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Abstract
Bisphenol compounds (BPs) are difficult to degrade and highly toxic that can cause a wide range of biotic endocrine dis-
rupting effects. Clarifying Zhushan Lake and Meiliang Lake (typical areas of Taihu Lake) with BPs pollution is important 
for protecting water safety and human health. Surface water, sediments, and fish samples were collected and analyzed to 
determine the occurrence, sources, and ecological risks of bisphenol Z (BPZ), bisphenol C (BPC), bisphenol F (BPF), and 
bisphenol S (BPS). Surface water and sediment samples revealing average BPs concentrations of 1227 ng/L and 11 ng/g 
(dry weight), respectively. BPS had the highest detection rate among the four BPs, followed by BPF. The pollution level 
of BPs was the highest in the middle and upper reaches, and there was a downward trend in the lower reaches. In wild fish, 
contaminants were found to be highest in muscle and gill tissues, indicating that fish are in short-term exposure. Pearson and 
stable isotope analyses showed that BPF and BPS had similar origins, and sediments were found to be the primary source 
of the pollutants. Finally, the ecological and human health risk assessments showed current low-risk levels, but the risks are 
still increasing and require attention. The results can be used for providing valuable information for the water quality man-
agement and BPs pollution control in Taihu Lake. Additionally, it functions as a forewarn for BPs producing and applying.
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Abbreviations
BP  Bisphenol
BPZ  Bisphenol Z
BPC  Bisphenol C
BPF  Bisphenol F
BPS  Bisphenol S
BPA  Bisphenol A
POPs  Persistent organic pollutants
DMSO  Dimethyl sulfoxide
PTFE  Polytetrafluoroethylene
MRM  Multiple reaction monitoring
LOD  Limit of detection
LOQ  Limit of quantification
RSD  Relative standard deviation
RQ  Risk quotient
MEC  Measured environmental concentration

PNEC  Predicted no-effect concentration
AF  Assessment factor
EEQ  Estrogen toxicity equivalent
EEF  Estradiol equivalence factor

Introduction

Bisphenol A (BPA) is a common endocrine disruptor and its 
negative effects on the reproductive, nervous, and endocrine 
systems of aquatic organisms and humans have been well-
documented (Andujar et al. 2019; Kiwitt et al. 2021; Meeker 
et al. 2010). Banning the sale of products containing BPA 
has led to the increased use of potential substitutes such as 
bisphenol Z (BPZ), bisphenol C (BPC), bisphenol F (BPF), 
and bisphenol S (BPS). Previous studies have detected bis-
phenol compounds (BPs) in various regions across the globe 
and their negative impact on organisms. A decreasing ratio 
of BPA to the total BPs was shown, indicating a worsening 
pollution status of its substitutes, particularly BPF and BPS 
(Liu et al. 2017).

The Tamagawa River in Japan was found to have BPF 
concentrations as high as 2850 ng/L, while the Adyar River 
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in India had BPS concentrations of 7.2 µg/L (Yamazaki 
et al. 2015). Similarly, to the Yellow River Basin, the Yang-
tze River Basin of China had an average concentration of 
BPA alternatives in sediments of 1.5–3.2 ng/g (Zhao et al. 
2020). BPs not only resist degradation but also accumulate 
in organisms through contact and ingestion, causing a host 
of damages including stunted growth, cytotoxicity and oxi-
dative damage (Chen et al. 2016; Lee et al. 2013; Usman 
et al. 2019). When BPs enter the waters, they will hinder the 
normal development of aquatic biological nervous system 
(Wang et al. 2013). BPs have also been shown to have estro-
genic effects and may pose a potential threat to ecosystems. 
Exposure to a certain number of BPs will lead to animal 
hypothalamus, pituitary and other hyperfunction (Feng et al. 
2016). Given this, it is imperative to evaluate the potential 
impact of these alternatives and develop strategies to mini-
mize environmental exposure to bisphenol compounds to 
mitigate their negative effects.

Taihu Lake, the third largest freshwater lake in China, 
is an important part of the Yangtze River Delta located in 
the south of Jiangsu Province (Su et al. 2021). It is situated 
between the cities of Wuxi, Suzhou, and Huzhou. The coor-
dinates of Taihu Lake are approximately 31.3086° N latitude 
and 120.2143° E longitude. It covers an area of about 2338 
square kilometers, making it one of the largest freshwater 
lakes in China. The lake stretches across a vast region and 
is surrounded by a mix of urban areas, agricultural land, 
and natural landscapes. The region is densely populated, 
economically developed, with high levels of urbanization 
and industrialization (Wang et al. 2022). Several studies 
have investigated the presence and characteristics of persis-
tent organic pollutants (POPs) in the waters of Taihu Lake, 
including polycyclic aromatic hydrocarbons, phthalic acid 
esters, and antibiotics (Kong et al. 2022; Luo et al. 2021; 
Wang et al. 2018). However, there is a relative lack of studies 
on BPs pollution in the lake, including their concentration, 
trends, and behavior in various compartments. Therefore, 
further research is urgently needed to supplement the exist-
ing data and comprehensively understand the degree and 
impact of BPs pollution in Taihu Lake.

