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A B S T R A C T   

Recent studies have indicated that coral mucus plays an important role in the bioaccumulation of a few organic 
pollutants by corals, but no relevant studies have been conducted on organochlorine pesticides (OCPs). Previous 
studies have also indicated that OCPs widely occur in a few coral reef ecosystems and have a negative effect on 
coral health. Therefore, this study focused on the occurrence and bioaccumulation of a few OCPs, such as 
dichlorodiphenyltrichloroethanes (DDTs), hexachlorobenzene (HCB) and p,p′-methoxychlor (MXC), in the coral 
tissues and mucus as well as in plankton and seawater from a coastal reef ecosystem (Weizhou Island) in the 
South China Sea. The results indicated that DDTs were the predominant OCPs in seawater and marine biota. 
Higher concentrations of OCPs in plankton may contribute to the enrichment of OCPs by corals. The significantly 
higher total OCP concentration (

∑
8OCPs) found in coral mucus than in coral tissues suggested that coral mucus 

played an essential role in resisting enrichment of OCPs by coral tissues. This study explored the different 
functions of coral tissues and mucus in OCP enrichment and biodegradation for the first time, highlighting the 
need for OCP toxicity experiments from both tissue and mucus perspectives.   

1. Introduction 

Organochlorine pesticides (OCPs), which are intensively used for 
pest control, have been of worldwide concern because of their long- 
range transport, persistence, bioaccumulation tendency, and bio-
toxicity (Zhang et al., 2007). Dichlorodiphenyltrichloroethanes (DDTs), 
Hexachlorobenzene (HCB), and p,p′-methoxychlor (MXC) listed under 
the Stockholm Convention are three representative OCPs. From 1950 to 
1983, the total mass of DDTs (0.4 million tons) used in China accounted 
for 20% of the global usage during the same period (Hua and Shan, 
1996). HCB was first introduced in 1933 as a fungicide, and agricultural 
uses acoounted for the highest amount of HCB emissions during the 
1950s and 1960s (Courtney, 1979). MXC, utilized as a replacement for 
DDT, has been restricted in several countries for over 15 years (UNEP, 
2021). Both DDTs, HCB, and MXC are easily bioaccumulated in the food 

web due to their strong lipophicity, making them threaten to the 
ecological environment (Adeola, 2004). Additionally, OCPs can be 
transported locally as well as globally via various pathways such as at-
mospheric exchange, ocean currents, and animal migration leading to 
the prevalence of OCPs in the air, seawater, lakes, sediments, and or-
ganisms (Lohmann et al., 2007; UNEP, 2021; Wang et al., 2010). Due to 
restrictions on the production and use of OCPs, most of them have shown 
a declining trend over the past decade. Available data indicated that the 
environmental levels of most OCPs declined in recent years, which may 
be due to the decrease in major primary sources associated with pro-
duction and use (Wang et al., 2005). However, secondary emissions, 
such as release from old stockpiles (sediments, soil, and water, etc), still 
exist, and a few old types of equipment containing OCPs are still used 
(Ding et al., 2019; Nizzetto et al., 2010). Therefore, it is necessary to 
analyze OCPs in the oceans, which serve as important reservoirs of 
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contaminants (Iwata et al., 1993). 
Reef-building corals are important component of the diverse coral 

reef ecosystems (Hedouin et al., 2016). However, they are vulnerable to 
threats from numerous environmental stressors, in which 
anthropogenically-derived chemical pollutants have received substan-
tial attention (Fonseca et al., 2017; van der Schyff et al., 2021; Zhang 
et al., 2019, 2021a). Several studies have delved into the environmental 
occurrence of various anthropogenic chemicals in the global coral reef 
areas. For example, OCPs are widely distributed in corals off the coast of 
South Africa (Porter et al., 2018) and Tern Island and Bikini Atoll in the 
Pacific (Wang et al., 2008). They were detected not only in the coral 
tissue but also in the coral skeletons. OCPs monitoring in the South 
China Sea (SCS) has shown that the contamination of coastal corals is 
more severe than that of the offshore corals and that OCPs tend to 
converge from the atmosphere to the ocean (Kang et al., 2022). Other 
chemical pollutants, such as PCBs (El Nemr et al., 2004; Miao et al., 
2000; Ranjbar Jafarabadi et al., 2018), antibiotics (Zhang et al., 2019), 
OPEs (Ding et al., 2020), PCBs (Zhang et al., 2021b), and PAHs (Zhang 
et al., 2021a), also ubiquitously occurred in corals as well as in the air 
and seawater from the coral reef regions. A previous study illustrated the 
toxicological effects of OCPs on corals (Chesher and McCloskey, 1971). 
Field surveys of OCPs occurrence in corals and the surrounding envi-
ronments can lay the foundation for policy-making regarding coral reef 
ecosystem protection and management. 

