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ABSTRACT: Organophosphate esters (OPEs) are ubiquitous in
various environmental media and are of concern because of their
toxicity and potential ecological impacts. However, their transport
mechanisms and ecological effects in marine environments remain
poorly understood. Herein, we comprehensively investigated the
occurrence and distribution of OPEs in multiple environmental
media (atmosphere, rainwater, seawater, and sediments) in the
western South China Sea (WSCS). Results show that OPEs are
widespread in the WSCS. OPE concentrations in the atmosphere
were higher than those reported in most other marine regions
globally, whereas concentrations in seawater were either lower than
or comparable to those in other oceanic regions. The
biogeochemical cycling of OPEs is driven primarily by particulate
matter (PM) and microbial activity. PM facilitates the transport of 65.3−98.4% of total OPEs and 60.5−100% of chlorinated OPEs
from the atmosphere to the ocean. PM sinking strongly influences the vertical distribution of OPEs, while microorganisms contribute
to OPE biodegradation through community succession, differentiation of ecological niches among key functional groups, and
hydrolytic enzyme activity. Given the increasing concentrations of OPEs in the South China Sea, it is imperative to conduct
comprehensive and continuous investigations of their migration mechanisms and impacts on marine ecosystems, particularly coral
reefs.
KEYWORDS: organophosphate esters, environmental behavior, migration mechanisms, particulate matter, microbial activity

1. INTRODUCTION
Organophosphate esters (OPEs) are widely used as flame
retardants in polymers,1,2 plasticizers,3 defoamers4 in various
commercial and industrial products. Their production and use
inevitably result in the release of residual OPEs into environ-
mental media. Trace levels of OPEs have been detected in
remote oceans, including the Southern Ocean and the polar
regions.1,5 The high lipophilicity of OPEs is of particular concern
because it facilitates their accumulation in marine organisms
such as corals, fish, and shellfish, and their subsequent transfer
along the food chain, potentially posing threats to ecosystems
and human health.6−8

The atmosphere influences the transport and distribution of
OPEs in the environment, and the ocean is considered an
important reservoir for these compounds.1 The widespread
distribution of OPEs in various environmental media under-
scores their considerable environmental transport properties.7,9

Concurrently, their potential biotoxicity, including endocrine
disruption abilities, neurotoxicity, reproductive toxicity, and
carcinogenicity, is of high concern.3,9 Remote marine environ-

ments are geographically distant from the direct impact of large-
scale human activities and industrialized urban production.
However, pollutants frequently enter the marine environment
through multiple pathways, including atmospheric transport,
riverine input, rainfall, and particulate matter (PM) deposi-
tion.10,11 Under conditions of global warming and ocean
acidification, these inputs may further exacerbate ecological
threats to sensitive marine ecosystems such as coral reefs.12,13

The biogeochemical cycling of OPEs in the marine environment
is influenced by multiple factors, including their physical and
chemical properties, ocean currents, atmospheric circulation,
solar radiation, marine biological pumps (MBLPs), microbial
activity, and particle deposition, leading to variations in their
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behavior across different environmental media.1,14−16 The
diffusion patterns of ocean currents and sinking behavior of
PM facilitate the diffusive transportation of semivolatile organic
compounds (SVOCs) in surface systems and also impact their
distribution and environmental behaviors within deep-sea
systems.17,18 The western South China Sea (WSCS) is
influenced by intensive shipping activities and land-based runoff
and is also impacted by the summer monsoon of the South
China Sea (SCS). Pollution from shipping activities and rivers
(e.g., Pearl and Mekong rivers) is transported into the SCS via
diffusion with ocean currents,19 and the terrigenous sources of
SVOCs originating from excess human activities eventually end
up in the SCS via the long-range transportation (LRT) of the
atmosphere from land sources such as the Indochina Peninsula
and Luzon Island.20,21 The SCS is characterized by the presence
of numerous coral reefs, which have been recognized for their
remarkable biodiversity. However, currently, they are experienc-
ing incessant bleaching and deterioration.22 In the context of
climate change, the damage to coral reefs due to intensified
human activities appears to be more prominent, and the adverse
effects of SVOCs on coral reefs are especially concerning. The
deleterious effects of these pollutants on coral reefs predom-
inantly include the destruction of coral symbiotic organisms,
impacts on photosynthesis, changes in reef nutritional patterns,
induction of oxidative stress, and inhibition of growth.23−27 The
WSCS serves as a transition zone for the migration of land-based
pollution to coral reef regions of the SCS and is perennially
exposed to various human activities, including terrestrial
pollution, riverine input, and shipping.17,19,28 However, the
current status of OPE pollution and their environmental
behavior in the region remain poorly understood, and the

driving mechanisms of their biogeochemical cycling processes
and ecological impacts are still unclear.
Therefore, this study aims to (1) quantify the occurrence and

spatiotemporal trends of OPEs across multiple environmental
compartments in the WSCS; (2) elucidate the vertical transport
mechanisms of OPEs from the atmosphere to the ocean interior,
including deep-sea systems; and (3) identify the key drivers
governing the distribution and fate of OPEs in ocean vertical
profiles. Collectively, these findings will advance understanding
of the biogeochemical cycling, underlying mechanisms, and
potential ecological impacts of OPEs as emerging contaminants
in the marine environment.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Eleven widely used OPEs,

including three chlorinated OPEs (Cl-OPEs) and eight
nonchlorinated OPEs (non-Cl-OPEs), were selected as target
compounds in this study. Their detailed physicochemical
properties are provided in Text S1 and Table S1.
2.2. Sampling and Sample Pretreatment. All samples

were collected during a cruise aboard the research vessel
Xiangyanghong 3 in August 2021 (Figure 1). For the
investigation of OPE concentrations, air, surface seawater,
water column, bottom water, rainwater, and sediment samples
(Tables S3−S6) were collected as described in our previous
study.17 In brief, atmospheric samples were collected using an
active atmospheric sampler. Surface seawater was collected and
passed through glass fiber filters (GFFs) and two tandem
polyurethane foam (PUF) columns to enrich particle- and
dissolved-phase OPEs. All the water column, bottom water, and
rainwater samples were collected in brown glass bottles, stored

