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In this study, the accumulation rate of plastic litter was investigated by sampling quadrats placed on the North
Island of Qilianyu, and the composition was analyzed and identified to determine its source. The results showed
that the annual average accumulation rate of plastic litter on North Island was 0.64 + 0.32 pieces-m~2-month ™},
with a mass accumulation rate of 11.30 + 7.73 g-m 2-month™’. The accumulation rate of plastic litter was
mainly influenced by wind speed and direction, with higher accumulation rates occurring during the southwest
monsoon season and tropical cyclones. ATR-FTIR analysis indicated that polyethylene (44 %) and polypropylene

(41 %) were the most abundant types of polymers. This study reveals the current status of plastic litter pollution
in green turtle nesting grounds on North Island in Qilianyu, which can be used as a reference for management
strategies that mitigate plastic litter pollution.

1. Introduction

Sea turtles play a crucial role in maintaining the health and stability
of marine ecosystems (Bouchard and Bjorndal, 2000) and serve as
important indicator species for marine environmental monitoring
(Camacho et al., 2014). Therefore, they are considered “flagship spe-
cies” and “umbrella species” for international marine conservation ef-
forts (Hamann et al., 2010; Lin et al., 2023). However, owing to large-
scale illegal trade and habitat loss, the number of sea turtles in China
has dramatically declined, and almost all nesting grounds along the
Chinese coast have disappeared (Lin et al., 2021). The remaining nesting
ground in mainland China, the Guangdong Huidong Sea Turtle National
Nature Reserve, has only had one wild green turtle nesting activity since
2018 (Mou et al., 2013; Wei, 2016). However, sea turtle nesting has
been recorded on multiple islands on the Xisha Islands. The number of
green turtle nests recorded annually in Qilianyu of the Xisha Islands has
exceeded 100, and the number of turtle nests on the North Island has
been the highest in recent years (Wang et al., 2019; Zhang et al., 2024).

Furthermore, recent studies have found that the green turtle population
on the Xisha Islands has a unique genetic composition, representing a
new geographic population and an independent conservation manage-
ment unit (Gaillard et al., 2020; Song et al., 2022). Therefore, protecting
this unique turtle population and its nesting grounds is crucial for the
conservation of sea turtle populations in China.

The accumulation of plastic litter in nesting grounds is one of the
main threats to sea turtle nesting and hatching, and its effect on sea
turtle health and reproduction has become a popular topic of global sea
turtle conservation (Laist, 1997). Studies have shown that plastic litter
in sea turtle nesting grounds not only disrupts the nest site selection of
female turtles, leading to nesting failures or changes in nesting locations
(Hays and Speakman, 1993; Laurance et al., 2008; Bourgeois et al.,
2009; Witherington et al., 2011), but also hinders the pathway of newly
hatched turtles crawling to the shoreline, increasing their chances of
predation (Tomillo et al., 2010; Triessnig et al., 2012; Burger and
Gochfeld, 2014). Additionally, marine litter accumulation can alter the
incubation temperature inside the nests, thereby affecting the sex ratio
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of sea turtles and their population structure (Carson et al., 2011).

According to the China Marine Ecological Environment Status
Report (2019), the average amount of plastic litter in China is 280,043
pieces per square kilometer, with plastic litter accounting for 81.7 % of
the total. The main types of plastic litter include foam, cigarette filters,
bottles, and bags. Zhao et al. (2016) conducted a survey of litter at 24
beaches in China and found that plastic litter accounted for the highest
proportion of all types of litter. A study investigating the current status
of plastic litter in the nesting grounds of green turtles in Qilianyu found
that the litter types mainly included plastic, metal, and glass, with
plastic litter being the most abundant, accounting for a higher propor-
tion compared to other sea turtle nesting grounds (Zhang et al., 2020).
However, research on the distribution patterns and sources of plastic
litter during different seasons in the nesting grounds of green turtles in
the Qilianyu region of the Xisha Islands is still lacking.

