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Characteristics and patterns of
marine debris in the Chinese
beach-sea continuum

Xiaoguang Ouyang1,2* and Zhifeng Yang1,2

1Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou),
Guangzhou, China, 2Guangdong Provincial Key Laboratory of Water Quality Improvement and
Ecological Restoration for Watersheds, School of Ecology, Environment and Resources,
Guangdong University of Technology, Guangzhou, China
The amounts of marine debris and plastic pollution have been growing

dramatically in the environment. Floating marine debris can be transported

between the sea and coastal zone by various processes. However, it remains

unknown if marine debris in the sea and coastal zone are quantitatively related.

This study collected time-series data on marine debris (including plastics) from

China’s beaches and adjoining seas over a 10-year period (2012–2021). It aims

to investigate (1) the characteristics of debris distribution in the beach-sea

continuum, (2) the relationships among the density and accumulation density

of marine debris on beaches, sea surfaces and seafloors. Our results show that

the density of marine debris and plastics on beaches and seafloors in the

pandemic period were 3–5 folds of those in the pre-pandemic period. The

density (104682.4 ± 27793.0 items km–2) and accumulation density (1787.4 ±

220.0 kg km–2) of marine debris on beaches were significantly higher than

those on both sea surfaces (3320.8 ± 446.0 items km–2 and 21.6 ± 5.7 kg km–2)

and seafloors (2453.7 ± 868.4 items km–2 and 117.5 ± 70.4 kg km–2). The

density of plastics on beaches (85373.0 ± 21633.8 items km–2) was significantly

higher than that on sea surfaces (2915.4 ± 365.8 items km–2) and seafloors

(2254.2 ± 717.1 items km–2). The density of small-to-medium (0–10cm)

floating debris (3419.5 ± 418.2 items km–2) was more than 100 times higher

than the density of large (> 10cm) floating debris (29.6 ± 3.1 items km–2). The

proportion of plastics in marine debris on sea surfaces (83.3 ± 1.3%) was

significantly higher than that on beaches (74.1 ± 2.5%) but not significantly

different from that on seafloors (81.1 ± 3.0%). There are significant relationships

between the density of debris on seafloors and that on beaches, between the

density or accumulation density of debris on seafloors and that on sea surfaces.

This study suggests that the density and accumulation density of marine debris

on seafloors were closely associated with those on sea surfaces and beaches.

The results can help to estimate the transportation, deposition and aggregation

of marine debris from beaches and sea surfaces to seafloors.
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Introduction

Marine debris includes any anthropogenic, manufactured, or

processed solid material discarded, disposed of, or abandoned

that ends up in the marine environment (Shevealy et al., 2012;

UNEP, 2021). It can be discarded into or carried by wind, storm/

flood events, river or pluvial systems, and by deliberate or

accidental disposal into the marine environment (UNEP, 2009;

Marin et al., 2019; Jian et al., 2022; Daniel et al., 2022). It is a

marker of the Anthropocene and has widespread effect on

society and human wellbeing due to the serious threats to the

livelihoods of coastal communities as well as to shipping and

port operations (UNEP, 2021). Globally, plastics are the major

components of marine debris based on per number of items

(Gregory & Ryan, 1997; Derraik, 2002). Marine debris threatens

marine organisms due to debris ingestion (Foekema et al., 2013;

Abbasi et al., 2018; Fang et al., 2018; Not et al., 2020) and

entanglement (Allen et al., 2012; Panti et al., 2019; Parton et al.,

2019), and has negative effects on biota abundance and

macrophyte survival in marine ecosystems (Duan et al., 2021;

Ouyang et al., 2022). Debris can be transported from the land to

the ocean downstream by rivers (Lebreton et al., 2017), storm/

flood events (Jian et al., 2022; Daniel et al., 2022) or via dry

deposition (Zhang et al., 2020), and be carried to the coastal

region from the oceans by nearshore currents, intentional or

accidental disposal (UNEP, 2009).

Beaches are directly connected to seas and receive debris

from both the land and seas while debris can be concomitantly

transported from beaches to the seas. The average density of

marine debris across sampling beaches was estimated to reach

1,264.92 items m–2 in a recent global synthesis (Serra-Gonçalves

et al., 2019), which is much higher than that (0–0.0149 items m–

2) in the sea and the open ocean worldwide (Barnes et al., 2009).

However, the reported density of marine debris was mostly

estimated or analysed based on individual surveys investigating

the density and types of beach debris at single locations (e.g.,

Browne et al., 2015; Bouwman et al., 2016: Cheung et al., 2016).

There is a lack of knowledge on the density patterns of beach and

sea debris using robust sampling campaigns, such as repeated

sampling on beaches and the seas over time in the same regions.

