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Organotin compounds (OTCs) are a category of persistent toxic substances
with endocrine disrupting effects and may pose a risk to aquatic organisms and
human health via water. This study collected 78 surface water samples from the
drinking water source in the upper Yangtze River Estuary from July 2018 to
November 2019. Out of the nine OTC targets, tributyltin (TBT), dimethyltin
(DMT), trimethyltin (TMT), dibutyltin (DBT), and monobutyltin (MBT) were
detected from more than 50% of the water samples, with cumulative
concentrations of OTCs ranging from 42.5 + 54.0 to 421 + 176 ng Sn L™
The composition and concentrations of OTCs in the stormy months were
different from those in other months. The concentrations of OTCs with the
ebbing tide exceeded those in the flooding tide and increased when the
flooding tide transitioned to the ebbing tide. A pulsed trend in
concentrations of OTCs in river water was evident due to the impact of
rainfall runoff and tidal currents. Identified sources of OTCs included ship
antifouling paints, agricultural pesticides, and plastic waste. TBT in water
sources poses a low risk to human health and a risk to the ecosystem,
particularly during the stormy months.

KEYWORDS

organotin compounds, surface water, temporal distribution, source analysis, risk
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Introduction

Safe drinking water is important to human health (Krishna et al., 2020). However,
drinking water pollution is becoming a global concern (Chen Z. B. et al.,, 2019; Ighalo et al.,
2021). With increasing development, water quality safety is no longer limited not only to
conventional water pollutants but also to contamination by persistent toxic substances
(PTSs). Organotin compounds (OTCs) are a category of PTS and have been detected in
various water environments, including ports, harbors, and coastal regions (Cao et al,
2009; Anastasiou et al, 2016; Concha-Grana et al, 2021). OTCs persist in the
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environment for a long time due to their extensive use and
resistance to degradation (Dobson et al.,, 2006; Cole et al., 2018).

OTCs cause various forms of damage to aquatic organisms,
such as malformation of shellfish shells (Alzieu, 2000; Garnier
etal,, 2020), imposex in gastropods (Cao et al., 2009), and obesity
metabolic syndrome in fish (Meador et al., 2011). In addition,
OTCs have negative effects on mammalian health, and
particularly on human health, with damaging effects on
reproduction, endocrine function, the liver, the immune
system, and the nervous system (Zheng et al,, 2011; Graceli
et al, 2013). OTCs, and particularly TBT and triphenyltin
(TPhT), act as agonists for the peroxisome proliferator-
receptor (PPAR) vy adipocyte
differentiation (Hiromori et al., 2009). Given the toxicity of
TBT to organisms

activated and promote
and its persistence in the aquatic
environment, it has been globally banned since 2008 by the
International Convention on the Control of Harmful Anti-
fouling Systems on Ships (IMO, 2001). Some other OTCs are
also regulated in many products by various countries and regions
(IMO, 2001; Concha-Grana et al.,, 2021). However, pollution
problems resulting from OTC contamination of the aquatic
environment persist (Antizar-Ladislao, 2008; Cole et al., 2015;
Zhang et al.,, 2017).

The concentrations of OTCs in water generally range from a
few to thousands of nanograms per liter (Diez et al., 2005; Gao
et al., 2013; Gao et al., 2018; Concha-Grana et al., 2021). OTCs
have also been detected in the biota and sediments of the Yangtze
River Estuary (Chen et al., 2016; Chen C. Z. et al., 2019) and have
been reported in the water of the turbidity maximum zone and
hypoxic zone outside of an estuary (Huang et al,, 2021; Chen
etal, 2022). The tidal reaches of the Yangtze River, also known as
the upper reaches of the Yangtze River Estuary, experience strong
reciprocating interactions. However, there remains limited
information on OTC pollution in the upper Yangtze River
Estuary drinking water source and the tidal effects on OTCs.
Therefore, the present study aimed to analyze the concentrations,
compositions, temporal distribution, source, and risks of OTCs
in the tidal drinking water source in the upper Yangtze River
Estuary.

