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Spatial and temporal variations of antibiotics in a tidal river
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Abstract Estuary is an important route for the transport
of terrestrial contaminants to the ocean. Its unique hy-
drodynamic properties may influence the fate and dis-
tribution of pollutants. Previous studies have shown that
severe pollution because of antibiotics has occurred in
many inland surface waterbodies; however, the behavior
of antibiotic residuals remains poorly understood in
estuarine environments. In this study, the occurrence
and spatiotemporal distribution of seven selected antibi-
otics (i.e., sulfamethazine, sulfamethoxazole, trimetho-
prim, ofloxacin, ciprofloxacin, erythromycin, and
roxithromycin) in a tidal river were investigated through
one continuous and four synoptic sampling events. Re-
sults show that the concentrations of most antibiotics are
in the nanogram per liter level, except for trimethoprim
with the highest concentration up to 12,440 ng L' dur-
ing the wet season. Except for sulfamethazine, the other
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six antibiotics showed high concentrations (i.e., >
100 ng L") in at least one sampling campaign. Different
temporal distribution patterns of these antibiotics indi-
cated that they were mainly controlled by source load-
ing, flow condition, and discharge amounts. Spatial
distribution indicated that the main pollution source of
trimethoprim was located in lower reaches, while the
other six antibiotics mainly came from the upstream
sources. Based on the theoretical dilution line, erythro-
mycin and roxithromycin degraded in the tidal river,
whereas the other five types of antibiotics showed a
conservative behavior. Tide has important effects on
the spatial distribution of antibiotics, especially those
with a wide concentration range, in estuarine environ-
ments. Furthermore, risk assessment based on the cal-
culated risk quotients showed that five types of antibi-
otics pose high risks to aquatic organisms. These obser-
vations provided new insight into the distribution and
transport of common antibiotics in estuarine
environments.

Keywords Antibiotics - Estuary - Spatiotemporal
distributions - Transport - Ecological risk - Tide

Introduction

Antibiotics play an important role in today’s society.
Enormous amounts of antibiotics are used for specific
purposes such as in the prevention and treatment of
diseases and in the preservation of food as well as feed
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additives to promote animal growth (Cromwell 2002;
Hu et al. 2003). In 2013, China used approximately
162,000 tons of antibiotics (Zhang et al. 2015). Howev-
er, most antibiotics cannot be metabolized completely
after entering an organism, and 80-90% of these antibi-
otics are excreted via urine and feces before being
discharged into aquatic environments (Bound and
Voulvoulis 2004). As reported by Zhang et al. (2015),
an estimated 24,750 tons of the excreted antibiotics were
discharged into the surface water in China per year.
Although the concentrations of antibiotics in the surface
water are at trace levels, they still pose great threats to
human health and the ecosystem (Birch et al. 2015). A
direct consequence of antibiotic residues is the occur-
rence of antibiotic resistance, and antibiotic resistance
genes (ARGs) have been detected in aquatic environ-
ments (Yang et al. 2017; Zhao et al. 2017; Zheng et al.
2017). More serious is antibiotics and ARGs can get
transferred through food webs and may enter human
bodies eventually (Liu et al. 2017).

Antibiotics in aquatic environments have multiple
sources including the effluents of waste water treatment
plants (WWTPs), wastewater discharges from aquaculture
and livestock farming, runoff from farmland applied with
manure, and leakage discharges from pharmaceutical fac-
tory (He et al. 2016; Kim et al. 2017; Cheng et al. 2018).
Once entering the surface waters, antibiotic residues may
undergo long-range transport. As reported by Biel-Maeso
et al. (2018), antibiotics in the effluents of WWTPs can
transfer from a river to an estuary and then to bay, and
eventually to the open sea. The growing concern in anti-
biotics over the last decades has resulted in numerous
reports of these pollutants in waste water, river, lake,
reservoir, and seawater (Li et al. 2012; Wolf et al. 2013;
Jiang et al. 2014; Kimosop et al. 2016; Li et al. 2016a, b;
Vo et al. 2016; Zhang et al. 2018a, b). However, antibiotic
residuals and their transport behaviors remain poorly un-
derstood in estuarine environments.