Figure 1. Sampling points (a) and distribution characteristics of OPEs (b) during the voyage in the WSCS.
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at−4 °C, and, upon return to the laboratory, OPE extraction was
performed using solid-phase extraction (SPE). All the solid-
phase samples, including PUFs, GFFs, quartz fiber filters, and
sediment samples, were wrapped in tinfoil zip-lock bags and
stored at −20 °C. Detailed sampling and extraction procedures
are provided in Text S2. For microbial community analysis, 20 L
of seawater was collected using sterile Niskin bottles mounted
on a CTD rosette. Water samples were filtered through a sterile
stainless-steel disc filter (Sartorius, Göttingen, Germany) fitted
with a sterile 0.22 μm pore-size polycarbonate membrane
(Φ142 mm; Millipore, Billerica, USA). The filtration apparatus
was cleaned with 75% ethanol prior to use. After filtration, the
membrane was folded, placed into a 50 mL enzyme-free cryovial
(Corning, Beijing, China), flash-frozen in liquid nitrogen, and
stored at −80 °C. The total storage time from sampling to DNA
extraction was less than 50 days.
2.3. Extraction and Instrumental Analysis. Two

deuterium-labeled OPEs, i.e., tributyl phosphate-d27 (TNBP-
d27) and triphenyl phosphate-d15 (TPHP-d15), were used as
analytical surrogates. The target OPEs in all aqueous samples
were extracted via SPE, and Soxhlet extraction was used for
extracting other solid-phase samples (Text S2).6,29,30 OPEs were
qualitatively and quantitatively analyzed using an Agilent gas
chromatography−tandem mass spectrometry (GC−MS/MS)
instrument, and details of the instrumental parameters and
temperature program are presented in Table S2 and Text S2.
2.4. Quality Assurance and Quality Control. Air samples

were collected on the windward side of the ship’s foredeck to
minimize background contamination. Possible contamination
was monitored using field blanks, experimental blanks, program
blanks, and repeated samples. Instrumental detection limits
(IDLs) were established based on a signal-to-noise ratio
obtained from three times the analyte in the minimum standard.
OPE concentrations in all blank samples were below or
comparable to the IDLs, and all samples were corrected using
field blanks. Method detection limits (MDLs) were calculated
by dividing the 3-fold IDLs by the volume or mass of the sample.
The MDLs for surface seawater, bottom seawater, atmospheric,
and sediment samples were 0.0005−0.0300 ng/L, 0.0038−
0.2415 ng/L, 0.0002−0.0112 ng/m3, and 0.0075−0.4831 ng/g,
respectively. TNBP-d27 and TPHP-d15 were used to monitor
sample recovery, which ranged from 88.4% to 117%. The
relative standard deviations of measured OPE concentrations in
the spike matrix ranged from 0.52% to 18.9%. The reported
concentrations were not corrected for surrogate recovery on an
individual basis but were adjusted for procedural contamination
by subtracting the mean concentration measured in the
procedural blanks from each sample.
2.5. Bioinformatic Processing of 16S rRNA Sequencing

Data. The methods for DNA extraction and 16S rRNA
sequencing are described in Text S4. Raw sequencing reads
(∼50,000 reads per sample) were initially processed using fastp
v0.19.31 Quality control included the removal of low-quality
bases (Q-score < 20) and adapter sequences. All samples
demonstrated exceptionally high sequencing quality, with Phred
quality scores (Q30) ranging from 97.9% to 98.9%, well above
the widely adopted threshold for high-quality data (Q30 > 90%).
These metrics indicate a very low error rate, confirm high
sequence reliability, and support the robustness of the data for
downstream bioinformatic analyses. Next, filtered high-quality
reads were imported into QIIME2 v2022.232 for comprehensive
microbiome analysis. Sequence processing was performed using
the DADA2 algorithm,33 which implemented a three-step

denoising pipeline involving (i) the modeling of errors
originating during amplification and sequencing and the use of
this model to correct random sequencing errors, (ii) the precise
merging of paired-end reads, and (iii) the generation of a high-
resolution amplicon sequence variant (ASV) table containing
exact biological sequences with their corresponding abundance
profiles for all samples. For taxonomic classification, the
representative sequences from each ASV were aligned with the
SILVA ribosomal RNA database (SILVA; release 138; https://
www.arb-silva.de/) using a naive Bayes classifier. The
classification process used a bootstrap confidence threshold of
0.7 to ensure taxonomic assignment reliability.34 To maintain
data integrity, chimeric sequences and nonmicrobial sequences
(i.e., mitochondrial, chloroplast, and eukaryotic-derived reads)
were systematically filtered from the data set. Using these
stringent quality control measures, only high-confidence
bacterial ASVs were retained for the subsequent ecological
analyses.
2.6. Data Analysis. 2.6.1. Microbial Community Charac-

terization and Statistical Analyses. Phylogenetic reconstruc-
tion was conducted by performing the multiple sequence
alignment of representative ASV sequences using MAFFT
v7.235 with default parameters, followed bymaximum-likelihood
tree construction using IQ-TREE.36 The microbial α-diversity
was estimated using the inverse Simpson index, and the β-
diversity was calculated using Bray−Curtis dissimilarities
between samples based on the high-confidence ASV data set.
All diversity metrics were computed using the vegan package
(v2.7-1) in R. Significant differences in the α-diversity among
groups were assessed using Kruskal−Wallis tests. To evaluate
variations in community structures, permutational multivariate
analysis of variance (PERMANOVA) was performed on Bray−
Curtis dissimilarity matrices with 9999 permutations, and results
were visualized using nonmetric multidimensional scaling
(NMDS) ordination plots.
The genus-level community composition was analyzed using

