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Abstract
The concentrations, distribution, influencing factors, and sources of 26 organochlorine pesticides (OCPs) were investi-
gated in surface waters of Shanghai. Surface waters in this study refer to the freshwater that contains particles smaller 
than 0.45 μm in size. Total concentrations of OCPs ranged from 5.90 to 158.16 ng/L with a mean value of 78.11 ng/L. 
The OCP concentrations were generally low, but with a few relatively high concentrations at sites in the northern and 
southern regions of Shanghai. Dissolved oxygen, electrical conductivity, pH and oxidation–reduction potential had 
an important impact on the distribution of OCPs, which showed a significant negative correlation (p < 0.01). Source 
apportionment was carried out using isomer ratios of OCPs and Absolute Principal Component Scores-Multiple Linear 
Regression. Six principal components of OCPs were identified, and the contribution rates and contribution amounts were 
ranked: Heptachlor epoxide > HCHs > Endosufan and Methoxychlor > Propachlor > Heptachlor and DDTs > Dacthal and 
Chlordane. The contribution of historic residual HCHs in Shanghai’s surface waters was not significantly different from that 
of atmospheric deposition, and a part of HCB was likely from the degradation of HCHs. DDTs were mainly from historical 
residues, although some were derived from recent inputs, and the main sources of heptachlors were also the histori-
cal residues. However, the recent input and historical residues of aldrins were both noticeable. The fluctuation of OCPs 
pollution levels and source differences among different intensive land-use types were relatively insignificant (p > 0.05).

Keywords  Influencing factor · Dichlorodiphenyl trichloroethane · Benzene hexachloride · Principal component · Land-
use types

1  Introduction

Organochlorine pesticides (OCPs) are a class of persis-
tent organic pollutants (POPs) that exist widely in the 
environment with high residues and strong bioconcen-
tration [1]. Their chemical properties are very stable, with 
persistence, liposolubility, toxicity, and bioaccumulation 
[2]. The use of pesticides in agricultural production has 

become a common practice to prevent or reduce losses 
caused by infectious plant diseases and to improve 
crop yield and quality [3]. However, most of the applied 
pesticides escape to the environment through surface 
runoff, spraying residues, infiltration into or as residues 
on crops, and can migrate over long distances [4]. OCPs 
can migrate into a watershed through atmospheric 
transport, wet and dry deposition, water flow transport, 
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and environmental medium exchange etc., and poses a 
threat to aquatic ecosystems [2]. In order to eliminate 
POPs, the Stockholm Convention on Persistent Organic 
Pollutants was signed in 2001 in Stockholm, Sweden 
[5]. By 2011, the number of controlled pollutants in the 
convention had increased to twenty-two, of which OCPs 
accounted for thirteen [5].

Surface water resources are abundant in China, and 
have received increasing amounts of industrial, agricul-
tural and domestic sewage with population growth and 
rapid economic development in recent decades, which 
have caused serious pollution [6]. As a result, surface 
water pollution has become an important social prob-
lem related to public safety and human health, among 
which POPs pose the greatest threat to human beings 
and ecosystems. Previous studies have shown that some 
important rivers in China (e.g., Shaying River, Yellow 
River, and Pearl River) have been polluted by OCPs to 
varying degrees [7–9]. OCPs in urban surface waters can 
potentially cause persistent damage to ecosystems and 
human health.

Numerous studies have focused on the distribution 
characteristics, sources and ecological risk assessment 
of OCPs in river systems, and most research has con-
centrated on individual rivers [7], whereas the study of 
surface waters in urban river networks is very limited. 
However, in the plain regions of southern China, several 
rivers are intertwined to form river networks. Surface 
water is distributed throughout cities, and the charac-
teristics of OCPs in surface waters may be easily affected 
by the surrounding environment and different intensive 
land-use types [10]. Therefore, the investigation of OCPs 
in the surface waters of urban river networks is of great 
significance for analyzing their environmental behavior 
and for understanding the migration and transformation 
of OCPs in rivers. However, currently, few relevant studies 
have been reported [11].