Weizhou Island is a typical coastal coral reef ecosystem in the 
northwestern part of the SCS. It is situated off the coasts of Vietnam, 
Guangxi, Guangdong, and Hainan Island and is a famous tourist area 
that has attracted approximately 600,000 visitors annually in recent 
years (Yu, 2018). Together with industrial and agricultural activities, 
the vast human activities have taken a heavy toll on the local coral reef 
ecosystem. It has been reported that live coral cover decreased from 70% 
to 17.6% in Weizhou Island between 1991 and 2019 (Huang, 2019). 
Anthropogenic stressors, including plastics, excess nutrients, heavy 
metal pollution, organic pollutants, etc., could influence the health and 
fitness of resident biotas in the coastal marine environment (Adams, 
2005; Díaz-Mendoza et al., 2020; Porter et al., 2018; Schulte, 2007). 
Most contaminant levels in coastal coral reef ecosystem are usually 

higher than those in offshore coral reef areas (Zhang et al., 2019, 
2021a). However, knowledge of the occurrence of OCPs in the coral 
reefs of Weizhou Island remains scant. 

Additionally, scleractinian corals are benthic invertebrates with 
carbonate skeleton and soft tissue that exudes mucus. The mucus layer 
plays a vital role in the physiological processes of coral, such as nutrition 
supply, disease defense, and information transmission (Brown and 
Bythell, 2005). Our previous study found higher PAH concentrations in 
coral mucus than those in coral tissues (Han et al., 2020). However, the 
differences in the occurrence of OCPs in coral tissues and mucus remain 
unclear. 

In this study, two hypotheses are proposed: ⅰ) OCPs are widespread in 
the coastal coral reef ecosystem of Weizhou Island; and ⅱ) coral mucus 
plays an important role in the bioaccumulation of OCPs by corals. 
Therefore, eight representative OCPs were selected as the target com-
pounds (Kang et al., 2022). The aims of the paper were to ⅰ) investigate 
the residual levels and composition profiles of OCPs in seawater, pelagic 
plankton, and benthic corals from Weizhou Island and analyze their 
potential pollution sources; and ⅱ) explore the differentiated role of coral 
tissue and mucus in OCPs enrichment and degradation. 

2. Materials and methods 

2.1. Study site and sample collection 

Weizhou Island (20◦54′ ‒ 21◦10′ N, 109◦00′ ‒ 109◦15′ E), located in 
the Beibu Gulf, northern South China Sea, is the youngest and largest 
volcanic sea island in China (Fig. 1). Comprehensive sampling was 
carried out during April and May 2018 at a coastal coral reef ecosystem 
around Weizhou Island (Fig. 1). Six seawater samples, six plankton 
(including three phytoplankton and three zooplankton), and 24 coral 
samples were collected. All the samples were collected and processed as 
described in our previous study and detailed in Text S1 and Table S1 
(Ding et al., 2020; Zhang et al., 2019, 2021b). 

Each surface seawater sample (~50 L) was collected and stored in 
precleaned stainless steel barrel. All seawater samples were filtered with 
a peristaltic pump through glass fiber filters (GFFs, 150 mm, 0.7 μm pore 

Fig. 1. Map of Weizhou Island and sampling sites. The right panel is cited from Yu et al. (Yu et al., 2019). The seawater sample sites (W-1, 2, 3, 4, 5, 6) are presented 
in the right picture. 
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size) for the water particulate phase combined in series with two tandem 
precleaned polyurethane foam columns (PUFs) (diameter 60 mm, length 
100 mm, density 142 mg cm3) for water dissolved phase at 1 L min− 1. 
Plankton samples were collected by vertical hauls with a conical 
plankton net with a 22 μm mesh, manually operated within the upper 
20 m of the water column (the vertical tow speed was approximately 0.5 
m s− 1) until the volume of the samples collected was sufficient for 
analysis. Bulk samples were fractionated through a nylon screen to 
separate the phytoplankton fraction (<98 μm) from the zooplankton 
fraction (>98 μm). Plankton samples were filtered with precombusted 
and preweighed GF/F filters, subsequently wrapped in precombusted 
aluminum foil, and stored at − 20 ◦C in airtight plastic bags. Plankton 
biomass was estimated by weight differences of the filters after being 
freeze-dried (Table S1). 

Coral samples including sixteen Faviidae, two Oculinidae, three 
Poritidae, one Pectiniidae, and one Mussidae were collected by divers 
using a hammer and chisel. Their sizes ranged from 6 cm × 6 cm–9 cm ×
11 cm. According to a previous method (Zhang et al., 2019), coral tissues 
were separated from the coral skeleton by applying a Waterpik (Ultra 
Water Flosser, Jiebi Limited, China) with 1 L of synthetic seawater 
(Fig. S1). Then, using settlement and filtering (0.7 μm, GFFs, What-
man®, England), coral tissues were separated from seawater (Fig. S1). 
Tissue moisture content was calculated based on the difference in tissue 
weight before and after lyophilization. Coral mucus was in the filtrate, 
and filtrate samples were extracted by liquid–liquid extraction using 
dichloromethane. To quantify the dry weight of coral mucus, the method 
of Han et al. was used (Han et al., 2020). 