This study analyzes the contents and spatial distributions 
of four BPs in typical areas of Taihu Lake, investigates the 
correlation between the BPs in fish and environmental lev-
els, and provide a preliminary assessment of the ecological 
and human health risks associated with BPs exposure. Addi-
tionally, the stable isotope analysis on various samples was 
implemented to trace the origins of the fish and gain valu-
able insights into the sources contributing to the fish popu-
lation in the lake, whose aim is to offer scientific evidence 
and data to support BPs risk management and environmental 
quality control measures in the Taihu Lake region. For this 
purpose, several hypothesizes are formulated: (1) a certain 
number of BPs will be detected in different samples; (2) BPS 

and BPF may dominant the four BPs; (3) BPs distribution in 
various reaches of lake and organs of fish will be different; 
(4) sediments may be more possible source of BPs in fish; 
(5) the potential health risks posed by BPs should be paid 
more attention.

Materials and Methods

Chemicals and Materials

We obtained BPS (purity = 99%), BPC (purity > 98.0%), and 
BPZ (purity ≥ 98.0%) from Shanghai Aldin Reagent Co., 
Ltd., Shanghai, China. BPF (purity = 98%) was obtained 
from Shanghai Maclin Biochemical Technology Co., Ltd., 
Shanghai, China. For a stable isotope internal standard, we 
purchased BPS-13C12 (13C12H10O4S) (99.0%) and BPA-13C12 
(13C12H16O2) (99.0%) from A ChemTek, Inc., MA, USA. 
We used dimethyl sulfoxide (DMSO) from Shanghai Ling-
feng Chemical Reagent Co., Ltd., Shanghai, China. The bot-
tom sampler (330 Van Veen) was purchased from Qingdao 
Watertools Technologies Co., Ltd., Shandong, China. The 
surface water sampler (WB-SS) was purchased from Bei-
jing Purity Instrument Co., Ltd., Beijing, China. The SPE 
column (Generik H2P) was purchased from Sepax Tech-
nologies, Inc., DE, USA. Furthermore, we employed HPLC-
grade methanol, acetonitrile, dichloromethane, and normal 
hexane throughout the experiment, along with other chemi-
cals of analytical grade, such as normal saline and ethanol.

Sampling Methods

Previous literature suggests that the North Taihu Lake 
area is more polluted than other parts of the lake (Yang 
et al. 2011). The region belongs to the subtropical mon-
soon climate, which is dominated by plains and water 
networks. It has sufficient light and rainfall, and the four 
seasons are quite different and independent. The average 
and maximum water depth of North Taihu Lake is 1.89 m 
and 2.6 m, and the water surface evaporation is 842 mm. In 
general, the annual precipitation range is 1048–1920 mm, 
and the rainy season is from May to September (Kang 
et al. 2015). For this study, we selected 20 sampling sites 
(119° 59ʹ–120° 11ʹ N, 31° 20ʹ–31° 31ʹ E) in Zhushan Lake 
and Meiliang Lake in December 2021. Sampling sites 
S1-S14 were in Zhushan Lake, and S15–S20 were in Meil-
iang Lake. Table S1 provides detailed information on each 
site’s water quality parameters. To collect water samples, 
we used a stainless steel bucket washed thrice with lake 
water, sampling 0.5 m below the surface, and storing in 
pre-cleaned 2 L brown glass bottles. Using stainless steel 
tools, we collected surface sediment samples and trans-
ported them along with water samples in a cooler to the 
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laboratory. Since Taihu Lake enforces a ten-year ‘fishing 
ban,’ we selected four common fish species in the lake—
Channa argus, Carassius auratus, Parabramis pekinensis, 
and Hemiculter leucisculus—based on their feeding habits 
and bought them at Changzhou Fresh Market in December 
2022. After verifying weight and length (Table S2), we 
immediately dissected the biological samples at the labo-
ratory. While water samples remained at 4 °C, sediment 
and biological samples were stored at − 20 °C.

Sample Extraction and Instrument Analysis

We employed SPE with minor modifications (Kong et al. 
2022) to pretreat the water samples. Firstly, we activated 
the H2P cartridges (500 mg, Sepax, USA) successively 
with 10 mL methanol and 10 mL Milli-Q water. Next, we 
filtered 500 mL water samples through a 0.45 μm mixed 
cellulose esters membrane filter, then adjusted the pH to 
3 with 0.1 mol/L hydrochloric acid and added 50 ng of 
the internal standard mixture. We then passed the filtrates 
through the activated cartridges at a rate of approximately 
5 mL/min, eluting them with 10 mL methanol. Subse-
quently, we concentrated the eluent to near dryness with 
a water bath nitrogen blower, and finally, redissolved it to 
1 mL with methanol for instrumental analysis.