Study area, materials, and methods
Materials and chemicals

Organotin standards, including monomethyltin trichloride
(MMT, > 95%), dimethyltin dichloride (DMT, > 98%),
trimethyltin monochloride (TMT, > 99%), monobutyltin
trichloride (MBT, > 96%), dibutyltin dichloride (DBT, >
93%), tributyltin monochloride (TBT, > 96%), monophenyltin
trichloride (MPhT, > 95.5%), diphenyltin dichloride (DPhT, >
96%), and triphenyltin monochloride (TPhT, > 99%) were
purchased from ANPEL Laboratory Technologies (Shanghai)
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Inc. In addition, tri-n-propyltin chloride (TPrT, > 95%) as an
internal standard, sodium tetraethyl borate (NaBEty, > 92%),
acetic acid [high-performance liquid chromatography (HPLC)
grade], methanol (HPLC grade), n-hexane (HPLC grade),
sodium acetate [analytical (AR) grade], NaOH (AR grade),
KOH (AR grade), and ammonium chloride (AR grade) were
purchased from ANPEL. Supplementary Table S1 provides more
detailed information on the organotin standards used. An
ultrapure water machine (25°C, 18.2 MQ cm, Merck Millipore,
Germany) was used for preparing Milli-Q water.

Study area and sample collection

The study area of the present study is in the upper Yangtze
River Estuary (Figure 1). The study area is bounded by
farmlands, industrial areas, loading docks, and ports and is
tidal. Sampling extended from July 2018 to November 2019,
during which 78 surface water samples were collected at a depth
of 20 cm (Dai et al.,, 2022). Supplementary Table S2 provides
more detailed information on the seven sampling campaigns
implemented in the present study. Tidal samples were collected
across the entire sampling period, except for the stormy months
of July 2018 and July 2019. All samples were filtered through glass
fiber membranes (¢ = 30 cm, pore size = 1 um, and 400°C for 6 h)
for pretreatment before OTC analysis.

Sample preparation

The sample pretreatment process followed that of Chen et al.
(2022) and is described as follows: from each filtered sample, 1 L
was stored in a brown high borosilicate glass bottle and then
passed through a strong cation exchange (SCX) column (500 mg/
6 ml) at a rate of 2 ml min~". The SCX columns were activated by
5ml of methanol in advance. Subsequently, 5ml of eluent
solution containing 0.8 molL™' ammonium chloride with a
water—methanol ratio (V/V) of 3:7 was used as the solvent to
elute the enriched OTCs, and the eluent solution was transferred
to a 50-ml brown glass tube. Section 2.3 in the Supplementary
Text provides more information. Then, 1 ml of 2 mol L™ NaOH,
20ml of 1molL™" acetic acid/sodium acetate buffer solution
(CH;COOH/CH3COONa, pH = 4.5), 100 pl of 1 mg L' internal
standard (TPrT), 4 ml of n-hexane, and 0.6 ml of 1% NaBEt,
solution were added to the 50-ml brown glass tube. The mixed
solution was horizontally placed in a shaker for derivatization
(150 r-min~" for 60 min). After derivatization, the mixed solution
was allowed to settle for 30 min. Subsequently, 2 ml of the upper
organic phase was extracted and transferred to nitrogen tubes.
The extracts were concentrated to 0.5 ml by nitrogen blowing to
accelerate evaporation of the organic phase. The concentrated
samples were then analyzed by gas chromatographic- mass
spectrometry (GC-MS).
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FIGURE 1

Study area (red star) in the upper Yangtze River Estuary.

Instrumental analysis

OTCs were detected by GC-MS (QP2010 Plus, Shimadzu,
Japan) in the electron ionization mode at 70 eV with a capillary
column (HP-5MS, 30 m x 0.25 mm i.d., 0.25-pm film thickness)
(Chen et al.,, 2022). An inlet temperature of 250°C and splitless
mode were adopted. An injection volume of 1 pl and a column
flow rate of 1.00 ml min" with a constant current were adopted.
The high-purity helium carrier gas was used (99.99%). The
temperatures of the ion source and mass spectrometer
interface were 230 and 280°C, respectively. The column
temperature for TMT was programmed as 5 min at 40°C and
from 40 to 200°C at 10°C min™". The column temperature for the
remaining eight OTCs was programmed as 5 min at 60°C, from
60 to 150°C (1 min) at 10°C min™, and from 150 to 290°C (2 min)
at 8°Cmin™". lists the GC-MS
parameters of the quantitative and qualitative ions of OTCs.

