seagrass sites. In contrast, degraded sites were dominated

by fiber (48.1%), followed by plate (25.9%) and fragment (14.8%).

Regarding color, it varied significantly (p < 0.01) among 8 different

color types. Microplastics at seagrass sites were primarily blue and

transparent, each contributing 26.7%, followed by black (20.0%). At

degraded sites, black was predominant (40.7%), followed by blue

(25.9%), transparent (11.1%), and green (11.1%) microplastics

(Figure 6). For particle size, it varied significantly (p < 0.01)

among 5 different size classes. Microplastics at seagrass sites were

concentrated in the 125–250 μm range (38.2%), followed closely by

the 250–500 μm range (30.6%). In contrast, microplastics at

degraded sites were primarily in the 250–500 μm range (47.0%),

followed by the 125–250 μm range (31.3%) (Figure 6).
4 Discussion

4.1 Impact of seagrass degradation on
microplastic and carbon stocks

Our study showed that seagrass bed buried higher microplastic

stocks (84.5 ± 18.5 million particles ha-1) within the top 14 cm of
Frontiers in Marine Science 07
sediments than degraded area (51.8 ± 0.6 million particles ha-1),

resulting in a 38.7% loss of microplastic stocks. Continued seagrass

loss without restoration may lead to the formation of complete

unvegetated bare flats, further intensifying the release of

microplastics from sediments. Evidences showed that 30–310%

higher microplastics were buried in the sediments of seagrass

beds compared to bare flats along the coast of South China Sea,

China (Huang et al., 2020, 2021). Similarly, seagrass beds along the

coast of Shandong Province exhibited 30–102% higher microplastic

abundance compared to bare flats (Zhao et al., 2022). Seagrass beds

along the southeast coast of India retained up to 600% more

microplastics than adjacent unvegetated areas, highlighting their

strong particle-trapping capacity (Esmeralda and Patterson, 2025).

However, only 2.9% higher microplastics was found in small-bodied

seagrass beds in western Australia (Wright et al., 2023), which was

also influenced by lower seagrass canopy structures and density

(Wright et al., 2023; Cozzolino et al., 2020).

Similarly, the loss of organic carbon was also observed, leading

to a carbon stock reduction of 6.49 Mg C ha-1 (66.1%) within the

top 14 cm of sediments. Disturbances of seagrass beds were also

reported that result in carbon stock losses ranging from 2.2 to 11.7

Mg C ha-1 in Kenya and Southeast Australia (Githaiga et al., 2019;

Carnell et al., 2020), accounting for over 50% of the seagrass

sediment organic carbon stock (Dahl et al., 2021b). Carbon stock

with a 72% decline were reported in degraded seagrass beds and a

35% reduction persisting even after recovery in the southeastern

Jervis bay, Australia (Macreadie et al., 2015). Seagrass bed
FIGURE 4

Stocks of microplastics (MP), microplastics in mass unit (MPM), microplastic carbon (MPC) and organic carbon (OC) in the sediments to 14 cm.
*indicate statistic significance between seagrass and degraded sites (Kruskal-Wallis test p < 0.05). Data shows mean ± SE (n=3).
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degradation leads to the oxidation of buried organic matter,

sediment erosion, and reduced sediment stabilization due to the

absence of seagrass roots, all contributing to organic carbon loss

(Dahl et al., 2021b; Yamuza-Magdaleno et al., 2024). In addition,

trapping capacity of exogenous organic matters, which may account

for over 60% of total carbon stocks (Röhr et al., 2016), may also be

reduced due to absence of seagrass canopy (Huang et al., 2021).

These processes may not only result in releasing of stored organic

carbon but also allow microplastics to be resuspended in the

water column.