All samples were placed on preheated (450 ◦C) aluminum foils, held 
on ice when in the field, transported back to the lab, and then stored at 
− 20 ◦C until analysis. After being lyophilized and ground, the GFFs, 
PUFs, and marine biotas after being lyophilized and ground were packed 
in aluminum foil and stored at − 20 ◦C until analysis. 

2.2. Sample preparation and analysis 

The approaches of Zhang et al. (2021a) were used to prepare the 
seawater and marine biotas. The freeze-dried coral, GFF, and PUF 
samples were spiked with 20 ng 2,4,5,6-tetrochloro-m-xylene(TCMX), 
PCB30, and PCB204 as surrogate standards to monitor the recovery 
before extracting the target compounds. Briefly, glass fiber filters and 
tandem precleaning PUFs after filtering seawater samples were Soxhlet 
extracted with dichloromethane for 36 h, purified with ENVI™-Florisil 
cartridges (500 mg, 3 mL), and cleaned up on a multilayer alumi-
na/silica column filled with 3 cm neutral alumina, 3 cm acid silica gel 
(50% sulfuric acid), and 1 cm anhydrous sodium sulfate from bottom to 
top. The marine biotas were analyzed using a similar method for filter 
and PUF specimens. However, the solvent used for Soxhlet extraction 
was changed to a mixture of hexane and acetone (1:1, v:v), and the 
extraction time was prolonged to 48 h. Agilent 7890 gas 
chromatography-tandem 7000C triple quadrupole mass spectrometry 
(GC–MS/MS) equipped with an HP-5MS capillary column (30 m, 0.25 
mm i.d, 0.25 μm film thickness) was used for OCPs analysis. More in-
strument parameter settings are provided in Text S1. Eight OCPs 
including six dichlorodiphenyltrichloroethanes (DDTs) (o,p′-DDT, p, 
p′-DDT, o,p′-DDE, p,p′-DDE, o,p′-DDD, and p,p′-DDD), Hexa-
chlorobenzene (HCB), and p,p′-methoxychlor (MXC) were selected as 
target compounds. See Text S2 and Table S2 for detailed information on 
the physicochemical properties, suppliers, and handling procedures of 
all target compounds and chemicals. 

2.3. QA/QC 

Concentrations of target OCPs were quantitatively analyzed by the 
internal standard method. Procedural blanks (solvent with surrogate 
standards) and control samples were included in each batch of ten 
samples to evaluate possible contamination in the whole instrument 

testing process and monitor instrument status. No target OCPs were 
detected in procedural blanks. Additionally, target OCPs were not 
observed or below the detection limits in the laboratory and field blanks. 
The reliability of the whole analytical procedure was assessed by using 
surrogate standards for OCPs. Tetrachloro-m-xylene (TCmX), PCB30, 
and PCB204 were selected as surrogates, and their recovery ranged from 
74% to 110%. The limits of instrument detection (IDLs) were calculated 
based on three times the signal-to-noise (S/N). The limits of method 
detection (MDLs) were calculated by dividing IDLs by the sample’s 
average mass. Concentrations of OCPs below detection (MDLs) were 
denoted as “nd”. The MDLs of OCPs in seawater and marine biotas are 
listed in Table S3. 

2.4. Statistical analysis 

Normality and homogeneity of variance were checked using the 
Shapiro–Wilk test and Levene’s test, respectively. One-way analysis of 
variance (ANOVA) demonstrated significant variation in OCPs concen-
trations in various environmental samples. Pearson’s correlation coef-
ficient test and Spearman’s correlation coefficient test were performed 
on normally and nonnormally distributed data, respectively. The sta-
tistical analyses were conducted using the SPSS (version 17.0, IBM). The 
ocean surface current chart was plotted using the MATLAB R2018b. 

3. Results and discussion 

3.1. Occurrence and levels of OCPs in seawater, plankton and corals 

The full dataset for the OCPs concentrations in surface seawater (pg 
L− 1) and marine biotas (ng g− 1 dw) are shown in Fig. 2, Table 1, and 
Table S4. In general, the total concentrations of all OCPs (

∑
8OCPs) in 

seawater and marine biotas ranged from 83.0 to 242 pg L− 1 (mean: 138 
± 56.7 pg L− 1) and from 0.05 to 7.02 ng g− 1 dw (mean: 1.75 ± 1.56 ng 
g− 1 dw), respectively. 

∑
8OCPs exhibited higher concentrations in 

plankton (mean: 3.28 ± 2.34 ng g− 1 dw) than in whole corals (mean: 
1.35 ± 1.02 ng g− 1 dw) (Table S4). 

Surface seawater: Five OCPs (o,p′-DDT, p,p′-DDT, o,p′-DDD, p,p′-DDD, 
and HCB) were detected in seawater with detection frequencies (DFs) 
ranging from 83% to 100%, indicating the ubiquitous occurrence of 
OCPs in the coral reef area of Weizhou Island. DDTs were the most 
abundant OCPs, accounting for 52% of the 

∑
8OCPs on average (Fig. S2). 