Supplementary Table SI

Quality assurance/quality control
(QA/QQ)

No OTC was detected in procedural blanks. The limit of
detection (LOD) as the signal-to-noise ratio of 3 (S/N = 3) and
limit of quantification (LOQ) as S/N = 10 ranged from 0.91 to
1.37ng Sn L' and 3.02-4.58ng Sn L', respectively. The
recoveries of the nine OTCs in spiked samples ranged from
85.4 to 112.4%, within <5.4% of the relative standard derivations
(RSDs). The regression coefficients (R*) of nine OTCs were all
higher than 0.99 within the tested concentrations (0-500 pug L™").
Supplementary Table S3 provides more detailed information.
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Butyltin degradation index

The butyltin degradation index (BDI) was used to estimate
the input age and degree of degradation of TBT (Quintas et al.,
2019). A BDI <1 suggests recent inputs of TBT, whereas
BDI >1 suggests TBT degraded to DBT or MBT:

_ ([MBT] + [DBT])’ )

BDI
[TBT]

where [MBT], [DBT], and [TBT] are the concentrations of MBT,
DBT, and TBT, respectively.

Risk assessment

Ecological risk assessment

The risk quotient I (RQ I) was used to assess the risk to the
aquatic ecology associated with chemical pollution. A RQ I >
1.0 indicates a severe risk of OTCs to the ecosystem and the need
to implement control measures or remedial actions as soon as
possible. A 0.1 < RQ I < 1.0 indicates a moderate risk to the
ecosystem, whereas a RQ I < 0.1 indicates a low risk. The RQ I
was calculated as:

RQI = MECss [ PNECy,, 2

where MECys is in the 95th percentile of the measured
environmental concentration (ng Sn L™') corresponding to a
cumulative frequency distribution and PNECg, is the minimum
value of the predicted no-effect concentration in freshwater (ng
Sn L'). The PNECs, the
structure-activity — relationship prediction

based on
(QSAR)

is quantitative

and
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TABLE 1 Statistical summary of organotin compounds (OTCs), including mean, standard deviation (SD), maximum concentrations, 95th percentile of
the measured environmental concentration (MECgs), and the lowest value of predicted no-effect concentration in freshwater (PNECy,) in the
drinking water source in the upper Yangtze River Estuary.

Compound abbreviation Detection frequency Concentration (ng Sn L™)

Mean + SD Maximum MEC95 PNEC*
TBT 74 59.4 + 70.8 295 153 0.08
DBT 59 106 + 244 142 49.4 NA
MBT 54 173 + 54.8 358 287 8,245.50
TPhT 14 8.99 + 34.4 277 436 6.40
DPhT 14 771 + 24.0 126 48.9 269.31
MPhT 6.4 194 + 8.24 54.8 154 565.72
TMT 63 116 + 24.1 166 64.1 NA
DMT 71 72.9 + 763 334 264 NA
MMT 12 0.97 + 3.42 15.6 10.8 147,336.86
59 OTCs 191 + 154 698

*PNECy, (ng Sn L™') data were converted from PNECy, (ug L™') data contained in the NORMAN Ecotoxicology Database (https://www.norman-network.com/nds/ecotox/), as given by
Fauser et al. (2020) and Yi et al. (2012).
"N A, not available.

calculation, provided by the NORMAN network (https://www. Data processing
norman-network.com/nds/ecotox/).

The present study constructed a map of the study area and

Human health risk assessment sampling site using Surfer 16. Data, figures, and tables were

Equations 3, 4 were used to assess the risk posed to human generated in Excel 2019 and Origin 2017. As the data did not
health by OTCs (Fenner et al., 2002; USEPA, 2021). The non- conform to a normal distribution (Supplementary Table 54), the
carcinogenic risk posed by OTCs to human health can also be Kruskal-Wallis test in IBM SPSS Statistics 23.0 was used for
further divided into high, moderate, and low risks according to statistical analysis, with a significant level of 0.05. Values below
the RQ IT levels RQII > 1.0,0.1 < RQII < 1.0,and RQII < 0.1, LOD were calculated using the expression LOD/2.
respectively.

SL = (THQ x AT x BW x RfDo)/(IRW x EF x ED), (3) Results

RQIT=)" RQ;=)" GC/SL, (4)
Occurrences of the nine OTCs

where SL is the OTC screening level (ug L") and THQ is the
target hazard quotient, with a default value of 1. non-carcinogen Nine of the target OTCs were detected in the drinking water
averaging time (Atn, d) = ED [exposure duration (y)] x 365 d/y.