Estuary is an important route for the transport of
terrestrial material to the ocean (Simpson et al. 2001).
Under the combined influences of river runoff and tides,
the hydrological properties of an estuary are dynamic
and complex. For example, salinity, pH, flow rate, water
level, redox potential, and the concentration of particles
exhibited high spatial and temporal variability
(Chapman and Wang 2001). Furthermore, the flow in
estuary was characterized by reciprocating flow; the
flow direction also changed irregularly (Zou et al.
2016). The unique hydrological properties may

@ Springer

influence the fate and transport of pollutants in estuary.
Zhang et al. (2017) demonstrated that antibiotic concen-
trations in the East River estuary were affected by the
tidal change. Furthermore, Zhao et al. (2015) revealed
that concentrations of pharmaceuticals in the Yangtze
estuary decreased during tidal rise and then increased
during tidal receding. Increasing anthropogenic activi-
ties around coastal zones resulted in the discharge of
excessive pollutants into estuarine environments, posing
a great press to their environmental and ecological func-
tions (Zou et al. 2016). Antibiotic residuals from the
upper catchment are stranded in the estuary, which make
the estuary a pollution hotspot (Biel-Maeso et al. 2018).
Thus, it is important to investigate the current status of
antibiotic pollution and reveal the transport mechanisms
of these antibiotics in estuarine environments.

The Xiaoqing River (XQR) is a major pollution
source and the cause of ecological deterioration in
Laizhou Bay (LZB) (Luo et al. 2013). The XQR basin
is densely populated (Shi et al. 2015). More than 300
million tons of domestic sewage discharge into the XQR
every year. Furthermore, animal husbandry and aqua-
culture farming in the XQR basin are intensive (Li et al.
2016a, b). These potential pollution sources make XQR
a hotspot of antibiotics pollution. Our previous study
found that thirteen antibiotics can be detected in the
XQR with the highest concentration up to 3900 ng L™
(Li et al. 2016a, b). These antibiotics could be
transported to the semi-enclosed LZB, and inevitably
have a negative impact on marine ecological environ-
ment (Liu et al. 2017). However, owing to special
hydrogeomorphic features such as trumpet mouth,
broad intertidal shoal, and gentle slope, pollutants move
to sea slowly and are prone to be stranded in the XQR
estuary for a long time (Shen et al. 2017).

The objectives of this study were not only to fill up the
data gap of the occurrence, spatiotemporal distributions,
and ecological risks of antibiotics in the XQR estuary by
analyzing the selected antibiotics in the estuarine water but
also to reveal the influences of tide on the distribution and
transport of antibiotics in the estuarine environment.

Materials and methods

Chemicals and standards

The selected antibiotic standards including sulfon-
amides (sulfamethazine (SMZ) and
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sulfamethoxazole (SMX)), sulfonamide synergists
(trimethoprim (TMP)), fluoroquinolones (ofloxacin
(OFL) and ciprofloxacin (CIP)), and macrolides
(erythromycin (ETM) and roxithromycin (RTM))
were purchased from Sigma-Aldrich Company
(USA). The physicochemical properties of the sev-
en antibiotics are shown in Table S1. The target
antibiotics were dissolved in methanol (ACS,
USA) with a concentration of 50 mg L™'. It
should be noted that erythromycin was detected
as its dehydration product (ETM-H,0). The solu-
tion of ETM-H,O was prepared by acidification
using the method by Mcardell et al. (2003). These
stock solutions were stored at 4 °C until used. The
standards, sulfadimoxine-d6 (SDM-d6) and
simatone (SMT) were obtained from Sigma-
Aldrich Company (USA). Methanol and acetoni-
trile were HPLC grade and were obtained from
Anaqua Chemicals Supply (ACS, USA). Ultrapure
water (MQ) was obtained from a Milli-Q water
purification system (Millipore, Billerica, MA,
USA). The other chemicals and solvents used in
this study were of analytical grade or above.
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Fig. 1 Map of sampling sites in the Xiaoqing River estuary
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Study area and sample collection

The tidal section of XQR (Fig. 1) starts from Wangdao
sluice (37° 11" 14.46" N, 118° 35" 55.19" E) and ends at
the LZB, with a total length of approximately 50 km.
The XQR estuary is a shallow estuarine system (water
depth < 8 m) and has irregular semidiurnal tides with a
tidal form number of 0.5-0.7 and a tidal range of about
2 m (Zou et al. 2016). The average annual rainfall of this
area is 646.7 mm, and the rainfall is mostly concentrated
from June to September. Solar radiation is mainly con-
centrated in the summer (June—September), accounting
for about 30-33% of the total annual radiation.

A total of 10 sampling sites (A1-A10) with an aver-
age interval of 5 km were set along the XQR estuary
(Fig. 1). Detailed information about the sampling sites is
listed in Table S2. During 2015 to 2017, five sampling
campaigns were conducted, which included four synop-
tic samplings along the XQR estuary (i.e., sites Al—
A10) and a continuous sampling at a fixed site (i.e., site
A6) lasted for two tidal cycles (25 h) during May 16-17,
2017. Surface water samples were collected at 0-20 cm
depth using a stainless steel bucket. Sodium azide was
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added in situ to inhibit the microbial activity. Thereafter,
water samples were collected into clean amber glass
bottles and stored at 4 °C during transport to the labo-
ratory, where the samples were processed within 48 h.

