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Pharmaceuticals and personal care products in the seawater
around a typical subtropical tourist city of China
and associated ecological risk
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Abstract
Pharmaceuticals and personal care products (PPCPs) in the sea area surrounding a densely populated tourist city in southeastern
China were investigated. In total, 32 PPCP pollutants classified into 23 categories were detected. Different spatial distribution
patterns of PPCPs indicated possible contamination from runoff and multiple local sources. The labile-to-conservative ratios of
PPCPs showed the influence of untreated domestic sewage. In addition, increased concentrations of ciprofloxacin, enrofloxacin,
and erythromycin around aquaculture farms imply that aquaculture cannot be neglected as a source. The concentrations of
oxytetracycline, ranitidine, ciprofloxacin, miconazole, and sulfamethizole were higher in the wet season than those in the dry
season, and the difference in pharmaceutical consumption was suspected to be the main driving factor of this seasonal variation.
The risk quotients calculated with the maximum concentrations of miconazole, triclosan, dehydronifedipine, and triclocarban
exceeded 0.1, indicating potential moderate or high risks. Antibacterial agents in daily chemicals and azole broad-spectrum
antifungals were associated with the highest risks in this study; this might be another significant pollution characteristic in the sea
area around this subtropical tourist city.

Keywords PPCPs . Seasonal variance . Labile-to-conservative ratio . Characteristic pollutants . Risk quotients . Untreated
domestic sewage . Aquaculture

Introduction

As emerging pollutants, pharmaceuticals and personal care
products (PPCPs) leave various trace compounds in the

environment, including natural antibiotics, chemical synthetic
antibacterial drugs, antibacterial agents from daily chemicals,
psychotropic drugs and hormone drugs, chemicals from hair
coloring, and even some inorganic and nonpolar organic sub-
stances (such as TiO2 and polyethylene microbeads from per-
sonal care products; Molins-Delgado et al. 2015). Generally,
some common polar organic compounds, such as sulfon-
amides, antibacterial synergists, quinolones, β-lactam antibi-
otics, macrolide antibiotics, tetracycline antibiotics, and their
metabolites or degradation products, are often identified in
surveys of PPCPs in marine environments.

Designed to maintain/alter specific physiological func-
tions, PPCPs can sometimes show biological activity against
nontarget species and have been associated with potential en-
vironmental risks, and for the same reason, it is difficult for
them to be completely degraded or metabolized by organisms
in a short time (Godoy and Kummrow 2017). PPCPs are eas-
ily retained in the environment and even undergo a certain
degree of bioaccumulation and biomagnification (Tang et al.
2020), resulting in “quasi persistence.” It has been suggested
(Cizmas et al. 2015) that in aquatic systems, some PPCPs
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might be associated with potential risks at environmentally
relevant concentrations, and antibiotics may also promote
the evolution of drug-resistant bacteria and drug-resistant
genes. In addition, when different PPCPs are combined, the
“cocktail effect” may occur in organisms, resulting in the en-
hancement or weakening of ecotoxicological effects (Godoy
and Kummrow 2017). Several studies have also confirmed
that residues of PPCPs in aquatic products affect human health
(Lulijwa et al. 2020). Therefore, it is important to know which
types of PPCPs are present and dominant in the environment.

Due to their relatively strong polarity and photolysis (Ali
et al. 2017; Table S1), PPCPs persist in marine environments
for a relatively short time. High dilution ratios in seawater also
lead to rapid decreases in concentrations when PPCPs are
discharged from sources. Therefore, the compositions of,
abundance of and potential risks associated with PPCPs are
suspected to be closely related to nearby sources. This has
been confirmed by studies on PPCPs in lakes and coastal
waters in recent years (Chen et al. 2020; Du et al. 2017;
Wang et al. 2019; Zhang et al. 2018). Relatively short half-
lives in aquatic environments also mean that PPCP pollutants
in the environment can be affected by their allowable upper
limits in consumer goods (i.e., pharmaceuticals or personal
care products) and the total consumption of consumer goods.
For example, triclosan and triclocarban are widely used in
personal care products in China (Sun et al. 2014b) without
legal prohibition; in contrast, between 2014 and 2016, the
European Union and the USA successively restricted and
banned the use of triclosan and triclocarban in personal care
products (European Commission 2014; United States Food
and Drug Administration 2019). However, it is difficult to
know whether such restrictions will have an indirect impact
on the usage of triclosan and triclocarban in China, where
similar products are used, and their presence in the environ-
ment. Characterization of PPCPs in marine environments may
help to answer similar questions.