DDT served as a common agricultural insecticide historically by virtue of 
its low cost and superior insecticidal effect. It has been reported that 
280–320 thousand tons of DDT used in China were mainly used in 
agriculture during the period of 1951–1983 ((UNDP), 2008; Wei et al., 
2007). In addition, 250 tons of DDT were used annually to produce 
anti-fouling paints to protect ships from 1950 to 2005 in China (Yu et al., 

Fig. 2. Composition profiles of OCPs in seawater (A) and aquatic species (B) 
from Weizhou Island, SCS. 
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2011b), and antifouling paints were reported to be an important source 
of DDT in Chinese fishing ports (Zhou et al., 2014). Although technical 
DDT and additives in antifouling paints have been banned by the 
Stockholm Convention and related official policies implemented in 
China in 1983 and 2014, respectively, there are still four major sources 
of DDT: legacy environmental reservoirs of historical DDTs such as soil 
and oceans, antifouling paints containing DDTs, malaria control, and 
dicofol containing high levels of DDT impurity (Lv et al., 2020). DDTs 
were the dominant contaminants consistent with findings in the inter-
tidal sediment of China (Lv et al., 2020) and fish from the South China 
Sea (Yu et al., 2020). As such, DDT remains an environmental pollution 
problem in China due to its historical residues and various illegal uses. 

The spatial distribution of 
∑

8OCPs in the surface seawater is shown 
in Fig. 2. The sampling sites W-2 and W-6 are close to two villages that 
plant large amountsof sugarcanes and bananas. Agricultural activities 
may be one of the emission sources of OCPs. The sampling site W-3 is 
located near the port, and the frequent activities of boats may be an 
important source of DDTs (Zhou et al., 2014). Additionally, hydrological 
transport and biogeochemical transportation may play important roles 
in the spatial distribution of pollutants (Kang et al., 2022; Zhang et al., 
2021a) (Fig. S3). 

Marine biotas: Eight individual OCPs were detected in marine biotas 
with the detection frequencies (DFs) of 17–100%, also indicating the 
extensive distribution of OCPs in Weizhou Island, which is consistent 
with the previous studies (Ding et al., 2019). Among them, p,p′-DDT, o, 
p′-DDT, p,p′-DDD, and MXC were detected in all biota samples 
(Table S4). Moreover, phytoplankton, zooplankton, and corals showed 
similar composition profiles of OCPs, with DDTs being the dominant 
pollutants (Fig. 2). DDTs contributed to 52%, 52%, and 78% of the 
∑

8OCPs for phytoplankton, zooplankton, and whole corals (sum of 
coral tissues and mucus), respectively. 

The spatial distribution of OCPs in corals collected from different 
sites (W-1 – W-5) in Weizhou Island is shown in Fig. S4. With corals of 
Faviidae as an example, HCB and MXC did not show significant differ-
ences in corals from different sites. Interestingly, p,p′-DDE was signifi-
cantly higher in both coral tissue and mucus at the W-2 sampling 
location than at other sampling sites (ANOVA, p = 0.02, 0.04, 0.04, and 
0.01 for W-1, W-3, W-4, and W-5, respectively). This may be due to the 
high ingestion of p,p′-DDT from the surrounding environment by the 
corals at location W-2 and further biotransformation in corals. 

The 
∑

8OCPs showed a significant difference between biotas, pre-
senting in descending order as follows: phytoplankton (5.07 ± 1.96 ng g 
− 1 dw) > zooplankton (1.48 ± 0.31 ng g − 1 dw) and whole corals (1.35 
± 1.02 ng g − 1 dw) (ANOVA, p = 4.25 × 10− 4 and 7.63 × 10− 6, 
respectively) (Table 1). 

∑
DDTs (ANOVA, p = 0.02 and 0.01, respec-

tively) and MXC (ANOVA, p = 5.76 × 10− 6 and 7.63 × 10− 6, respec-
tively) were significantly higher in phytoplankton than in zooplankton 
and whole coral. The proportion of MXC in phytoplankton and 
zooplankton (36% and 35%, respectively) was higher than that in whole 

corals (2%) (Fig. S2). Previous studies indicated that biological uptake of 
compounds by phytoplankton also has strong effects on the transport of 
hydrophobic organic contaminants (HOCs) in aquatic ecosystems (Gal-
ban-Malagon et al., 2013; Qiu et al., 2017). Some studies have also re-
ported that plankton are more susceptible to contaminants, have a 
higher accumulation capacity for pollutants, and transfer these con-
taminants to higher trophic levels through ingestion (Ding et al., 2021; 
Yeo et al., 2020). Corals are planktivorous organisms, and plankton are a 
significant food source for reef-building corals and many reef organisms 
(Bargar et al., 2013). The trophic level (TL) positions for individual 
organisms can be determined using a stable isotope of nitrogen (i.e., 
increase in 15N from the diet to the consumer, δ15N) (Fig. S5). The 
detailed method of TL is described in Text S4. The δ15N and TLs of all the 
marine biotas are listed in Table S5. On average, TLs increased as fol-
lows: phytoplankton (2.0) < zooplankton (2.05) < Faviidae (2.08) <
Pectiniidae (2.13) < Poritidae (2.15). As such, OCPs in pelagic plankton 
were not the only contributing source of contaminants in corals. Addi-
tionally, corals have abundant symbiotic zooxanthellae. Significantly 
higher concentrations of polychlorinated biphenyls were detected in 
zooxanthellae than in coral tissues (Ranjbar Jafarabadi et al., 2018). The 
impact of coral symbiosis on coral bioaccumulation of OCPs should be 
addressed in future studies. Additionally, various biological factors, 
including dietary exposure, metabolic capability, age, sex, nutritional 
level, and habitats, can influence the accumulation extent of pollutants 
in biota, especially for organisms at higher trophic levels (Table S1) 
(Borgå et al., 2004; Zhu et al., 2020). These elements need to be taken 
into consideration when we further analyze the coral accumulation 
pattern of OCPs in the future. 