Therefore, this study conducted a comprehensive field investigation
of the seasonal distribution patterns and sources of plastic pollution in
the Northern Island of Qilianyu in the Xisha Islands. Our main objectives
were to (1) explore the accumulation rate of plastic marine litter at the
nesting grounds of green turtles in the North Island of Qilianyu and (2)
identify the main sources of plastic litter in the North Island, as well as
provide recommendations to prevent and control these pollutants from
the source.

2. Materials and methods
2.1. Study area

The Qilianyu of the Xisha Islands (16°55-17°00'N, 112°12-
112°21'E) are located in the northeastern part of the Xisha Islands in the
South China Sea. The North Island, also known as Changzhi, is located in
the middle of Qilianyu. It is over 1500 m long and approximately 290 m
wide, with an area of approximately 0.4 km? (Fig. 1). North Island is the
largest island in Qilianyu and has the largest number of green turtle
nests each year (Wang et al., 2011).

During the southwest monsoon season, which is the peak season for
sea turtle nesting, the prevailing wind is southwest with an average wind
force of 4-6 m/s. During the northeast monsoon season, the prevailing
wind is northeast with an average wind force of 6-9 m/s. During tropical
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cyclones, the prevailing wind direction is southwest, with an average
wind force of 6-7 (Ye, 1996).

2.2. Sample collection

Because of the North Island is long and narrow, with a northwest-
southeast orientation. In order to investigate the accumulation rate of
litter on the beaches of different directions in North Island, three sample
points were randomly selected on the south, southwest and north coast
of the North Island according to the methods provided in the “Technical
Regulations for Monitoring and Evaluation of Marine Litter” issued by
the Ecological and Environmental Protection Department of the State
Oceanic Administration. And at each sample point, three repeated
quadrates are set up, Fig. 2. Each quadrate is vertically divided into 4
transect zones (50 m x 1 m), the first transect is the high water line, the
fourth is the vegetation line, and the second and third transect zones are
set between the high water line and the vegetation line (the distance
between the transect zones is 4-14 m, divided by the width of the
beach).

The two sampling times were during the southwest monsoon period
in July 2021 and the northeast monsoon period in October 2021. Prior to
the survey, visible litter fragments (size 21 cm) within the quadrats were
completely cleared. Sampling time were set at after 1 month, all the
plastic litter (size 21 c¢m) in the quadrats will be collected. The accu-
mulation rate of litter was measured in terms of pieces-m™2-month ™!
and g-m~2-month~1,

Because of the frequent occurrence of tropical cyclones during the
southwest monsoon period in the Xisha Islands, we collected plastic
litter once after a tropical cyclone (Typhoon Koguma, June 12-13,
2021) in June 2021 to compare plastic litter accumulation under
extreme weather conditions. Similarly, the litter in the sample was
cleaned before the typhoon came, and the litter (size 21 cm) was
collected 7 days later, and then the conversion of data units was carried
out.

2.3. Plastic litter sorting

The collected plastic litter was classified into different categories
based on its characteristics and functions. The main categories include

North N
Island
Jest S Zhaoshu Island South A
‘West Sand aoshu Islan D o

Z Middle Island North

15 Sand
a Middle Sand Z
wy
SouthSand —|

B

. f 5.5 km Yongxing Island z
= - @
1 ) <
112°15'E 112°20'E .

N
Z
b4 A £
4 12
= 7
9

North
Island
Z
- 7 E:
300 km S 045 km | ::;
— %
1 L 1 . : ©
110°E 115°E 120°E 112°18'30"E 112°19'0"E

Fig. 1. Study area.
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Fig. 2. Three sample points on North Island, Qilianyu.

white foam, floats, fishing nets/ropes, plastic bags, beverage bottles/
caps, daily household items, disposable products, and unidentifiable
plastics (Zhao et al., 2020).

The white foam category mainly consisted of common foam litter,
whereas the floats include fishing floats and buoys, which are commonly
found in the fishing industry. Plastic bags primarily referred to common
plastic and food-packaging bags. Daily household items included
cosmetic bottles, slippers, lighters, toothbrushes, and unidentifiable
plastics. Disposable products included cups, straws, and masks. Un-
identifiable plastics included fragmented plastic litter in the size range
of >10 cm with unidentified sources.