relative abundance data normalized by the total sum scaling.
Correlations between environmental variables and community
structures were determined using partial Mantel tests, and
microbial compositional variation among samples and environ-
mental dissimilarity matrices were calculated using Canberra
distance matrices while controlling for the dissolved oxygen
concentration as a covariate. Community assembly processes
were quantitatively assessed using a null model approach37 with
999 randomizations, incorporating phylogenetic (β-nearest
taxon index, βNTI) and taxonomic (Raup−Crick index,
RCbray) metrics. Ecological processes were categorized as
follows: (1) homogeneous selection (βNTI < −2), (2)
heterogeneous selection (βNTI > +2), (3) dispersal limitation
(|βNTI| < 2 and RCbray > 0.95), (4) homogeneous dispersal
(|βNTI| < 2 and RCbray < −0.95), and (5) drift (|βNTI| < 2 and |
RCbray| < 0.95).
Depth-stratified microbial biomarkers were identified using

the linear discriminant analysis effect size (LEfSe),38 with
significant differences in relative abundances (p < 0.05)
confirmed using Kruskal−Wallis H tests. The functional
potential was predicted from 16S rRNA gene sequences using
the Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt2)39 with KEGG and
MetaCyc pathway databases.40,41 The abundance of OPE-
degrading enzymes was visualized via heatmap analysis using the
R heatmap package.
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2.6.2. OPE Concentration Analysis. SPSS 26.0 was used for
the statistical analysis of OPE concentrations. A student’s t-test
or a nonparametric test was used to ascertain the existence of
differences in OPE concentrations between different groups. A
p-value of <0.05 indicated a statistically significant result, and a
p-value of <0.01 indicated a highly statistically significant result.

3. RESULTS AND DISCUSSION
3.1. Widespread Occurrence and Spatial Trends of

OPEs in theWSCS. 3.1.1. Surface System. Eleven target OPEs
were simultaneously monitored in the gas and particle phases of
the atmosphere, as well as in the dissolved and particle phases of
surface seawater and rainwater in the WSCS. The majority of
OPEs were detected across these environmental media. All 11
OPEs were detected in the atmospheric environment, with 11 in
the gas phase and 9 in the particle phase. In surface seawater,
nine OPEs were detected, with only tri(2-ethylhexyl) phosphate
(TEHP) and trihexyl phosphate (THP) not detected. These
results indicate that OPE contamination was pervasive within
the WSCS surface system.

3.1.2. Atmosphere. The total concentrations of the 11 target
OPEs (∑11OPEs) in the gas phase (21.9 ± 36.2 ng/m3) were

slightly lower than those in the particle phase (29.5 ± 13.2 ng/
m3) (Figures S2d and S3c). The total concentration of the eight
non-Cl-OPEs (∑8non-Cl-OPEs) was approximately 40 times
higher in the particle phase (48.6% ± 4.41%) than in the gas
phase (1.39% ± 1.27%). For the 11 OPEs in the gas phase, the
total concentration of the three chlorinated OPEs (∑3Cl-OPEs,
16.7 ± 21.0 ng/m3) was significantly higher than that of the
∑8non-Cl-OPEs (0.12 ± 0.13 ng/m3) (nonparametric test, p <
0.01). In the particle phase, ∑3Cl-OPEs (14.8 ± 6.12 ng/m3)
and ∑8non-Cl-OPEs (14.7 ± 7.19 ng/m3) were comparable.
The atmospheric concentrations of OPEs observed in this study
were higher than those reported in the Southern Ocean,42 the
Northern Pacific and Indian Oceans,43 and the Atlantic, Pacific
Oceans.44

3.1.3. Rainwater. ∑11OPEs in the dissolved phase (505 ±
98.7 ng/L) was significantly higher than that in particle phase
(287 ± 41.7 ng/L; t-test, p < 0.01; Figure 2e,f). ∑3Cl-OPEs
(dissolved phase: 448 ± 86.0 ng/L, particle phase: 213 ± 75.4
ng/L) was significantly higher than ∑8non-Cl-OPEs (dissolved
phase: 56.7 ± 12.8 ng/L, particle phase: 74.2 ± 33.6 ng/L).
These concentrations were slightly higher than those in the
intertropical convergence zone (ITCZ).14

Figure 2. Organophosphate ester concentrations in different environmental media of the surface system (a−f) and deep-sea system (g−k) in the
WSCS.
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3.1.4. Surface Seawater. ∑11OPEs in surface seawater were
notably lower than those in rainwater. In the dissolved phase,
∑11OPEs (15.0 ± 8.70 ng/L) were much higher than in the
particle phase (0.66 ± 0.63 ng/L; t-test, p < 0.01; Figure 2a,b).
Among these, ∑3Cl-OPEs (7.95 ± 6.55 ng/L) and ∑8non-Cl-
OPEs (7.10 ± 4.37 ng/L) were comparable in the dissolved
phase, whereas in the particle phase, ∑3Cl-OPEs (0.59 ± 0.60
ng/L) were significantly higher than ∑8non-Cl-OPEs (0.07 ±
0.05 ng/L). The OPE concentrations obtained were lower than
those reported in the South Pacific,45 the Atlantic Ocean,14

Northwest Pacific and Arctic Oceans,46 but close to those in the
Southern Ocean.5,14

3.1.5. Deep-Sea System. All target OPEs were detected to
varying extents in the dissolved and particle phases of seawater,
with detection rates of 45.5−100% and 63.6−100%, respec-
tively. Eight OPEs were detected in all deep-sea sediment
samples, with a detection rate of 100%, while TEHP, THP, and
tri(dichloroisopropyl) phosphate (TDCIPPs) were not de-
tected.