The different distribution patterns of OCPs in marine organisms may 
be influenced by the climate of the region and morphology of the or-
ganism. Weizhou Island has a tropical oceanic monsoon climate with an 
average temperature of 22.6 ◦C, which is suitable for plankton growth 
(Jiang et al., 2020). Previous study found that larger plankton had a 
higher surface-to-volume ratio, leading to more efficient cellular uptake 
of hydrophobic pollutants (Ding et al., 2021; Qiu et al., 2017). This 
phenomenon has been reported in previous studies. For example, PCBs 
and PAHs were detected at higher concentrations in zooplankton than in 
various soft and hard corals collected from the Persian Gulf of Iran 
(Ranjbar Jafarabadi et al., 2018), and halogenated flame retardants 
(HFRs), personal care products (PCPs), and OCPs were also detected at 
markedly higher concentrations in plankton than in Tilapia and Apple 
snails (Wang and Kelly, 2018). Additionally, the susceptible response of 
zooplankton to pollutants may be related to their short lifespan and 
rapid equilibration to the surrounding environmental fluctuations 
(Bettinetti et al., 2012). Zooplankton also have also been found to 
potentially enrich OCPs from water and food potentially at a much more 
rapid speed than fish (Borgå et al., 2005). In addition, the higher bio-
accumulative factor values (Log BCFs) of the HCB and MXC obtained 
from the samples may indicate their weaker biotransformation in 

Table 1 
OCPs concentrations in seawater (pg L− 1) and biota samples (ng g − 1 dw) from Weizhou Island, SCS.  

Chemicals Seawater (pg L− 1) Phytoplankton (ng g− 1 dw) Zooplankton (ng g− 1 dw) Whole corals (ng g− 1 dw) All biotas (ng g− 1 dw) 

range Mean ± SD a range Mean ± SD range Mean ± SD range Mean ± SD range Mean ± SD 

o,p′-DDT ndb–1.10 0.75 ± 0.42 0.24–0.55 0.42 ± 0.17 0.05–0.13 0.09 ± 0.04 0.01–0.61 0.12 ± 0.13 0.01–0.61 0.15 ± 0.16 
p,p′-DDT 10.6–33.9 24.9 ± 8.23 0.27–1.02 0.56 ± 0.40 0.06–0.34 0.23 ± 0.15 0.01–2.26 0.25 ± 0.46 0.01–2.26 0.28 ± 0.44 
o,p′-DDE 0.24–0.34 0.28 ± 0.04 0.02–0.07 0.05 ± 0.03 nd–0.01 nd nd Nd nd–0.07 0.01 ± 0.02 
p,p′-DDE 9.30–14.4 12.3 ± 1.87 0.14–0.49 0.33 ± 0.18 0.11–0.17 0.14 ± 0.03 nd–1.88 0.55 ± 0.48 nd–1.88 0.50 ± 0.45 
o,p′-DDD 0.63–3.33 1.40 ± 1.05 nd Nd nd nd nd–0.21 0.03 ± 0.05 nd–0.21 0.03 ± 0.05 
p,p′-DDD 12.6–22.2 16.3 ± 3.36 0.63–1.69 1.26 ± 0.56 0.28–0.35 0.31 ± 0.04 nd–0.56 0.08 ± 0.14 nd–1.69 0.22 ± 0.41 
HCB nd nd 0.26–0.87 0.62 ± 0.32 0.14–0.29 0.20 ± 0.08 nd–1.21 0.26 ± 0.34 nd–1.21 0.29 ± 0.33 
MXC 10.3–183 81.9 ± 58.5 1.00–2.97 1.83 ± 1.02 0.44–0.61 0.51 ± 0.09 nd–0.10 0.03 ± 0.03 nd–2.97 0.27 ± 0.62 
∑

DDTs 35.7–72.7 55.9 ± 12.0 1.31–3.38 2.62 ± 1.14 0.55–0.94 0.77 ± 0.20 0.04–3.91 1.06 ± 0.97 0.04–3.91 1.19 ± 1.04 
∑

8OCPs 83.0–242 138 ± 56.7 3.10–7.02 5.07 ± 1.96 1.13–1.73 1.48 ± 0.31 0.05–3.92 1.35 ± 1.02 0.05–7.02 1.75 ± 1.56  

a Standard deviation. 
b Not detected; All the “nd” were regarded as zero in the calculation of mean and standard deviation (SD). 
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plankton. In conclusion, plankton play an essential role in the cycling of 
persistent organica pollutants (POPs) in oceans and lakes 
(Galbán-Malagón et al., 2012; Ren et al., 2017). 