Shanghai is a city located in the plains of southern 
China and has a typical river network [12]. Its indus-
trialization and urbanization are well-developed and 
its population density is high [13]. Shanghai’s surface 
waters can be affected by many factors, including indus-
try, agriculture, and the life of residents [6]. The purpose 
of this study is to (1) explore the concentrations and spa-
tial variation of OCPs in surface waters of Shanghai, (2) 
analyze the correlation between physical and chemical 
factors and OCPs distribution, (3) identify the sources 
and principal components of OCPs, (4) quantitatively 
assess the contribution rate and contribution amount of 
each principal component. The results will be helpful for 
understanding the environmental behavior and fate of 
OCPs in the surface waters of developed cities globally.

2 � Materials and methods

2.1 � Study area and sample collection

The study area is located in Shanghai (30° 40′–31° 
53′, 120° 52′–122° 12′), which is an important interna-
tional metropolis in China with functions of industry, 
agriculture, residence, and commerce, and covers an 
area of 6340.5  km2 [12]. Shanghai is located on the 
alluvial plain of the Yangtze River Delta, at an average 
altitude of 4 m above sea level [12]. There are approxi-
mately 33,127 rivers or creeks in Shanghai, with a total 
length of ~ 24,915  km and a total water surface area 
of ~ 642.7 km2 [10]. These rivers are interconnected with 
each other, thus producing a river network.

According to a grid method, 53 sampling sites were 
set up and divided into five types of intensive land-use 
(Fig. 1). Detailed information on the sampling areas is 
described in Table A.1, and the typical characteristics of 
different intensive land-use types are shown in Fig. A.1. 
Surface water samples were collected from December 
2018 to February 2019. Samples were collected from 
the middle of the rivers at a depth of 5–15 cm using a 
plexiglass sampler (three duplicates) and stored in 1L 
brown glass bottles. The collected surface water sam-
ples were immediately transported to the laboratory, 
stored at 4 °C with preservatives (0.10 g/L ascorbic acid, 
0.35 g/L ethylenediaminetetraacetic acid disodium salt, 
and 9.4 g/L potassium dihydrogen citrate) before being 
analyzed within 24 h. A Global Positioning System (GPS) 
device was used to locate sample sites. The temperature, 
dissolved oxygen (DO), electrical conductivity (EC), pH, 
and oxygen reduction potential (ORP) were measured 
in situ at each sampling site using a portable water qual-
ity monitor (YSI proplus, USA).

2.2 � Sample preparation and analysis

Surface water samples were filtered using 0.45 μm pore 
size glass fiber filters (ANPEL, China), which were cal-
cined for 4 h at 400 °C and then weighed before use. 
The filtered water samples were extracted by solid phase 
extraction (ANPEL CG1824, China). Before the extraction, 
6  mL cartridges packed with 500  mg of C18 (ANPEL, 
China) were activated by adding 5  mL ethyl acetate, 
10 mL methanol, and 10 mL ultra-pure water in turn. 
Filtered water samples were then passed through the 
cartridges at a flow rate of 10 mL/min, and the cartridges 
were eluted using 5  mL methanol and 5  mL dichlo-
romethane after extraction. The elution was dried with 
anhydrous sodium sulfate, and then transferred with 
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dichloromethane and concentrated to 0.7 mL by an anti-
septic 24-bit nitrogen blower (ANPEL DC24-Rt, China). 
Finally, the concentrated samples were fixed to 1 mL 
after the addition of ~ 0.3 mL methanol. The filtered glass 
fiber membranes were dried naturally and then weighed 
again. The total suspended solids (TSS) content of the 
surface water samples could be calculated according to 
the added weight.