3.1.6. Water Column Depth Profiles in Different Sea Areas.
∑11OPEs in the dissolved phase (95.3 ± 42.6 ng/L) were
significantly higher than in the particle phase (22.7 ± 13.7 ng/L;
t-test, p < 0.01), and ∑3Cl-OPEs were significantly higher than
∑8non-Cl-OPEs in both the dissolved and particle phases
(Figure 3). These concentrations were comparable to those
reported in the Mariana Trench,10 the Atlantic Ocean, and the
Southern Ocean.14

In the open sea area (WC-1),∑11OPEs exhibited a consistent
trend of change in particle and dissolved phases, i.e., ∑11OPEs
continuously increased from the surface to a depth of 100 m,
suddenly decreased at a depth of 500 m, increased at a depth of
1000 m, and finally decreased at a depth of 1500 m. The highest

∑11OPEs in the particle (50.8 ng/L) and dissolved (160 ng/L)
phases were observed at a depth of 100 m (Figure 3).
In the sea area near the coral reef (WC-2), the observed trends

in∑11OPEs exhibited notable differences between the dissolved
and particle phases. The highest ∑11OPEs in the dissolved
phase was observed at the surface layer, while the highest
∑11OPEs in the particle phase was observed at a depth of 500m.
From the surface to the subsurface layer (25m),∑11OPEs in the
dissolved phase decreased sharply and then significantly
increased in the deep chlorophyll maximum (DCM) layer
(Figure 3). This surface enrichment, accompanied by subsurface
depletion, was attributed to the sinking and adsorption of PM, a
process that is exacerbated by the nearby cold eddies.
Conversely, the increased OPE concentration in the DCM
layer was attributed to the increase in the phytoplankton
biomass, which in turn affects the sinking of PM. Potential
microbial activities may also be involved in OPE degradation. In
the particle phase, ∑11OPEs were highest at 25 m and gradually
decreased with increasing depth, with the lowest concentrations
observed at 100 m. Across all depth profiles from 100 to 1500 m,
∑11OPEs first increased and then decreased; the difference was
that the highest ∑11OPEs in the dissolved phase (171 ng/L)
occurred at 1000 m, whereas the highest ∑11OPEs in the
particle phase (20.2 ng/L) occurred at 500 m (Figure 3).
As mentioned above, the photochemical degradation process

significantly reduced the concentration of Cl-OPEs in surface
seawater compared to other layers in the vertical profile, and
microbial activity in the subsurface layer of the ocean may
dominate the degradation of non-Cl-OPEs in the vertical profile.
Still, the distribution ofOPEs inWC-1 andWC-2water columns
differed. Coral reef regions have a higher biodiversity and
primary productivity, increasing PM concentration in the
surrounding seawater. In WC-2, a high concentration of

Figure 3. Variations in OPE concentrations in the two water columns (WC-1 is in the open water, deep chlorophyll maximum (DCM) = 75 m; WC-2
is close to the Zhongsha Atoll, DCM = 95 m) in the WSCS.
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∑11OPEs in the dissolved phase may adsorb onto PM or coral
mucus during the uninterrupted sinking process of PM. After
obtaining the highest ∑11OPEs in the particle phase at a 500 m
depth, the sinking and dissolution of mucus and PM led to the
re-entry of particle-phase OPEs into the dissolved phase of the
water column. This process may have substantially increased
∑11OPEs in the dissolved phase at a 1000 m depth.
Additionally, the process of resuspension, induced by deep-sea
currents, may have further increased the concentration of
dissolved OPEs. Furthermore, except for surface seawaters,
∑3Cl-OPEs was higher than ∑8non-Cl-OPEs in all depth
profiles. The exceptionally high value of ∑8non-Cl-OPEs in
surface seawater contributed to the high values of ∑11OPEs
(Figure 3).

3.1.7. Bottom Seawater. ∑11OPEs in the particle phase
(38.0 ± 49.1 ng/L) were comparable to those in the dissolved
phase (44.0 ± 42.2 ng/L; t-test, p < 0.01), and ∑3Cl-OPEs were
significantly higher than ∑8non-Cl-OPEs in both the dissolved
and particle phases (Figure 2i,j). These concentrations were
higher than those reported in the Atlantic and Southern
Oceans,14 but were comparable to those in the Mariana
Trench.10

3.1.8. Deep-Sea Sediment. ∑11OPEs ranged from 2.70 to
15.6 ng/g (8.13 ± 3.13 ng/g), and ∑8non-Cl-OPEs (8.13 ±
3.63 ng/g) were significantly higher than ∑3Cl-OPEs (0.92 ±
0.71 ng/g; Figure 2k). These OPE concentrations were higher
than those reported in the Arctic Ocean,47,48 but lower than
those in the Eastern Indian Ocean,49 the Mariana Trench,10 and
the Bohai Sea and East China Sea.50

3.1.9. Spatial Distribution of OPEs. 3.1.9.1. Spatial Differ-
ences and Influencing Factors in the Atmosphere. ∑11OPEs
in the atmospheric environment exhibited regional differences in
the entire survey area, with higher values in the South and lower
values in the North. High-∑11OPE regions were detected near
the Indochina Peninsula and Zhongsha Islands (Figure 1b2).
The southwest monsoon drives the transport of terrigenous
pollution sources in the Indochina Peninsula, negatively
affecting the SCS ecosystem.51−53 The 72 h backward air mass
trajectory showed the significant impact of the southwest
monsoon on the SCS ecosystem during the sampling period
(Figure S1). Terrestrial sources of pollution, such as electronics
dismantling and waste incineration,21,54 could continue
releasing OPEs, which are transported to the SCS via the LRT
of the air mass driven by the summer monsoon (Figure S2b).
Additionally, the high-concentration zone of OPEs near the
Zhongsha Islands was precisely located along the main shipping
route in the SCS,55 indicating that ship navigation could have
been responsible for releasing OPE-related pollutants into the
atmospheric environment.
The occurrence of OPEs in the atmosphere was influenced by

monsoon and diurnal variations in the WSCS. Atmospheric
OPE concentrations were markedly higher during the southwest
monsoon than during the southeast monsoon, particularly in the
gas phase (Figure S3d). The southwest monsoon likely
contributed predominantly to the input of non-Cl-OPEs,
whereas the southeast monsoon predominantly contributed to
Cl-OPEs. Maritime human activities, including fishing, offshore
oil drilling, and shipping, may have contributed to OPE inputs
into the atmosphere (Figures S3a and 2d). The global electronic
component manufacturing plant and supply base on Luzon
Island was also responsible for transporting pollutants into the
WSCS atmosphere via air masses (Figure 1b2). Diurnal
variations influenced atmospheric OPE concentrations, with

particle-phase OPE concentrations higher during daylight and
gas-phase OPE concentrations higher at night (Figures S3e and
2h). This discrepancy was attributed to the higher photo-
degradation capacity of Cl-OPEs in the gas phase compared to
the particle phase.