The sediment samples were thoroughly cleaned by 
removing stones, leaves, and other debris, then further pro-
cessed using the quartering method, freeze-drying, grind-
ing, and crushing, and filtering through an 80-mesh sieve. 
Each sediment sample (5 g) was transferred to a 50 mL 
polytetrafluoroethylene (PTFE) centrifuge tube, and a 
25 mL mixture of methylene chloride and hexane (4:1, v/v) 
was added. The mixture was vortexed for 30 s, extracted 
via ultrasound for 30 min, and centrifuged at 4000 rpm/
min for 10 min. The supernatant was collected, and these 
extraction steps were repeated thrice. The supernatants 
were combined, concentrated using a rotary evaporator, 
and diluted with Milli-Q water to 500 mL to extract BPs 
using the aforementioned SPE method. For the fish sam-
ples, after the dissection and storage, 5 g of each freeze-
dried sample was similarly processed.

The BPs were analyzed using an ultra-high-perfor-
mance liquid chromatograph coupled with a triple quad-
rupole liquid mass spectrometer. An electrospray ioniza-
tion source was utilized in negative ion mode for multiple 
reaction monitoring (MRM). The mobile phase consisted 
of Milli-Q water (A) and methanol (B), with a flow rate 
of 0.2 mL/min. Chromatographic separation was achieved 
via a Waters Atlantis T3 Column, while the column tem-
perature was maintained at 25 °C and the injection volume 
was set to 10 μL.

Quality Control and Quality Assurance

To ensure the accuracy and validity of the results, rigorous 
scientific protocols were employed. The internal standard 
method described by Han et al. (2022) was implemented 
to quantify BPs. The limits of detection (LODs) and lim-
its of quantification (LOQs) were assessed to determine 
method sensitivity, with correlation coefficients (R2) above 
0.998. The LODs and LOQs in water samples ranged from 
0.22–3.1  ng/L and 0.72–10  ng/L, respectively. Quality 
control measures were implemented throughout the pre-
treatment and analysis procedures, such as method blank, 
spiked blank, and sample parallel sampling. The recovery 
experiment was repeated six times, yielding relative standard 
deviations (RSDs) of less than 20%. No target compounds 
were detected in any of the blank samples. The recoveries 
of BPs were between 91.4 and 103% in water samples, 87.8 
and 110.9% in sediments, and 85.9 and 97.5% in biological 
samples.

Parameter Measurement and Statistical Analysis

In accordance with the EU technical guidance on envi-
ronmental risk assessment, the ecotoxicity of four BPs in 
the study area was evaluated using the risk quotient (RQ) 
method, calculated as shown in Formulas (1) and (2). The 
RQ value is the ratio of the measured environmental con-
centration (MEC) to the predicted no-effect concentration 
(PNEC), which is typically determined by dividing toxicity 
data  (LC50,  EC50, NOEC, etc.) by assessment factors (AF) 
ranging from 10 to 1000 (Liu et al. 2020a; Yan et al. 2013). 
The  LC50 values obtained from prior experiments were used 
as calculating data in this study, as reported by Han et al. 
(2021). An RQ < 0.01, 0.01 < RQ < 1, and RQ > 1 indicated 
low, medium, and high ecological risk, respectively (Liu 
et al. 2020b).

To assess the impact of BPs on human health, the estro-
gen toxicity equivalent (EEQ) was employed. This was cal-
culated by multiplying the concentrations of measured BPs 
with their respective estradiol equivalence factor (EEF), as 
described by Yan et al. (2017). When EEQ values exceed 
1.0 ng/L, it suggests a potential risk to human health (Liao 
et al. 2012b). The calculation formula is as follows:

(1)RQ =
MEC

PNEC

(2)PNEC =
LC50(EC50)

AF

(3)EEQ
t
= Σ

(

C
i
× EEF

i

)
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where it is the total estradiol equivalent quantity, the concen-
tration of the target compounds in the samples, and  EEFi is 
the estradiol equivalency factor.

Statistical analyses and data visualization were performed 
using SPSS Statistics 20 and ArcGIS 10.3, respectively.