This is of paramount importance as the recent pandemic (i.e.,

outbreak of COVID-19) may stimulate the disposable of waste

products (e.g., face masks, disposable plastic bags and lunch

boxes) discarded or transported to the terrestrial and aquatic

environments (Liu et al., 2021; Du et al., 2022), including

beaches and seas. For example, the pandemic has resulted in

the single-use face mask production increasing 12 times more

than pre-pandemic levels in China (Adyel, 2020) and a surge in

the generation of 472.3 tonnes day–1 more plastics than usual

from the use of disposable personal protective equipment and

other single-use plastic items in Bangladesh (Haque et al., 2021).

The amount of plastic wastes generated worldwide since the

outbreak was estimated at 1.6 million tonnes day-1 at the global
Frontiers in Marine Science 02
scale and the momentum of decades-long global battle to reduce

plastic pollution will be reversed by COVID-19 (Benson et al.,

2021). Nonetheless, it remains unknown the magnitude of

increase in debris on beaches and the seas during the

pandemic period in comparison with the pre-pandemic period

in China.

Different processes may control the transport of marine

debris between beaches and the seas. The horizontal large-

scale flow is the most efficient way of transporting debris over

large distance, allowing connections between ecoregions and

transport across basins (van Sebille et al., 2020). Microplastics,

i.e., plastics in the size range of 0-5mm, can be subjected to

vertical mixing, biofouling and suspended load transport until

arriving at terminal deposition habitats (Zhang, 2017). A wide

array of factors influence their vertical migration, including their

own physical and chemical properties (Qian et al., 2020), the

adsorption of materials that accelerate deposition and

resuspension. Microplastic particles may aggregate with

suspended inorganic particles such as clay as was shown

experimentally for nano-sized polystyrene spheres (Besseling

et al., 2017). Strong storms and winds may facilitate the

transport of marine debris to beaches, in particular during

extreme weather events, e.g., typhoons (Lo et al., 2020), and

then to the adjoining seas. For the transport and transfer of

marine debris, beaches and the seas are a continuum within the

whole land-sea continuum. Here, we define the beach-sea

continuum as the interfaces between the beaches and sea

surfaces, as well as between the sea surfaces and seafloors. To

date, there is a lack of understanding on relationships between

the density and accumulation density of marine debris on

different interfaces of the beach-sea continuum.

This study collects data on different characteristics of marine

debris, including the density, the accumulation density and the

proportion of plastics in marine debris in the Chinese beach-sea

continuum. The study aims to address the current knowledge

gaps on (1) the patterns of beach and sea debris using time series

(2012–2021) data on the density and accumulation density of

marine debris in the Chinese beach-sea continuum and (2) the

relationships between the density and accumulation density of

marine debris, as well as proportions of plastics in marine debris

on different interfaces of the beach-sea continuum using the

same dataset. We hypothesize that the density and accumulation

density of marine debris, and proportions of plastics in marine

debris on different interfaces of the continuum are related.

Specifically, the research questions of this study include (1)

will the density and accumulation density of marine debris

vary over time in the beach-sea continuum? (2) are there

significant differences in the density and accumulation density

of marine debris and proportions of plastics in marine debris on

different interfaces of the beach-sea continuum? (3) are there

significant relationships between the density and accumulation

density of marine debris on different interfaces of the beach-

sea continuum?
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Materials and methods
Data collection

Time-series data on the characteristics and distribution of

marine debris in the Chinese beach-sea continuum were

collected from Ministry of Ecology and Environment, China

(MEE) (MEE, 2018–2021a) and State Bureau of Oceanic

Administration, China (SBOA) (SBOA, 2012–2017a). Here the

Chinese seas include the Bohai sea (78, 000km2), the Yellow sea

(380, 000km2), the East China Sea (1,249,000 km2) and the

South China Sea (3,500,000 km2) along the north-to-south

gradient. The interfaces of the beach-sea continuum were

divided into beaches, sea surfaces and seafloors. The data

collected in our study mainly include (1) the density (items

km-2) of marine debris, (2) the accumulation density (kg km-2)

of marine debris, and (3) the proportion of plastics in marine

debris in various environmental components: beaches, seafloors,

sea surfaces. In general, the database includes data on the annual

average of marine debris over the whole country during 2012–

2021. There are also density data on large and small-to-medium

floating debris identified for sea surfaces. Debris was classified

using SBOA definitions, where small debris is 0 to 2.5cm,

medium debris is 2.5 to 10 cm and large debris is larger than

10 cm. The density of small and medium debris were estimated

as a whole by SBOA. Thus, we used small-to-medium debris (0

to 10 cm) to represent the density of small and medium debris.

Further, density data on sea surface and seafloor debris from

available monitoring stations over the country were also

collected where available.