3.1.9.2. Gas/Particle Partitioning. Gas/particle partitioning
determines the environmental fate of SVOCs, especially their
LRT and migration in the atmosphere, and affects the
bioavailability of SVOCs.56,57 A comparison between the
estimated KP values of different models and the field values is
shown in Figure S4. The comparison shows that the KP values of
the target OPEs predicted using the Harner−Bidleman
adsorption model were close to the actual values (Figure
S4e,f). The Junge−Pankowmodel fitted the correlation between
the temperature-corrected subcooled liquid vapor pressure
(PL0) and calculated values of KP, but the slope was significantly
different from the theoretical value at equilibrium (Figure
S4a,b). By contrast, theKP values for all 11OPEs predicted using
the Ksoot‑air double-adsorption model were much lower than the
actual values (Figure S4c,d). Furthermore, although the steady-
state model predicted KP values for some OPEs that were close
to the actual values, there was a significant deviation between the
predicted values and actual values for five OPEs (Figure S4g,h).
New pollution sources, LRT, physical and chemical properties of
OPEs, field sampling, air temperature, and activity coefficients
affect the KP of SVOCs, leading to the deviation between the
actual and simulated values.16,57,58

3.1.9.3. Spatial Differences and Influencing Factors in the
Surface Seawater. The high-value area of ∑11OPEs covered
the Hainan Island and Xisha Island (Figure 1b1), which
experience frequent human activities. High concentrations of
OPEs (28.0−40.5 ng/L) were detected in the northeastern
region of the Hainan Island (W2 and W3). Of these, Cl-OPEs
constituted 68.5−72.7% of the total, and the concentration of
tris(2-carboxyethyl) phosphine (TCEPs) and tris(2-chloroiso-
propyl) phosphates (TCIPPs) reached their zenith, indicating
that industrial discharges in the northeastern region of the
Hainan Island (i.e., wastewater discharge and shipbuilding and
maintenance) significantly impacted the spatial distribution of
OPEs. Moreover, OPEs unintentionally generated during
industrial activities in southern China entered the SCS via
Pearl River runoff. There were well-established electronics
dismantling and recycling industry chains in Qingyuan and
Shantou, Guangdong Province, which may aggravate the
pollution of OPEs in the Pearl River and SCS.11,59 However,
the current-driven transport and dispersion of OPEs in the
northern SCS had a minimal impact on the distribution
characteristics of OPEs in the surface water of the study area,
as evidenced by the currents in the SCS during the sampling
period (Figure S2a). Furthermore, the western boundary
current (WBC), a primary driver of the northward migration
and dispersion of water masses from the Mekong River and
terrigenous pollution sources in the Central South Peninsula,
could exacerbate OPE contamination (Figure S2a). Continuous
runoff inputs from the Mekong River have exacerbated the
pollution from dissolved black carbon, polycyclic aromatic
hydrocarbons, and other organic matter in the WSCS.17,52

Unfortunately, OPE pollution may pose a significant ecological
threat to the numerous coral reefs in Hainan and Xisha Islands
and increase the risk to human health through transfer along the
food chain.6,60 The target OPEs were significantly correlated in
each environmental medium of the deep-sea and surface systems
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(Figure S5), indicating that the OPEs in each environmental
medium of the WSCS had similar potential sources.
3.2. Atmospheric Deposition as a Dominant Input

Pathway. 3.2.1. Air−Water Exchange. A modified two-layer
model was used to calculate the air−water exchange flux of
OPEs (Text S6).61−63 The net flux range of the studied
∑11OPEs was from 22.8 to 3012 ng/m2/d, with an average value
of 783 ± 810 ng/m2/d, indicating that OPEs were evaporated
from the ocean to the atmosphere during sampling period.
Among them, the net flux of ∑3Cl-OPEs (435 ± 564 ng/m2/d)
was higher than that of ∑8non-Cl-OPEs (334 ± 314 ng/m2/d),
and TCIPPs and TPHPs were the dominant contributors to
these two types of fluxes, respectively (Figure 4a).

3.2.2. Atmosphere Deposition. Atmospheric deposition has
been successfully used to investigate the vertical migration of
SVOCs (Text S6).21,64 The calculated dry deposition fluxes
ranged from 6161 to 58,165 ng/m2/d (17,463 ± 9734 ng/m2/
d); the dry deposition fluxes of∑3Cl-OPEs (11,085± 8238 ng/
m2/d) were considerably higher than those of ∑8non-Cl-OPEs
(6379 ± 3105 ng/m2/d; t-test, p < 0.01). The dry deposition
fluxes of ∑11OPEs in the particle phase (12,734 ± 5704 ng/m2/
d) were significantly higher than those in the gas phase (4729 ±
2592 ng/m2/d; t-test, p < 0.01; Figure S7b,c). Some studies have
demonstrated that wind speed, humidity, particle size, and
physicochemical properties of compounds can affect dry
deposition rates.65,66 The wet deposition fluxes of OPEs ranged
from 3521 to 9307 ng/m2/d (6602 ± 2893 ng/m2/d), and
∑8non-Cl-OPEs were predominant (92.1% ± 1.74%; Figure
S7d,e). Unlike dry deposition, wet deposition fluxes of
∑11OPEs in the dissolved phase (4834 ± 2256 ng/m2/d)
were significantly higher than those in the particle phase (1768
± 825 ng/m2/d; t-test, p < 0.01; Figure S7b,c).

These results imply that PM plays an important role in the
input of marine OPEs via atmospheric deposition and exerts a
substantial influence on their vertical transport. For dry
deposition, more than 27.1% of OPEs and 41.6% of Cl-OPEs
deposited from the atmosphere into the ocean were attributable
to PM (Figure 4a). Similarly, PM accounted for more than
27.0% of OPEs and 84.4% of Cl-OPEs transported vertically
during wet deposition (Figure 4b).