The sources of plastic litter were analyzed using the investigation
and statistical methods of the Northwest Pacific Action Plan (NOWPAP),
which categorizes sources into five major categories: human coastal
activities, shipping/fishing activities, smoking-related items, medical/
sanitary items, and other litter (Guo et al., 2014; Mo et al., 2018). For
litter with visible text, the country of origin was determined by identi-
fying the origin information on the packaging (Sul et al., 2011).

Since these green turtles nest predominantly during the southwest
monsoon season, litter collected during this season was used for deter-
mine its color, source, and composition.

2.4. Identification of plastic properties

We selected a representative subset of plastics from each group, and
their surface structures were tested to determine the polymer type using
a Fourier transform infrared spectrometer (IRTracer-100, SHIMADZU,
Kyoto, Japan). Plastic samples were placed in the sample area, and
during data acquisition, the ATR imaging attachment was placed in
direct contact with the plastics on the filter membrane. The detector
spectral range was 600-4000 cm ™!, coadding 16 scans at a resolution of
8 cm L. The spectra were processed using the LabSolutions IR software
and compared with the IR polymer spectra library. The composition of
the plastic was determined to be the same as that of the corresponding
polymer spectrum only when the degree of similarity was >70 %.

2.5. Data analysis

Statistical analysis was conducted using SPSS 16.0 statistical

software. Prior to the statistical analysis, all data were tested for normal
distribution and homogeneity of variance. One-way analysis of variance
(ANOVA) with multiple comparison tests was used to analyze the dif-
ferences in plastic litter accumulation rates among the points. The
relevant data in the study are presented as the mean + standard devi-
ation (SD), and a significance level of P < 0.05 was considered statisti-
cally significant (two-tailed test). The litter accumulation rates in the
three points during the southwest and northeast monsoon periods were
summed and averaged to estimate the annual litter accumulation rate
for each point.

3. Results
3.1. Accumulation rate of plastic litter on the North Island

The average accumulation rates of plastic litter on the North Island of
Qilianyu are 0.64 + 0.32 pieces-m 2-month ! in quantity and 11.30 +
7.73 g-m~2-month ™! in mass. Compared to the average accumulation
rates of plastic litter on Chinese beaches, the accumulation rates on the
North Island of Qilianyu were relatively high (Table 1).

The average accumulation rates of plastic litter on the south coast,
southwest corner, and north coast were as follows: 0.63 + 0.03 piece-
ssm 2month™! (n = 3), 0.70 £ 0.08 pieces-m’z-monr.h’1 (n = 3), and
0.47 + 0.05 pieces-m 2month™! (n = 3), respectively. The average
accumulation rates of plastic litter in terms of mass were 12.14 + 0.49

Table 1
Comparison of the accumulation rate of plastic litter between North Island and
the average value of domestic sea area.

Study Accumulation rate of Accumulation rate References
area plastic litter quantity of plastic litter
(pieces-m~2month 1) mass
(g'm~2month™)
North 0.64 + 0.32 11.30 £ 7.73 This study
Island
Average 0.58 5.2 2020 Report on the
value of Ecological and
Chinese Environmental
beaches Status of China's

Marine Ecosystems
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g-m 2month™! (n = 3),12.82 + 1.14 gm 2month ! (n = 3), and 8.94
+ 1.50 g-m_z-month_1 (n = 3), respectively (Fig. 3). The results indi-
cated that the southwest corner had the highest accumulation of plastic
litter in both quantity and mass throughout the year, which is consistent
with the findings of Zhang et al. (2020).

3.2. Effects of monsoon on the accumulation rate of plastic litter

In tropical cyclones, the overall average accumulation rate of plastic
litter quantity (0.57 pieces-m~2-month ') on the North Island was the
same as that of the southwest monsoon and higher than that of the
northeast monsoon. However, the plastic litter accumulation rate was
higher during tropical cyclones than under normal southwest monsoon
and northeast monsoon weather conditions. Therefore, tropical cyclones
transported heavier plastic litter to the shoreline, as shown in Fig. 4.