Seagrass bed degradation also reduced microplastic carbon

storage, with a decrease of 0.06 kg C ha-1. Reactive microplastics

may release dissolved organic carbon into the water column, with

an estimated 23,600 tons leached annually from ocean plastics

globally, serving as a carbon source for microbial communities

(Huang and Xia, 2024). Moreover, the escaped microplastics are

more likely to undergo mineralization under solar radiation in the

water column compare to dark and anoxia sediments (Kida et al.,

2022; Royer et al., 2018). After a 212-day incubation, the emissions

of CH4 from microplastics were estimated at 5.8 nmol g-1 d-1 in the

water column under solar radiation exposure (Royer et al., 2018).
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However, the contribution of microplastic carbon to total sediment

organic carbon remains negligible, at only 0.0023% and 0.0026% in

seagrass and degraded sites, respectively. Evidences on microplastic

carbon’s role in seagrass beds are particularly scarce, while similar

microplastic carbon was estimated to contribute 0.0001–0.0057% of

total organic carbon content in the mangrove forests of Fujian,

Guangdong, Guangxi, Hainan (Yu et al., 2023) and 0.001 – 1.197%

in Hong Kong, China (Chen and Lee, 2021). The contributions of

microplastics found in seagrass beds and mangrove forests in China

are comparable to the 0.1–0.6% reported in Swiss floodplain soils

(Scheurer and Bigalke, 2018; Rillig, 2018). Although the current

fraction of microplastic carbon in seagrass bed sediments is

negligible, it may increase in the future due to the continued

rise in plastic production (Stubbins et al., 2021). Additionally,

only 10.6 to 50.1 particles kg-1 of microplastics was observed in

the seagrass beds of this study, which is much lower than those

found in most seagrass beds globally (Souza et al., 2024). The

highest microplastic abundance in the sediments of seagrass beds

up to 37,000 particles kg-1 was reported in Mare Island, Indonesia

(Ramili and Umasangaji, 2022). Secondly, 17,137 particles kg-1 of

microplastics was found in the seagrass beds of an atoll, Belize,
FIGURE 5

Vertical change of microplastic (MP) abundance, microplastic carbon (MPC) content, organic carbon content, sorting coefficient and silt content
along the cores in seagrass and degraded sites (mean ± SE). Linear regression between organic carbon and microplastic carbon content at all sites
(y = 1.99 × 103 + 3.51 × 104 x, R2 = 0.26, p < 0.001).
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Central America (Radford et al., 2024). In seagrass beds heavily

polluted by microplastics, the carbon derived from microplastics

may play important role in sedimentary organic carbon. While

microplastic is unique pollutant disguised as natural organic matter

(Rillig, 2018), high abundance of microplastics may distort total

organic carbon measurement, underscoring the need for caution of

carbon stock estimates in the future.

Microplastics are ubiquitous in marine environments,

characterized by their small size and vivid colors, making them

susceptible to ingestion by marine organisms, including seabirds, sea

turtles, fish, bivalves, and even zooplankton (Wieczorek et al., 2019;

Monclús et al., 2022; White et al., 2018; Lyu et al., 2024; Zhu et al.,

2023). The ingestion of microplastics can lead to gastrointestinal tract

injuries, immune responses, obstruction and starvation (Amelia et al.,

2021). In addition, the additives in plastics, including plasticizers and
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flame retardants, pose significant chemical risks, which exhibit

neurotoxicity, carcinogenicity, and endocrine-disrupting properties

(Wang et al., 2020; Ramanayaka et al., 2024). For example,

invertebrate communities colonizing seagrass leaves have been

found to ingest artificial fibers dyed with industrial chemicals

known to be carcinogenic to vertebrates (Remy et al., 2015).