Surveys were performed as allowed by ocean conditions

from June 25 to October 7 in the North Zone and from June 1 to

October 31 in the South Zone during 2012-2021. For both sandy

and gravel/cobble beaches, marine debris was monitored by the

visual census method and superficial debris was collected,

counted, weighed by balances (precision: 0.01g) posteriorly

and the size was measured from quadrats. The number of

quadrats depended on the beach width of each transect and at

least two quadrats were established for each transect. Each

quadrat usually covered an area of 10m×10m. The width and/

or length of the transects vary from beach to beach. No less than

2, 3 and 5 quadrats were established if the length of beaches

is<2km, 2-5km and >5km, respectively. For sea surfaces, large

debris was collected using the strip transect method which was

used to calculate the density of debris combining the number of

debris with the maximum distance perpendicular to the transect

and the total length of the transect. Small-to-medium debris was

collected by trawling nets. For seafloors, debris was monitored

by trawling nets which were thrown from the slope on the back

of monitoring ships and then were attached to seafloors. The

nets moved on the seafloors when the ship was driven for 15-30

minutes. The height of the nets is 0.5m and the width of the
Frontiers in Marine Science 03
opening mouth is ≥1m. The trawling time is 15-30 minutes. The

trawling depth depends on the water depth of the monitoring

area. The trawling nets were made of plastics. Nets were raised

and moved out of sea surfaces by the weighted pulley system

after trawling. The pore size of trawling nets is 0.5cm. The

number of samples at each monitoring section were set up to

follow SBOA (2015), i.e., 3-5 monitoring sections for beaches

and 3 monitoring sections for sea surfaces and seafloors. The

types of marine debris included but were not limited to plastics,

paper and cardboard, rubber, metals, glasses and cloth. The

classification of marine debris was in line with that defined by

United Nations Environmental Programme (UNEP) (UNEP,

2021). For plastics, the main types included foams, plastic

fragments and fibers. However, the density and other data on

different types of marine debris and plastics are not readily

available. The density and accumulation density of marine

debris were calculated as below

Densityvisual   census =
n
A

Accumulation   densityvisual   census =
W
A

Densitystrip   transect = 106 � n
2wL

Accumulation   densitystrip   transect = 106 � W
2wL

Densitytrawling   net = 106 � n
DP

Accumulation   densitytrawling   net = 106 � W
DP

Where Density (items km–2) and Accumulation density (kg

km–2) are the density and accumulation density of marine debris

with sampling methods denoted by subscripts,

A is the area of a quadrat (km2). n (items) andW (kg) are the

number and weight of marine debris from monitoring sections,

respectively. L (m) and w (m) are the total length of the transect

and the maximum distance perpendicular to the transect,

respectively. D (m) and P (m) are the trawling distance and

the mouth width of trawling nets, respectively.

Numerical changes in the monitoring stations of marine

debris during 2012–2021except 2015 in Chinese Seas were

shown in Figure 1. The number of monitoring stations in the

Bohai Sea, the Yellow sea, the East China Sea and the South

China Sea fluctuated in the ranges of 8–14 (Figure 1A), 6–11

(Figure 1B), 8–16 (Figure 1C) and 7–17 (Figure 1D),

respectively. Annual data on the density and accumulation

density of marine debris for the whole country are available

while those for each Chinese sea are unavailable. The density of

plastics in marine debris was unavailable from the source data
frontiersin.org
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and was calculated by combining the density of marine debris

and the proportion of plastics in marine debris as below

Densityplastics =  Densitydebris �  plastics%

Where Densityplastics is the density of plastics in marine debris,

items km–2. Densitydebris is the density of marine debris, items

km–2. plastics% is the proportion of plastics in marine debris.
Data analysis

Analysis of variance (ANOVA) was performed to examine

the difference in the density and accumulation density of marine

debris, as well as the difference in the proportion of plastics in

marine debris on different interfaces of the beach-sea

continuum. When there was a significant treatment effect,

Tukey’s HSD test was done to further examine the significant

difference between the two groups. The assumptions of

normality and homogeneity of variance were tested by the

Shapiro-Wilk normality test and Levene’s test (a=0.05),
respectively. Data were transformed (e.g., log-transformation)

if the assumptions could not be met. Non-parametric ANOVA

(namely Kruskal-Wallis test) was performed if the transformed

data still could not met the assumptions. The Mann-Whitney

test was run to further examine the significant difference if there
Frontiers in Marine Science 04
is a treatment effect for the non-parametric ANOVA. The

Mann-Whitney test was used to examine the differences in the

density and accumulation density of marine debris, as well as the

proportion of plastics in marine debris between the COVID-19

pandemic (2019–2021) and pre-pandemic (2012–2018) period.

