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the seawater, sediment of the Beibu
Gulf.

• Σantibiotic levels were 1.74–23.83 ng/L
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• SMX, CIX may pose adverse ecotoxico-
logical risks to algae.
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Thewidespreaduse of antibiotics has raised global concerns, but scarce information on antibiotics in the subtrop-
ical marine environment is available. In the present study, seawater and sediment samples were collected to in-
vestigate the occurrence, spatial distribution, source, and ecological risks of 22 antibiotics in the Beibu Gulf. The
total concentrations of target antibiotics (∑antibiotics) were in the range of 1.74 ng/L to 23.83 ng/L for seawater
and 1.33 ng/g to 8.55 ng/g dry weight (dw) for sediment. Spatially, a decreasing trend of antibiotic levels from
coast to offshore area was observed, with relatively high levels at the sites close to the Qinzhou Bay and
Qiongzhou Strait. Sulfamethoxazole (SMX), trimethoprim (TMP), and norfloxacin (NOX) were predominant in
seawater, while NOX, enoxacin (ENX), and enrofloxacin (ENR) were the most abundant antibiotics in sediment.
In general, the sediment-water partitioning coefficients (Kd) were positively correlated with log molecular
weight (MW). Salinity, particle size, and pH of water were predicted to be vital factors influencing the
partition of sulfadiazine (SDZ), CIX, and ENR (p < 0.05). Livestock and aquaculture were identified as dominant
sources of antibiotics in the Beibu Gulf based on PCA-MLR andUnmixmodel. Risk assessment revealed that SMX,
CIX could posemedium risks to algae in the Beibu Gulf. Overall, our results provided paramount insights into un-
derstanding the fate and transport behaviors of antibiotics in the subtropical marine environment.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The advent of penicillin in 1928 began the era of antibiotics, which
have been considered as one of the most significant milestones in sci-
ence and medicine. During the last decades, hundreds of antibiotics
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have been widely applied in disease prevention, disease treatment, and
as prophylaxis and growth promoters in aquaculture and husbandry
(Kummerer, 2009; Sarmah et al., 2006). The global antibiotic consump-
tion increased by 65%, from 21.1 to 34.8 billion defined daily doses
(DDDs) between 2000 and 2015 (Klein et al., 2018). In China, the total
consumption of 36 commonly used antibiotics was up to 92,700 tons
in 2013 (Zhang et al., 2015). Further, the consumption of veterinary an-
tibiotics in China will be doubled by 2030 (Klein et al., 2018). It was re-
ported that more than half of antibiotics had been released into various
environmental matrices owing to their unreasonable use, incomplete
metabolism, and limited wastewater treatment facilities (Carvalho
and Santos, 2016). Antibiotics have been regarded as metastable pollut-
ants and present a pseudo-persistent behavior, finally resulting in long-
range transport (Klatte et al., 2016; Kummerer, 2009).

The ocean plays an vital role in the global transport of antibiotics and
has been consequently served as a final sink andmajor reservoir for nu-
merous pollutants (e.g., antibiotics) (Bayen et al., 2013; McEneff et al.,
2014). Once entering into the (marine) environment, antibiotics
might induce chronic effects on aquatic organisms (Brausch and Rand,
2011; Halling-Sorensen, 2000; Robinson et al., 2005). For example, anti-
biotics could decrease the plankton and algae population, affect the be-
havior of aquatic organisms, and alter the aquatic community structure
(Kovalakova et al., 2020; Kummerer, 2009). Meanwhile, sulfamethoxa-
zole (SMX) and enoxacin (ENX) can be biomagnified in marine organ-
isms and may pose adverse effects on human health via food chain
transfer (Lagesson et al., 2016; Liu et al., 2017). Also, antibiotics promote
the rapid emergence and spread of resistant bacteria and genes, which
have been confirmed as one of the three health threats by the World
Health Organization (WHO, 2015). Therefore, it is imperative to under-
stand the transport and fate of antibiotics in the marine environment.

Transportation and adsorption onto sediments are two crucial
routes of antibiotics in the environment (Kummerer, 2009). Previous
studies investigated the occurrence and distribution of antibiotics in
seawater from different marine areas around the world, such as Bohai
Bay (Liu et al., 2016), the Yellow Sea (Du et al., 2017), the East Sea of
China (Li et al., 2020a), and South China Sea (Liu et al., 2020b; Zhang
et al., 2018c), Cadiz Gulf of Spain (Biel-Maeso et al., 2018), San Francisco
Bay of the United States (Nodler et al., 2014) and the southern Baltic Sea
(Siedlewicz et al., 2018). However, most of these studies were con-
ducted in estuaries and coastal waters close to highly urbanized or de-
veloped regions. Systematic knowledge on the transport behavior of
antibiotics from nearshore area to offshore area in developing areas,
particularly in the subtropical marine environment, is very limited
(Celic et al., 2019; Kotke et al., 2019).