Thus, reactive microplastics may pose significant threats to marine

organisms inhabiting seagrass beds in Swan Lake. Only microplastics

buried in deeper sediment layer are likely to pose reduced ecological

risks. However, global seagrass beds have experienced rapid

degradation at a rate of 7% per year since 1990, driven by human

activities, nutrient input, coastal development, and climate change

(Waycott et al., 2009; Xiao et al., 2020). For instance, European

seagrass beds have lost a total of 35,684 ha compared to 122,582 ha

recorded in 1869 (de los Santos et al., 2019). This ongoing global
FIGURE 6

Microplastic morphology in cores from degraded (D1–D3) and seagrass sites (S1–S3) (upper and middle panels). Shape, color, and size percentages
of microplastics in seagrass (SS) and degraded (SD) sites in Swan Lake (lower panel).
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degradation not only threatens the stability of historically buried blue

carbon but may also lead to the release of sequestered microplastics,

contributing to greenhouse gas emissions and ecotoxicological risks

(Royer et al., 2018; Remy et al., 2015). These findings further highlight

the urgent need to protect and restore seagrass ecosystems to mitigate

climate change and prevent the remobilization of legacy microplastics.
4.2 Rapid erosion of microplastics and
organic carbon due to seagrass
degradation

According to the history satellite images, the seagrass

degradation may have occurred in the year of 2023 (Figure 2).

The seagrass bed distribution varied greatly from 2016 to 2023,

particular the edge of seagrass bed. Fluctuations in seagrass

distribution were also observed across the whole Swan Lake,

showing an overall decreasing trend (Liang et al., 2023). The Z.

japonica seagrass bed degradation in Swan Lake may be attributed

to direct freshwater discharge, nutrient loading and global warming

(Liang et al., 2023; Xiao et al., 2020). Along depth profile, the

average abundance of microplastic and organic carbon were found

to be higher in seagrass beds compared to degraded sites. And from

6 cm downward 14 cm, the trends of both microplastic and organic

carbon at degraded sites were close to seagrass sites. It may suggest

that water flow in this region may have strongly influenced the

sediments in degraded area, but relatively less effects on healthy

seagrass beds. Moreover, newly degraded seagrass may continue

contribute organic carbon through debris and roots in the deeper

sediments. Referring a documented sedimentation rate of 0.58 cm

yr-1 in the same region (Gao and Jia, 2004), Z. japonica seagrass bed
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declined within single one year in 2023 may lead to erosion of

organic carbon and microplastics that buried over 20 years.

Seagrass degradation may enhance local hydrodynamic forces,

while seagrass beds through their root systems and canopies

mitigate hydrodynamic forces and significantly reduce soil carbon

loss (Salinas et al., 2020). Furthermore, the large average grain size

was observed at both seagrass and degraded sites (Table 1), which

suggest exposed environment in study region. Only shear velocities

exceeding 0.2 m s-1, sediment erosion was triggered in seagrass

degraded area (Salinas et al., 2020). Both silt content and sorting

coefficient varied greatly between seagrass and degraded sites in this

study (Figure 5). Larger sorting coefficient indicates higher

depositional energy of the hydrodynamic regime (Kreitsberg

et al., 2021). Clay and silt are particularly susceptible to

suspension and transport under higher shear velocities (Salinas

et al., 2020). Much higher differences of organic carbon content

between seagrass and degraded sites were observed in exposed area

(11.7 times) than sheltered area (3.5 times) in northwest of Sweden

(Moksnes et al., 2021). However, only 2.9 and 1.6 times of organic

carbon and microplastics, respectively, were observed between

seagrass and degraded sites in this study. It may also indicate that

the degradation in study region was not severe, which only

happened within one year.

Organic carbon and microplastic carbon may be eroded

simultaneously during seagrass degradation. A significant

relationship was observed between microplastic carbon and total

organic carbon contents (Organic carbon = 1990 + 35100 ×

Microplastic carbon, R2 = 0.26, p < 0.01) in this study, suggesting

their potential as mutual indicators in sediments. Similarly, a strong

correlation coefficient (Pearson, R = 0.86, p < 0.01) between

microplastics and organic matter was reported across seagrass
TABLE 1 Characteristics of each sediment layer in seagrass (SS) and degraded (SD) sites in Swan Lake including dry bulk density (DBD), water content,
particle size corresponding to the cumulative frequency of 10% (D10), 25% (D25), 50% (D50), 75% (D75) and 90% (D90).