Results and Discussions

Concentrations of BPs in Surface Water 
and Sediments

The concentration of BPs in surface water and sediments 
was explored to provide an intuitive assessment of their 
distribution. Table S3 shows the distribution of BPs in sur-
face water and sediments. BPS had a detection frequency of 
100% in surface water, followed by BPF and BPC with 90% 
each. BPZ had the lowest detection frequency at 80%. The 
ΣBPs content in surface water ranged from 53 to 5518 ng/L, 
with an average of 1227 ng/L. Among all BPs, BPS had the 
highest average concentration at 914 ng/L, accounting for 
75% of the total. In contrast, the concentration of BPZ and 
BPC was one to two orders of magnitude lower than the 
other two BPs, possibly due to their octanol–water partition 
coefficient (log Kow) (Jonker 2016). Research has shown 
that BPA is a highly produced chemical in China, with an 
annual output of around 167,000 tons. However, BPF and 
BPS have gradually replaced BPA since 2008 (Liao et al. 
2012d). The overall demand for BPF and BPS has increased 
over the past decade, with pollution concentrations that are 
240 and 100 times higher, respectively, than those in 2013. 
BPZ and BPC have also been detected since then (Jin and 
Zhu 2016), indicating that the use of BPs in the Taihu Lake 
area is increasing. In 2013, BPF, BPS, and BPZ in Taihu 
Lake was ND–5.6, 0.3–67, and ND ng/L and increased to 
ND–1600, 4.5–1600, and ND–17 ng/L in 2017 (Jin and Zhu 
2016; Yan et al. 2017). A similar pattern was also observed 
in previous studies of Taihu Lake surface water, where BPF 
and BPS were the dominant BPs (Si et al. 2019; Zhou et al. 
2020b).

Compared to water samples, sediment samples provide 
more stable and representative measurements of pollutant 
concentrations. In sediments, the detection frequencies of 
BPS (95%), BPF (90%), BPC (65%), and BPZ (65%) gradu-
ally decreased. The ΣBPs in the sediment group ranged from 
not detected to 42 ng/g, which was significantly lower than 
that in the surface water group. BPF and BPS were the prin-
cipal pollutants with contribution rates of 36% and 51%, 
respectively. The average concentrations of BPF and BPS in 
sediments were 3.9 ng/g and 5.6 ng/g, respectively, which 
were consistent with the study results from surface water. 
It is worth noting that BPZ and BPC were first detected in 
sediments from Taihu Lake in 2015, and the concentration of 

these pollutants has increased by more than five times since 
then (Chen et al. 2017). The results of the study suggest that 
even though pollutants such as BPZ and BPC have not been 
growing as fast in the environment as some of the less toxic 
alternatives to BPA, they are still significant causes for con-
cern due to their moderate toxicity. Although the half-lives 
of BPs are not long compared to other endocrine disruptors, 
they are known as “pseudo-persistent chemicals” because 
they have a wide distribution in the environment and are 
continuously released from daily production and life, leading 
to their accumulation. Furthermore, environmental factors 
such as pH have a significant impact on the degradation and 
accumulation of BPs. Studies have shown that BPs are more 
difficult to degrade under acidic conditions, while the oppo-
site is true under alkaline conditions, and are more easily 
accumulated in sediments (Shehab et al. 2020).

There have been several reports on the levels of BP pol-
lutant concentrations in rivers and lakes both domestically 
and abroad. By analyzing literature data, BPs concentrations 
detected in the Louma River, Liao River, and Pearl River 
basins in China ranged from 4.4 to 639 ng/L (Jin and Zhu 
2016; Peng et al. 2007), which was similar to the concentra-
tion levels in the present study. BPs were also detected in the 
United States, India, South Korea, and other places, but the 
concentration levels were not similar, indicating regional dif-
ferences in the use of BPs (Liao et al. 2012a; Yamazaki et al. 
2015). Among these regions, South Korea was found to have 
the most serious sediment pollution levels with concentra-
tions ranging from ND–1970 ng/g attributed to surrounding 
chemical plants (Hyo-Bang et al. 2012). Interestingly, water 
collected from Tokyo Bay, Edogawa River, and other loca-
tions in Japan mostly contained BPF as the main pollutant 
with concentrations hundreds to thousands of times higher 
than other BPs. Notably, the BPF concentration in the sur-
face water of the Tamagawa River was measured as high as 
2850 ng/L, which might be associated with different indus-
trial structures in the area (Liao et al. 2012c). These find-
ings suggest that BPs pollution in the north of Taihu Lake 
Basin remains below foreign studies’ levels. Nonetheless, 
concentrations of BPs are increasing worldwide. Compared 
to surface water, sediments pose a greater ecological risk as 
the primary carrier of BPs and require more attention.