Body weight (BW) and the tap water ingestion rate (IRW) were

source of the upper Yangtze River Estuary (Table 1). However,
their detection frequencies varied from 6.4 to 74%. Five OTCs
65kg and 1.7 L d", respectively. EF (exposure frequency) was were detected at a frequency exceeding 50%, namely, TBT (74%),

350 days y'. RQ II is the risk quotient and C; is the concentration DMT (71%), TMT (63%), DBT (59%), and MBT (54%). The
of each OTC. RfDo (mg-kg ' BW d™') is the oral reference dose of

OTCs, which is often replaced by the tolerable daily intake (TDI)
due to the lack of RfDo values for OTCs. No TDI values for concentrations of the various OTCs varied from 15.6 ng Sn
MMT, MBT, and TBT were found. The TDI values of TBT and L' (MMT) to 358ng Sn L' (MBT), MECys values ranged

TPhT were 0.25pgkg”" BW d™' and 05pgkg”" BW d7, from 10.8ng Sn L' (MMT) to 287ng Sn L' (MBT), and

respectively (Penninks, 1993; Tsuda et al, 1995). The TDI average concentrations of individual OTCs ranged from
values of MBT, DBT, MPhT, and DPhT were 5.42 ugkg™' BW 097ng Sn L' (MMT) to 729ng Sn L™ (DMT). The

d, 1.75 ug kg™ BW d ', 10.84 ugkg™' BW d ™', and 3.50 ug kg™
BW d, respectively, and were calculated using an in vitro

cumulative concentration of the nine OTCs was 191 + 154 ng Sn
L', with a maximum of 698ng Sn L'. The maximum

maximum concentrations of TBT and TPhT were relatively

similar at 295ng Sn L' and 277ng Sn L', respectively,
immunotoxicity exposure test (Whalen et al, 1999; Whalen

et al., 2000).

although their detection frequencies were different at 74 and
14%, respectively.
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Differences in mean cumulative concentrations of nine organotin compounds (£9 OTCs) among different sampling campaigns (A) and different
tidal phases (B) in the drinking water source in the upper Yangtze River Estuary. Letters “a” and “b" represent significant differences (p < 0.05).

TABLE 2 Composition and proportion of detected organotin compounds (OTCs) in the drinking water source in the upper Yangtze River Estuary.

Sampling MMT DMT (%) T™MT MBT (%)
month

2018/07 0.04% 123 P 25.1
2018/12 1.86% 63.7 / 3.89
2019/02 10.4% 74.1 / 8.77
2019/05 / 63.4 4.14% 1.30
2019/07 0.16% 5.32 3.03% 18.2
2019/09 / 29.9 23.5% 6.98
2019/11 / 48.0 2.97% 2.64

DBT (%) TBT (%) MPhT DPhT TPhT
0.72 42.9 / 10.5% 19.6%
4,07 26.5 / / /

4.14 3.20 / / /

3.93 27.2 / / /

1.81 42.7 / 18.8% 9.97%
20.5 13.0 6.14% / /

1.98 444 / / /

*/”, the proportion is 0.00% as it was not detected.

Concentration, composition, and
proportion analysis of the nine OTCs

During the period July 2018-November 2019 (Figure 2A),
the cumulative concentrations of the nine target OTCs
(29 OTCs) were higher on average in the stormy months
(389 £241 ng Sn L™" in July 2018; 421 £ 176 ng Sn L™ in July
2019) than in the remaining months. Low £9 OTCs values
were detected in the cold months (42.5 + 54.0 ng Sn L' in
December 2018; 65.4 + 79.8 ng Sn L™ in February 2019) and
were significantly different (p < 0.05) from those in the
stormy months. The mean concentrations of X9 OTCs in
the remaining months (May 2019; September 2019;
November 2019) ranged from 165 + 88.7ng Sn L' to
189 + 131ng Sn L™'. As shown in Figure 2B, the mean
29 OTCs in the ebbing tide exceeded those in the flooding
tide, indicating that OTCs mainly originated from river
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runoff. While there was no significant difference between
flooding tide and ebbing tide OTCs within the same sampling
campaign (p > 0.05), some significant differences in the mean
concentration of 9 OTCs were detected among the different
sampling campaigns [ebbing tide in May 2019 vs. flooding
tide and ebbing tide in the cold months (December 2018;
February 2019)].