The OCPs concentrations in surface water samples 
were measured using Gas-Chromatography–Mass Spec-
trophotometry (GC–MS, Thermo Fisher Trace DSQII-MS, 
USA) in EI mode equipped with a HP-5MS capillary column 
(30.0 m × 0.25 mm × 0.25 μm) with helium as a carrier gas 
at a flow rate of 1.2 mL/min. The oven temperature was 
held at 70 °C for 1.5 min before being increased to 200 °C 
at a rate of 10 °C/min, and was then continually increased 
by 7 °C/min until 320 °C, which was held for 3 min. The 
injector was set at 275 °C. The following 26 OCPs were ana-
lyzed: Etridiazole, Chloroneb, Propachlor, α-HCH, β-HCH, 
γ-HCH, δ-HCH, HCB, Chlorothalonil, Heptachlor, Aldrin, 
Dacthal (DCPA), Heptachlor epoxide, trans-chlordane, 
cis-chlordane, Endosufan I, Endosufan II, trans-nonachlor, 

p,p′-DDE, p,p′-DDD, p,p′-DDT, Dieldrin, Endrin, Chloroben-
zilate, Endosufan sulfate, and Methoxychlor. The standard 
solutions of these OCPs were purchased from Sigma (USA). 
All solvents used for sample processing (e.g., ethyl acetate, 
methanol, and dichloromethane) were HPLC grade and 
obtained from ANPEL (China).

2.3 � Quality assurance and quality control

The concentrations of OCPs in this study were quantified 
using the United States Environmental Protection Agen-
cy’s (USEPA) internal standard method [14]. The internal 
standards are pure compounds added to an extract or 
standard solution in a known amount and used to measure 
the relative responses of the method analytes [14]. In this 
study, deuterated polycyclic aromatic hydrocarbons (PAHs) 
of 100 ng/μL (d10-acenaphthene, d10-phenanththrene, 
d12-chrysene) (Sigma, USA) were used as the internal 
standard solution according to the USEPA method [14]. 
In addition, procedural blanks and field blanks were per-
formed to check for interference and cross-contamination. 
Blank samples and standard samples were tested every 

Fig. 1   Location of sampling 
points in the surface waters 
of Shanghai under different 
intensive land-uses
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ten samples. The linearity coefficients (R2) of the standard 
curve ranged from 0.9906 to 0.9993. Target compounds 
were under the limit of detection in blank samples. The 
recoveries of deuterated PAHs were between 62.5 and 
126.3% in surface water samples. The limits of detection 
(LOD) were 0.24–1.83 ng/L with a signal-to-noise ratio 
(S/N) of 3, and the limits of quantification (LOQ) were 
0.80–6.14 ng/L with a S/N of 10. All of the analytical results 
that were lower than the LOQ were reported as half of the 
LOQ, while those lower than the LOD were reported as not 
detected, with zero being assigned for statistical purposes.

2.4 � Data analysis

To identify the principal components of OCPs and their 
contribution rates and contribution amounts in surface 
waters of Shanghai, the Absolute Principal Component 
Scores-Multiple Linear Regression (APCS-MLR) model was 
adopted [15]. The equations and the process described by 
Chen et al. [16] were applied in the present study.

The data were statistically analyzed using IBM SPSS Sta-
tistics version 25 (IBM, USA). A variance analysis (p < 0.05) 
of total OCPs among different intensive land-use types 
was conducted by a one-way ANOVA test. The correlation 
analysis was performed using a Pearson correlation, and 
the level of significance was set at p < 0.05 (two tailed).

The spatial distribution maps of OCPs in Shanghai’s 
surface waters were drawn by the interpolation method 
in ArcGIS version 10.2 (ESRI, USA). The inverse distance 
weight (IDW) method was used in the interpolation model.

Redundancy analysis (RDA) is a direct gradient analy-
sis method, which can evaluate the correlation between 
multiple sets of species data and multiple sets of environ-
mental data from a statistical point of view, and analyze 
the causes of variation of species data [17]. RDA has been 
widely used in the field of ecology. RDA was performed 
in this study using Canoco version 5.0 (Microcomputer 
Power, USA). The significance analysis of the ranked results 
was performed by an unrestricted permutation test, and 
the number of inspections was set to 499.