Sample extraction

The antibiotics in the water were concentrated using the
solid-phase extraction (SPE) method. All water samples
were filtered through 0.45-um cellulose acetate mem-
branes. Then, 0.5 L water sample was acidified to pH =
3.0 using sulfuric acid solution (3 mol L"), followed by
the addition of 0.2 g disodium ethylenediaminetetraace-
tic acid (Na2EDTA) and 100 mg SDM-d6, which was
used as a surrogate standard. The pretreated water sam-
ple was concentrated by passing through the Oasis HLB
cartridge (200 mg, waters) at an approximate flow rate
of 5.0 mL min~'. The HLB cartridge was pre-
conditioned with 6 mL methanol and 6 mL ultrapure
water (pH=3.0) with a flow rate of approximately
2.0 ml min"'. After the water had passed through the
combined cartridges, the HLB cartridge was rinsed with
10 mL of ultrapure water and dried for 30 min. Then
each cartridge was eluted sequentially with 2.0 mL
methanol for three times at a rate of < 1.0 mL min .
The analytes were collected in a 10-mL brown glass
vial, and the eluent was condensed to near dryness under
a gentle stream of nitrogen at 35 °C. Before analysis,
100 ng of internal standard (SMT) was added, and the
final volume in each vial was adjusted to 1.0 mL accu-
rately with methanol/ultrapure water (6:4 V/V).

Analysis conditions

Antibiotics were analyzed using a high-performance
liquid chromatograph (HPLC) system (Thermo Fisher,
USA) coupled with TSQ Quantum Access MAX triple
quadrupole mass spectrometer (Thermo Fisher, USA).
The target antibiotics in samples were separated using a
Waters SunFire C18 column (2.1 x 150 mm, 3.5 um
particles) at a constant temperature of 30 °C. Chromato-
graphic analyses were carried out with a mobile phase
consisting of water with 0.1% formic acid (mobile phase
A) and methanol (mobile phase B) at a flow rate of
300 uL min~'. The elution gradient is listed in
Table S3. Mass spectrometric analyses were performed
using ESI in positive ionization mode. Data acquisition
was carried out in the multiple reaction monitoring
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(MRM) mode. The optimal conditions for the analyte
monitoring are summarized in Table S4.

Quality analysis and quality control

Quantification of targeted antibiotics was performed
using an internal standard calibration curve method
established by Luo et al. (2011). The R* values of
standard calibration curve for all seven antibiotics were
greater than 0.99 (Table S5). The limit of detection
(LOD) and the limit of quantification (LOQ) were de-
fined as the concentration corresponding to signal-to-
noise (S/N) ratios of 3 and 10, respectively. The LOD
and LOQ for targeted antibiotics ranged from 0.2 to
0.9 ng L' and 0.7 to 2.8 ng L', respectively
(Table S5). For the recovery experiments, 0.5 L of
filtered estuarine water (n =3) fortified with 50 ng of
target antibiotics was treated using the same procedure
as the field samples. The average recoveries of the
targeted antibiotics ranged from 64.6 to 89.5%
(Table S5). Reported concentration data were not
corrected for recovery. All equipment and containers
were pre-cleaned using methanol to minimize pollution
during experiments. Instrumental blanks (methanol on-
ly) were analyzed for every 10 samples to monitor the
instrumental background. The procedural blanks pre-
pared with Milli-Q water were extracted following the
same procedures as the field samples. The concentra-
tions of all targeted antibiotics in the blank samples were
below the LOQ.

Risk assessment

According to the European technical guidance (EC
2003), risk quotients (RQs) were calculated to evaluate
the potential ecological risks of antibiotics at different
sampling events. The equation is as follows:
RQ — MEC

PNEC
where MEC is the measured environmental concentra-
tion of each antibiotic; PNEC is predicted no-effect
concentration and derived from chronic and acute tox-
icity data available in the literatures. The calculation of
PNEC is obtained from the toxicity data divided by an
assessment factor. If only short-term/acute toxicity data
EC50/LC50 are available, the assessment factor is 1000.
If the long-term/chronic NOEC values for one, two, or
three trophic levels are available, an assessment factor of
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100, 50, or 10 is used (EC 2003). However, an assess-
ment factor of 1000 was also used for the long-term/
chronic toxicity data in some studies (Isidori et al.
2005). The PNEC values were listed in Table S6.

Statistical analysis

Data analysis was performed using Microsoft Excel
2016 and OriginPro 2015 (OriginLab Corporation,
Northampton, MA). Statistical analysis was performed
using the SPSS software (Version 19.0, IBM-SPSS,
Chicago, IL, USA). Before the analysis, the concentra-
tion values were set to half of LODs if antibiotics were
not detected. An analysis of variance (ANOVA) was
performed for the seven antibiotics between the four
sampling campaigns and the significance level was set
at p<0.05. Non-parametric correlations (Spearman’s
rank) were calculated between antibiotic concentrations
and water level with a significance level set at p < 0.05.