Spatial Distributions of BPs in Surface Water 
and Sediments

Figure 1 shows the spatial distribution of BPs in surface 
water and sediments of Zhushan Lake and Meiliang Lake. 
In Zhushan Lake, the highest pollution levels of BPs were 
found in the inlet tributaries to the center of the lake on 
the east and west sides, while pollution levels were lower 
upstream and at the outlet of the lake. Sampling sites with 
high pollution levels were mainly concentrated in the middle 
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part of the lake. Site S13 had the highest concentration 
(6.7–4239 ng/L) while site S11 had the lowest concentration 
(nd–153 ng/L), with a difference of about 30 times. Other 
noteworthy sampling sites include S9 (1.5–2730 ng/L), S10 
(0.80–1755 ng/L), and S14 (12–2788 ng/L), with pollution 
concentrations 23, 18, and 19 times that of S11, respectively. 
S9 is located near Zhuxi Industrial Park in Yixing City, 
while S13 and S14 are adjacent to several textile printing 
and dyeing enterprises and chemical enterprises in Wuxi 
City, and S10 is between the three points at the mouth of 
the lake. The survey data indicate that the main sources of 
BPs in the lake are wastewater discharge from metallurgi-
cal, printing and dyeing, chemical, and other enterprises in 
the vicinity and the degradation of organic matter produced 
by human activities. This is closely related to the high pol-
lution levels of BPs in the middle part of Zhushan Lake 
and the positive correlation between BPS and BPF (Zhong 
et al. 2010). Additionally, slow water flow due to insufficient 
upstream water also contributed to the accumulation of pol-
lutants near the aforementioned sites. Lower surface water 
pollution levels downstream to the center of the lake may 
be due to the dilution and purification of industrial effluents 
(Lu et al. 2020).

The spatial distribution of BPs in sediments followed a 
trend similar to that of surface water, with pollution levels 
increasing from upstream to the middle part of the lake and 
then decreasing downstream. However, the concentrations 
of each pollutant in sediments were generally low, likely 
due to the “silt clearing project” implemented in Taihu Lake 
in recent years. This project may have contributed to some 

extent to improvement in water quality (Xia et al. 2014). 
Meiliang Lake (S15–S20) had a much lower overall pollu-
tion level, with surface water and sediment pollution ranges 
of nd–588 ng/L and nd–3.5 ng/g, respectively. This could be 
attributed to the fact that there are few industrial concentra-
tion areas surrounding the lake, resulting in less impact from 
industrial wastewater discharge. It is also possible that other 
rivers around Wuxi may have carried pollutants away from 
Meiliang Lake, reducing the effects of human activities and 
industrial production on the lake’s water quality.

Bioaccumulation of BPs in Common Fish

To provide a more comprehensively representation of the 
distribution of fish in the Taihu Lake Basin, this study also 
purchased 16 fish from the fresh market near Taihu Lake. 
After determining the source and fishing time, the concentra-
tions of BPs in five tissues and organs (muscle, brain, liver, 
kidney, gill) in four fish species (Channa argus, Carassius 
auratus, Parabramis pekinensis, Hemiculter leucisculus) 
were compared. The results showed that the concentrations 
of BPs in different fish organs followed the same trend, with 
the highest concentrations found in muscle, followed by gill, 
liver, brain, and kidney. The frequencies of detection for the 
four BPs were 76% for BPF, 65% for BPS, 41% for BPZ, and 
39% for BPC, respectively.

Figure 2 shows that the fish had the highest levels of 
BPs in their muscle and gills, measuring 13 and 10 ng/g, 
respectively. The gills, being the first filtering organ of a 
fish’s body, have a significant exchange of substances with 

Fig. 1  The concentration of BPs 
in water (A) and sediments (B) 
of different sampling sites
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the outside environment. This suggests that the testing fish 
accumulated BPs mainly through respiration and food acqui-
sition and were exposed for a short period, rather than deep 
accumulation. This is likely due to the high mobility of the 
lake water, which partially self-purifies BPs in the body. 
The liver is the main organ for metabolizing and transform-
ing drugs, poisons, and environmental pollutants in a fish’s 
body. The kidney is the main organ responsible for filtra-
tion metabolism and reabsorption, and hence is a site of 
BP accumulation, as seen in the detection of medium and 
low concentrations of BPs in the liver (7.5 ng/g) and kidney 
(3.1 ng/g), respectively. Interestingly, BPZ and BPC were 
not detected in all brain tissues, indicating their inability to 
invade the fish brain through the blood–brain barrier. How-
ever, the levels of the other two substances in the brain were 
higher than those in the kidney (Liu et al. 2022).

The concentration of BPs in four wild fish species were 
ranked in the order Channa argus > Parabramis pekinen-
sis > Hemiculter leucisculus > Carassius auratus, with a 
range from 0.16 to 7.2 ng/g. The concentrations of BPS, 
BPF, BPZ, and BPC in Channa argus were 4.1, 3.2, 3.1, and 

5.9 times higher than in Parabramis pekinensis, Hemiculter 
leucisculus, and Carassius auratus, respectively. The trend 
of enrichment concentrations generally followed feeding 
habits, with carnivorous fish exhibiting the highest levels 
of BPs, followed by herbivorous fish, and omnivorous fish 
at the lowest level. BPs tend to be enriched in sediments 
such as bottom mud, water plants, and semi-decayed plant 
residues that strongly adsorb them (Zhou et al. 2020a). Thus, 
the enrichment of BPs in fish is highly correlated with their 
feeding habits and their position in the trophic levels of the 
food chain.

BPs Source Analysis

Correlation and Principal Component Analysis

Correlation analysis is a commonly used analytical method 
for pollutant source analysis. The degree of correlation 
between pollutants reflects the proximity of their source 
pathways (Guo et al. 2012). Table 1 presents the Pearson 
correlation of BPZ, BPC, BPF, and BPS in various carriers. 