In a study on PPCPs in 37 river basins in Japan, Nakada
et al. (2008) suggested that PPCP fluxes in rivers were signif-
icantly correlated with the population in each basin. Based on
a similar assumption, the Chinese City of Xiamen was con-
sidered in this study. Xiamen is a typical subtropical coastal
tourist city in southeastern China. With a population density
of 2417 persons/km2 (at the end of 2018; Huang 2019), it
ranks in the top ten most densely populated cities among ma-
jor cities in China. Additionally, due to the large number of
tourists, Xiamen’s annual tourism income accounted for
26.9% of the regional GDP in 2017; this was higher than that
of Beijing, the most famous tourist city in China (Chen et al.
2019). A large population also drives the consumption of per-
sonal care products. Moreover, the concentration of medical
resources in southern Fujian Province in Xiamen City (for
example, there are 8.3 medical staff per one thousand citizens
in Xiamen, which is much higher than that in surrounding

areas, i.e., 5.3–6.0 medical staff per one thousand citizens;
Huang 2019; Huang and Fang 2019; Li and Pan 2019;
Zhangzhou Bureau of Statistics 2019) also leads to a high
number of clinical patients and high pharmaceutical consump-
tion here. Therefore, it can be inferred that among the sea areas
along southeastern China, there might be a relatively high
level of PPCP pollution in Xiamen Bay, the sea area surround-
ing Xiamen City.

The purpose of this study was to (1) investigate the presence
of PPCP pollutants in Xiamen Bay; (2) analyze their spatial
distributions and seasonal variance and explore their possible
sources; and (3) assess their potential ecological risks.

Material and methods

Sampling and preparation

Xiamen Bay is located on the west coast of the Taiwan Strait,
adjacent to Xiamen City of Fujian Province; due to jurisdic-
tional issues, the study area did not include the coastal waters
of Kinmen County (Fig. 1; Schlitzer 2018). According to dif-
ferences in topographical and hydrological conditions, the
study area was divided into smaller sea areas, such as
Tong’an Bay, Haicang Bay, and the Jiulong Estuary. The
three tributaries of the Jiulong River, with an average annual
runoff of 14,126 million m3, flow into the Jiulong Estuary.
The river basin consists of mostly hills, farmland, and rural
residential areas. The surveys were conducted at 11 sites dur-
ing August 2019 (sites X12 and X13 were not sampled) and
13 sites during January 2020 (Fig. 1), representing the wet
season and dry season, respectively. The annual precipitation
in Xiamen in 2019 was 1123 mm (China Meteorological Data
Service Center 2020), which was lower than the perennial
average value (1332.4 mm, 1981–2010) and much lower than
~ 2000 mm, which was recorded in 2016 (Chen et al. 2019).
The precipitation amounts in August 2019 (221.3 mm) and
January 2020 (44.0 mm) in this area were similar to the aver-
age values of previous years (207.1 mm and 35.1 mm); in the
wet season, the Jiulong River runoff expands to the lower
reaches, which it does not do in the dry season (Fig. S1).

The sampling, pretreatment, and HPLC/MS/MS analysis
processes were modified from EPA Method 1694. This is one
of the most widely used approaches for analyzing various
PPCPs simultaneously (Zhang et al. 2020) and can be used to
detect 74 main PPCPs and their metabolites/degradation prod-
ucts in seawater. The basic functions and some of their abbre-
viations are provided in Table S1. The optimized chromato-
graphic properties, mass spectrometric properties, method de-
tection limits (MDLs), and method minimum levels of quanti-
tation (MLs) of these PPCPs are provided in Tables S2–S4. In
brief, at each site, surface water was collected and transferred
into two 2-L glass flasks with stoppers. Samples were
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maintained in the dark and refrigerated. Generally, pretreatment
was completed within 24 h; the samples that were not processed
in timewere filtered and then transferred to polyethylene bottles
for freezing. The thawed samples were pretreated within 24 h
after thawing. The pretreatment, HPLC/MS/MS analysis, qual-
ity assurance, and quality control processes are provided in
Sections 1 and 2 of the Supporting Material. The salinity
(practical salinity scale; Fig. S1) of seawater was determined
by a SonTek CastAway®-CTD instrument.