The accumulation rates of plastic litter vary across different monsoon
seasons on the North Island. During the southwest monsoon period, the
accumulation rate of plastic litter was highest on the southwest coast of
North Island, with a value of 0.93 pieces-m’2~month’1, followed by the
south coast with a value of 0.82 pieces-m~2-month™!. These rates were
significantly higher than those on the north coast of North Island (F(2,
6) = 28.751, P = 0.001). However, during the northeast monsoon
period, the accumulation rate of plastic litter on the north coast was 0.58
piecess-m~2-month~}, which was significantly higher than that on the
south and southwest coasts (F(2, 6) = 30.537, P = 0.001), Fig. 5.

3.3. Type and color of plastic litter on the beaches of North Island

The results showed that the highest proportion was unidentifiable
plastics (29.08 %), followed by beverage bottles/caps (24.42 %) (Fig. 6).
The most common color of plastic litter was white (50.33 %), including
both transparent and white particles. Among these color categories,
white foam and bottles were the most common. Multi-colored plastic
litter, such as blue, yellow, black, green, red, and other colors, accounted
for approximately 49.67 % (Fig. 7). Overall, the plastic litter on the
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Fig. 3. Annual cumulative rate of beach plastic litter in three points on North Island, Qilianyu.
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beaches of the North Island in Qilianyu was mainly white, transparent,
blue, and yellow, which is similar to the findings of Fang et al. (2021) on
Ganquan and Quanfu Island in the same area.

3.4. Source of plastic litter on the beaches of North Island

By classifying and counting plastic litter collected from the beaches
in North Island, a source inventory (Table S1) of plastic litter was
created based on their different sources, uses, and characteristics, such
as shape, color, and composition.

The sources of plastic litter were classified, and the results showed
that the highest proportion of garbage (65.4 %) was generated by human
coastal activities. The second highest proportion of garbage was
generated from shipping and fishing activities, with proportions of 24.7
% (Fig. 8). This is similar to the results obtained by Zhang et al. (2020)
for the sources of beach debris on the North Island.

ATR-FTIR analysis indicated that the main components of plastic
litter collected from the North Island beach area were PP, PE, PS, PET,
PU, PVC, and EVA, among which polyethylene (44 %) and poly-
propylene (41 %) were the most abundant polymers (Table S1).

4. Discussion

The accumulation rate of plastic litter on the North Island of Qilianyu
was higher than that in other sea areas of China. This is mainly because
of the high plastic litter discharge and large import volume in Southeast
Asia, resulting in a large amount of plastic flowing into the ocean from
rivers, making the South China Sea a heavily polluted area with marine
plastic litter (Liu, 2020). On the other hand, the high accumulation rate
is related to the geographical location of the study site. The Xisha Islands
are located in the South China Sea and surrounded by densely populated
countries that may introduce more plastic pollutants. Wang et al. (2012)
pointed out that there is anticyclonic circulation in the Xisha area, which
causes surface seawater around the South China Sea to flow through the
Xisha area, thus bringing plastic litter discharged by neighboring
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Fig. 4. Accumulation rate of plastic litter in different periods on North Island.

countries of the South China Sea. Zhang et al. (2020) found that 82 % of
the plastic litter on the beaches of the North Island in Qilianyu came
from Southeast Asian countries such as Vietnam and the Philippines.

The accumulation rate of marine plastic litter is influenced by the
direction and intensity of the monsoon winds (Rajakumar et al., 2024).
The average wind speed during tropical cyclones was greater than that
during the southwest monsoon stronger wind forces during monsoon
climate result in heavier marine plastic litter. However, as only one
tropical cyclones was encountered during the experiment, more moni-
toring is recommended in the future to demonstrate the impact of
tropical low pressure weather on the accumulation rate of plastic on
beaches.