As shown in Table 2, OTCs were mainly dominated by TBT
in stormy months (July 2018; July 2019) and DMT in the
remaining months. MPhT was only detected in September
2019, whereas DPhT and TPhT were only detected in the
stormy months (July 2018; July 2019), and MMT was detected
in the cold months (December 2018; February 2019) and in the
stormy months (July 2018; July 2019). Thus, particular attention
needs to be focused on DMT and TBT, whereas focus on MMT,
MPhT, DPhT, and TPhT should differ among the different
months of the year.
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FIGURE 3

Compositions and concentrations of organotin compounds (OTCs) in the drinking water source of the Yangtze River Estuary under semi-
diurnal tidal cycle for different months from December 2018 (A) to November 2019 (E).
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Butyltin degradation index (BDI)

FIGURE 4

Variation in the butyltin degradation index (BDI) among
different sampling months in the drinking water source in the
upper Yangtze River Estuary.

Tidal pulsing of the nine OTCs

As shown in Figure 3, the largest changes in concentration
among OTCs occurred in DMT and TBT. The concentration of
DMT increased substantially from the flooding tide to the
ebbing tide in each sampling month, whereas it showed little
change in November 2019. Meanwhile, there was an obvious
increase in the concentration of TBT, except during September
2019 when there was no change. A higher concentration of DBT
was detected in September 2019. There was a clear change in the
composition of OTCs in the flooding tide in September 2019 in
comparison to the remaining months due to the high
proportion of TMT. MPhT was only detected during the
flooding tide in September 2019. The concentrations of
OTCs generally increased at the transition from the flooding
tide to the ebbing tide and vice versa.

Changes in BDI values

The source of OTCs can be reflected by the BDI since TBT is
a typical OTC. As shown in Figure 4, a large proportion of BDI
was <1. The BDI values for all months fluctuated around 1,
except for February 2019 and July 2019 when the BDIs exceeded
1 and were less than 1, respectively. The mean BDIs for the
different sampling months were 0.76 + 1.44, 1.28 + 1.14, 1.83
2.34, 0.56 + 0.78, 0.57 + 0.24, 5.68 + 5.76, and 0.82 + 1.20,
respectively. BDIs <1 were mainly concentrated in May 2019,
November 2019, and during the stormy months (July 2018; July
2019). In contrast, BDIs >1 were concentrated in September
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2019 and during the cold months (December 2018; February
2019).

Risk assessment

Ecological risk assessment

Figure 5 compares the ecological risks of OTCs among the
different sampling months. Evaluation of the ecological risks
posed by OTCs was quantitatively evaluated for MMT, MBT,
TBT, MPhT, DPhT, and TPhT due to the lack of PNECg, values
for the remaining OTCs. The RQ I values of MMT, MBT, and
MPhT were all lower than 0.1 for each sampling month,
indicating that these three OTCs have a low ecological risk.
The RQ I value of DPhT was between 0.1 and 1 in the stormy
months (July 2018; July 2019), indicating a moderate ecological
risk. The RQ I value of TPhT exceeded 1, indicating a high
ecological risk. The RQ I value of TBT exceeded 1 for each
sampling month.

Human health risk assessment

As shown in Figure 6, the RQ II values of OTCs in the
drinking water source exceeded those in tap water from the
drinking water treatment plant (DWTP) based on the OTC
removal rate (Supplementary Table S5). However, both were
lower than 0.1, indicating that OTCs in the study area pose a low
risk to human health. Nevertheless, a focus on OTCs in the
stormy months (July 2018; July 2019) is needed due to their
relatively high RQ values.

Discussion
Effects of runoff and tidal currents

During the study period, the highest concentrations of OTCs
were detected in the stormy months (Figure 2A and Table 2).
These results suggested that rainfall runoff during the stormy
months may be a source of OTCs in the river. Past studies have
shown that rainfall runoff can increase the concentration of
pollutants in the environment (Sharma et al., 2009; Xiao et al,,
2012). Therefore, there is a need to focus on the stormy months
when considering changes in concentrations and compositions
of OTCs.