The partitioning of organic chemicals between sediment and seawa-
ter is very complicated (Huang et al., 2020; Moreno-González et al.,
2015). It has been demonstrated that the partition of antibiotics can
be affected by many factors, such as physicochemical properties
(molecular structure of contaminant, octanol-water partition coeffi-
cient (Kow)), as well as environmental parameters (total organic
content (TOC), particle size and pH) (Chen and Zhou, 2014;
Saranjampour et al., 2017). Considering that antibiotics have different
physicochemical properties, a comprehensive research is required to
investigate the governing factors influencing their partitioning
behaviors in the marine environment.

Source identification is the fundamental precondition for formulat-
ing strategies to prevent and control pollution. Until now, there are
several literatures on source identification of antibiotics in the environ-
ment. However, most of them were based on the marker (Jia et al.,
2011), ratio method (Zhang et al., 2018c), and principal component
analysis (PCA) (Ali et al., 2017; Somma et al., 2021). The multivariate
receptor models, including PCA with multiple linear regression (PCA-
MLR) and Unmix, have been extensively used to trace the origins and
source contributions of anthropogenic contaminants in the environ-
ment (Li et al., 2020b; Sofowote et al., 2008). PCA-MLR is the most
used and traditional source receptor model by reducing the data
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dimensionality (Cui et al., 2019; Zhang et al., 2020), while Unmix is a
comparatively advanced receptormodel based on the singular value de-
composition (SVD)method (Larsen and Baker, 2003; Li et al., 2020b). In
general, eachmodel has its pros and cons and the conclusions drawn by
different models could be inconsistent (Lang et al., 2015; Zhang et al.,
2019). To obtainmore reliable source contributions and interpretations,
the source results generated by multiple receptor models should be
compared and evaluated.

The primary objectives of the present study were to: (1) investi-
gate the distribution and partitioning behavior of antibiotics
between water and sediment in the Beibu Gulf. (2) identify the po-
tential source of antibiotics by combing different source receptor
models. (3) characterize the ecological risks of antibiotics in the
Beibu Gulf. This is the first comprehensive field monitoring study of
antibiotics covering approximately 27,000 km2 of the Beibu Gulf
and represents the first attempt to quantify the source contributions
of antibiotics by various models.

2. Materials and methods

2.1. Study area and sampling campaign

Beibu Gulf (17–22°N, 105–110°E), a marginal sea, is located in the
northern South China Sea (SCS). Since the establishment of the Beibu
Gulf Economic Rim in 2006 and the launch of China-ASEAN Free
Trade Area in 2010, the accelerating industrialization and increasing
population have brought more and more pressure on the environ-
mental quality of this area (Cui et al., 2019; Pan et al., 2021; Xiao
et al., 2021). Further, the excellent geographical position makes
Beibu Gulf an ideal area for the breeding industry. In 2017, the total
farmed seafood production in this region was 1.3 million tons (Xue
et al., 2020), which would inevitably result in contamination of
antibiotics. Previous studies indicated that several antibiotics were
detected in water, sediment, and organism from estuaries, nearshore
and the vicinity of an aquaculture farm in the Beibu Gulf (Wu et al.,
2021; Zhang et al., 2021). For example, Zhang et al. (2018b)
found that the total concentrations of antibiotics in nearshore sea-
water were in the range of 22.70–24.50 ng/L. Leng et al. (2020)
reported that the concentrations of antibiotics ranged from 51.04
to 137.64 ng/g in the coastal sediment of the Beibu Gulf.

Thirty-one seawater and twenty-six sediment samples were col-
lected within the Beibu Gulf in April 2019 (Fig. 1). Seawater samples
(depth = 3 m) were collected using a water sampler, which was pre-
rinsed with ultra-pure water and water from the specific sampling
site. Sediment samples were collected using a stainless-steel grab sam-
pler and packed in polyethylene (PE) bags. Detailed information on
sampling sites is listed in Table S1.

2.2. Chemicals and reagents

Based on usage volume and their detection rates in the environment,
22 antibiotics, including 9 sulfonamides (SAs), 5 fluoroquinolones
(FQs), 4 macrolides (MLs), 2 chloramphenicols (CAPs), trimethoprim
and lincomycin were selected as target compounds. Meanwhile,
seven deuterium-labeled antibiotics were used as internal stan-
dards. HPLC grade methanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Formic acid and ammonium acetate
were supplied by CNW (Germany). Disodium edetate dihydrate
(Na2EDTA) was acquired from J&K® (Beijing, China). The detailed in-
formation on antibiotics, reagents, and solvents is described in Text
S1 and Table S2.