Results and discussion
Occurrence of antibiotics in the XQR estuary

As summarized in Table 1, all seven antibiotics had a
detection rate of > 80% in the surface water throughout
the four synoptic sampling campaigns along the XQR
estuary. It is reasonable because the seven targeted an-
tibiotics were selected based on the investigation results
of the XQR basin (Li et al. 2016b). The high detection
rates of these antibiotics can be linked to their large
consumption and/or their refractory behavior in natural
aquatic environments. As reported by Zhang et al.
(2015), fluoroquinolones and macrolides were two
kinds of the most commonly used antibiotics in North
China. Sulfonamides were widely detected in aquatic
environments of North China (Luo et al. 2011; Zou et al.
2011; Li et al. 2012; Zhang et al. 2012) because of their
low affinity to sediment (Spielmeyer et al. 2017) and
low degradation rates (Zheng et al. 2012). Furthermore,
previous study has demonstrated that TMP was stable in
seawater (Lunestad et al. 1995).

In general, the selected antibiotic concentrations
ranged from nd (not detected) to 12,440 ng L'
(Table 1). The coefficients of variation (CV) of RTM
were < 1.0, implying that the concentration of RTM in
the study area was not highly variable. On the contrary,
the concentrations of the other antibiotics were

significantly variable along the XQR estuary, as their
CV values were > 1.0. Except for SMZ, the other six
antibiotics showed high concentrations (> 100 ng L™")
in at least one sampling campaign. The mean concen-
trations of the seven antibiotics follow the order as:
TMP > CIP>ETM > SMX >RTM > OFL > SMZ.
Among all the antibiotics, TMP exhibited the highest
concentrations, which were 2 or 3 orders higher than the
maximum concentration of the other antibiotics. Its
concentration in the XQR estuary is also much higher
than that in other estuaries around the world (Table S7),
and even some wastewaters of hospital and effluents of
WWTPs (Loos et al. 2013; Vo et al. 2016; Ngigi et al.
2020). Therefore, the high level of TMP in the XQR
estuary may be related to the discharge of some phar-
maceutical production wastewater. A pharmaceutical
factory named Fulkon is located 40 km from the XQR
estuary. This factory is the world’s largest producer and
exporter of TMP. Its subsidiary is located only 8.5 km
from the study area. However, this is only a reasonable
inference, and it needs to be proved based on pollution
source investigation in the future.

A global comparison of the selected antibiotic con-
centrations in estuary is shown in Table S7. The con-
centration of SMZ in the XQR estuary was lower than
those reported in the Pearl River estuary, Yangtze estu-
ary, and Haihe estuary but higher than those in the
Yellow River estuary, Jiulong River estuary, Guangli
River estuary, and Seine River estuary. The concentra-
tion of ETM was comparable with those in the Pearl
River estuary and Yangtze estuary, but it was higher than
those in the Guangli River estuary, Yellow River estu-
ary, Dalang River estuary, Dafeng River estuary,
Danshuei River Estuary, Ebro River estuary, and three
estuaries in the UK. Compared with those reported in
the other thirty estuaries from seven countries, the con-
centrations of SMX, TMP, CIP, OFL, and RTM in the
XQR estuary were much higher (Table S7). Overall, our
results demonstrated that pollution caused by the seven
antibiotics in the XQR estuary was more serious than
the other estuaries in the world.

Temporal distribution of antibiotics in the XQR estuary

One-way ANOVA indicated that the concentrations
of most antibiotics were significantly different be-
tween the four sampling campaigns (p <0.05), ex-
cept for SMX and RTM. From May 27, 2015, to
March 29, 2017, the average concentration of
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Table 1 Statistics of antibiotic concentrations in surface water of the XQR estuary during four synoptic sampling campaigns

Statistics SMZ SMX TMP CIP OFL ET™M RTM
May 27, 2015 (n=10)

Range (ng L") 5.1-12.7 12.3-313 1924067 nd-21.8 1.0-44.0 11.9-223 2.3-177

Average (ng L) 9.6 112 1639 15.6 11.1 143 88.3

SD 2.6 113 1445 59 12.9 60.2 61.2

cv 0.3 1.0 0.9 0.4 1.2 0.4 0.7

DR (%) 100 100 100 90 100 100 100
September 13, 2015 (n=9)

Range (ng L") nd-9.0 nd-11.4 nd-12,440 nd-21.8 0.5-20.9 18.6-181 2.8-178

Average (ng L") 54 8.8 3456 6.8 5.8 132 85.6

SD 39 7.1 4440 9.7 5.9 54.6 54.7

Cv 0.7 0.8 1.3 14 1.0 0.4 0.6

DR (%) 66.7 77.8 88.9 333 100 100 100
December 6, 2015 (n=10)