Comparison with other studies: A large number of studies on OCPs 
residues in surface seawater and living marine organisms have been 
reported globally (Table S6). In seawater, the 

∑
DDTs in Weizhou Island 

(35.7–72.7 pg L− 1) were far below the strictest limits of the Sea Water 
Quality Standard of China (GB3097-1997) (50 ng L− 1 for ΣDDTs). 
Compared with other studies, the concentrations of the target DDTs 
measured in surface seawater were lower than those in the Pearl River 
Delta, Hong Kong’s coast, the northern South China Sea, China’s mar-
ginal seas, and the equatorial Indian Ocean (Huang et al., 2013; Lin 
et al., 2012; Luo et al., 2004; Zhang et al., 2007), but higher than that 
those between Australia and Antarctica (Bigot et al., 2016). The levels of 
DDTs did not show any significant decline compared to values from 
1989 in the marginal seas of China (Iwata et al., 1993), which indicated 
that there may be potential pollution sources of OCPs near Weizhou 
Island. For the DDTs in corals, the concentrations in our study were 
comparable to those in the mixed matrix of coral tissues and skeletons 
from Tern Island, Hawaii, and Bikini Atoll in the North Pacific (Wang 
et al., 2008) but lower than those in the coral reef skeleton taken from 
the Egyptian Red Sea and marginal soft coral tissues from South Africa 
(El Nemr et al., 2004; Porter et al., 2018). However, the concentrations 
of DDTs found in our study were substantially higher than those of hard 
corals from remote Mascarene islands (van der Schyff et al., 2021). 

3.2. DDTs compositon profiles in seawater, plankton and corals 

The relative abundance of isomers in DDT mixtures offers insight 
into their possible sources and degradation processes (Sun et al., 2020; 
Wu et al., 2016). DDT can be biodegraded to DDE and DDD under aer-
obic and anaerobic conditions, respectively (Yu et al., 2011a). Gener-
ally, (DDD + DDE)/DDTs >0.5 proved that the dominant pollution 
source was from historical uses, while (DDD + DDE)/DDTs <0.5 proved 
the occurrence of relatively “fresh” inputs (Ding et al., 2019; Sun et al., 
2020). The average (DDE + DDD)/DDT in seawater was 0.55 ± 0.08 
(Fig. S6), indicating that DDT residues in Weizhou Island were primarily 
derived from historical use, in accordance with previous studies (Ding 
et al., 2019; Sun et al., 2017b, 2020) (Fig. S6). The ratios of o,p′-DDT/p, 
p′–DDT were considerably less than 0.2 in seawater suggesting that 
sources from technical DDTs were the predominant contributors (Sun 
et al., 2018) (Fig. S6). 

For individual OCPs, p,p′-DDT, p,p′-DDD, and p,p′-DDE were the 
dominant compounds, accounting for 45%, 29%, and 22% of 

∑
DDTs in 

seawater, respectively (Fig. 3). p,p′-DDD and p,p′-DDT were the domi-
nant substances in marine biotas, with sum of the two contaminants 
contributing 69% and 70% of 

∑
DDTs in phytoplankton and 

zooplankton, respectively (Fig. 3). The substances often found in whole 
corals were p,p′-DDE (54%) and p,p′-DDT (24%). The higher percentage 
of parent DDTs in seawater than in marine biota may be due to the 
biotransformation of DDTs in organisms (Corsolini et al., 2014), which is 
one of the most important elimination mechanisms for chemicals in the 
environment. The p,p′-isomers were the most abundant contaminants in 
marine biotas, which also indicated the potential biotransformation and 
metabolism of DDT in organisms. Notably, the main isomers of DDT 
differ between plankton and corals, suggesting that the two species may 
have different pathways to metabolize DDTs (Wang and Kelly, 2018). 
DDT metabolites were also found to be predominant in other marine 
biotas from the Singapore Strait (Zhang and Kelly, 2018), Pearl River 
Estuary (Sun et al., 2014, 2015), Yongxing Island (Sun et al., 2014), and 
Xuande Atoll (Sun et al., 2017b). The coral tissues exhibited p,p′-DDE 
(59%) and p,p′-DDT (24%) predominance among the congeners of DDTs. 
Special attention should be given to coral mucus, due to the existence of 
o,p′-DDT (35%) and p,p′-DDT (30%) (Fig. 3). This may indicate that the 
coral mucus has a weaker biotransformation capacity than coral tissue 
or that coral mucus is situated outside of coral tissues and is more 

exposed to the parent DDTs in the water column and food such as 
plankton. 