Regression analyses were performed to examine the

relationships between the density and accumulation density of

marine debris on different interfaces of the beach-sea

continuum, as well as the relationship between the proportion

of plastics in sea surface and beach debris. The assumption of

normality was tested by the Shapiro-Wilk normality test. Data

were log-transformed if the assumption could not be met.

Data analyses were done using R programming language (R

Core Team, 2022). The package ‘car’ was used for ANOVA (Fox

and Weisberg, 2011). The significance level of statistic analysis

was ‘a=0.05’. Data are presented as mean ± standard error (SE).

Results

Temporal variation in the density and
accumulation density of marine debris in
the beach-sea continuum

Our results show that the density and accumulation density

of marine debris fluctuated without clear annual patterns on
A  Bohai B  Yellow Sea 

D  South China Sea

C  East China Sea

FIGURE 1

Number of monitoring stations of marine debris in Chinese seas during 2012–2021. The bar charts show number of monitoring stations in the
Bohai Sea (A), the Yellow Sea (B), the East China Sea (C) and the South China Sea (D), respectively.
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different interfaces of the beach-sea continuum, including

beaches, sea surfaces and seafloors. Specifically, the highest

density of marine debris on beaches and seafloors arrived at

280,043 items km–2 in 2019 and 7,348 items km–2 in 2020,

respectively, which were one order of magnitude higher than the

lowest ones (50,142 items km–2 in 2014 and 575 items km–2 in

2013, respectively, Figure 2A). in contrast, the highest density of

marine debris on sea surfaces (5,519 items km–2 in 2012) only

doubled that of the lowest one (2,236 items km–2 in 2014). In

general, the density of small-to-medium floating debris hit

3,419.5 ± 418.2 items km–2 (2,206–5,482 items km–2), which

was two orders of magnitude higher than that of large floating

debris (29.6 ± 3.1 items km–2, 20–50 items km–2, Figure 2B) on

sea surfaces. The highest accumulation density of marine debris

on sea surfaces and seafloors arrived at 65 kg km–2 and 671 kg

km–2 in 2016, respectively, which were one order of magnitude

higher than the lowest ones (3.6 and 11.1 items km–2 in 2021,

respectively, Figure 2C). In contrast, the highest accumulation

density of marine debris on beaches (3,119 items km–2 in 2014)

only tripled that of the lowest one (1,105 items km–2 in 2015).

Further, the proportion of plastics in marine debris fluctuated

between 74.1 ± 2.5% and 83.3 ± 1.3% with the highest and lowest
Frontiers in Marine Science 05
values occurring on sea surfaces in 2021 and seafloors in 2016,

respectively (Figure 2D). Combining the proportion of plastics

in marine debris and the densities of marine debris, the density

of plastics were estimated to range 35,600.8 – 228,795.1 items

km–2 on beaches, 477.4 – 6,106.2 items km–2 on seafloors and

1,721.7 – 4,415.2 items km–2 on sea surfaces, respectively.

The density and accumulation density of marine debris,

however, show clear patterns in the comparisons between the

pandemic (2019–2021) and pre-pandemic (2012–2018)

periods in specific interfaces of the beach-sea continuum

while no patterns were found for others. Specifically, the

density of marine debris on beaches and seafloors in the

pandemic period arrived at 217,182.7 ± 36,150.8 items km–2

and 6,250.3 ± 768.4 items km–2, respectively, and were

significantly higher than those in the pre-pandemic period

(63,630.0 ± 3,527.9 items km–2 and 1,157.4 ± 162.8 items km–2,

Mann-Whitney test, P<0.05, Figures 3A, I). In contrast, there

was not a significant difference in the density of marine debris

on sea surfaces between the pandemic and the pre-pandemic

periods (Mann-Whitney test, P>0.05, Figure 3E). Similarly, the

density of plastics on beaches (176,539.8 ± 32,304.9 items

km–2) and seafloors (5,407.3 ± 717.0 items km–2) in the
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FIGURE 2

Variation in the density and accumulation density of marine debris over 2012–2021 in the beach-sea continuum. The panels include the
variation in the density (A), density of large (>10cm) and small-to-medium (0–10cm) floating debris on sea surfaces (B), accumulation density
(C) of and proportion of plastics (D) in marine debris.
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pandemic period were also significantly higher than those in

the pre-pandemic period (46,301.5 ± 2,391.4 items km–2 and

902.8 ± 118.3 items km–2, Mann-Whitney test, P<0.05,

Figures 3B, J). However, no significant differences were found

for the density of plastics on sea surfaces between the pandemic

(4,108.4 ± 353.9 items km–2) and pre-pandemic (2,404.1 ±

351.7 items km–2) periods (Mann-Whitney test, P>0.05,

Figure 3F). The accumulation densities of marine debris on

sea surfaces and seafloors in the pandemic period arrived at 6.7

± 1.7 kg km–2 and 13.2 ± 1.4 kg km–2, respectively, and were
Frontiers in Marine Science 06
significantly lower than those in the pre-pandemic period (25.4