3.2.3. Deep-Sea Sediment-Water Diffusion. The absorp-
tion/desorption characteristics of deep-sea sediments for OPEs
were explored according to the procedures reported in our
previous studies (Text S8).17,20,67 As shown in Figure S8b, deep-
sea sediments showed potential adsorption tendencies for the
majority of OPEs in bottom seawater (log f < −0.12), indicating
that deep-sea sediments are potential sinks for OPEs in the water
column of the WSCS. Moreover, the difference between the
experimental KOC and average field KOC increased with
increasing experimental KOC, indicating that the adsorption
capacity of sediments for OPEs increased with increasing KOC
of the OPEs. The calculated log KOC of OPEs was significantly
correlated with their log KOW (R2 = 0.65, p < 0.01),
demonstrating that the partitioning of OPEs between deep-sea
sediment-water systems was significantly influenced by hydro-
phobic interactions (Figure S8a). The chemical structure of
OPEs was closely related to the calculated log KOC, which
increased with increasing number of carbon atoms for non-Cl-
OPEs and with increasing number of chlorine atoms for Cl-
OPEs.68

In summary, the net atmospheric transport (20,460−27,085
ng/m2/d) to the marine environment was the dominant process
transporting OPEs to the WSCS, primarily via atmospheric
deposition (Figure S7f). OPEs, especially chlorinated com-

Figure 4. Contribution rates of different phases during OPE migration from the atmosphere to the ocean: (a) dry deposition, (b) wet deposition, and
(c) total input flux. Correlation between particulate matter and OPE concentrations in the (d) dissolved and (e) particle phases of the water column.
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pounds such as TCIPPs and TCEP, have high KP values and
readily adsorb onto atmospheric PM. This results in high
concentrations of OPEs in the atmospheric particle phase, and
particulate-bound OPEs are more likely to enter the ocean via
dry or wet deposition. Air−water exchange, however, depends
on diffusion processes at the sea−air interface, and most OPEs
have low Henry’s constants, leading to weak volatilization from
the sea surface to the atmosphere. Consequently, net
atmospheric deposition was identified as the predominant
pathway for OPEs entering the WSCS, exceeding the
volatilization flux by orders of magnitude. Atmospheric
deposition dominated the vertical transport of atmospheric
OPEs, influencing their biogeochemical cycling and exacerbat-
ing ecological pressure on marine ecosystems, particularly coral
reefs. Importantly, PM contributed 65.3−98.4% (58.6% ±
16.5%) of the total input of atmospheric OPEs into the ocean
(Figure 4c), while deep-sea sediments were identified as a
potentially significant sink for OPEs in the deep-sea environ-
ment (Figure S8).
3.3. Vertical Transport of OPEs and Biogeochemical

Cycles. As shown in Figure 3, ∑11OPEs in the two water
columns of the WSCS exhibited significant differences.
However, when the water column was divided into an epipelagic
zone (EZ; 0−100 m), a mesopelagic zone (MZ; 100−500 m),
and a bathypelagic zone (BZ; 1000−1500 m), OPEs exhibited a
pronounced depletion in the surface layer and an enrichment in
the deep sea. This distribution pattern was consistent in the
dissolved and particle phases of seawater. The following order of
∑11OPEs was observed in the dissolved and particle phases: BZ
(106± 26.4 and 72.7± 29.2) >MZ (80.2± 17.5; 52.1± 3.45) >
EZ (49.9 ± 31.6 and 31.6 ± 25.4; Figures S3 and S6). This
pronounced heterogeneity may reflect the general pattern of the
OPE distribution in the vertical profile of seawater in theWSCS.

3.3.1. Vertical Transport Driven by Particulate Matter.
Material and energy transport in the ocean’s vertical profile is
linked to MBLPs, which play a crucial role in nutrient cycling

and carbon sequestration in the deep sea.69 The vertical
transport processes of OPEs in the ocean affect their
biogeochemical cycling processes in the global ocean.49 OPEs
in seawater depth profiles originate from the surface environ-
ment of oceans and combine with PM, phytoplankton, and
biological detritus via biogeochemical cycling to sink to the deep
sea under the action of MBLPs. Numerous studies have
confirmed that organic pollution in the deep-sea environment
originates from the surface system.10,14,17,70 A clear correlation
exists between OPEs in various environmental media in the
surface and deep sea in the WSCS (Figure S5). As shown in
Figure 4d,e, a notable positive correlation exists between OPE
concentrations and PM in the WSCS vertical profile. The
sinking of PM plays a pivotal role in shaping the distribution of
OPEs along the depth profile, thereby influencing their vertical
transport. Ocean snow, formed by the sinking of phytoplank-
tonic organic matter, organic particles, dead organisms, and
feces, transports nutrients to the deep sea and also adsorbs and
transports OPEs from surface waters to deeper ocean layers,
thereby altering the concentration and composition of OPEs at
different depths (Figure 4d,e). The interaction between sinking
particles and OPEs may also influence the bioavailability of
OPEs and their potential impacts on marine ecosystems
throughout the water column. Therefore, PM in seawater drives
the distributional characteristics of OPEs in the WSCS depth
profile and also influences the environmental behavior of OPEs
in the water column. PM plays an important role in the vertical
transport of marine surface OPEs to the deep-sea environment,
which most likely also influences the biogeochemical cycling of
OPEs in the deep-sea environment.