3.3. Tissue-mucus distribution of OCPs in corals 

Coral mucus has a gel-like consistency. It is an organic mixture 
secreted by coral tissue and includes organic substances such as poly-
saccharides, proteins, and lipid complexes (Brown and Bythell, 2005; 
Huettel et al., 2006). The mucus layer plays an important role in the 
physiological processes of coral, such as nutrition supply, protective 
mechanisms against pathogens, sedimentation, biofouling, desiccation, 
and ultraviolet radiation and information transmission (Brown and 
Bythell, 2005). All OCPs were detected in coral tissues and mucus except 
for o,p′-DDE (Table S7). In coral tissues, 

∑
DDTs (mean: 1.05 ± 1.02 ng 

g− 1 dw) were the most abundant, followed by MXC (0.01 ± 0.01 ng g− 1 

dw) and HCB (0.004 ± 0.02 ng g − 1 dw). In contrast, HCB was detected 
at the higher concentrations (2.04 ± 2.71 ng g − 1 dw), followed by 
∑

DDTs (1.26 ± 1.16 ng g− 1 dw) and MXC (0.21 ± 0.26 ng g− 1 dw) in 
the coral mucus (Table S7). The HCB and MXC showed significantly 
higher levels in the coral mucus than in coral tissues (Nonparametric 
test, p = 0.000 and 0.001, respectively). The 

∑
DDTs in the coral mucus 

had slightly higher concentrations than those in the coral tissues 
(ANOVA, p > 0.05). Collectively, the 

∑
8OCPs were significantly higher 

in the coral mucus (mean: 3.52 ± 3.31 ng g − 1 dw) than in coral tissues 
(mean: 1.06 ± 1.02 ng g − 1 dw) (Nonparametric test, p = 0.004) 
(Table S7). The different composition patterns of OCPs in coral tissue 
and mucus suggested that various biocomponents of corals may have 
different enrichment and metabolism modes for OCPs in response to 
environmental pressures. Notably, the total mass of OCPs may be higher 
in coral tissues than in coral mucus owing to the difference between 
coral mucus and tissue weight. This phenomenon has been observed in 
other studies (Han et al., 2020; Zhang et al., 2019). We used mass 
fractions of OCPs in coral tissues (ftissues) and mucus (fmucus) to describe 
the tissue-mucus distribution of OCPs in whole corals (Han et al., 2020). 
The weight of tissue and mucus to the whole coral weight averaged 0.84 
± 0.08 and 0.16 ± 0.08, respectively. The tissue-mucus distribution of 
OCPs differs between individual OCPs. The ftissues averaged 0.63 ± 0.22 
and fmucus averaged 0.37 ± 0.22 for 

∑
8OCPs in all coral samples 

Fig. 3. Compositional profile of DDTs homologs in seawater, plankton, and 
corals from Weizhou Island. 
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(Fig. 4). The 
∑

DDTs were mainly enriched in tissues with 
∑

DDTs in 
tissues averaging 0.80 ± 0.13. Levels of HCB and MXC were both 
significantly higher in mucus than in tissues (Nonparametric test, p =
3.7 × 10− 5and 0.03, respectively), with average fmucus values of 0.99 ±
0.03 and 0.60 ± 0.38, respectively. These results suggest that the 
resistance of corals to the OCPs stress may be remarkably elevated in 
tissue-mucus partitioning (Ranjbar Jafarabadi et al., 2021). 

Coral mucus is an important diagnostic tool for detecting seawater 
quality and acceptability thresholds of risks for maintaining healthy 
corals (Lipp and Griffin, 2004). As described previously, corals could 
elevate fluid mucus production under other stress conditions (e.g., 
polluted water, increased temperature, and turbidity) (Bessell-Browne 
et al., 2017; Huettel et al., 2006). In our laboratory, we found that the 
mucus layer of coastal coral samples was thicker than that of offshore 
coral samples (Zhang et al., 2019). More antibiotics and PAHs accu-
mulated in the mucus than in the tissues (Han et al., 2020; Zhang et al., 
2019). Therefore, under the increasing environmental pressure around 
Weizhou Island, the coral mucus layer may have thickened and enriched 
more OCPs from the ambient environment, which could also be the 
reason for the higher concentration of OCPs in coral mucus than coral 
tissues in our study. In summary, coral mucus had a higher potential for 
adsorbing OCPs, indicating that coral mucus may play an essential role 
in the accumulation of OCPs by corals. Further studies on the mecha-
nisms of accumulation and metabolism by different coral bio-
components are warranted. 

3.4. Bioaccumulation of OCPs in biotas 

The bioaccumulation phenomenon reflects the uptake of chemicals 
via both respiration (such as passive diffusion between the dissolved 
phase of water and cells of the biota) and food intake (i.e., active 
advection) (Arnot and Gobas, 2006). Chemicals represent very bio-
accumulative substances if bioaccumulative factors (BAFs) are greater 
than 5000 (Log BAF 3.7). Chemicals are considered to be potentially 
bioaccumulative if BAFs are between 2000 (Log BAFs 3.3) and 5000 L kg 
− 1 in biotas (Conder et al., 2008). The BAFs were calculated as the ratio 
of OCPs concentrations (mg kg − 1) in marine biotas on wet weight basis 
(ww) to the dissolved OCPs concentrations in the ambient seawater (mg 
L − 1). During BAFs calculations, the MDLs were used when OCPs con-
centrations in seawater were lower than the MDLs. The detailed calcu-
lation method is described in Text S3. 