Fig. 2  BP concentrations in dif-
ferent tissues of fish (A) and in 
different species of fish (B)

Table 1  Pearson correlation 
coefficients among BPs contents

*p < 0.05; **p < 0.01 (2-tailed); samples = 40

BPs In surface water In sediments

BPZ BPC BPF BPS BPZ BPC BPF BPS

BPZ 1 1
BPC 0.037 1 0.341 1
BPF  − 0.034 0.392 1 0.579* 0.582* 1
BPS 0.407 0.682** 0.732** 1 0.495 0.584* 0.935** 1
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At the p < 0.01 level, the pairs of BPS-BPC, and BPS-BPF 
were extremely correlated and demonstrated similarity in 
surface water. In sediments, the pair of BPF-BPS was signif-
icantly correlated. At the p < 0.05 level, the following pairs 
of BPF-BPZ, BPF-BPC, and BPS-BPC were significantly 
correlated and demonstrated similarities.

The high correlation between BPF and BPS in both water 
and sediment suggests that they likely share similar sources. 
This is plausible given their higher stability and persistence 
in various aqueous media (Chen et al. 2016). BPC showed 
a significant correlation with BPS in water, but not particu-
larly in sediment. Moreover, BPZ was only found to corre-
late with BPF in sediments, suggesting a more diverse and 
uncertain origin of BPZ and BPC.

To further ascertain the pollution sources of BPs in 
the study area, a principal component analysis (PCA) was 
conducted (Table  S4). Two principal components with 
eigenvalues > 1 were extracted, and their cumulative vari-
ances reached 82.2% and 76.5%, respectively. As shown in 
Table S5, the first principal component of surface water had 
a robust positive correlation with BPS, BPF, and BPC, while 
the second component showed a high positive load factor 
only for BPZ content, indicating that BPZ in surface water 
may have an independent source, distinct from the other 
three BPs. Conversely, the first principal component in sedi-
ments was highly correlated with BPF and BPS, suggesting 
that the BPC in sediments may have a different source from 

that in surface water, which possibly links to its adsorption 
capacity and demands further exploration.

Spearman Correlation Matrix Between Conventional Water 
Quality Parameters and BPs Concentration in Surface Water 
and Sediments

In order to examine the association between the concentra-
tion of BPs in surface water and sediments and conventional 
water quality parameters, Spearman analysis was employed 
in the study. Figure 3 illustrates the results obtained from 
this non-parametric measurement method (Han et al. 2020).

The water quality parameters that were analyzed 
included TN (0.62–3.08  mg/L), TP (0.03–0.09  mg/L), 
 NH3-N (0.05–0.72 mg/L), DO (9.4–15.4 mg/L), and Chla 
(2.0–33.7 mg/L). TP, TN and  NH3-N are important factors 
that contribute to the eutrophication of water bodies. Addi-
tionally, algae consume DO in the water, and low levels of 
DO can lead to the death of aquatic organisms. The faster 
phytoplankton grows, the higher the Chla in the water. These 
parameters can affect the distribution and concentration of 
pollutants to some extent. According to the Spearman cor-
relation coefficient, there are strong significant correlations 
between four pairs among the conventional water quality 
parameters:  NH3-N and TN (R = 0.86, p < 0.01),  NH3-N and 
TP (R = 0.69, p < 0.05), DO and TP (R =  − 0.96, p < 0.001), 
and DO and  NH3-N (R =  − 0.80, p < 0.01). These results 

Fig. 3  The correlation between 
five conventional water quality 
parameters and sediment and 
surface water BPs. Correlation 
coefficient is represented by 
the number in the upper right 
corner (*p < 0.05, **p < 0.01, 
***p < 0.001)
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suggest that the water quality parameters are homogeneous 
across water quality parameters due to the fluidity and com-
plexity of the lake. However, certain connections can still 
be observed. For instance, the amount of DO is an indicator 
of the self-purification ability of the lake. DO was observed 
to have a negative correlation with TN, TP and  NH3-N in 
this study, indicating that high dissolved oxygen levels are 
beneficial to degrading various pollutants in the lake (Coffin 
et al. 2021).

Chla is an important parameter that responds to eutrophi-
cation in water bodies. It was observed that Chla was nega-
tively correlated with TN, TP, and other indicators. This is 
likely because poor water quality leads to increased demand 
for nutrients, such as nitrogen and phosphorus, from algae 
during water bloom outbreaks. The death of algal plants can 
result in a significant increase in nitrogen and phosphorus 
content, and a decrease in Chla. Other indicators, such as 
transparency and pH, also affect the eutrophication status 
(Pang et al. 2021). Apart from BPZ in surface water, all BPs 
concentrations were negatively correlated with indicators 
such as nitrogen and phosphorus, and positively correlated 
with dissolved oxygen. Additionally, it’s worth mentioning 
that BPZ, BPC, BPS in sediments, and BPS in surface water 
all showed significant positive correlations with  NH3-N, 
indicating that surface water and sediment BP distribu-
tion may be affected by water quality and environmental 
conditions.