3.3.2. Microbial Community Response and the Biological
Pump of OPEs. The high-throughput 16S rRNA gene
sequencing analysis of seawater samples from the EZ, MZ, and
BZ showed distinct microbial community structures in these
zones. Phylogenetic analysis of the top 500most abundant ASVs
demonstrated clear phylum-level clustering, with extremely low

Figure 5. Vertical stratification characteristics of the bacterial diversity and community structure in seawater of the WSCS. (a) Phylum-level
phylogenetic tree of the top 500 abundant ASVs (highlighting 10 dominant bacterial phyla). (b) Shared and unique ASVs among three zones (i.e., EZ,
MZ, and BZ). (c) Taxonomic diversity (InvSimpson index) in three zones (n = 12; Kruskal−Wallis H test, *p < 0.05, **p < 0.01). (d) NMDS based on
Bray−Curtis dissimilarities (PERMANOVA by Adonis, n = 12). (e) Relative abundance (%) of the top 16 bacteria in three zones.
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taxonomic overlap between the different zones (Figure 5a).
These ASVs were predominantly distributed among the
following phyla: Acidobacteria, Actinobacteria, Bacteroidota,

Chloroflexi, Cyanobacteria, Firmicutes, Nitrospinae, Plancto-
mycetota, Proteobacteria, unclassified taxa, and Verrucomicro-
bia (Figure 5a). Notably, only 31 ASVs (1.38%) were common

Figure 6. Microbial community assembly and degradation mechanisms driving the vertical partitioning of OPEs in the WSCS. (a) Associations
between microbial community structure (based on Canberra distance) and environmental variables (based on Canberra distance) analyzed using
partial Mantel tests. Partial Mantel’s p values are indicated by edge color (solid and dashed lines represent positive and negative correlations,
respectively), while partial Mantel’s r values are represented by edge width. Statistical significance is denoted by edge color. Pairwise correlations
between environmental variables are depicted using a color gradient reflecting Spearman’s correlation coefficients, with statistical significance denoted
as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. (b) Relative contribution of each ecological process driving microbial community assembly within
different water layers, based on null model analysis. (c) Identification of biomarkers in different zones by LEfSe. (d) Relative abundances of
significantly differentiated biomarkers (Kruskal−Wallis H test, p < 0.05) in the EZ, MZ, and BZ. (e) Heatmap of the relative abundance of key OPE-
degrading enzyme genes in different zones. (f) Alkaline phosphatase abundance increases with increasing water depth.
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in all the three zones (Figure 5b). The MZ and BZ exhibited a
higher community similarity (138 ASVs) but shared only 42−55
ASVs with the EZ. Furthermore, 522, 848, and 706 unique ASVs
were detected in the EZ, MZ, and BZ, respectively, further
corroborating the distinct community structures of these three
zones (Figure 5b). The microbial α-diversity analysis (In-
vSimpson index) exhibited a significant increasing trend with
depth (Kruskal−Wallis test, p < 0.01), following the order of BZ
> MZ > EZ (Figure 5c). NMDS ordination based on Bray−
Curtis dissimilarities (stress = 0.08) confirmed vertical
stratification (PERMANOVA; R2 = 0.64, p = 0.001), with
distinct clustering of communities by zones (Figure 5d). At the
genus level, the relative abundance of Alteromonas increased
with increasing water depth (EZ = 2.36%, MZ = 18.0%, BZ =
24.1%), indicating the potential niche-specific adaptations to
OPE-rich deep-sea environments. By contrast, the relative
abundance of Pelagibacter decreased with increasing water
depth (EZ = 22.3%, MZ = 7.68%, BZ = 5.46%), reflecting its
reduced competitive fitness in deeper, more polluted seawater
(Figure 5e).
Partial Mantel tests demonstrated a significant correlation

between microbial community composition and OPE concen-
trations (Figure 6a). Dissolved OPEs (D-OPEs) and dissolved
chlorinated OPEs (D-Cl-OPEs) exhibited significant correla-
tions with the EZ microbial community structure, whereas
dissolved non-Cl-OPEs (D-non-Cl-OPEs) showed stronger
correlations with the MZ microbial community structure.
Notably, particle-associated OPEs in the BZ were predom-
inantly linked to the BZ community structure, indicating that
microbial niche partitioning was the primary driver of the
vertical stratification of OPEs (Figure 6a).
Distinct assembly mechanisms governed microbial commun-

ities in different zones (Figure 6b). In the EZ, drift (DR) and

dispersal limitation were the dominant forces. In the MZ, the
community assembly was jointly regulated by DR and
homogeneous selection (HoS). In the BZ, the selective pressure
of HoS significantly increased, collaborating with DR to mold
the community structure (Figure 6b). These shifts in assembly
mechanisms provided a foundation for the microbial degrada-
tion of OPEs.
LEfSe analysis further elucidated the microbial degradation

mechanisms. The seawater in the EZ was dominated by typical
oligotrophic microorganisms, while that in the MZwas enriched
with bacterial genera such as Phaeobacter with potential for OPE
degradation.71,72 The seawater in the BZ was significantly
enriched with highly efficient OPE-degrading bacteria, including
Alteromonas and Marinomonas,15,72 accompanied by the
colonization of various piezophilic bacteria (Figure 6c).
Kruskal−Wallis H tests confirmed significant differences (p <
0.05) in the relative abundances of these biomarkers in the three
zones, indicating that the concentration gradient of OPEs and
the vertical profile drive the niche differentiation of microbial
functional communities (Figure 6d). These degrading bacteria
regulated the concentration distribution of OPEs in the MZ and
BZ via theMBLP effect. Themicrobial degradation of OPEs was
mediated by phosphoester hydrolase (including alkaline
phosphatase and phosphodiesterase),73 oxidative degradation
enzymes (e.g., oxygenases), phospholipase, and enzymes
involved in the degradation of aromatic OPEs.74 PICRUSt2-
based functional inference elucidated themolecular mechanisms
underlyingOPE biodegradation. The abundance of key enzymes
involved in OPE degradation, predicted using different data-
bases, such as KEGG Orthology (KO), enzyme commission
(EC) number, and MetaCyc, increased significantly in the MZ
and BZ (Figure 6e). Notably, the alkaline phosphatase
abundance increased with increasing water depth (EZ < MZ <