2.3. Sample extraction and instrumental analysis

The extraction protocols of antibiotics from water and sediment
samples were based on our previously published paper (Wu et al.,



Fig. 1.Map showing the sampling sites in the Beibu Gulf, South China.
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2021). Briefly, for water samples, 2.5 L of seawater was filtered using
GF/F glass filters (Whatman) and pH was adjusted to 3 with 4 M
H2SO4. 10 ng of internal standards and 0.2 g Na2EDTA were added into
individual samples, then the aqueous phase were loaded on HLB car-
tridges (6 mL, 500 mg). For sediment samples, 5 g of freeze-dried sedi-
ment was added with a mixture of acetonitrile and citric acid buffer of
pH 3.0 (V:V = 1:1), then ultrasonicated for 15 min and centrifuged
for 10 min. The extraction process was repeated twice. All the superna-
tantwas combined, followed by purificationwith SAX-HLB cartridges in
tandem (Details in Text S2).

Antibiotics were quantified by an Agilent 1290 ultra-performance
liquid chromatography interfaced with a 6460 triple quadrupole mass
spectrometer (UPLC-MS/MS, Agilent Technologies, Santa Clara, CA).
The optimized instrumental parameters are provided in Text S3 and
Tables S3, S4.

2.4. Quality assurance and quality control (QA/QC)

Sampling and experimental procedures were subject to strict
QA/QC procedures. All glass containers were rinsed with Milli-Q
water and methanol, then baked at 450 °C for 4 h in a muffle fur-
nace. Quantification of antibiotics was conducted using an internal
standard curve approach, with correlation coefficients of individual
antibiotics greater than 0.995. Procedural blanks were included in
each batch of ten samples to check the possible interference or
background contamination. All the target antibiotics were not de-
tected in the procedural blanks. The recoveries of target antibiotics
ranged from 64 to 137% for water and 61–142% for sediments with
relative standard deviations (RSD) lower than 20%. Limits of detec-
tion (LOD) and limits of quantification (LOQ) were assigned 3 and
10 of the signal-to-noise ratio (S/N) with the results being listed
in Table S5.
3

2.5. Sediment-water distribution coefficient (Kd) and organic carbon
partition coefficient (Koc) calculation

Field-based partition coefficients of antibiotics between sediment
and water were calculated by the following equation (Kim and
Carlson, 2007):

Kd ¼ Cs=Cw � 1000

where Cs refers to the concentration of individual antibiotics (ng/g dw)
in sediment, while Cw is the concentration in seawater (ng/L) at the
same site.

Additionally, Koc of antibiotic was derived from the Kd value using
the following equation (Horsing et al., 2011):

Koc ¼ Kd � 100= f oc

where foc represents the percentage of organic carbon in the sediment
(%) (Table S1).

2.6. Ecological risk assessment

The potential ecological risks associatedwith target antibiotics were
evaluated by risk quotients (RQs), which were estimated using the fol-
lowing equation:

RQ ¼ MEC=PNEC

PNEC ¼ LC50 or EC50ð Þ=AF

where MEC and PNEC represent the measured environmental concen-
tration and predicted no-effect concentration of individual antibiotics,
respectively. EC50 or LC50 refers to the acute toxicity data from
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previous literature or ECOSAR (Table S6). AF represents the assessment
factor with 100 for chronic toxicity and 1000 for acute toxicity.
The RQ values are classified into the following levels: insignificant risk
(< 0.01), low risk (0.01–0.1), and medium risk (0.1–1), as well as high
risk (> 1) (Rodriguez-Mozaz et al., 2020).

The classical concentration addition (CA) model was used to assess
themixture effect of detected antibiotics. The risk quotients of themix-
tures (MRQ)were calculated by twomethods, according to the equation
as follows (Backhaus and Faust, 2012):

MRQMEC=PNEC ¼ Σn
i¼1

MECi

PNECi

¼ Σn
i¼1

MECi

min EC50 algae,EC50 invertebrate,EC50 fish
� �

i � 1=AFð Þ

MRQSTU ¼ max STUalgae,STUinvertebrate,STUfish
� �� AF

¼ max Σn
i¼1

MECi

EC50i algae
,Σn

i¼1
MECi

EC50i invertebrate
,Σn

i¼1
MECi

EC50i fish

� �

� AF

where MRQMEC/PNEC is the sum of the highest RQs in three different
trophic level organisms (algae, invertebrates, and fish), and MRQSTU

represents the sum of the toxic unit value for the most sensitive
organism.