3 � Results and discussion

3.1 � Occurrence of OCPs in surface water

The concentrations of OCPs in surface waters of Shang-
hai ranged from 5.90 to 158.16 ng/L with a mean value 
of 78.11 ng/L (Table A.2) [18]. Table A.3 has specified the 
detailed information of OCP compounds analyzed in dif-
ferent studies. The concentrations in Shanghai were higher 
than those from other areas, for example, 12.3–77.5 ng/L 
in the Shaying River of China, 0.67–4.90 ng/L in the Yellow 

River, China, 0.009–5.530 ng/L in the Tiber River, Italy, 
0.44–3.52 ng/L in the Sarno River, Italy, and ND–51.1 ng/L 
in the Moscow River, Russia. Our findings were similar to 
the concentrations of 9.7–122.5 ng/L reported for the 
Pearl River, China, and slightly lower than those from riv-
ers elsewhere in China, e.g., 14.78–180.6 ng/L in the Daling 
River, China, 3.18–171.28 ng/L in the Hunhe River, China, 
and < 0.08–197.71 ng/L in the Yongding River Basin, China 
(Table A.3). Furthermore, our findings were much lower 
than reports of concentration ranging from 2 to 1200 ng/L 
in rivers in other Asian countries (e.g., the Brahmaputra 
River and the Hooghly River, India, and the Chenab River, 
Pakistan, and also much lower than the reported range 
in concentration of 3–5410 ng/L for river water in Korea, 
and 52–285 ng/L in the Indus River, Pakistan (Table A.3). 
Overall, the concentrations of OCPs in the surface waters 
of Shanghai were therefore basically the same as those 
reported in other parts of China, lower than those in other 
Asian developing countries, but higher than those in Italy, 
Russia, and other European countries (Table A.3).

Figure  2 shows the concentrations of 26 OCPs in 
surface waters of Shanghai. For the individual com-
pounds, Chloroneb, Chlorobenzilate, and Chlorotha-
lonil were the major pollutants, with concentrations of 
13.08 ± 5.95 ng/L, 7.56 ± 3.25 ng/L, and 5.95 ± 2.29 ng/L, 
respectively (Fig. 2). On the other hand, trans-nonachlor 
(0.66 ± 0.35 ng/L), cis-chlordane (0.66 ± 0.49 ng/L), and 
p,p′-DDD (0.77 ± 0.63 ng/L) were the three individual com-
pounds with the lowest concentrations (Fig. 2). The aver-
age concentrations of the other 20 OCPs ranged from 1.01 
to 4.45 ng/L (Fig. 2). Chlorobenzilate, Chlorothalonil, and 
p,p’-DDE had the highest detection frequencies (92.5%, 
90.6%, and 90.6%, respectively), while p,p’-DDD, cis-
chlordane, Endosufan I, and Endosufan II had the lowest 
detection frequencies (32.1%, 41.5%, 54.7%, and 54.7%, 
respectively), and the other 20 OCPs detection frequencies 
ranged from 58.5 to 84.9% (Fig. 2). China’s Environmental 
Quality Standards for Surface Water (GB 3838-2002) and 
the National Recommended Water Quality Criteria of the 
USEPA were adopted to evaluate the surface water quality 
in Shanghai (Table A.2) [18]. These metrics provide useful 
assistance in efforts to protect the aquatic environment. 
The results showed that concentrations of OCP residues 
were far below the standard limits set by both China and 
the United States, indicating that OCP concentrations 
in the surface waters of Shanghai were safe for aquatic 
organisms (Table A.2).