Site Depth DBD (g cm-3) Water content (%) D10 (µm) D25 (µm) D50 (µm) D75 (µm) D90 (µm)

SD 1 1.61 ± 0.11 19.81 ± 0.56 147.5 ± 3.8 309.2 ± 2.3 708.0 ± 27.2 1133.4 ± 51.4 1507.0 ± 40.9

SD 3 1.78 ± 0.08 18.66 ± 0.21 210.3 ± 0.6 297.4 ± 0.7 386.6 ± 1.8 521.0 ± 3.4 704.7 ± 9.2

SD 5 1.74 ± 0.02 17.33 ± 0.42 260.7 ± 1.3 330.8 ± 1.9 425.7 ± 0.9 561.3 ± 3.6 735.9 ± 8.9

SD 7 1.64 ± 0.06 17.82 ± 0.83 268.2 ± 0.4 335.7 ± 1.3 426.8 ± 2.9 552.1 ± 3.8 709.8 ± 7.1

SD 9 1.81 ± 0.08 16.54 ± 1.34 275.6 ± 1.2 343.7 ± 0.8 441.8 ± 1.3 586.2 ± 1.2 769.7 ± 3.2

SD 11 1.80 ± 0.10 16.04 ± 1.03 288.2 ± 1.0 358.1 ± 0.5 505.0 ± 4.7 798.2 ± 8.7 1151.3 ± 8.3

SD 13 1.94 ± 0.15 16.73 ± 1.59 47.4 ± 2.9 190.0 ± 4.9 352.9 ± 3.5 488.2 ± 4.5 634.5 ± 7.4

SS 1 1.58 ± 0.06 18.82 ± 3.96 83.0 ± 7.1 252.0 ± 1.8 351.4 ± 0.7 454.0 ± 2.3 564.0 ± 4.3

SS 3 1.66 ± 0.12 17.88 ± 2.66 136.9 ± 3.1 263.8 ± 1.7 355.0 ± 2.6 472.3 ± 0.6 610.6 ± 6.9

SS 5 1.65 ± 0.04 19.38 ± 0.45 77.1 ± 7.6 232.2 ± 3.0 331.7 ± 2.3 467.1 ± 8.4 664.3 ± 32.1

SS 7 1.66 ± 0.10 17.54 ± 1.20 41.8 ± 1.2 113.4 ± 0.5 268.6 ± 0.3 400.5 ± 0.9 563.1 ± 1.6

SS 9 1.69 ± 0.03 18.73 ± 0.71 60.0 ± 3.1 228.3 ± 0.9 346.7 ± 0.5 467.5 ± 1.4 599.3 ± 1.8

SS 11 1.64 ± 0.06 17.70 ± 1.05 55.5 ± 3.3 192.6 ± 1.0 320.7 ± 3.4 443.2 ± 4.4 581.4 ± 2.9

SS 13 1.70 ± 0.09 17.09 ± 1.41 58.5 ± 1.4 206.0 ± 1.8 333.3 ± 2.3 453.6 ± 5.6 586.1 ± 9.1
Data shows mean ± SE (n=3).
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beds, mangrove forests and bare flats in the South China Sea

(Huang et al., 2021). Due to similarity of microplastic particles

and organic matters, they were found sharing similar fates during

transport and deposition (Huang et al., 2020).
4.3 Morphological characteristics of
microplastics following seagrass bed
degradation

This study identified polypropylene (PP) as the predominant

polymer type in microplastics, accounting for 44% of the total.

Polypropylene was reported as the most abundant polymer type

found in the sediments globally (Kannankai et al., 2022), which

corresponds to its status as one of the most widely produced plastics

worldwide (Geyer et al., 2017).