Statistical analysis

Cluster analysis was used to distinguish the spatial distribution
characteristics of PPCP pollutants. Ward’s method was per-
formed in the cluster analysis, with the squared Euclidean dis-
tance as a measure of similarity. Based on the groups
identified by the cluster analysis, ANOVA was performed to
determine whether the differences in PPCP concentrations be-
tween groups were significant. When significant
differences were detected (at α= 0.05) and the group number
was > 2, a post hoc Scheffe test was carried out to perform

pairwise comparisons between group means, since the sample
sizes of the groups were unequal. Before ANOVA, the
Shapiro-Wilk normality test and Levene test for homogeneity
of variance were carried out using untransformed or transformed
data (Table S5). For data with inhomogeneous variance or an
abnormal distribution (p ≤ 0.05), Mann-Whitney U test (two
groups) or Kruskal-Wallis test (more than two groups) was per-
formed instead. Cluster analyses, one-way ANOVA, Mann-
Whitney U tests, and Kruskal-Wallis tests were conducted with
SPSS. Similarity percentages (SIMPER) analysis was also per-
formed to identify the most important distinguishing PPCPs be-
tween groups. The SIMPER analysis was carried out using
PAST 3.20 (Hammer et al. 2001) based on the Bray-Curtis sim-
ilarity index. The least squares methodwas used to analyze linear
regression between salinity and the concentrations of PPCPs via
Microsoft Excel.

Ecological risk assessment

In view of the variety of PPCPs and limited toxicological data,
risk quotients (RQs) were used for PPCPs to conduct a
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screening-level ecological risk assessment. Generally (Lützhøft
et al. 2014; Mohtar et al. 2019), RQ = PEC/PNEC, where PEC
is the predicted environmental concentration (measured environ-
mental concentration was used here) and PNEC is the predicted
no-effect concentration. When RQ > 1, harmful ecological ef-
fects cannot be excluded; when RQ = 1, pollutants alone are
unlikely to cause ecological risks, and when RQ < 1, pollutants
are unlikely to cause harmful ecological effects. However,
Lemly (1996) suggested that the RQs (expressed as hazard quo-
tients) should be qualitatively discussed at a broader level; sim-
ilarly, Xu et al. (2013) and Guruge et al. (2019) suggested that
the RQs of antibiotics and PPCPs could be classified into four
categories: high risk (RQ > 1), moderate risk (0.1 < RQ < 1),
low risk (0.01 < RQ < 0.1), and safe (RQ < 0.01); this classifi-
cation scheme was applied in this study. According to the EU’s
Technical Guidance (European Commission-Joint Research
Centre et al. 2003), the equation PNEC = TDD/AF should be
applied, where TDD is the toxicological dose descriptor, which
usually refers to the values of toxicological test end points (such
as EC50, LC50, and NOEC), and AF is the assessment factor,
with the values provided by Technical Guidance (European
Commission-Joint Research Centre et al. 2003). Following this
guideline, the aquatic organism-related criteria for seawater (sa-
linity > 5) are mainly applicable to seawater communities that
need to be protected, but the toxicity data obtained from fresh-
water organisms should not be rejected. TDD values were ob-
tained from the KAshinhou Tool for Ecotoxicity (KATE) 2020
version 1.0 (KATE 2020). Values were calculated considering
quantitative structure-activity relationships based on a large
number of acute and chronic toxicological data (including
EC50, LC50, and NOEC values) from various model organ-
isms, such as fish, Daphnia, and algae (Furuhama et al. 2010).
Due to the lack of toxicological data on the effects of PPCPs on
sensitive organisms in marine ecosystems, data from freshwater
aquatic organisms and marine organisms are applied indiscrim-
inately here. The n-octanol-water partition coefficients, KOW,
used in the calculation were obtained from KOWWIN v1.68
(September 2010) of the Estimation Programs Interface,
USEPA; the experimental data in the database were used when
possible, and simulated values were applied when necessary.
Since the KATE 2020 did not provide any TDD values for
ranitidine, the PNEC for ranitidine was calculated with the data
obtained from Isidori et al. (2009).

Results and discussion

Presence

In the study area, 32 of 72 PPCP compounds were detected at
a minimum of one site. Thirteen compounds, including
carbadox, carbamazepine, thiabendazole, diphenhydramine,
cotinine, erythromycin dehydrate, oxolinic acid,

erythromycin, oxytetracycline (OTC), naproxen, gemfibrozil,
triclocarban, and cimetidine, were detected in all samples, and
another 13 compounds were detected in more than 50% of the
samples (Table 1). The maximum concentration of detected
PPCPs was 84 ng L−1 (naproxen).