Range (ng L") nd-6.5 3.1-45.8 8.5-62.2 2.1-70.0 2.8-30.8 14.5-55 4.3-94.1

Average (ng L") 1.8 31.1 253 16.8 14.8 14.7 63.4

SD 2.3 8.1 19.7 17.4 8.4 10.6 8.4

cv 1.3 0.3 0.8 1.0 0.6 0.3 0.6

DR (%) 80 100 100 100 100 100 100
March 29, 2017 (n=10)

Range (ng L) 5.7-64.2 15.6-820 2.3-28.6 224-877 17.6-240 nd-79.0 18.3-144

Average (ng L") 16.8 154 14.4 414 90.9 22.0 108

SD 18.7 246 10.9 268 91.3 23.7 37.4

cv 1.1 1.6 0.8 0.6 1.0 1.1 0.3

DR (%) 100 100 100 100 100 90 100
Total (n=39)

Range (ng L) nd-64.2 nd-820 nd-12,440 nd-877 0.5-240 nd-223 2.3-178

Average (ng L") 8.5 78.3 1226 125 38.2 89.1 74.0

SD 11.3 149 2651 230 58.1 67.1 57.5

cv 1.3 1.9 22 1.8 1.5 0.8 0.8

DR (%) 87.2 94.9 97.4 82.1 100 97.4 100

SD, standard deviation; CV, coefficient of variation; DR, detection rate; nd, not detected

TMP increased first and then decreased, while the
other six antibiotics showed the opposite trend
(Fig. 2). Except for TMP, the average concentra-
tions of the other six antibiotics in September were
lower than those in May. This may be attributed to
the stronger solar radiation in summer (Vieno et al.
2005; Lindholm-Lehto et al. 2016; Zhao et al.
2015), which will accelerate the photodegradation
of these six kinds of antibiotics in September.
Another possible explanation is that the point
source pollution was dominant for these six anti-
biotics in the XQR estuary, and river water
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dilution had a great impact on the concentrations
of these antibiotics (Tamtam et al. 2008; Jiang
et al. 2011; Sun et al. 2016), because river flow
of the XQR in September was larger (Zou et al.
2016). In contrast, TMP was stable under sunlight
(Lunestad et al. 1995). Strong solar radiation in
September had no significant effect on TMP. Thus,
the key reason for the higher concentration of
TMP in September may be that the increase of
pollution loads due to the increase of runoff. First-
ly, large amounts of TMP came from the nonpoint
source flowed into the XQR estuary with the flood
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Fig. 2 Average concentrations of
antibiotics at different sampling
date
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or drainage in September. Secondly, those TMP
came from the point source (e.g., tributary) also
increased with the increase of runoff from May to
September. Correspondingly, reduction of the aver-
age concentration of TMP at December 2015 and
March 2017 could also be attributed to the de-
crease in precipitation and/or runoff.

From September to December, the seven antibiotics
do not exhibit the same change trend (Fig. 2). The
concentrations of CIP, OFL, and SMX increased, while
the other four antibiotics decreased. CIP, OFL, and
SMX are commonly used to prevent and treat the flu
and/or respiratory infections that are more inclined to
break out in winter. Therefore, a high consumption of
CIP, OFL, and SMX and low water in December may
increase their concentrations in December. To maintain
the water level of upper reaches of the XQR, the dam of
Wangdao is usually turned off in dry season (e.g., De-
cember). The reduction of river flow can reduce the
pollution loads of antibiotics into the XQR estuary.
Correspondingly, the average concentrations of ETM,
RTM, and SMZ in December decreased compared with
those in May and September (Fig. 2). Meanwhile, the
total concentrations of antibiotics in December were the
lowest (Fig. 3), which could also be attributed to the
reduction of runoff. Once the dam of Wangdao was
turned off, antibiotics that came from the upper catch-
ment accumulated here. The retention effect of gate dam
on the antibiotics in river has been supported by Guo
et al. (2017). When the dam was turned on again, the

05/27/2015 09/13/2015 12/06/2015 03/29/2017
Sampling date

cumulative river water containing the antibiotics flowed
into the XQR estuary, which could have increased the
antibiotic pollution. As shown in Fig. 2, the average
concentrations of most antibiotics increased in
March 2017, except for TMP. This was not surprising
because the dam of Wangdao had been just turned on
before sampling in March 2017. However, the average
concentrations of TMP decreased during flood releas-
ing. This indicated that river discharge was not the main
pollution source of TMP in the XQR estuary. Water
increased after opening the dam would dilute the TMP
and cause a reduction of its concentration. In short, the
concentrations of antibiotics varied in different seasons,
which can be attributed to the different pollution loads,
various hydraulic conditions, and different meteorolog-
ical conditions.