± 6.7 kg km–2 and 147.0 ± 88.6 kg km–2, Mann-Whitney test,

P<0.05, Figures 3G, K). However, there was not a significant

difference in the accumulation density of marine debris on

beaches between the pandemic and the pre-pandemic periods

(Mann-Whitney test, P>0.05, Figure 3C). Further, no

significant differences in the proportions of plastics between

the pandemic and pre-pandemic periods were found for all the

interfaces of the beach-sea continuum (Mann-Whitney test,

P>0.05, Figures 3D, H, L).
A B D

E F G

I

H

J K L

C

FIGURE 3

Comparison of the density and accumulation density of marine debris (including plastics), as well as the proportion plastics in marine debris
between the pandemic and pre-pandemic periods in different environmental compartments of the beach sea continuum. (A–D) beach, (E–H)
sea surface, (I–L) seafloor. Groups with significant differences were denoted by different letters above the error-bars.
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Characteristics of debris distribution in
the beach-sea continuum

Our results show that the density, accumulation density and

major components of marine debris varied on different

interfaces of the beach-sea continuum. Specifically, plastics are

the major components of marine debris in the beach-sea

continuum and there were significant differences in the

proportion of plastics among the three interfaces (ANOVA, F-

value=5.1, P<0.05, Figure 4A). The proportion of plastics in

marine debris on sea surfaces (83.3 ± 1.3%) was significantly

higher than that on beaches (74.1 ± 2.5%) (Tukey HSD test,

P<0.001) but not significantly different from that on seafloors

(81.1 ± 3.0%) (Tukey HSD test, P=0.59). There were also

significant differences in the accumulation densities of marine

debris (ANOVA, F-value=75.1, P<0.001, Figure 4B), as were the
Frontiers in Marine Science 07
density of marine debris (Kruskal-Wallis test, c2(2)=20.6, P<0.001,
Figure 4C) and plastics (Kruskal-Wallis test, c2(2)=20.7, P<0.001,
Figure 4D) on the different interfaces of the beach-sea continuum.

In particular, the accumulation density of marine debris (1,787.4 ±

220.0 kg km–2) was significantly higher on beaches than those on

both sea surfaces (21.6 ± 5.7 kg km–2) (Tukey HSD test, P<0.001)

and seafloors (117.5 ± 70.4 kg km–2) (Tukey HSD test, P<0.001).

The density of marine debris (104,682.4 ± 27,793.0 items km–2) was

significantly higher on beaches than those on both sea surfaces

(3,320.8 ± 446.0 items km–2) (Mann-Whitney test, P<0.001) and

seafloors (2,453.7 ± 868.4 items km–2) (Mann-Whitney test,

P<0.001). Similarly, the density of plastics (85,373.0 ± 21,633.8

items km–2) was significantly higher on beaches than those on both

sea surfaces (2,915.4 ± 365.8 items km–2) (Mann-Whitney test,

P<0.001) and seafloors (2,254.2 ± 717.1 items km–2) (Mann-

Whitney test, P<0.001, Figure 4D).
A B

DC

FIGURE 4

Differences in characteristics of marine debris in beach, sea surface and seafloor in China using time series data during 2012–2021. (A)
proportion of plastics in marine debris, (B) accumulation density of marine debris, (C) density of marine debris, and (D) density of plastics in
marine debris. Significant differences among the groups were denoted by different letters above the error-bars.
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Relationships between the density and
accumulation density of marine debris
on different interfaces of the beach-sea
continuum

Our results show that the density and accumulation density

of marine debris on different interfaces were tightly related.

Specifically, there are very significant exponential relationships

between the density of seafloor and beach debris using both the

national data (R2 = 0.8, P<0.001, Figure 5A, Supplementary

Information Table S1) and data from available monitoring

stations (R2 = 0.49, P<0.01, Figure 5B). The relationship

between the density of sea surface and seafloor debris is

significant and is represented by a power function (R2 = 0.59,

P<0.01, Figure 5C, Supplementary Information Table S1), as is

the relationship between the density of sea surface and beach
Frontiers in Marine Science 08
debris (R2 = 0.47, P<0.05, Figure 5D, Supplementary