Significant differences were observed among different shapes (p

< 0.05). At the seagrass sites, rigid plate shaped microplastics

accounted for the highest proportion (26.7%), whereas fibers

dominated at the degraded sites (48.1%). Fibers, characterized by

their thin and elongated structure (diameter: 16.2 ± 1.3 mm, length:

1772.3 ± 229.2 mm) in this study, are prone to entangling with sand

grains, which may hinder their passage through sediment pores

(Waldschläger and Schüttrumpf, 2020). Compared to other particle

types, fibers have a larger surface area to volume ratio, making them

heavier due to faster biofouling (Chubarenko et al., 2016) and thus

remain in the sediments under enhanced hydrodynamic forces.

Over 70% of microplastics found in the seafloor sediments were

fibers (Kane et al., 2020), which sink due to biofouling and are

transported by gravity current (Shamskhany et al., 2021). The

predominance of fibers is often attributed to their origins,

including the washing of synthetic textiles and the degradation of

fishing nets (Kane et al., 2020).

Significant differences were observed among different size classes

(p < 0.05). Majority of microplastics at seagrass sites fell within the

smaller size range of 125–250 μm (38.2%), whereas degraded sites

were dominated by microplastics sized 250–500 μm (47.0%). The

transport of microplastics is strongly influenced by particle size, as

smaller particles require lower critical shear velocities for

mobilization (Shamskhany et al., 2021), making them more prone

to erosion and loss. Microplastic size class less than 125 μm was

commonly observed in the sediments of seagrass beds in the South of

China Sea and western Australia (Huang et al., 2020, 2021; Wright

et al., 2023). However, no microplastic particles smaller than 125 μm

were detected at any site of this study. Again, this highlights the

relatively strong hydrodynamic conditions in the study area and the

critical role of seagrass beds in protecting sediment stability.

This study identified a variety of microplastic colors including

black, white, blue, red, transparent, tan, green, and purple, with blue

and transparent dominating at the seagrass site (26.7% each),

followed by black (20.0%). In contrast, black microplastics

predominated at the degraded site (40.7%), followed by blue

(25.9%). These differences may primarily be associated with

variation in microplastic shapes (Figure 6), as the degraded site

was dominated by fiber, which are predominantly black. The
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predominance of black, blue, and transparent microplastics is

consistent with findings from the seagrass beds in the South of

China Sea and western Australia (Wright et al., 2023; Huang et al.,

2021). The color of microplastics is also an important characteristic,

influencing ingestion by marine organisms due to their resemblance

to natural prey (Wright et al., 2013) (Huang et al., 2020). Fish and

invertebrates have been shown to preferentially ingest black, blue

and transparent microplastics globally (Porter et al., 2023; Thiele

et al., 2021). Seagrass beds are known for their high biodiversity and

role as nurseries and shelters for marine organisms (Unsworth and

Jones, 2024). The release of microplastics from degraded seagrass

beds may increase the risk of microplastic ingestion by marine

organisms, particularly in surface sediments or water columns.
5 Conclusion

This study demonstrates that seagrass degradation in Swan Lake

leads to rapid release of historically buried microplastics and organic

carbon into the water column, with 38.7% of microplastics, 30.0% of

microplastic carbon, and 66.1% of total organic carbon stocks being

remobilized.Microplastic carbon and total organic carbonmay share a

similar fate during mobilization in seagrass bed. However,

microplastic carbon accounts for only a minor fraction of the total

organic carbon in Z. japonica seagrass bed in Swan Lake. The focus on

a single site limits the extrapolation of these findings to regions with

different climatic conditions and seagrass species. Moreover, the short-

term observation constrains our understanding of the mechanisms

linking seagrass degradation to microplastic resuspension. Therefore,

broader investigations across diverse geographic regions, seagrass

species, and gradients of microplastic contamination are urgently

needed to better quantify the role of microplastics in carbon cycling

and to expand our knowledge of seagrass beds in both climate change

and microplastic pollution mitigation.
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