Spatial distribution of antibiotics in the XQR estuary

Figure 3 illustrates the individual and total concentra-
tions of antibiotics at each sampling site along the tidal
river. In December 2015 and March 2017, the total
concentrations of the seven antibiotics decreased from
the upper estuary to the sea (i.e., Al to A10). In May and
September 2015, the total concentrations of antibiotics
in the estuary decreased first, then increased, and then
decreased again from Al to A10. The increase of total
antibiotic concentrations in the middle reaches of the
estuary (i.e., A4 to A7) was mainly caused by the high
content of TMP. If the TMP was excluded, the total
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Fig. 3 Individual concentration
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concentrations of the other six antibiotics also decreased
from A1 to A10. A similar reduction trend of antibiotics
from the upper estuary to the sea was reported in other
estuaries (Yan et al. 2013; Sun et al. 2016). The spatial
distributions of these six kinds of antibiotics (i.e., SMZ,
SMX, ETM, RTM, CIP, and OFL) in the XQR estuary
(Fig. 3) implied that they were discharged into the
estuary through the river runoff. This also indicated that
river runoff was an important source of pollutants in
estuaries. These six antibiotic concentrations decreased
towards the sea as the river water was diluted by the
antibiotic-free seawater. However, one-way ANOVA
showed that the variation of spatial distribution patterns
of these six antibiotics was not significant (p > 0.05).
Furthermore, the decreased trend of these six antibiotics
was discrete. As illustrated in Fig. 3, a low decrease or
an increase of the total antibiotic concentrations was
observed at sites A6—A7 in May 2015, and at site A7
in December 2015, which may be ascribed to the direct
discharge of wastewater because sites A6 and A7 were
near the Yangkou town. The increasing of individual
antibiotic in the middle reach (e.g., SMZ) may also be
due to the direct discharge of wastewater. Meanwhile,
hydrodynamic conditions (e.g., tidal change) in the es-
tuary were complex and may also have an impact on
spatial distribution patterns of the total antibiotic
concentrations.

Spearman rank correlation analysis showed a nega-
tive relationship between TMP and the other six antibi-
otics, indicating that the pollution discharge or pollution
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source location of TMP was different from the other six
antibiotics. As shown in Fig. 3, an extremely high (>
1000 ng L") concentration of TMP was detected in the
middle and lower reaches of the XQR estuary in May
and September 2015. The results were consistent with
previous study (Zhang et al. 2012), which reported that
the highest concentration of TMP in the XQR estuary
was up to 13,600 ng L' in September 2009. The high
level of TMP concentration was probably due to the
high burden of aquaculture near sites A4—A7. Previous
studies have demonstrated that the detection frequency
and concentration of TMP in aquaculture zones were
high (Graslund and Bengtsson 2001; Zheng et al. 2012).
Another possible reason is that pharmaceutical produc-
tion wastewater enters the middle and/or lower reaches
of the XQR estuary via tributary. Although the maxi-
mum concentrations of TMP in December 2015 and
March 2017 were 2—3 orders of magnitude lower than
those in May and September 2015, the relatively high
level of TMP still occurred in site A7 or A8 (Fig. 3).
However, the location of the maximum concentration of
TMP occurred in the XQR estuary was not fixed. For
example, the maximum concentration of TMP appeared
in site A6 in May 27, 2015, and in site A5 in September
13, 2015, respectively (Fig. 3). The estuarine water is
under tidal influence with a change in the water flow
direction. The unique hydrodynamic can affect the
transport of contaminants, and it may explain some of
the variations observed in the spatial distribution of
TMP in the XQR estuary.
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Tidal influence on antibiotics in the XQR estuary
Antibiotic concentrations as a function of salinity

The fate and transport of organic contaminants were
more complex in estuarine environments where the
hydrodynamic conditions (e.g., water velocity and water
direction) and geochemical gradients (e.g., salinity, pH,
and turbidity) changed greatly (Du Laing et al. 2009).
Generally, organic contaminants in the estuarine envi-
ronment can react or degrade through physical, chemi-
cal, and biological processes (Zhao et al. 2015). If only
physical mixing processes occurred, the chemical was
conservative in the estuary, and a linear relationship
appeared between the concentrations of dissolved
chemicals and salinity which usually act as an indicator
of the conservative index of mixing. Otherwise, the
nonlinearity indicated the non-conservative behavior
(Sun et al. 2016). The theoretical dilution line (TDL)
was applied to clarify the behavior of antibiotics based

on the traditional approaches developed to identify the
conservative and non-conservative behaviors in the es-
tuary (Chester 2003). If the concentration point falls
onto TDL, it suggests that the dissolved chemical is
conservative. If the concentration point is below TDL,
it suggests that the dissolved chemical is removed in the
estuary through various biogeochemical processes such
as adsorption, photolysis, hydrolysis, or biodegradation
and transformation. If the concentration point is above
TDL, it suggests that the estuary is a source for the
dissolved chemical, which is likely caused by additional
internal discharge.