Figure 7. (a,b) Characteristics of interannual variability of OPE concentration levels in the SCS (atmosphere here represents only the atmospheric
particle phase).
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BZ; Figure 6f), in agreement with the accumulation of OPEs in
the MZ and BZ. This finding confirms that deep-sea microbial
communities adapt to the high-OPEs environment by
upregulating phosphoester hydrolase, enabling the efficient
degradation of OPEs and regulating their vertical distribution.
In summary, we have systematically revealed the significant

impact of deep-seamicrobial activity on the distribution patterns
of OPEs from the perspectives of microbial community
assembly mechanisms and functional adaptive evolution.
Concentration differences in OPEs and vertical profiles shape
distinct marine microbial community structures, and these
microbial communities drive the degradation of OPEs in the
ocean via microbial activities such as ecological niche differ-
entiation and significant upregulation of the relative abundance
of key degrading taxa (e.g., Phaeobacter, Alteromonas, and
Marinomonas) and enhanced activity of OPE-degrading
enzymes (e.g., alkaline phosphatase). These phenomena are
indicative of the significant ecological role of microbial
communities in driving the biogeochemical cycling of OPEs in
the marine environment via multidimensional adaptive strat-
egies.
Consequently, in addition to the focus on the physical

migration processes of PM in the ocean, the regulatory role of
microbial activity on the biogeochemical cycling of OPEs in the
ocean is equally important. The vertical distribution of OPEs in
the ocean is influenced by a combination of physical−chemical
processes (e.g., PM sinking) and biological processes (e.g.,
marine microbial activity). These processes collectively
determine the concentration levels and distribution patterns of
OPEs in the ocean, thereby impacting the biogeochemical
cycling of OPEs in marine ecosystems.
3.4. OPE Pollution Trends and Potential Impacts. The

analytical results and existing studies reveal that the pollution of
OPEs in the SCS shows an increasing trend.28,75−78 The
pollution levels of OPEs in the atmosphere increased
significantly (Figure 7a). Compared to earlier reports on the
concentration of seven OPEs (∑7OPEs) in the atmos-
phere,28,76,77 ∑7OPEs in the Hainan Island increased from
77.9± 26.0 pg/m3 in 2013 to 524± 330 pg/m3 in 2014 and then
to the current level of 13,040 ± 7191 pg/m3. ∑7OPEs in the
Xisha Islands and WSCS increased from 912 ± 469 pg/m3 and
730 ± 244 pg/m3 in 2014 to 8501 ± 2576 pg/m3 and 15,211 ±
8758 pg/m3, respectively, during this survey.
The pollution levels of OPEs in the surface seawater of the

SCS also showed a general increasing trend (Figure 7b).
According to these results and existing reports on ∑7OPEs in
surface seawater in the SCS,28,75,78 ∑7OPEs in the Hainan and
Xisha islands increased from 5.38 ± 2.83 ng/L and 4.73 ± 2.14
ng/L in 2013 to 14.5± 9.97 ng/L and 6.38± 2.12 ng/L in 2014,
respectively, and even though there was a slight decrease in
2015, ∑7OPEs have increased to 22.7 ± 10.4 ng/L and 21.1 ±
3.48 ng/L during the sampling period. In the WSCS, there was a
slight decrease in 2014 (6.30 ± 2.55 ng/L) compared to 2013
(8.31 ± 5.74 ng/L), but the contamination level was
significantly higher during the sampling period (12.7 ± 6.28
ng/L).
The non-Cl-OPE concentration increased at a higher rate

than the Cl-OPEs, potentially owing to increased human
activities such as paint and coating use as well as the growth of
plastics and electronics industries.79 The presence of long-term
plastic waste in the SCSmay also result in OPE release under the
influence of ultraviolet rays or microorganisms. Furthermore,
the rapid development of the electronics manufacturing industry

in China (Guangdong, Fujian) and Vietnam have led to the
continuous migration of OPEs in electronic components to long
distances into the SCS via runoff and atmospheric transport.
Concurrently, increase in maritime trade and use of SCS
shipping lanes significantly raises the likelihood of antifouling
paint wear and hydraulic oil leaks entering the ocean, thereby
exacerbating OPE pollution. This could exert greater ecological
pressure on marine ecosystems (e.g., coral reefs) in the SCS and
influence deep-sea ecosystems through coupled physical,
chemical, and biological processes. These processes may alter
the composition of marine microbial communities, affect the
natural succession of microbial community structures, and
disrupt the ecological niche differentiation of key functional
groups. Continued studies are needed to evaluate the potential
impacts of increasing OPE pollution on ocean health. The
methodologies and findings of this study will help advance
research on the biogeochemical cycling of emerging contami-
nants in the marine environment and their ecological
consequences. Collectively, these results highlight that the
WSCS serves as a critical region for OPE deposition, transport,
and microbial-mediated transformation, with important im-
plications for both coral reef ecosystems and deep-sea
environments.

4. ENVIRONMENTAL IMPLICATIONS
Escalating emissions of OPEs constitute a significant environ-
mental threat to the SCS, highlighting the vulnerability of
marine ecosystems to emerging contaminant inputs. This study
demonstrates that atmospheric deposition�primarily mediated
by PM�is the dominant pathway for OPE introduction,
accounting for 65.3−98.4% of total inputs. This process
efficiently transports OPEs to offshore and deep-sea environ-
ments, including ecologically sensitive zones such as coral reefs.
The sinking of PM facilitates the vertical transfer of OPEs,
resulting in unexpected contamination of deep-sea ecosystems
and introducing these pollutants into fragile food webs.
Critically, microbial communities respond through functional
adaptation, including taxonomic niche partitioning and
upregulation of hydrolytic enzymes, representing a natural yet
potentially overwhelmed mechanism for OPE degradation.
These findings underscore the urgent need to regulate PM-
associated emissions from regional industrial and shipping
activities. Furthermore, this study establishes a paradigm for
understanding the fate of particle-reactive emerging pollutants,
emphasizing the coupled roles of physical transport and
biological transformation in determining their environmental
impact. Mitigation strategies must consider the atmosphere−
surface seawater−deep-sea continuum to effectively preserve
ocean health.
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■ NOTE ADDED AFTER ASAP PUBLICATION
After this article was published ASAP October 20, 2025, a
correction was made to Figure 6a. The corrected version was
posted October 22, 2025.
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