In view of the great differences in the MDLs and detection
frequencies reported, the maximum and/or median concentra-
tions of several PPCPs were compared with data previously
reported in China (Table S6). In the study area, the concentra-
tions of PPCPs, except for naproxen and enrofloxacin, in sea-
water were similar to or lower than the maximum levels in the
Jiulong Estuary and its downstream area reported by Sun et al.
(2016). This might be related to the increased consumption of
these two pharmaceutical ingredients in recent years. For ex-
ample, naproxen accounted for < 2% of total nonsteroidal
anti-inflammatory drug (NSAID) sales in China in 2011 (the
median among 15 economies was 9.4%; McGettigan and
Henry 2013). As a low-risk NSAID, naproxen was supposed
to be one substitute for high-risk NSAIDs (McGettigan and
Henry 2013). However, the maximum concentration of
naproxen in seawater obtained in this study (84.3 ng L−1)
did not exceed those reported from the Yellow Sea and East
China Sea (271.3 ng L−1; Chen et al. 2020); the maximum/
median concentrations of enrofloxacin were much lower than
those in samples obtained in the Bohai Sea and Yellow Sea
adjacent to mariculture farms (Du et al. 2019; Han et al. 2020).

Spatial distributions

The relative abundance distributions of 32 detected com-
pounds are shown in Fig. 2. Cluster analysis was performed
to compare differences among sites. Here, relative concentra-
tion refers to the ratio of the investigated concentration to the
median concentration for each PPCP in the total 24 samplings
during the two surveys. In the wet season, all the sampling
sites except site X1 were divided into two groups (group
south, including sites X2, X3, X4, X6, and X7; group north,
including sites X5, X8, X9, X10, and X11), with a distance <
5 (Fig. 3). The detection frequencies of these 32 PPCPs for
sites in each group were listed in Table S7. The sites in the two
groups were almost equally affected by river fresh water (Fig.
S1). As discussed in the 2012–2014 surveys of the Jiulong
River and its lower reaches by Lv et al. (2014) and Sun et al.
(2016), the Jiulong River is likely an important input source of
several PPCPs, especially NSAIDs. However, the larger
amount of fresh water in the wet season also seemed to reduce
the difference between the two groups. Additional freshwater
diluted the PPCPs in the Jiulong River and transported them a
long distance. Specifically, the concentrations of five PPCPs
(warfarin, acetaminophen, gemfibrozil, carbamazepine, and
thiabendazole) showed negative linear correlations
(Pearson’s linear correlation coefficient r > 0.602 for the sam-
ples, n = 11, p < 0.05) with the salinity of the whole sea area;
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their main sources were suspected to be the upper reaches of
the Jiulong River. Notably, out of these five compounds, only
acetaminophen is a NSAID.

Based on ANOVA and the Mann-Whitney U test, five
PPCPs (trimethoprim, ciprofloxacin, dehydronifedipine,
ibuprofen, and oxolinic acid; Table S8) were believed to have
contributed to the difference between the two groups in the
wet season. It is suggested by the SIMPER analysis that the
mean concentrations of these five PPCPs were higher in group
north than in group south. Ciprofloxacin, dehydronifedipine,
and oxolinic acid were the top three contributors to the dis-
similarity. This suggests that these five pollutants were char-
acteristic pollutants of group north in the wet season.
Considering that these five PPCPs did not coincide with the
five PPCPs attributable to input from the Jiulong River
sources, it can be suggested that they represent the contribu-
tion of local sources from Haicang Bay to Tong’an Bay.

The difference in abundance at site X1 might be due to a
large amount of land-based emissions in the vicinity of this
sample site. According to the SIMPER analysis (Table S9)
and the relative concentrations of PPCPs (Fig. 2), miconazole
was the most characteristic PPCP pollutant at this site,

contributing to 71.09% of the difference with that of group
south and 62.27% of the difference with that of group north.
Miconazole had the highest KOW of the substances considered
in this study, which might explain why other peripheral sites
were not affected by this pollutant. A high KOW value means
that a PPCP easily absorbed or adsorbed by organisms or
organic matter, reducing transportation in seawater in the short
term.