Information Table S1). There are very significant and strong

exponential relationships between the density of seafloor and

beach plastics (R2 = 0.83, P<0.001, Figure 6A, Supplementary

Information Table S2). The relationship between sea surface and

seafloor plastics is represented by a power function (R2 = 0.6,

P<0.01, Figure 6B), as is the relationship between sea surface and

beach plastics (R2 = 0.48, P<0.05, Figure 6C). A significant

exponential relationship was found between the proportion of

plastics in marine debris on sea surfaces and that on beaches

(R2 = 0.42, P<0.05, Figure 7A, Supplementary Information Table

S3). There is a very significant and strong linear relationship

between the accumulation density of debris on sea surfaces and

that on seafloors (R2 = 0.86, P<0.001, Figure 7B, Supplementary

Information Table S3), and a significant linear relationship

between the accumulation density of debris on seafloors and
A B

C                                                            D

FIGURE 5

Relationships among the density of marine debris in the beach-sea continuum. (A) the relationship between the density of seafloor and beach
debris, (B) the relationship between the density of seafloor and beach debris using available monitoring stations, (C) the relationship between
the density of sea surface and seafloor debris, (D) the relationship between the density of sea surface and beach debris.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1031714
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ouyang and Yang 10.3389/fmars.2022.1031714
that on beaches (R2 = 0.6, P<0.05, Figure 7C, Supplementary

Information Table S3). However, there is not a significant

relationship between the accumulation density of debris on sea

surfaces and that on beaches (P=0.89).
Discussion

Changes in debris density and
accumulation density in the
beach-sea continuum

Our results reflect that the density and accumulation density

of marine debris in the beach-sea continuum changed over time

without clear annual patterns. Although the generation of debris,

in particular plastics, may increase over time (Geyer et al., 2017;
Frontiers in Marine Science 09
UNEP, 2021), there are many factors determining uncertainties

in the amount of discarded debris in the environment, including

but not limited to debris mismanagement and the methods of

debris disposal. The density of debris on China’s beaches during

2012–2021 ranged between 50, 142 items km–2 and 280, 043

items km–2, of which both the lower and upper limits are one

order of magnitude higher than that during 2007-2011 surveys

(8,000-63,000 items km–2) (Zhou et al., 2016). Our results are

consistent with Serra-Goncalves et al. (2019) who showed that

the density of debris on 64.2% beaches worldwide fell in the

range of 0–5,000,000 items km–2 (Table 1). The density of debris

on China’s sea surfaces and seafloors during 2012-2021 ranged

from 2,236 to 5,519 items km–2 and 575-7,348 items km–2, and

were also higher than those (1,210-3,717 items km–2 and 200-

3,000 items km–2) during 2007-2011 (Zhou et al., 2016). The

density of plastics during 2012-2021 on China’s sea surfaces
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(1,721.7 – 4,415.2 items km–2) falls in the range of that for the

Red Sea (0 – 613,937 items km–2) (Martin et al., 2019) but below

the range of that for the Mediterranean Sea (2,250 – 8,500,000

items km–2) (Pedrotti et al., 2022) and Hawaii Island beaches

(404,000–68,300,000 items km–2) (Brignac et al., 2019).

However, the density of plastics on China’s seafloors (477.4 –

6,106.2 items km–2) goes beyond that for the coastal seas of

Northwestern Europe (0–1,835 items km–2) (Maes et al., 2018).

The trawling nets used for collecting sea debris were made of

plastics, which may confound the density of plastics collected

from sea surfaces and seafloors.

Further, other factors may increase the uncertainties in the

density of marine debris in the beach-sea continuum, such as

extreme weather events disasters, the COVID-19 pandemic and

varying coastal clean-up efforts. In 2019, super-typhoon Lekima

hit most of Chinese coastal regions from Shandong in Northern

China to Zhejiang in Southern China and had much more

widespread impact than other super-typhoons such as

Mangkhut which only affect part of Southern China (Ouyang

et al., 2021). The typhoon resulted in severe landslides and debris

flows (Liang et al., 2022), and may transport much more debris

to beaches than usual as witnessed by the dramatic increase (11-

fold) in the density of marine debris on beaches after Mangkhut

(Lo et al., 2020). In general, the density of marine debris on

Chinese beaches (154,816–280,043 items km–2) during the

pandemic period (2019–2021) was one order of magnitude

higher than that (50,142–72,581 items km–2) during the pre-
Frontiers in Marine Science 10
pandemic period (2012–2018). This may be partly due to the

increased use of facial/surgical masks and other disposable

plastics as well as mismanaged debris transported to beaches

via rivers or other avenues. More than eight million tons of

pandemic-associated waste have been generated with more than

25,000 tons entering the global oceans (Peng et al., 2021).