The relationships between the seven antibiotic con-
centrations and salinity are shown in Fig. 4. For TMP,
the slope of its TDL was positive, suggesting that its
pollution source was located on the lower estuary. On
the contrary, the main pollution sources of the other six
kinds of antibiotics were located on the upper estuary
(i.e., river runoff), as demonstrated by the slopes of their
TDL, which were negative. Among the seven
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antibiotics, most concentration points (greater than
74%) of SMZ, SMX, CIP, OFL, and TMP were ob-
served to fall onto either sides of their TDL, indicating
that these five antibiotics exhibited conservative behav-
iors controlled primarily by physical processes. ETM
and RTM were found to have most of their concentra-
tion points below their TDL, suggesting that their be-
haviors were non-conservative and these two antibiotics
degrade inside estuary. This is reasonable because ETM
and RTM are prone to decay in the estuarine environ-
ment (Zhao et al. 2015). However, it should be noted
that several concentration points are above the TDL of
these seven antibiotics, which indicates there are addi-
tional internal inputs such as effluent discharge for these
antibiotics in the XQR estuary (Chen and Zhou 2014;
Zhao et al. 2015). Furthermore, these antibiotics can be
adsorbed by suspended particles or sediments (Xu et al.
2009; Li and Zhang 2017; Wang et al. 2017). The
release of antibiotics from sediments due to the varia-
tions of salinity in the estuarine system may also in-
crease the concentrations of dissolved antibiotics (Li
and Zhang 2017).

Tidal effects on antibiotic transport in the XOR estuary

Tides in the estuary can have a great impact on the
movement and behaviors of pharmaceuticals (Zhao
et al. 2015), especially in the dry season when the river
runoff is low. To evaluate the effects of tide on antibiotic
transport, we analyzed the continuous variations of an-
tibiotic concentrations at a fixed site (i.e., A6 (Fig. 1))
within 25 h from noon on May 16, 2017, to noon on
May 17, 2017. As shown in Fig. 5, two flood tides and
two ebb tides occurred during the sampling period.

Furthermore, the tidal energy of the two high tides was
different, as illustrated by the different water levels. The
distribution patterns of antibiotic concentrations in the
tidal cycle are shown in Fig. 5. From 13:00 to 18:00 on
May 16 (i.e., flood tide), the concentration of TMP
increased. However, concentrations of the other six
kinds of antibiotics decreased sharply, which should be
due to pollution discharges. As discussed in the “Anti-
biotic concentrations as a function of salinity” section,
there are internal inputs in the XQR estuary. From 18:00
to 21:00 on May 16 (i.e., ebb tide), the concentrations of
TMP and SMZ decreased, and the concentrations of
SMX, ETM, and RTM increased, while OFL and CIP
decreased first and then increased. From 22:00 on
May 16 to 5:00 on May 17 (i.e., flood tide), the concen-
trations of ETM and RTM decreased, the concentrations
of SMZ, SMX, CIP, and OFL fluctuated on a smaller
scale, while the concentration of TMP increased obvi-
ously. The concentration of TMP decreased again from
6:00 to 12:00 on May 17 (i.e., ebb tide), while the other
six kinds of antibiotics increased firstly and then de-
creased during this period. Overall, the concentrations
of the seven antibiotics showed different variations dur-
ing two tidal cycles.

To further reveal the relationship between antibiotic
concentrations and tide, correlation analysis was con-
ducted. As shown in Table S8, there was a significant
positive correlation between TMP concentration and the
water level (p <0.01), indicating that its concentration
increased during the flood tide. However, the concen-
trations of the other six kinds of antibiotics were nega-
tively correlated with the water level. Among these six
antibiotics, the negative correlation between the concen-
trations of macrolides (i.e., ETM and RTM) and water
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level was significant (p < 0.05). This indicated that the
concentrations of the six kinds of antibiotics decreased
during the flood tide. The different variations of antibi-
otic concentrations with water level were mainly caused
by the location of the pollution sources of different
antibiotics. For TMP, its pollution sources were located
below the sampling site (i.e., A6). When a flood tide
occurred, the polluted water containing high concentra-
tion of TMP was pushed to the sampling site, and the
TMP concentration at site A6 increased consequently.
Meanwhile, when the tidal energy was larger, much
more polluted water was pushed to site A6. This is
why TMP concentration at the higher tide is higher
(Fig. 5). On the contrary, the pollution sources of the
other six kinds of antibiotics were located above the site
A6. At the low tide, these antibiotics were transported to
site A6, resulting in an increase in their concentrations at
site A6. At the high tide, the relatively clean seawater
pushed these antibiotics back to the upstream of site A6,
and therefore, their concentrations at site A6 decreased.
In general, tide has impacts on the distribution and
transport of antibiotics, especially for TMP, ETM, and
RTM, in the XQR estuary. The negative correlation
between water level and the concentrations of SMZ,
SMX, CIP, and OFL was not significant (Table S8),
which may be caused by (1) the relatively large mea-
surement error compared with their concentration range
and (2) the impact of other transport mechanisms, e.g.,
exchange at water-sediment interfaces.