2.7. Data processing and statistical analysis

Levels of individual antibiotics below their corresponding LOD were
reported as zero, concentrations between LOD and LOQwere treated as
LOQ/2. Shapiro-Wilk test and Levene's test were used to evaluate the
normality and homogeneity of data, respectively. Spearman's test was
utilized to analyze the bivariate relations between antibiotics (detection
frequencies (DF) > 30%) and environmental parameters. Also, multiple
regression analysis was performed to explore the relationship between
Kd of antibiotics and different environmental factors. All descriptive
statistics were carried out in SPSS 24.0, while PCA-MLR and hierarchical
cluster analysis (HCA)were performedbyOrigin 2018. To prevent high-
Table 1
Detection frequencies (DF, %) and concentrations of 22 antibiotics in water (ng/L) and sedime

Compounds Water

DF Mean Median Rang

Sulfonamides
SAAM 23 0.04 < LOD < LO
SPD 0 < LOD < LOD < LO
SMR 0 < LOD < LOD < LO
STZ 19 0.01 < LOD < LO
SDZ 65 0.10 0.03 < LO
SMZ 90 0.13 0.09 < LO
SMM 16 0.06 < LOD < LO
SMX 100 2.98 2.43 0.090
SDM 68 0.08 0.07 < LO
TMP 100 0.46 0.39 0.023

Macrolides
ETM-H2O 97 0.68 0.42 < LO
ATM 0 < LOD < LOD < LO
CTM 13 0.02 < LOD < LO
RTM 6 0.02 < LOD < LO

Fluoroquinolones
ENR 87 0.25 0.19 < LO
CIX 71 0.57 0.46 < LO
OFX 58 0.07 0.02 < LO
NOX 100 2.10 1.83 0.43–
ENX 94 1.24 0.85 < LO

Others
FF 77 0.42 0.26 < LO
CAP 48 0.08 < LOD < LO
LIN 38 0.18 < LOD < LO

4

concentration variables from decomposition analysis, Z-transform was
performed to center and scale the data before conducting PCA and
HCA. The significance level was defined as p ≤ 0.05.

3. Results and discussion

3.1. Occurrence and distribution of antibiotics in seawater from the Beibu
Gulf

19 out of the 22 target antibiotics except sulfapyridine (SPD),
sulfapyridine (SMR) and azithromycin (ATM) were detected in surface
seawater. Trimethoprim (TMP), SMX, and norfloxacin (NOX) were
quantified in all the seawater samples, and the detection frequencies
(DF) of dehydrated erythromycin (ETM-H2O), ENX, sulfamethazine
(SMZ), enrofloxacin (ENR), florfenicol (FF), ciprofloxacin (CIX), sulfa-
dimethoxine (SDM), sulfadiazine (SDZ) were 97%, 94%, 90%, 87%, 77%,
71%, 68%, and 65%, respectively (Table 1). These results demonstrated
the widespread occurrence of the target antibiotics in the Beibu Gulf.
The total concentrations of all detected antibiotics (∑19 antibiotics)
varied from 1.74 ng/L to 23.83 ng/L, with the mean and median values
of 9.51 and 7.53 ng/L, respectively (Fig. 2). The distribution pattern of
the ∑19 antibiotics was characterized by high concentrations in the
nearshore area and decreasing gradually toward the offshore area
(Fig. 3). On average, SAs (0.36–9.23 ng/L) and FQs (1.27–13.41 ng/L)
occupied nearly 40% and 45% of the total antibiotics, which was
consistent with those reported in the coastal area of the Yellow Sea,
the Bohai Sea (Yang et al., 2020) and Pearl River Delta (Li et al., 2018).
In general, the levels of different categories of antibiotics (SAs, MLs,
and FQs) displayed great variations from different sampling sites
(Fig. S1). For instance, the relatively high concentrations of SAs and
FQs were found around the Qinzhou Bay at the northern Beibu Gulf
(sampling sites of 6–2 and 5–2). Qinzhou Bay, China's largest oyster
seedling base, has been gradually contaminated by antibiotics due to
the growth of coastal aquaculture year by year (Cui et al., 2019; Meng
et al., 2017). It has been illustrated that riverine inputs had an important
impact on the occurrence of antibiotics in estuaries and bays (Liu et al.,
2020a; Zou et al., 2011). For instance, our previous study found that the
nt (ng/g dw) from the Beibu Gulf.