Stable Isotope Method Analysis

Analyzing the stable carbon and nitrogen isotopes in wild 
fish tissues can help us understand their feeding sources and 
the changes in the water environment. Based on the flow 
characteristics of the lake, the sampling sites were divided 
into five areas: Z1 (S1, S2, S3, S4, S14), Z2 (S5, S6, S7, S8, 
S13), Z3 (S9, S10, S11, S12), Z4 (S15, S19, S20), and Z5 
(S16, S17, S18). The fish samples were grouped into four 
ccategories according to species (Z6, Carassius auratus, Z7, 
Hemiculter leucisculus, Z8, Channa argus, Z9, Parabramis 
pekinensis). The δ13C and δ15N in solid and water samples 
were measured using EA-IRMS (Gdam et al. 2022).

As shown in Table 2, the δ13C values in solid and liq-
uid samples were −  30.38‰ to −  21.48‰ (8.9‰), 
and − 16.62‰ to − 11.8‰ (4.82‰), respectively. The 
δ15N values were 6.74‰ to 10.57‰ (3.83‰) and 34.9‰ 
to 40.6‰ (5.70‰), respectively. The δ13C value in water 
samples was significantly higher than that of solid samples, 
while the δ15N value was 3–4 times higher than that of solid 
samples. These results suggest that the stable isotope values 
in fish tissues are more similar to those in sediments, indi-
cating that fish are more likely to consume food from the 
sediments rather than surface water. Additionally, the δ13C 
value of Channa argus was the lowest, while the δ15N value 

of Hemiculter leucisculus was the highest, suggesting that 
these two species have different food sources compared to 
other fish species. Geographically, Hemiculter leucisculus 
and Channa argus are more likely to be found downstream 
near the center of Taihu Lake, while Carassius auratus and 
Parabramis pekinensis are more likely to be found upstream 
near the shore.

Ecological Risk Assessment

The ecological balance of the southern Jiangsu Basin is 
maintained by Taihu Lake’s unique protective effect, and 
assessing the ecological risk of Taihu Lake (Southern 
Jiangsu section) is critical due to the reproductive toxicity 
of BPs to aquatic organisms. Zebrafish was considered the 
most susceptible species based on the worst-case scenario, 
and its acute toxicity (AF = 1000) was used to calculate the 
Predicted No Effect Concentration (PNEC). Figure 4 shows 
the risk assessment results for aquatic organisms calculated 
from toxicity data and BP concentrations in surface water.

All four BPs showed a RQ of < 1, indicating a low risk to 
aquatic organisms. The ΣRQs for fish ranged from 0.0013 
to 0.1759, with a mean of 0.047. Except for S9, S10, and 
S13, the ΣRQs showed a low risk to fish. The contribution 
rate to the total risk was highest for BPF (70.6%), followed 
by BPC (13.6%), BPS (13.0%) and BPZ (2.8%). The RQs of 
BPF at most sampling points were below 0.01, but at S9, S10 
and S13, they were 0.1406, 0.1527 and 0.1024, respectively, 
indicating moderate environmental risk. Lyu et al. (2023) 
explored bisphenol exposures and associated health risk 
among Japanese women living in the Kyoto area from 1993 
to 2016, founding BPF also was the most important risk 
driver. BPS only showed low risk at four sampling sites (S9, 

Table 2  Values of δ13C and δ15N in sediments, fish tissues, and water 
samples

Z1: S1, S2, S3, S4, S14; Z2: S5, S6, S7, S8, S13; Z3: S9, S10, S11, 
S12; Z4: S15, S19, S20; Z5: S16, S17, S18; Z6: Carassius auratus; 
Z7: Hemiculter leucisculus; Z8: Channa argus; Z9: Parabramis peki-
nensis

Name Solid samples Liquid samples

δ13C (‰) δ15N (‰) δ13C (‰) δ15N (‰)

Z1  − 24.03 8.74  − 16.54 40.6
Z2  − 25.67 8.68  − 16.62 34.9
Z3  − 24.66 9.42  − 12.29 40.2
Z4  − 23.55 8.62  − 13.97 36.1
Z5  − 24.36 8.39  − 11.80 38.5
Z6  − 30.38 7.57
Z7  − 23.94 10.57
Z8  − 21.48 9.09
Z9  − 23.12 6.74
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S10, S13, S14). The ecological risk of BPZ at all sampling 
sites was not significant, and BPC showed a low risk only 
at S8, S10, and S13. Overall, BPs in the southern Jiangsu 
section of Taihu Lake posed low risks to aquatic organisms. 
The ecological risk of BPs from Zhushan Lake increased 
with the flow direction and decreased in the central direc-
tion of Taihu Lake, which was consistent with the spatial 
distribution of BPs concentration. While the water quality 
of Meiliang Lake was better, more than half of the sites were 
identified as low risk.