The detected Log BAFs of the target compounds in different marine 
biotas are presented in Table S8 and Fig. 5. The average Log BAFs of 

individual OCPs were 3.35–5.17, 2.67–4.54, and 2.65–5.28 in phyto-
plankton, zooplankton, and whole corals, respectively, which indicated 
great bioaccumulation potential of OCPs. Interestingly, phytoplankton 
showed higher Log BAFs than other biotas. This is likely ascribed to the 
fact that phytoplankton as the primary producer could absorb OCPs and 
these compounds will partly occur as the source for pollutants in biotas 
at higher trophic levels (Ren et al., 2017). The average Log BAFs of DDTs 
in the present study (3.74 ± 0.31) were nearly the same as those re-
ported in fish (3.72 ± 0.29) from Weizhou Island, while HCB showed 
somewhat higher average Log BAFs in our study (4.42 ± 0.34) than in 
fish from around Weizhou Island (3.12 ± 0.23) (Ding et al., 2019). 
Additionally, the Log BAFs of DDTs and HCB in our study were less than 
those reported in fish from the Singapore Strait (4.79 ± 0.28 for HCB; 
6.97 ± 0.44–7.68 ± 0.44 for p,p′- DDT and p,p′- DDE, respectively) 
(Zhang and Kelly, 2018). 

The Log BAFs of the selected OCPs varied in different marine biotas. 
For example, phytoplankton had higher Log BAFs of DDTs and MXC than 
other marine species and MXC was not bioaccumulative in other marine 
biotas. Factors such as body length, body weight, age, sex, and envi-
ronmental temperature can cause this discrepancy in the bio-
accumulation of these chemicals in organisms (Wang et al., 2007). 
Hydrophobic (or lipophilic potentials) and metabolic ability controlled 
the bioaccumulation ability of compounds in organisms (Gobas et al., 
2009). 

The octanol-water partition coefficient (Log Kow) is generally 
considered to be a reasonable surrogate phase for lipophilic potential in 
biological organisms (Arnot and Gobas, 2006; Huettel et al., 2006). The 
average Log BAFs of OCPs in all marine biotas were ranked in 
descending order as follows: HCB (4.42) > DDTs (3.72) > MXC (2.92). 
Therefore, we can infer that the bioaccumulation of MXC is less signif-
icant than that of other OCPs with higher Log Kow (Table S2) (Kim et al., 
2021). The relationship between observed Log BAFs and Log Kow of the 
various OCPs in marine biotas is shown in Fig. S7. The 1:1 line of Log 
Kow and Log BAFs is plotted for comparison. The Log BAFs and Log Kow 
had positive correlations in all biotas, which were both not significant 
(p > 0.05). The small number of samples may weaken the correlation 
between Log BAFs and Log KOW. Of course, there would be other un-
certainties concerning the achievement of equilibrium of contaminants 
between biota and water in the field (Chiou, 2002). The Log BAFs values 
of all marine biotas were both in the lower zone below the 1:1 line 
(Fig. S7). This indicates organism-seawater disequilibrium and OCPs 

Fig. 4. The average mass fraction of coral tissues and OCPs concentrations in 
coral tissues. Fig. 5. The Log BAFs values of OCP homologs in marine biotas from Weizhou 

Island, SCS (box: 25–75 percentiles; whiskers: 10–90 percentiles; square: mean; 
point: outlier). 
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that have experienced degradation and slow uptake kinetics in marine 
organisms (Wang and Kelly, 2018). Additionally, environmental factors, 
such as dissolved organic matter, environmental temperature, and 
spatial location, may be other complex factors affecting the bio-
accumulation potential of OCPs in marine organisms (Ding et al., 2020; 
Sun et al., 2017a). Likewise, Ren et al. (2017) suggested that dietary 
pattern is an important factor for the bioaccumulation potential of OCPs 
in biotas. Therefore, the influencing factors of coral enrichment pollut-
ants need to be further explored and analyzed through indoor laboratory 
experiments. 

4. Conclusion 

In this study, 
∑

8OCPs in seawater (83.0–242 pg L − 1), plankton 
(1.13–7.02 ng g − 1 dw) and corals (0.05–3.92 ng g − 1 dw) in a coastal 
coral reef ecosystems from the South China sea were reported for the 
first time. Plankton, which play an important role in the bio-
accumulation and transport of OCPs, may have effects on OCPs 
enrichment in corals. The isomer ratios of DDTs indicated that DDTs in 
this area were mainly from the historical use of DDT-infused antifouling 
paints. The Obviously higher 

∑
8OCPs in coral mucus than in coral tis-

sues suggested that coral mucus may play an essential role in resisting 
the enrichment of OCPs by coral tissues and weaken the biotransfor-
mation of OCPs. In conclusion, this study provides insight into the 
baseline information for the bioaccumulation of OCPs in the coral reef 
ecosystems, especially in coral tissues and mucus. Of course, the syn-
ergistic effects of different environmental factors and biological char-
acteristics on the distribution of OCPs in corals require further analysis. 
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