Sediment

e DF Mean Median Range

D-0.36 0 < LOD < LOD < LOD
D 24 0.01 < LOD < LOD-0.14
D 24 0.08 < LOD < LOD-0.35
D-0.10 0 < LOD < LOD < LOD
D-0.87 72 0.05 0.06 < LOD-0.09
D -0.56 0 < LOD < LOD < LOD
D-0.53 0 < LOD < LOD < LOD
–7.43 28 0.01 < LOD < LOD-0.02
D-0.24 28 0.01 < LOD < LOD-0.09
–1.13 88 0.01 0.01 < LOD-0.02

D-3.43 8 0.03 < LOD < LOD-0.57
D 16 0.03 0.01 < LOD-0.11
D-0.27 48 0.02 0.01 < LOD-0.07
D-0.58 48 0.01 < LOD < LOD-0.10

D-1.10 88 0.49 0.46 < LOD-1.11
D-2.76 28 0.11 < LOD < LOD-0.78
D-0.46 12 0.02 < LOD < LOD-0.40
6.17 96 2.02 1.90 < LOD-4.06
D -2.95 92 1.15 1.08 < LOD -2.76

D-2.40 12 0.01 < LOD < LOD-0.10
D-0.24 0 0.01 < LOD < LOD-0.04
D-0.76 30 0.05 < LOD < LOD



Fig. 2. Concentrations of individual antibiotics in surface seawater (A) and sediment
(B) from the Beibu Gulf. Note: others included remaining antibiotics.
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mean concentration of SAs in the Qin River (flow into the Qinzhou Bay)
was up to 10 ng/L (Xue et al., 2013).

Regarding individual antibiotics, the highest mean concentration was
observed for SMX (2.98 ng/L), and decreased in the following order:
NOX (2.10 ng/L) > ENX (1.24 ng/L) > ETM-H2O (0.68 ng/L) > CIX
(0.57 ng/L) > TMP (0.47 ng/L) > FF (0.42 ng/L). SMX (0.09–7.43 ng/L)
was the predominant antibiotic with an average contribution of 31%,
probably because SMX is frequently used in the therapy of infections
(e.g., Enterococcus, Lactococcus, and Staphylococcus diseases) in human
and animals (Borecka et al., 2015; Shimizu et al., 2013). Moreover, previ-
ous studies also demonstrated that SMXhadhighwater solubility and fast
mobility, which may cause their extensive presence in the water of the
Beibu Gulf (Shimizu et al., 2013; Stewart et al., 2014). The concentrations
of SMX in the studied region were comparable to those reported in the
surface water of Singapore mangrove (0.06–6.26 ng/L) (Bayen et al.,
2016), Yangtze Estuary (1.00–8.40 ng/L) (Guo et al., 2019) and Pearl
River Delta (nd-4.50 ng/L) (Fisch et al., 2021), but lower than those
found from Victoria Harbour of Hong Kong (mean value of 13 ng/L)
(Minh et al., 2009) (Table S7). NOX (0.43–6.17 ng/L), ENX (<LOD-2.95)
and ETM-H2O (<LOD-3.43 ng/L) were other dominant antibiotics,
which accounted for 22.1%, 13.0%, 7.2% of the total antibiotics,
respectively. It was reported that NOX was one of the main antibiotics
used in the mariculture ponds of the Beibu Gulf (Zhang et al., 2021), al-
though it has been forbidden as a veterinary drug in China since 2015
(Ministry of Agriculture the PRC, 2015).

Results demonstrated that the distance from the sampling sites to
the coastline was negatively correlated with the log ∑19 antibiotics in
seawater (p < 0.01; Fig. S2), revealing that the dilution effect of
seawater can play a non-negligible role. Similarly, a significant
5

relationship was observed between salinity and the levels of log ∑19

antibiotics in water (p < 0.01), which was consistent with the result
observed in the Gulf of Cadiz (SW Spain) and Long Island Sound (NY,
USA) (Biel-Maeso et al., 2018; Xie et al., 2019). The inverse correlation
may be caused by the dilution of antibiotics inmarinewaters and/or riv-
erine inputs (Siedlewicz et al., 2016). pH in water was also negatively
correlated with the concentrations of SDZ, SDM, ETM-H2O, OFX, and
MLs (Fig. S3), which was consistent with the relationships reported in
Jiaozhou Bay and the East China Sea of China (Li et al., 2020a; Xie
et al., 2019).