The study also assessed the potential human health risks 
of the four BPs by calculating the  EEQt of each sampling 
site. The  EEQt was calculated based on the estrogen equiv-
alent factor of each BP, as reported by Yan et al. (2017). 
According to the results shown in Figure S2, the maximum 

 EEQt in the southern Jiangsu section of Taihu Lake was 
0–0.0669 ng E2/L, which is lower than the maximum allow-
able value of 1 ng E2/L. Therefore, the risk to human health 
is not significant. The highest  EEQt values were found at 
S11, followed by S10, and BPF and BPS remained the main 
contributors. Interestingly, the average  EEQt of BPF was 30 
times higher than that of BPS. It is important to note that 
this study only considered the concentration of BPs in water, 
while ecological and human health risks may also arise due 
to the accumulation of BPs in other media carriers and food 
chains. Karolina et al. (2023) also indicated the presence 
of BPs in the aquatic environment can lead to unexpected 
effects on aquatic organisms.

Practical Applications

There has been increasing concern about the potential health 
risks associated with BPs in recent years. Numerous studies 
have been conducted to understand the effects of BPs on 
human health and the environment. Here are some of the 
practical applications of the study: (1) examining the pres-
ence, persistence, and potential ecological impacts of BPs 
in aquic ecosystem; (2) providing valuable insights into the 
mechanisms of action, exposure routes, and potential health 
effects associated with BPs; (3) playing a vital role in shap-
ing regulatory actions and policies worldwide; (4) spurring 
the development and useful of alternative materials that are 
deemed safer.

Environmental Implications

The emission of BPs contributes to the increase of new pol-
lutants in the environment, causing estrogen effects. Zhushan 
Lake and Meiliang Lake are two important positions affect-
ing the water quality in Taihu Lake. Herein, we explored the 
four BPs in Zhushan Lake and Meiliang Lake. Here are some 
of the implications of the study: (1) theoretical implications: 
the detection of BPs helping to assess risks and developing 
strategies for mitigation; the potential health effects associ-
ated with BPs helping to inform public health policies and 
regulations; (2) practical implications: the detection of BPs 
in the environment highlighting the need for safe alterna-
tives and leading to the development of BPs products; many 
countries implementing restrictions and bans on the use of 
BPs in specific applications.

Conclusions

This study investigated the presence and concentrations 
of four types of BPs (BPZ, BPC, BPF, and BPS) in Taihu 
Lake’s surface water, sediment, and wild fish. The results 
revealed wide-spread presence of these BPs, with varying 

Fig. 4  Ecological risk of BPs in surface water of Taihu Lake (RQ is 
the risk quotient based on acute toxicity)
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concentrations across the different compartments. BPS and 
BPF were identified as the major contributors among the 
BPs analyzed. Ecological risk analysis indicated that BPF 
posed a higher risk contribution than the other BPs, account-
ing for 70.6% of the total risk. Moreover, the significant cor-
relations observed between BPS and BPF in surface water 
and sediment suggested a common source of contamination. 
Wild fish muscle tissue exhibited the highest mean concen-
tration of BPs, indicating the potential bioaccumulation of 
these substances. However, it was unlikely for BPZ and BPC 
to cross the blood–brain barrier into the fish brain. Stable 
isotope results further suggested that wild fish primarily fed 
on sediment. These findings underscore the importance of 
conducting further investigations into the potential risks 
associated with BPs.

Despite the valuable insights gained from this study, it 
also presented certain limitations which should be taken into 
consideration. Some main limitations of the study include: 
(1) The study focused on two specific areas of Taihu Lake, 
which may not fully represent the entire lake system. (2) It 
did not extensively explore the potential effects of seasonal 
variations on the occurrence and distribution of BPs. (3) 
It did not explicitly determine the exact sources of BPs in 
Taihu Lake. (4) It was lack of ecotoxicological assessment. 
These limitations provide opportunities for future devel-
opments and research in this area. Several potential future 
research could be explored: (1) Conducting long-term moni-
toring of BPs in Taihu Lake would provide valuable insights 
into temporal trends and variations in pollution levels. (2) 
Further investigations into the sources of BPs in the lake 
could involve the use of advanced techniques such as finger-
printing, source apportionment modeling, and identification 
of specific industries or activities contributing to the BP pol-
lution. (3) Investigating the transfer of BPs through different 
trophic levels would provide insights into their persistence 
and potential health impacts. (4) Explore the effects of BPs 
on non-target organisms, including vulnerable species and 
sensitive life stages. Addressing the limitations identified in 
the study and pursuing future research directions will pro-
vide a more comprehensive understanding of the pollution 
levels of BPs in Taihu Lake and contribute to the develop-
ment of effective pollution control strategies.
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