3.2 � Spatial variations of OCPs in surface waters

In general, the concentration of OCPs was well-distributed 
in the surface waters of Shanghai. The highest levels of 
OCPs were in the southern (P49, 158.16 ng/L) and northern 
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regions (P10, 143.81 ng/L), which are both agricultural 
areas (Fig. 3). Another high concentration area was in the 
northern side of the inner city (S9, 150.99 ng/L) (Fig. 3). 
According to Fig. 3, the areas with high OCP concentra-
tions were also areas where agricultural cultivation was 
concentrated. In order to ensure high crop yields, farmers 
usually use high inputs of fertilizers and pesticides. The 
lowest concentration of OCPs occurred in the southern 
side of the inner city (P2, 5.90 ng/L; P27, 12.47 ng/L) and in 

the western suburban towns of Shanghai (P38, 16.45 ng/L) 
(Fig. 3). There was little agricultural activity in these areas, 
and the water flow rates were relatively high, resulting in 
fast diffusion and dilution of OCPs. Overall, the OCP con-
centrations in the surface waters of Shanghai were gener-
ally low, with a few relatively high concentration sites in 
the northern and southern regions.

The OCP concentration difference among five inten-
sive land-use types was relatively insignificant (p > 0.05), 

Fig. 2   Concentration statistics of 26 OCP individuals in surface waters of Shanghai

Fig. 3   Spatial distribution characteristics of OCPs in surface waters of Shanghai
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and the ranking was as follows: agricultural areas 
(85.58 ± 38.35 ng/L) > industrial areas (80.94 ± 20.16 ng/L) > sub-
urban towns (77.70 ± 23.52  ng/L) > inner city 
(72.96 ± 41.53 ng/L) > island areas (64.40 ± 19.93 ng/L) (Fig. 
A.2). It is worth noting that the concentration of OCPs in the 
inner city varied the most with the maximum standard devia-
tion (S.D.) of 41.53 ng/L among all the areas (Fig. A.2), which 
was related to frequent human activities. Some rivers in the 
inner city have experienced artificial ecological floating islands, 
regular aeration, sediment dredging, and other water protec-
tion measures, which can be beneficial for improving water 
quality and accelerating the degradation of organic pollutants. 
However, some other rivers had coastal agricultural cultivation 
in the past, which was discovered during sampling, and the 
application of fertilizers and pesticides could make them con-
tinuously released from soil or sediment to surface waters over 
a long period of time [19]. Therefore, for urban rivers, it is crucial 
to strengthen management.

3.3 � Factors influencing the spatial variations 
of OCPs

The behavior and fate of OCPs in the environment are 
closely related to their own physicochemical properties, 
and also closely related to various physical and chemical 
factors in their environment [20]. The OCP concentrations 
in the surface waters of Shanghai showed a significant 
negative correlation with DO (Fig. 4a), EC (Fig. 4b), pH 
(Fig. 4c), and ORP (Fig. 4d) (p < 0.01). DO is an important 
indicator for reflecting water quality, and many organic 
pollutants are decomposed by aerobic microbial activity 
when discharged into rivers [10]. Therefore, in the case 
of serious organic pollution, surface waters consume a 
large amount of dissolved oxygen. The negative correla-
tion between OCP concentrations and DO in the Shang-
hai surface waters indicates that OCPs discharged into the 
rivers would affect the surface water quality. ORP reflects 
the redox potential of the surface water. From Fig. 4d, the 
surface waters of Shanghai show strong oxidative proper-
ties, which may be related to the high DO concentration in 
water. The higher ORP of water could make organic pollut-
ants easier to be oxidatively decomposed, thus there was a 
negative correlation between them. EC is an indicator that 
reflects the concentration of salt in the surface water. At 
a certain temperature, EC is proportional to the salinity of 
water [21]. Studies have shown that higher salinity waters 
are more unfavorable to the dissolution of organic pollut-
ants, which may be an important reason for the negative 
correlation between EC and OCP concentrations in the 
surface waters of Shanghai [22]. The pH of rainwater in 
Shanghai is mostly smaller than 7, and the residual OCPs in 
farmland would enter rivers along with the surface runoff 
during rainfall. A large amount of surface runoff input led 

to the decrease of surface water pH and the increase of 
OCP accumulation in some areas.