In the dry season, the distance between groups seemed to
be longer than that in the wet season (Fig. 3). The 13 sites were
divided into three groups (group Xiamen, including sites X1,
X2, X3, X6, X7, X11, and X12; group Jiulong, including sites
X4, X5, X8, and X13; and group Tong’an, including sites X9
and X10) with a distance of 15. Twelve PPCPs (thiabenda-
zole; erythromycin anhydrate; erythromycin; enrofloxacin; di-
phenhydramine; 1,7-dimethylxanthine; doxycycline; warfa-
rin; gemfibrozil; acetaminophen; ibuprofen; and ranitidine;
Table S8) were suspected to contribute to the differences
among the three groups in the dry season, but only ten of these
compounds showed significant differences in the post hoc test
(Table 2). For enrofloxacin, diphenhydramine, erythromycin
anhydrate, and erythromycin, the highest mean concentrations
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occurred in Tong’an Bay; the concentrations were slightly
higher than the mean concentrations in group Jiulong (sites
in the Jiulong Estuary and Haicang Bay, which were
obviously affected by diluted current from the Jiulong River
in the dry season; Fig. S1), but they were significantly higher
than those in the sea areas adjacent to sites in group Xiamen.
This difference may be due to the semiclosed terrain of
Tong’an Bay. In the dry season, when the input of fresh water
is low, the terrain might prevent pollutants from local sources
from diffusing. A large number of residents live around
Tong’an Bay, especially in Gaoqi (Fig. 1). In recent years, this
sea area has suffered from the lack of domestic sewage treat-
ment capacity (Table S10). The issue concerning sewage
discharged into the sea in Xiamen City has been publicly
criticized by China’s central inspection team for ecological
and environmental protection (Ministry of Ecology and
Environment of the People’s Republic of China 2020). In

addition, there are some mariculture farms in or around
Tong’an Bay (Chen et al. 2019), including some indoor farms
that were identified in field surveys. Ciprofloxacin in the wet
season and enrofloxacin in the dry season were the most im-
portant characteristic PPCPs in this sea area, both of which are
third-generation quinolones. Together with erythromycin,
they are among the most commonly used veterinary antibi-
otics in aquaculture in China and have been widely detected in
the receiving waters near aquaculture farms (Chen et al. 2015;
Han et al. 2020; He et al. 2016; Mo et al. 2017). For thiaben-
dazole, acetaminophen, doxycycline, and warfarin, the
Jiulong River was the main source (Table 2). Strong linear
correlations with salinity (r > 0.78) were shown, supporting
this statement. In addition to these compounds, four other
compounds (gemfibrozil; 1,7-dimethylxanthine; cotinine;
and naproxen) were also linearly correlated with salinity (r >
0.553 for n = 13 and p < 0.05) in the dry season. For ibuprofen
and gemfibrozil, the Jiulong River might be a main source due
to higher mean concentrations (Table 2), but there were no
significant differences between the concentrations in groups
Tong’an and Jiulong, suggesting that there might be a second-
ary source of these two compounds nearby. According to the
SIMPER analysis (Table S9), among the 12 compounds
showing significant intergroup differences (Table 2),
enrofloxacin, acetaminophen, and warfarin contributed to the
difference between groups Jiulong and Tong’an; the key
distinguishing compounds between groups Jiulong and
Xiamen were acetaminophen, enrofloxacin, and ibuprofen.
The top three contributing compounds between groups
Tong’an and Xiamen were enrofloxacin, erythromycin
anhydrate, and ibuprofen.

To further understand the possible sources of PPCPs, the
labile-to-conservative ratios of PPCPs (Sun et al. 2016) were
also provided (Fig. 4). Common treatment processes (e.g., A2/
O; Ashfaq et al. 2017) in wastewater treatment plants
(WWTPs) have high removal efficiency for some (labile)
PPCPs (ibuprofen, with an ~ 90% removal rate and acetamin-
ophen, with an ~ 100% removal rate), while they have low
removal efficacy for and even enrich other (conservative)
PPCPs (e.g., < 0% removal rate for ciprofloxacin). Even ad-
vanced treatment technologies, such asmembrane bioreactors,
cannot remove some conservative PPCPs effectively (< 20%
for carbamazepine; Prasertkulsak et al. 2019). Čelić et al.
(2019) pointed out that conservative PPCPs such as trimetho-
prim and carbamazepine could be chemical markers of
WWTP discharge in seawater.