3.2. Occurrence and distribution of antibiotics in sediment from the
Beibu Gulf

Seventeen antibiotics were detected in sediment, with NOX, ENR,
TMP, and ENX showing detection frequencies greater than 80%
(Table 1). However, none of the antibiotics analyzed were detected in
all the sediment samples. The total concentrations of these antibiotics
(∑17 antibiotics) ranged from 1.33 ng/g dw to 8.55 ng/g dw with a
mean value of 4.01 ng/g dw. Not surprisingly, levels of∑17 antibiotics
from the offshore area were generally lower than the coast, and the
similar spatial distributions were observed in the Yellow Sea (Du
et al., 2017), the Pearl River Estuary of China (Fisch et al., 2021), and
Cadiz Gulf in the Spain (Biel-Maeso et al., 2018). FQ was the most
abundant antibiotic with a contribution more than 90% of the total
antibiotics, whichwas in linewith numerous previous surveys reported
in the Yangtze Estuary (Guo et al., 2019) and Persian Gulf (Kafaei et al.,
2018). It was found that FQ had a high capacity to chelate with
cations and bind with particulate matter (Cheng et al., 2014; Liang
et al., 2013). The concentrations of ∑FQs were in the range of
1.14–7.83 ng/g dw with a mean value of 3.78 ng/g dw, which was par-
allel to the levels observed in the Jiaozhou Bay (0.28 to 5.23 ng/g) and
the East China Sea of China (mean, 7.3 ng/g) (Li et al., 2020a; Liu et al.,
2018). On the contrary, much lower values were reported in Bohai
Bay (<LOQ-24.30 ng/g) (Cheng et al., 2014). In general, the levels of
∑SAswere lower than 0.20 ng/g dw inmost sampling sites. The contri-
butions of SAs and FQs in the water phase were around 40% and 45%,
respectively. However, their contributions were approximately 5% and
90% in sediment, which could be related to the relatively weak interac-
tion of SAs with the binding sites of sediments (Liu et al., 2016).

NOX exhibited relatively high average concentrations of 2.02 ng/g
dw, followed by ENX (1.15 ng/g dw), ENR (0.49 ng/g dw), CIX
(0.11 ng/g dw), sulfamerazine (SMR) (0.08 ng/g dw). NOXwas the pre-
dominant antibiotic,which contributed nearly 50% to the total antibiotic
burden. However, the overall concentrations of NOX (<LOD-4.96 ng/g,
dw) in the present study were lower than the values reported in the
Bohai Sea (<LOD-20.86 ng/g) (Cheng et al., 2014), East China Sea
(<LOD-32.16 ng/g) (Li et al., 2020a) and the Persian Gulf, Iran (mean,
24.98 ng/g) (Kafaei et al., 2018) (Table S8).

There was a significantly positive correlation between SDZ concen-
trations and TOC of sediment (Fig. S2). A previous research found that
organic matter would enhance the cation-exchange capacity, which
contributed to react with antibiotics on charged sites (Richter et al.,
2009). Zhou et al. (2011) found relatively high antibiotic concentrations
at the sampling sites with high TOC content.

3.3. Partitioning of antibiotics between water and sediment in the Beibu Gulf

Based on available data, the average Kd and Koc values for 7
antibiotics (SDZ, SMX, TMP, ENR, CIX, NOX, and ENX) were calculated
and the values ranged from 3 to 2818 L/kg and 4 to 8089 L/kg, respec-
tively (Tables S2, S9). The Kd values were highly variable with
3–2622 L/kg for SAs and 192–2818 L/kg for FQs. FQs presented higher
Kd values, which could be explained by the ionic functional group in
the molecules of FQs and their strong hydrophobicity (Tang et al.,
2019). Generally, the Kd values for SDZ, SMX, NOX, ENR, and TMP



Fig. 3. The concentration and distribution of total antibiotics in seawater (A) and sediment (B) in the Beibu Gulf, China.
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were comparable to those determined from Bohai Bay (Cheng et al.,
2014), Hailing Bay (Chen et al., 2015), and the southern Baltic
(Siedlewicz et al., 2018), while Kd values of CIX were lower than the
values reported in the Hailing Bay and Yellow River Delta (Table S9)
(Chen et al., 2015; Zhao et al., 2016).

A significantly positive correlation was observed between log Kd

values and log molecular weight (MW) (p < 0.05, Fig. S4), which
indicated that the heavy and large molecules of antibiotics were more
easily absorbed onto sediment (Chen and Zhou, 2014). There was no
significant correlation between Log Kd and log Kow of the target
antibiotics (p > 0.05, Fig. S4), suggesting that hydrophobic interaction
maybe not the main factor controlling the partition between water and
sediment. Multiple regression analysis showed a negative correlation
Fig. 4. Score plot and loading plot for antibiotics in water from the Beibu Gulf (A). Source
contributions of different sources in each sample estimated by Unmix model (C).
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between salinity and the log Kd values of SDZ, CIX, and ENR (p< 0.05, Ta-
ble S10). The significant negative correlation between Kd values of SDZ
and the Dv50 values (median size of the particle) demonstrated that
SDZ tended to be adsorbed more easily by fine sediments. These results
illustrated the partition of antibiotics between seawater-sediment is
very complicated and the exact dynamic mechanisms require further in-
vestigation.