Moreover, it was estimated that an annual increase of around

0.15–0.39 million tons of plastic debris arising from the

pandemic could end up in the global oceans (Chowdhury

et al., 2021). Cordova et al. (2021) revealed a 5% increase in

the density of debris in riverine debris released to Jakarta Bay,

Indonesia during the Coronavirus pandemic. Coastal clean-up

activities were suggested to reduce the quantity of debris on

beaches (Sulochanan et al., 2019).
Variation in debris density and
accumulation density on different
interfaces of the beach-sea Continuum

Our results reflect that in general, the density and

accumulation density of marine debris and plastics were

significantly higher on beaches than those on sea surfaces and

seafloors. The latter two were not significantly different. This

pattern is consistent with that for coastal wetlands and adjacent

coastal waters, where plastics density in coastal wetland

sediments (46 –176.2 items kg–1) was 2–3 orders of magnitude
TABLE 1 Comparison of the density and accumulation density of marine debris in Chinese beach-sea continuum with that for the global and
regional data.

Type of
debris

Density (items km–2) Accumulation
density

(kg km–2)

Debris size
(mm)

Country/
Region

Interface Period of
investigation

Reference

All debris 104,682.4
(50,142–280,043)

1,787.4
(1,105–3,119)

≥5 China beach 2012–2021 This study

All debris 1,264,920,000 (0–5,000,000,
64.2% of the sites)

NA☨ ≥0.2 Global beach Published during
1980–2017

Serra-Goncalves
et al. (2019)

Plastics 404,000–68,300,000 320–188,000 ≥10 Hawaii Island,
USA

2017 Brignac et al. (2019)

Debris 20,500,000–671,600,000 NA ≥2 Henderson
Island, USA

beach 2015 Lavers and Bond
(2017)

Plastics 85,373.0
(35,600.8–228,795.1)

NA ≥5 China beach 2012–2021 This study

Plastics 2, 254.2
(477.4–6,106.2)

NA ≥5 China seafloor 2012–2021 This study

Plastics 32.5*
(0–1,835)

NA ≥40 Northwestern
Europe

seafloor 1992–2017 Maes et al., 2018

Plastics 2,915.4
(1,721.7–4,415.2)

NA ≥5 China sea surface 2012–2021 This study

Plastics 260,000
(2,250–8,500,000)

0.26
(3.0 × 10–2–5.34)

≥0.333 the
Mediterranean
Sea

sea surface 2014 Pedrotti et al. (2022)

Plastics 58,563
(0–613,937)

7.35 × 10–2

(0–1.43)
≥0.2 the Red Sea sea surface 2016–2018 Martin et al. (2019)
*average density estimated from the monitoring stations of North West European seas. ☨NA denotes data that are unavailable.
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higher than that in water column (0.43 items kg–1) (Ouyang

et al., 2022). For microplastics, seawater samples correspond to

volume-reduced samples taken with nets, accounting for the

lower density in these environments compared to sediments

(Hidalgo-Ruz et al., 2012). While microplastics in the oceanic

waters primarily come from land sources (Allen et al., 2022),

large debris discarded on beaches and other land-based sources

may be not readily transported to the seas through wind

transport or surface runoff.

The density of marine debris and plastics on the same

interface of the beach-sea continuum reported from different

sources show large differences. The average density of plastics

in China’s beaches estimated in this study (104,682.4 items

km–2) is four orders of magnitude lower than the global average

(1,264,920,000 items km–2) (Serra-Goncalves et al., 2019). The

average density of plastics on the seafloor of the Chinese seas

(2,254.2 items km–2) is two orders of magnitude higher than

that of Northwestern European seas (32.5 items km–2) (Maes

et al., 2018). The average density of plastics on the sea surface

of the Chinese seas (2, 915.4 items km–2) is one order of

magnitude lower than that of the Red Sea (58,563 items km–2)

(Pedrotti et al., 2022) and two orders of magnitude lower than

that of the Mediterranean Sea (260,000 items km–2) (Martin

et al., 2019). The accumulation density of plastics in the

Mediterranean Sea (0.26 kg km–2) is one order of magnitude

higher than that in the Red Sea (7.35 × 10–2 kg km–2). The

differences in debris density and/or accumulation density

estimated from different sources may arise from different

debris sizes, sampling methods and sampling depths in

various studies (Ouyang et al., 2022), as well as regional

plastics pollution status. There are other problems in the

current report on plastics density, e.g., the different units

(e.g., items m–1, items km–2 and items kg–1) used in different

studies (Serra–Goncalves et al., 2019). The use of linear design

in field surveys usually use items m–1 to describe the density of

plastics along a sampling site which could hardly be

transformed to items km–2 without the sampling width.