Therefore, a high labile-to-conservative ratio might imply
the impact of raw sewage without treatment from WWTPs.
According to the PPCP removal ratios in several WWTPs in
Xiamen provided by Sun et al. (2014a) and Ashfaq et al.
(2017), acetaminophen, ibuprofen, gemfibrozil, and naproxen
were viewed as labile PPCPs in this study, with removal rates
> 70%, while carbamazepine, triclocarban, triclosan,
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ciprofloxacin, and thiabendazole were regarded as representa-
tive conservative PPCPs, with removal ratios < 0%.
Considering the median concentrations and detection frequen-
cies (Table 1) and predicted half-lives in water of the studied
PPCPs (Table S1), ibuprofen, gemfibrozil, carbamazepine,
triclocarban, and triclosan were chosen to calculate the
labile-to-conservative ratio of PPCPs. The ratios were calcu-
lated by the following equation, labile-to-conservative ratio =
(Cibuprofen+ Cgemfibrozil)/(Ccarbamazepine + Ctriclocarban +
Ctriclosan), where C was the average concentration of

corresponding PPCP. The results presented in Fig. 4 show that
there were untreated land-based discharges at site X1 in the
wet season. The highest labile-to-conservative ratios appeared
in Tong’an Bay (sites X8, X9, and X10), Haicang Bay (site
X4), and the Qianpu coast (site X11; Fig. 1), revealing defi-
ciencies in sewage treatment capacity in adjacent urban areas.
It is reasonable to believe that the planning and construction of
domestic sewage treatment plants reflect current deficiencies
in sewage treatment capacity; in fact, the sites with the highest
labile-to-conservative ratios were close to WWTP sites in

Table 2 The results of post hoc test calculated with the data in dry season, and possible main sources for these PPCPs

Dependent variable (I) group (J) group Mean difference (I–J) Std. error Sig. Possible main sources

Enrofloxacin Jiulong Xiamen 0.383* 0.100 0.011 Local sources around Tong’an Bay
(primary) and Jiulong River (secondary)Jiulong Tong’an −0.420* 0.138 0.037

Xiamen Tong’an −0.803* 0.127 0.000

Diphenhydramine Jiulong Xiamen 0.135 0.151 0.679

Jiulong Tong’an −0.423 0.209 0.179

Xiamen Tong’an −0.558* 0.193 0.048

Erythromycin anhydrate Jiulong Xiamen 1.012* 0.301 0.023

Jiulong Tong’an −0.497 0.416 0.513

Xiamen Tong’an −1.509* 0.385 0.010

Erythromycin Jiulong Xiamen 0.798 0.314 0.083

Jiulong Tong’an −0.414 0.434 0.646

Xiamen Tong’an −1.212* 0.401 0.039

Ibuprofen Jiulong Xiamen 1.760* 0.602 0.046 Jiulong River (main) and local sources
around Haicang or Tong’an (possible)Jiulong Tong’an 0.413 0.832 0.885

Xiamen Tong’an −1.347 0.771 0.264

Gemfibrozil Jiulong Xiamen 0.123* 0.036 0.020

Jiulong Tong’an 0.037 0.049 0.763

Xiamen Tong’an −0.087 0.046 0.215

Thiabendazole Jiulong Xiamen 0.764* 0.192 0.009 Jiulong River
Jiulong Tong’an 0.929* 0.265 0.018

Xiamen Tong’an 0.165 0.246 0.803

Acetaminophen Jiulong Xiamen 5.346* 0.558 0.000

Jiulong Tong’an 5.483* 0.771 0.000

Xiamen Tong’an 0.137 0.713 0.982

Doxycycline Jiulong Xiamen 0.192* 0.058 0.025

Jiulong Tong’an 0.287* 0.080 0.016

Xiamen Tong’an 0.095 0.074 0.466

Warfarin Jiulong Xiamen 1.200* 0.164 0.000

Jiulong Tong’an 1.651* 0.227 0.000

Xiamen Tong’an 0.450 0.210 0.150

1,7-Dimethylxanthine Jiulong Xiamen 0.452 0.169 0.067 Unclear
Jiulong Tong’an 0.035 0.233 0.989

Xiamen Tong’an −0.417 0.216 0.205

Ranitidine Jiulong Xiamen −0.980 0.476 0.171

Jiulong Tong’an 0.168 0.658 0.968

Xiamen Tong’an 1.148 0.609 0.218

*The mean difference is significant at the 0.05 level
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planning, construction, and expansion stages (Fig. 4 and
Table S10). Therefore, untreated domestic sewage could be
an important source of PPCPs in seawater in these areas. On
the other hand, the labile-to-conservative ratio in the Jiulong
Estuary (site X13) in the dry season was not as high as ex-
pected, probably due to new sewage treatment facilities up-
stream. In addition, the labile/conservative PPCPs selected
might also affect the results. The main sources of the five
selected PPCPs are sewage, but the main potential sources
around the estuary were pond culture operations that were
far from large-scale domestic sewage sources. This might
have a great influence on the concentrations of labile PPCPs.