During the southwest monsoon, the beach at the southwest corner of
North Island had the highest litter accumulation rate, which is consistent
with the findings of Zhang et al. (2020). However, green turtles nest
predominantly during the southwest monsoon season and the southwest
corner had the highest frequency of sea turtle nesting on North Island
(Zhang et al., 2020). Therefore, the accumulation of plastic litter may
affect the nesting of green turtles on the North Island. Regular beach
cleaning is an effective strategy for improving sea turtle nesting grounds
(Fujisaki and Lamont, 2016). Zhang et al. (2024) showed that micro-
plastics in beach sediments on North Island were broken from large
plastics. Therefore, beaches with higher litter accumulation rates should
increase their beach cleaning frequency, particularly during the peak
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Fig. 5. The cumulative rate of plastic litter on different coasts of North Island during different monsoon periods. Different letters in the figure indicate significant

differences at the P < 0.05 level.
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nesting period of sea turtles and under tropical cyclonic conditions. We
recommend increasing beach cleaning frequency from once a week to
every 2-3 d, and increasing the intensity and frequency of litter cleaning
during the peak nesting period of sea turtles in areas of litter
accumulation.

According to the analysis of plastic litter composition, the proportion
of unidentifiable plastics was the highest, followed by beverage bottles/
caps. Because of the stable nature of plastic bottles/caps, they are not
easily broken during long-distance transportation, whereas most plastic
litter is broken into unidentifiable plastic under the action of waves and
ultraviolet rays during long-distance transportation, and they also
gradually loses its color becoming transparent and white (Vidyasakar
et al.,, 2018; Tan et al., 2020). Notably, the high proportion of trans-
parent and white plastics in plastic litter in this study indicates that it has

been in the ocean and exposed to the environment for a long time before
reaching the beaches of the North Island. In addition, foam litter
accounted for a relatively high proportion, similar to the continuous
inventory survey results of Ganquan Island and Quanfu Island of the
Xisha Islands (Fang et al., 2021). This is because polystyrene foam has a
low density, making it more likely to float on the sea surface and strand
on beaches (Kaiser, 2010). Through field investigations and consulta-
tions with fishermen, we found that there were only a few fishing and
aquaculture activities on North Island and strict local implementation of
litter classification, treatment, and recycling policies, so there was
basically no pollution caused by local plastic litter. Plastic litter is
mainly transported over long distances by ocean currents.

Beaches serve as both sources and sinks of marine plastic litter, and
the litter is accumulating so fast that beaches need cleaning multiple
times a week to help with sea turtle nesting. However, because of plastic
litter on North Island beaches is mainly transported from surrounding
countries through long-distance ocean transport and accumulates on the
beaches in this area. Therefore, in addition to regular cleaning, it is
necessary to strengthen plastic litter management at the source, enhance
regional cooperation, and reduce the generation and discharge of ma-
rine plastic litter (Zhu et al., 2019). Countries should strengthen policy
planning, strictly comply with the United Nations Convention on the
Law of the Sea, and formulate practical plastic bans to address plastic
pollution from production sources, thus fulfilling their obligation to
protect and preserve the marine environment. At the same time, from
the public perspective, it is necessary to strengthen public education and
awareness, transform public mindsets and concepts, and encourage
public participation in governance.

5. Conclusions

The study found that the average accumulation rate of plastic litter
on North Island of Qilianyu throughout the year was 0.64 + 0.32
pieces-m~2-month~!, with a mass accumulation rate of 11.30 + 7.73
g-m~2month!. Notably, higher accumulation rates were observed
during the southwest monsoon and tropical cyclones. The most common
color of plastic litter was white (50.33 %), which included both trans-
parent and white litter, implying that these plastics have been
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this article.)
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Fig. 8. Classification statistics of plastic litter sources.

deteriorating for a long period and originated from non-localized sour-
ces. Plastic litter mainly originated from plastic bottles/caps generated
by human coastal activities, followed by floating fishing nets generated
by aquaculture. Increasing the frequency of plastic litter cleaning during
seasons with high accumulation rates and strengthening regional
cooperation in the South China Sea are recommended to promote the
governance of marine litter worldwide.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2024.116485.
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