3.4. Potential sources of antibiotics in the Beibu Gulf

PCA-MLR,HCA, andUnmixmodelswere utilized to identify the poten-
tial sources of antibiotics and their specific contributions in the BeibuGulf.
The principal component 1, 2, and 3 of the PCA explained 33%, 28%, and
profiles and contribution of antibiotics predicted by Unmix model (B). The percentage
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16% of the total variance, respectively (Fig. 4A). As shown in Table S11,
factor 1 was dominated by SMX, CAP, ENX, LIN, NOX, accounting for
50% of the total variation. SMX is a typical antibiotic used for both humans
and animals, but more than 90% was widely applied to animals (Zheng
et al., 2012; Zhou et al., 2013). A previous study demonstrated that CAP
and LIN were frequently added in animal feed to prevent and treat dis-
eases in livestock and aquaculture (Zhou et al., 2013). Also, QN concentra-
tion in the coastal water was positively correlated with the production of
marine aquaculture and animal husbandry (Lyu et al., 2020). Hence, fac-
tor 1 was considered to represent the source from marine aquaculture
and livestock industries. Factor 2 was heavily weighted by OFX, CIX,
ETM-H2O, and SDZ, which accounted for 26% of the total source contribu-
tion. These antibiotics have been frequently detected inwastewater treat-
ment plants (Behera et al., 2011; Xu et al., 2015). Besides, ETM-H2O and
OFX were reported to be too recalcitrant to remove in conventional sew-
age treatments with removal rates lower than 20% (Behera et al., 2011;
Leung et al., 2012; Xu et al., 2007). Lyu et al. (2020) found that signifi-
cantly positive correlations were observed between the levels of MLs
(ETM-H2O, clarithromycin (CTM), roxithromycin (RTM)) and human
healthcare costs or the number of the antibiotic production plants.
Therefore, factor 2 can be used as chemical marker for wastewater,
including domestic and industrial sewage. SDM, TMP, and FF were
grouped together (group 3) and occupied 24% of the total contribution.
SDM and FF are veterinary antimicrobial drugs with high detection rates
and concentrations in the wastewater from pig farms and culture ponds
(Zhang et al., 2018a; Zhang et al., 2018b; Zhou et al., 2013), while TMP
was generally regarded as a potentiator of sulfonamide and extensively
applied to human and animal (Zhang et al., 2015; Zhang et al., 2018b).
Thus, factor 3was considered to be themixed source of domestic sewage
and aquaculture wastewater.
Fig. 5. Risk quotients (RQs) of the detected antibiotic

8

All seawater sampling sites were distinctly divided into three groups
(Fig. 4A, Fig. S5). In the first group, three sampling sites (sampling sites
of 1–7, 1–6, and 2–5) located at the southeast of the Beibu Gulf were clus-
tered together, in which almost all target antibiotics were detected. Sam-
pling sites of 5–1, 5–2, 5–3, 5–4, 4–5, 3–5, and6–2were grouped together.
Most of these sampling points were located at the northern Beibu Gulf
with more proportions of SMX, NOX, and FF. The remaining sampling
sites were almost located in the offshore area, which constituted the
third group. The total concentrations of antibiotics at these sites were
much lower than those quantified at other nearshore sampling sites.

Unmix model was further used to explore the specific contributions
and four sources were extracted (Fig. 4B). SMX, FF, and SDM were the
dominating components of source 1. It was reported that these antibi-
otics were commonly used in animal husbandry, including the chicken,
cow, swine, and duck industries (Zhang et al., 2021; Zhou et al., 2013).
Thus, source 1 was interpreted as stock farming, which accounted for
34% of the variance. Source 2 occupied 28% of the total variance and in-
cluded almost all target antibiotics derived from amixed source. Source
3 had high loading of SMX, NOX, ENX, and CIX, explaining 27% of the
total variance. A previous research reported that these antibiotics
were found widespread in the aquaculture of the Beibu Gulf (Zheng
et al., 2012). Hence, source 3 was considered from aquaculture. Source
4 was characterized by the high percentage of ETM-H2O and
accounted for 11% of the source contribution, which was in line with
the factor 1 of PCA-MLR and was regarded as wastewater emissions.