The present study observed no significant increases in the
concentrations of OTCs in the upper reaches of the Yangtze
the tidal
concentrations in the ebbing tide generally exceeded those

River Estuary during transition, ~whereas
during the flooding tide (Figures 2B, 3). However, the
concentrations of OTCs in the ebbing tide were lower than
those in the flooding tide in the turbidity maximum zone and
hypoxia zone outside the Yangtze Estuary. The concentration of

dissolved OTCs and particulate OTCs in water will sharply
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Risk quotient | (RQ ) for the ecological risk assessment of organotin compounds (OTCs) in the drinking water source in the upper Yangtze River
Estuary.
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health by organotin compounds (OTCs) from the filtered source
water and treated water from the drinking water treatment plant

(DWTP).

increase due to sediment resuspension and the turbulent action
of the hypoxic bottom water mass during the tidal transition,
particularly from the flooding tide to the ebbing tide. This
increase in concentration can be several orders of magnitude
higher in the hypoxic zone and even up to a factor of 40 higher
in the turbidity maximum zone (Huang et al., 2021; Chen et al.,
2022).

There were clear differences in the changes in the
concentrations of OTCs between the upper reach and the
middle/lower reaches of the Yangtze River Estuary. This result
indicated a different source of OTCs in the freshwater section
compared with that in the saltwater section, and differences in
sediment resuspension among different sections resulting from
tidal action in the estuary.

Source analysis of OTCs

TBT is widely used in antifouling coatings for ships or
related equipment, with the coatings painted onto ship hulls
to reduce the growth of marine organisms (de Castro et al.,
2012). Active antifouling compounds are exposed to water
during ship maintenance or sailing and may release TBT
(Kim et al.,, 2014). The results showed that the concentrations
of TBT released increased during the stormy months (July
2018; July 2019), which indicates that the release of TBT in
antifouling coatings is enhanced through scouring by rainfall
(Figure 2A and Table 2). The majority of BDI was less than 1
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(Figure 4), further confirming that the main inputs of TBT in
the study area were from exogenous sources. The main
sources of OTCs have been identified as intense shipping
activities and stormwater, not only in this estuary but also in
other places, such as Hong Kong (Ho et al., 2016).

The concentration of DBT as a product of TBT degradation
increased in September 2019. The warmer temperature in
September 2019 may have facilitated some biodegradation of
TBT (Harino et al., 1997; Burton et al., 2004). In contrast, the
high BDI values (BDI > 1) indicated that exogenous inputs were
likely the main sources of MBT and DBT in the cold months
(December 2018; February 2019). MBT and DBT are widely used
in industrial and agricultural activities, mainly as industrial
catalysts, wood preservatives, pesticides, and
stabilizers in plastics and polyurethane foam production
(Hoch, 2001; Bhosle et al, 2006; Wang et al, 2010; Okoro
et al,, 2011; Cruz et al,, 2015; Fang et al., 2017; Kucklick and
Ellisor, 2019).

DMT and TMT were detected at high concentrations and
frequencies in September 2019 (Tables 1, 2). Methyltins

fungicides,

(MTs) are often released from polyvinyl chloride (PVC)
films since MTs are also used as stabilizers in these
products (Fristachi et al., 2009; Mahmood et al., 2020). In
addition, MTs can originate from the methylation of
inorganic tin during fermentation by different bacteria or
under sulfate-reducing conditions (Makkar and Cooney,
1990; Bridou et al, 2018). The methylation process can
and the

methylation products will be released into the surface

occur in the bottom anaerobic environment,

water by flow disturbance.

Phenyltins (PhTs), including TPhT, DPhT, and MPhT,
should not be ignored. The present study only detected TPhT
in the stormy months (Table 2). This result indicated that
rainfall promoted the input of agricultural TPhT into the
river. TPhT is associated with agricultural activities, such as
pesticide and insecticide usage (Sheikh et al., 2007; Gao et al,,
2019). Since farmland is distributed around this drinking
water source, TPhT and its degradation products (DPhT
and MPhT) the with
Moreover, there is an increasing demand for TPhT usage in

entered river surface runoff.
agricultural fields (Cao et al., 2009), which will increase its
input into rivers.

MPhT as a degradation product of TPhT and DPhT was only
detected in September 2019, especially during the flooding tide
(Figure 3). PhTs are also related to fisheries and aquaculture.
There is developed aquaculture, and particularly mariculture
downstream of the water source (Wang et al, 2014). A large
area of farmland is also present downstream of the water source.
In addition, rainfall in September 2019 was more abundant than
that in the remaining months, except for the stormy months.
Thus, more MPhT was detected at the flooding tide in

September 2019.
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Pollution level and risk assessment of
OTCs

The different sources of OTCs lead to differences in OTC
concentrations and compositions. The types and concentrations
of OTCs in the upper reaches of the Yangtze River Estuary exceed
those in Austria, in which each detected OTC was at a
concentration of less than 10ngL™ (Zoboli et al, 2019).
However, they are similar to those in the Bay of South Korea,
except for TBT (Kim et al., 2014). In addition, during the stormy
months, the concentrations of OTCs were lower than those in a
port in Argentina, those in the secondary anabranches in the
Three Gorges Reservoir Region, China, and in the turbidity
maximum zone of the Yangtze River Estuary (Gao et al,
2019; Quintas et al., 2019; Chen et al., 2022).