Risk assessment

In order to elucidate whether these selected antibiotics
pose an ecological risk to aquatic organisms in the XQR
estuary, the risk of antibiotics to aquatic organisms was
assessed based on the RQs, according to the European
technical guidance document on risk assessment (EC
2003). The RQs of antibiotics in the XQR estuary were
calculated based on the worst-case scenario as a ratio of
the maximum measured environmental concentration
(MEC) to the predicted no-effect concentration (PNEC).
To better evaluate the risk levels, the ratios were classi-
fied into three risk levels: RQs< 0.1, low risk; 0.1 <
RQs <1, medium risk; and RQs>1, high risk
(Hernando et al. 2006).

Among the seven antibiotics, only SMZ had low
risks to aquatic organisms at four sampling events, as
demonstrated by its RQs<0.1 (Fig. 6). Although the
concentrations of TMP are up to 12,440 ng L™, it
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—A—TMP —y— CIP
100 4 —@—OFL—<4—ETM
1 ——RT™M

Values of risk quotients (RQs)

low risk

T T T T
12/06/2015 03/29/2017 12/06/2015 03/29/2017

Sampling date

Fig. 6 Values ofrisk quotients for the seven antibiotics at different
sampling date

showed medium risk (0.1 <RQs< 1) to the sensitive
aquatic species (S. capricornutum) in September 2015
and low risk (RQs<0.1) in the other three sampling
campaigns. By contrast, the other five antibiotics posed
relatively higher ecological risks to the relevant aquatic
organisms. Especially for CIP, OFL, and ETM, they
showed high risks (RQs>1) at all the four sampling
events. After entering the wet season (September), the
RQs of antibiotics except for TMP decreased in a certain
extent. Among them, the risk level of SMX showed a
sharp decrease from high to medium risk. Another im-
portant phenomenon should be noticed that opening the
dam of Wangdao could exacerbate environmental risks
of all the seven antibiotics except for TMP. Because the
RQ values of the seven antibiotics except for TMP
increased after opening the dam, which is in
March 2017. Overall, except for SMZ, the other six
antibiotics showed medium risk in at least one sampling
campaign. Especially in the last sampling, five antibi-
otics posed high risks for the relevant aquatic organisms.
This indicated that the pollution of the targeted antibi-
otics in the XQR estuary, especially in the upper estuary,
was very serious, and regulating their abuse and emis-
sion was an urgent task. Nevertheless, it should be noted
that the risk assessment above has some limitations, as
we could not collect all the toxicity data, and the addi-
tional toxicity of the antibiotics on aquatic ecosystem
was not considered.
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Conclusions

In this study, five sampling campaigns were conducted to
investigate the occurrence, distribution, transport, and eco-
logical risks of the seven selected antibiotics in the XQR
estuary. The results indicated that all the seven antibiotics
could be detected in the XQR estuarine surface water, with
a maximum concentration of 12,440 ng L™". The pollution
caused because of the seven antibiotics in the XQR estuary
was more serious than that in other estuarine environments
reported in literatures. More than five types of antibiotics
posed high risks (RQs> 1) for the relevant aquatic organ-
isms in the study area. A relatively high concentration of
TMP was detected at the middle or lower reach of the
XQR estuary, while the other antibiotics mainly concen-
trated in the upper reach, and their concentrations showed a
decreasing trend from the XQR estuary to LZB. This
implied that most antibiotics in the XQR estuary come
from the river runoff, except for TMP. This helps in
determining the exact location of the pollution sources of
antibiotics in the XQR estuary. Based on the field obser-
vation from May 2015 to March 2017, the pollution
caused by CIP, OFL, SMX, and RTM became consider-
ably serious, while the concentration of TMP decreased
significantly from the wet season to the dry season. Among
the seven antibiotics, SMZ, SMX, CIP, OFL, and TMP
exhibited conservative behavior being controlled primarily
by physical processes, whereas the behaviors of ETM and
RTM were non-conservative and exhibited substantial
degradation in the estuary. Furthermore, tide has great
impacts on the spatial distribution and transport of antibi-
otics, especially for those with a wide concentration range
such as ETM, RTM, and TMP. To provide information for
the prevention and control of antibiotic contamination in
the XQR estuary, source apportionment of the antibiotics is
urgently needed to be conducted in the future.
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