Fig. 4C illustrated the source contributions of antibiotics in each sam-
ple predicted by Unmix model. The result revealed that municipal
wastewater (source 1) was recognized as the main source of antibiotics
at the sampling sites of 1–1, 1–2, 1–3, 1–4, and 1–5. There are several
wastewater treatment plants located on the eastern part of Hainan
s toward algae in the seawater of the Beibu Gulf.
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Island (Fig. 1). It is very likely that the municipal wastewater flowed
into the Beibu Gulf then transported by oceanic circulation (Gao et al.,
2017). Marine aquaculture (source 3) was considered as the primary
emission source of antibiotics at the sites located on the north the
Beibu Gulf (sampling sites of 5–1, 5–2, 5–3, 5–4, 6–2). Previous investi-
gations suggested that 20% of the population was engaged in capturing
fisheries and/or mariculture in the northern Beibu Gulf and the fishery
gross product in 2019 reached 4.4 billion US dollars (Xue et al., 2020;
The Oceanic Administration of Guangxi, 2019).The results of Unmix
analysis indicated that the estimated average contributions of antibi-
otics were in the order of livestock activities (34%) > mixed source
(28%) > marine aquaculture (27%) > municipal sewage (11%). The
overall results of Unmix model were in line with the results of PCA-
MLR. It should be noted that the compositions of antibiotics in seawater
were very complex and individual antibiotics may have different appli-
cations, which would bring difficulties to the source identification.

3.5. Risk assessment and environmental implications

The ecological risks of fourteen detected antibiotics were evaluated.
Three trophic level aquatic organisms, including algae, fish, and inverte-
brate were selected to calculate the risk quotient (RQ) of antibiotics
based on acute toxicity data (Table S9). Results suggested that antibi-
otics were not likely to pose risks on invertebrates and fish due to the
low RQ values (<0.01). Algae was the most sensitive species to some
antibiotics (Fig. 5), such as SMX, CIX, ETM-H2O, and ENR. SMX and CIX
presented medium risks to algae at 36%, 39% of the sampling sites of
the Beibu Gulf. A few studies reported that ETM-H2O posed relatively
high ecological risks in the Yellow Sea (Yang et al., 2020), Hai River
(Lei et al., 2019), and the Pearl River Estuary (Li et al., 2018), while
ETM-H2O posed low risks at most sampling sites (almost 70%) of the
Beibu Gulf. Besides, SMX, CIX, ENR, and OFX also posed low risks to
algae at 58%, 32%, 16%, and 7.0% of the sampling sites, respectively. Ac-
cordingly, more attention should be given to the use of SMX, CIX, and
ETM-H2O in the Beibu Gulf due to their potential ecological risks.

Although ATM, FF, SDZ did not show high ecological risk, the degra-
dation rates of these antibiotics were relatively low (10−6–10−5/min),
resulting in their long-term existence in the aquatic environment (Lei
et al., 2019). Furthermore, it should be noted that the risk of antibiotics
never occurs individually and the mixture risk of multiple antibiotics
can increase via synergistic effect (Liu andWong, 2013). The calculated
MRQs of antibiotic mixtures varied from 0.10–0.86 (Fig. S6), demon-
strating that the target antibiotics might pose medium ecological risks
in the Beibu Gulf. Additionally, there is a high possibility that antibiotics
would cause the rapid emergence of antibiotic resistance genes (ARGs),
which are relatively stable and can transfer globally in the marine
environment (Leng et al., 2020). Therefore, long-term monitoring and
scientific management of antibiotics are still essential due to their ubiq-
uitousness in the Beibu Gulf.

4. Conclusions

This study investigated the spatial distribution, source identification,
and ecological risks of commonly used antibiotics in the subtropicalma-
rine environment from the Beibu Gulf. 19 and 17 antibiotics were de-
tected in seawater and sediment, respectively. The levels of antibiotics
were higher in the coastal area than in the offshore area. In general,
SMX, TMP, and NOX were the dominant antibiotics in seawaters,
while NOX, ENX, and ENRwere prevalent in sediment. Salinity, particle
size, and pH of water were the dominant factors governing the
sediment-water partition of SDZ, CIX, and ENR. Receptor models re-
vealed that livestock and aquaculturewere significant potential sources
of antibiotics in the Beibu Gulf. Based on the risk assessment, SMX, CIX,
and ETM-H2O could pose risks to algae in the Beibu Gulf. Overall, the
Beibu Gulf was relatively less polluted by antibiotics compared with
other coastal regions across the world.
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