Similarly, the use of items kg–1 cannot be transformed to

items km–2 without sampling depth. These problems make it

difficult to compare debris density from different studies. We

call for a uniform standard on reporting debris density, which

will facilitate the effective comparison of plastics density

among different regions and to harness plastics pollution.
Exchange of marine debris in different
interfaces of the beach-sea continuum

We found that the density and accumulation density of

seafloor and/or sea surface debris were closely related to those

of beach debris along the Chinese beach-sea continuum, which

verifies our hypothesis. Our results suggest that debris on the
Frontiers in Marine Science 11
beaches can be exchanged with sea surfaces and seafloors.

Sources of debris on four Mediterranean beaches are

attributed to beachgoers, wind, and/or runoff transport of

debris from land (Prevenios et al., 2018). At the global scale,

it was predicted that at least 77% of positively buoyant marine

plastic debris released from land-based sources is either

beached or floating in coastal waters (Onink et al., 2021).

Debris deposited along shorelines can be caught in the

nearshore currents whereas terrestrial sources of debris

dominate sites of tourism (e.g., beaches) and near river

outflows (Ryan et al., 2009) and can be carried to the seas by

river runoff. Fragmented micro-debris (e.g., microplastics)

were abundant in eight coastal beaches in Guangdong, China

and can be transported to the seas during storm events (Fok

et al., 2017). Land-based debris, which was transported to

seawater, also increased significantly after extreme weather

events (e.g. typhoons) (Jian et al., 2022). The mass and

weights of marine debris were significantly higher in wet

seasons than those in dry seasons in 25 beaches in Hong

Kong, likely due to more debris transported during storm or

wind events (Lo et al., 2020). Resuspension and re-floating of

marine debris were also predicted to have dramatic impacts on

the advection-diffusion of debris from beaches to coastal waters

(Critchell and Lambrechts, 2016). Therefore, wind, river

runoff, storms and resuspension can all be drivers of debris

exchange between beaches and the seas.

Our results also indicate the close relationship between

the density/accumulation density of debris and plastics on sea

surfaces and seafloors. Plastics comprise different polymers

and can be buoyant, neutrally-buoyant or sink in seawater.

Plastics on sea surfaces with a density which exceeds that of

seawater sink and accumulate on the seafloor. Low density

plastics can be submerged if they meet water fronts. The

attachment of fouling organisms (i.e., biofouling) can result in

buoyant microplastics to sink (Barnes et al., 2009; Browne

et al., 2010). Microbial biofilm formation is the initial step for

fouling (Dobretsov et al., 2010) while in the consecutive steps

so-called epiplastic organisms (e.g., diatoms, ciliates and a

wide array of other organisms) will attach on the biofilm

(Reisser et al., 2014). In the marine environment, plastics,

particularly microplastics have a hydrophobic surface, can

rapidly accumulate microbial biofilms which further facilitate

the colonization of algae and invertebrates on the surface of

plastics, and thus increased density of particles (Andrady,

2011). Vertical transport and mixing related to internal tides

also control the transport of floating debris on sea surfaces

(van Sebille et al., 2020). Smaller and more angular

microplastics are easier to form marine aggregates (de Haan

et al., 2019) which facilitate deposition to seafloors.

Accordingly, density, biofouling, aggregation and vertical

mixing can all contribute to plastics exchange between sea

surfaces and sea floors.
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Conclusions

Our results reveal that there were no clear annual patterns in

the density and accumulation density of marine debris on different

interfaces of the Chinese beach-sea continuum, while a clear-cut

difference was found for those between the pandemic (2019–2021)

and pre-pandemic (2012–2018) periods. The density of marine

debris on beaches, sea surfaces and seafloors peaked in 2019

(280,043 items km–2), 2020 (5,519 items km–2) and 2020 (7,348

items km–2), respectively, but all show sporadic changes over time

during 2012–2021, as did the accumulation density of marine

debris on different interfaces. The density of marine debris on

beaches and seafloors in the pandemic period were 3 to 5 folds of

those in the pre-pandemic period while no significant differences

were found for the comparison on sea surfaces.

Our results found that the density and/or accumulation

density of seafloor and sea surface debris were related and both

were closely related to that of beach debris. This pattern may be

due to the exchange of marine debris on different interfaces of the

beach-sea continuum. Drivers of the beach-sea exchange in debris

may include riverine and wind transport, horizontal large-scale

flow, vertical mixing and resuspension, aggregation, biofouling

and biological degradation. Accordingly, effective management of

marine debris pollution should not focus on pollution monitoring

within one interface but should take united actions on different

interfaces in the continuum, e.g., the beach-sea continuum. There

are large disparities in the density and accumulation density of

marine debris between this study and other global or regional

studies, likely due to different debris sizes, sampling methods and

survey depths. It underscores the importance of using uniform

standards on reporting the density and accumulation density of

marine debris in future studies.
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