MBT, DBT, and MPhT are the main OTCs in the Three
Gorges Reservoir Region (Gao et al, 2019). TBT and TPhT
dominate the OTCs in the turbidity maximum zone, whereas
DMT and TBT were the dominant OTCs in the present study
(Huang et al., 2021; Chen et al., 2022). Butyltins and phenyltins
are generally the main OTC species in the Yangtze River and its
estuary.

The risks of OTCs to the ecology and human health will differ
among the different OTCs. The parent substances and degradation
products of OTCs are toxic, with TBT showing the highest acute
toxicity to marine invertebrates (Furdek et al., 2016; Zhang et al,,
2021). The US Environmental Protection Agency (EPA) standard
for TBT in freshwater is 63 ng L™ (USEPA, 2002), whereas the
European Environmental Quality Standards (EQS) formulated by
the EU Water Framework Directive state a limit to the annual
average concentration of TBT in any surface water being 0.2 ng L™
and a maximum allowable concentration of TBT in unfiltered water
being 1.5ng L™ (EU, 2008; Tung et al., 2021). The results of the
present study showed that the maximum concentration of TBT
exceeded the relevant limits (Table 1), consistent with the situation
off the Spanish coast in which the TBT concentration also exceeds
the maximum allowable concentration (Concha-Grana et al., 2021).

This result, in combination with the identified main sources
of TBT, TPhT, and DPhT, indicates that exogenous inputs (such
as the release of antifouling paint and agricultural activities) pose
a risk to aquatic organisms in the drinking water source. Studies
have shown that TMT and its derivatives are highly toxic to
insects and mammals (Hoch, 2001; Song et al., 2006). DMT and
DBT are the degradation products of TMT and TBT,
respectively. Thus, a potential ecological risk may exist,
despite the reduced toxicity of degradation products (Zhang
et al, 2021). TMT accounted for a large proportion of OTCs
in September 2019 (Table 2 and Figure 3D), indicating that a
specific focus on TMT is needed during some months. The
detection frequencies and concentrations of trisubstituted and
disubstituted organotin, and particularly for TBT, DMT, TMT,
and DBT, were higher than those of the remaining OTCs
(Table 1). Therefore, there should be increased attention to
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trisubstituted organotin (TBT and TMT) and its degradation
products (DMT and DBT).

OTCs also pose a risk to human health due to their extensive
use (Yietal, 2012; Zhang et al., 2017). Humans may be exposed
to OTCs through not only the food chain but also the
consumption of drinking water (Tang et al, 2010; Jadhav
et al, 2011; Gao et al, 2013). Although the risk posed to
human health by OTCs in purified water is at least an order
of magnitude lower than that in untreated water, the risks posed
by OTCs in the drinking water source to human health were low
in all sampling months, indicating that the drinking water is safe.
However, the RQ value indicated moderate risk during the
stormy months (July 2018; July 2019), which suggests there is
a chance of reaching a moderate risk to human health during the
stormy months and the need for particular focus on mitigation
and treatment steps during this period.

Conclusion

The of the indicated OTC
contamination in the upper reaches of the Yangtze River

results present study
Estuary. Rainfall runoff was identified as a driver of increased
concentrations and diversity of OTCs, particularly in the stormy
months. The concentrations of OTCs in the ebbing tide exceeded
those in the flooding tide and increased during the tidal
transition from the flooding tide to ebbing tide. This
information can guide efforts to avoid peaks in OTC
concentrations during the withdrawal of water from the
drinking water source. OTCs mainly originate from marine
antifouling coatings, agricultural activities, and plastic wastes.
A higher focus on TBT, TPhT, and DPhT is needed due to their
moderate to high ecological risk. Although the risk of OTCs in
drinking water to human health is low at present, efforts to
mitigate OTC contamination may be needed during the stormy
months in the future (Yamabe et al., 2000; Zhou et al., 2001).
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