Seasonal variations in PPCP concentrations

Excluding site X1 (with abnormal data in the wet season)
and sites X12 and X13 (surveyed only in the dry season), the
relative concentrations of PPCPs at the sites were analyzed
to compare differences between the two seasons. There
were significant differences in the relative concentrations
of six compounds, namely OTC, ranitidine, ciprofloxacin,
miconazole, sulfamethizole, and cimetidine (Table S8). The
mean concentrations of the first five PPCPs were higher in
the wet season than in the dry season, and ciprofloxacin
contributed the most (15.67%) to the dissimilarity accord-
ing to the SIMPER analysis (Table S9). As discussed in
“Spatial distributions,” there were little correlations be-
tween the spatial distributions of these six PPCPs and salin-
ity in both the wet season and dry seasons; in fact, in the dry
season, the mean concentrations in group Jiulong were
equal to or even lower than those in group Xiamen.
Therefore, the main contamination pathways in this sea area
might not be runoff from the Jiulong River.

Seasonal variations in PPCP concentrations in surface
water are affected by many factors. Several environmental
factors (such as the dilution effect in the flood season; Ding

et al. 2017; Kim et al. 2016) and socioeconomic factors
(such as the high consumption of pharmaceuticals in the
flu/cold season, Guibal et al. 2018; Zhang et al. 2019) have
often been included in discussions. At the sampling sites
that were long distances from sources, photodegradation
led to a lower concentration of sulfamethoxazole in the
dry season than that in the wet season (Archundia et al.
2018). However, considering the much closer distances
from potential sources in this study, changes in pharmaceu-
tical consumption might be a direct cause of the significant
seasonal variance. Assress et al. (2020) found a higher level
of miconazole in wastewater in summer than in winter. Peng
et al. (2012) suggested that the climate in the dry season was
not suitable for the growth and propagation of fungi, which
might lead to less use and discharge of the antifungal phar-
maceuticals (e.g., miconazole). Similar explanations can be
applied to pharmaceuticals other than ciprofloxacin, which
is often used as a veterinary antibiotic in aquaculture. OTC
and ranitidine are commonly used for gastrointestinal dis-
eases, and sulfamethizole is used for the treatment of uri-
nary tract infection. None of these compounds are con-
sumed as main pharmaceuticals in the flu season; they are
more likely to be consumed in the summer (wet season).

Interestingly, both ranitidine and cimetidine are H2-
receptor antagonists. However, the concentration of cimet-
idine reported in the 2020 survey (dry season) increased
significantly. Ranitidine was considered a substitute for ci-
metidine (Walker 2011) since the efficacy of ranitidine in
inhibiting gastric acid secretion is greater than that of cimet-
idine (McCarthy 1983), and there was no evidence of seri-
ous side effects before 2019. Although cimetidine has more
clinical applications than ranitidine, including the treatment
of peptic ulcers (Bourinbaiar and Jirathitikal 2003; Lefranc
et al. 2006), the different temporary trends between these
two pharmaceuticals cannot be explained. In the summer of
2019, independent laboratory testing found the human car-
cinogen N-nitrosodimethylamine in ranitidine. The USFDA
(United States Food and Drug Administration 2020) warned
the public in September 2019 and established the require-
ment for the removal of all ranitidine products by April
2020. Although there has been no clear ban on or recall
requirements for ranitidine in China, these messages might
still affect doctors’ decisions about prescribing clinical
pharmaceuticals. In fact, there was no significant difference
in the total concentrations of these two H2-receptor antag-
onists between the two seasons (Table S8).

Potential ecological risk ranking

The potential ecological risk rankings of PPCPs in this area are
listed in Table S11. Though the rankings varied according to
different statistics (mean, median and maximum), triclosan, mi-
conazole, and dehydronifedipine were always the top three

Fig. 4 The ratio of labile-to-conservative PPCPs at each site
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compounds with the highest RQs. Other PPCPs with high rank-
ings (in the top ten) calculated with maximum concentrations
include triclocarban, naproxen, ranitidine, erythromycin
anhydrate, ibuprofen, diphenhydramine, and carbamazepine.
The RQ of miconazole calculated with the maximum concentra-
tion was greater than 1, indicating high risk. The RQs of
dehydronifedipine, triclosan, and triclocarban calculated with
the maximum concentrations were greater than 0.1, indicating
moderate risk. From the perspective of controlling ecological
risk, the monitoring of these compounds should be considered
a priority.

The situation of cimetidine and ranitidine mentioned in
“Seasonal variations in PPCP concentrations” reveals that levels
of pharmaceutical agent categories can reflect long-term trends
better than those of specific pharmaceuticals. Therefore, it ismean-
ingful to assess ecological risks based on pharmaceutical catego-
ries. The RQ values of the PPCP categories and their rankings are
provided in Table S12. Here, it is assumed that the harmful effects
of PPCPs on sensitive species are similar within the same PPCP
category, and the RQ values of each category were directly influ-
enced by the PPCPs belonging to this category. Although various
PPCPs belonging to quinolones and tetracycline antibiotics were
detected in this sea area, their RQ values were lower than 10−3.
The RQs for antibacterial agents in daily chemicals (triclosan and
triclocarban) and azole broad-spectrum antifungal agents
(miconazole) were the highest. Generally, the ecological risks as-
sociatedwith the top three PPCP categories (antibacterial agents in
daily chemicals, azole broad-spectrum antifungal agents, and
dihydropyridine calciumantagonists)were lowormoderate,while
the risks associated with the other categories were considered safe
in the study area. However, it should be noted that this result does
not accurately and fullymeasure the ecological risk of any specific
PPCP category. Similar PPCPs that cannot be detected by the
USEPA method 1694–2007 have been widely used since 2007.
Taking histamine H2-receptor antagonists as an example,
roxatidine, lafutidine, and famotidine account for high proportions
in this category in terms of sales in China. However, their risks
were not assessed in this study.Moreover, proton pump inhibitors,
with the same clinical use as histamine H2-receptor antagonists,
occupy a large amount of the market share.

Conclusions

Here, 32 PPCP compounds in 23 categories were screened.
The study locations were divided into two groups in the wet
season: one in the northwest zone of the study area, where
local sources and diluted water from the Jiulong River served
as main sources, and the other in the southeast zone,
representing the other part of the study area with relatively
favorable geographical conditions for pollutant diffusion in
seawater. In contrast, due to hydrological and topographical
factors, three groups were classified in the dry season. Local

sources in Tong’an Bay and discharges along the Jiulong
River were viewed as the main sources in two of these three
groups (groups Tong’an and Jiulong). Different groups had
their own characteristic PPCP pollutants. Additionally, based
on the labile-to-conservative ratios of PPCPs, the distributions
of PPCPs seemed to delineate the areas affected by untreated
domestic sewage discharge. This reveals deficiencies in sew-
age treatment capacity. Finally, the significant concentrations
of widely used veterinary antibiotics (i.e., enrofloxacin, cipro-
floxacin, and erythromycin) implied that aquaculture farms
were nonnegligible sources in the study area, which might
also be a common feature around coastal tourist cities in
China.

Among the 32 PPCPs detected, the RQs of the top four
compounds calculated with the maximum concentrations,
i.e., miconazole, triclosan, dehydronifedipine, and
triclocarban, were greater than 0.1, indicating moderate or
high potential ecological risks. Although the ecological risks
of all the major PPCPs in each category were not enumerated,
the RQ values of the 23 investigated PPCP categories were
ranked. The RQ values calculated with the mean concentra-
tions of the investigated antibacterial agents in daily chemicals
(triclosan and triclocarban) and azole broad-spectrum antifun-
gal agents (miconazole) were the highest, at greater than 0.1,
indicating moderate risks. Significant seasonal differences in
the concentrations of azoles between the two seasons and
increased concentrations in the wet season indicated that
azoles should be a focus, especially in the hot and humid
seasons; conversely, high detection frequencies of antibacte-
rial agents in daily chemicals in both seasons indicate that they
should remain a focus throughout the year.

In this study, runoff from the Jiulong Estuary influenced
the spatial distribution of PPCPs in the different seasons.
However, the seasonal variation in PPCPmean concentrations
was not significantly affected by natural factors such as the
transport/dilution effect of runoff; instead, some socioeco-
nomic factors, such as local policies, technology, and con-
sumption levels, might have had a great impact on compound
concentrations in sea areas surrounding this coastal city. In
general, the characteristics and concentrations of PPCPs in
seawater were significantly affected by pharmaceutical con-
sumption. With the advancement of modern medical science,
new pharmaceuticals will continue to be developed for clinical
use. During the COVID-19 pandemic, the WHO identified
promising existing drugs for coronavirus treatment, such as
remdesivir, ritonavir/lopinavir, interferon-β, chloroquine, and
hydroxychloroquine (Kupferschmidt and Cohen 2020). It can
be supposed that emerging sources of micropollutants might
be generated. The continuous updating of the priority PPCP
control list will positively influence ecological security.
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