Table A.4 shows the RDA ranked results between 26 
OCPs and the suite of physio-chemical factors (T, TSS, DO, 
EC, pH, and ORP) in the surface waters of Shanghai. The 
eigenvalue of axis 1 is 0.6329, and that of axis 2 is 0.0172. 
These two ranking axes explained 65.01% of the differ-
ences in the distribution of OCPs and 98.43% of the rela-
tionship between differences between the distribution of 
OCPs and the physio-chemical factors. The pseudo-canon-
ical correlation coefficient of OCPs and physio-chemical 
factors in axis 1 was 0.8983, while the correlation coeffi-
cient in axis 2 was 0.4665. The results of the RDA show 
that axis 1 could well reflect the relationship between the 
distribution difference of OCPs and physio-chemical fac-
tors, which had an important impact on the distribution 
of OCPs in the surface waters of Shanghai.

As shown in Fig. 4e, OCP individuals in the sampled sur-
face waters had the highest correlation with axis 1, while 
four of the six physio-chemical factors had the highest 
correlation with axis 1, namely DO, EC, pH, and ORP. These 
four physio-chemical factors had an obvious negative cor-
relation with the OCP individuals (Fig. 4e), which is consist-
ent with the conclusion of Fig. 4a–d. Due to the sampling 
time being concentrated in winter, the fluctuation of water 
temperature (6.2–11.1 °C) was not significant. Therefore, 
no obvious correlation between temperature and OCPs 
was observed. The correlation between TSS and OCPs 
was also insignificant, although TSS may affect the OCP 
concentrations in sediments and suspended particulate 
matter.

3.4 � Source apportionment of OCPs

3.4.1 � HCHs, HCB and DDTs

Compositional differences between HCH isomers or DDT 
congeners in surface water environments could provide 
abundant and useful information for identifying differ-
ent pollution sources and their environmental chemical 
behavior [20]. HCHs in the environment are mainly com-
posed of four isomers, namely α-HCH, β-HCH, γ-HCH, and 
δ-HCH [1]. Reportedly, a ratio of α-HCH/γ-HCH < 1 indi-
cates that there has been an input of lindane, and a ratio 
between 1 and 3 indicates the input of industrial HCHs, 
whereas a ratio > 3 may indicates that HCHs comes from 
mixed sources of lindane and industrial HCHs [23]. In this 
study, in the samples with α-HCH and γ-HCH detected 
(n = 22), there were 10 sites whose ratios range from 1 to 
3, indicating an input of industrial HCHs (Fig. 5a). At 12 
sampling sites the ratios of α-HCH/γ-HCH > 3, thus indi-
cating the mixed source of lindane and industrial HCHs 
(Fig. 5a). In addition, the ratio of α-HCH/γ-HCH can be > 7 
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Fig. 4   Correlations between OCP concentrations and physio-
chemical factors in the surface water of Shanghai. HCHs contained 
α-HCH, β-HCH, γ-HCH, δ-HCH; Chlordane contained trans-chlor-
dane and cis-chlordane; Endosufan contained Endosufan I and 

Endosufan II; DDTs contained p,p′-DDE, p,p′-DDD and p,p′-DDT. T 
temperature, TSS total suspended solids, EC electrical conductivity, 
DO dissolved oxygen, ORP oxidation–reduction potential
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under photochemical transformation of γ-HCH into α-HCH 
in the atmosphere during long range transport [24], which 
can further indicate HCHs originating from atmospheric 
deposition [23]. If the ratio is between 4 and 7, HCHs in the 
environment may be mainly from historical residues [23]. 
In this study, 9 sampling sites had a ratio ranging from 4 to 
7, thus indicating historical residues. Only one site located 
in a suburban town (P42) had a ratio > 7, which indicates 
that atmospheric deposition may be one of the main 
sources of HCHs in the surface water of this area (Fig. 5a).

Compared with other isomers, β-HCH is the most sta-
ble and resistant to microbial degradation [25]. Therefore, 
β-HCH/(α-HCH + γ-HCH) can also indicate whether HCHs in 
surface water come from historical residues (> 0.5), or from 
atmospheric deposition (< 0.5) [23]. Among the samples 
with β-HCH and (α-HCH + γ-HCH) detected (n = 41), there 
were 21 sites whose ratios > 0.5, thus indicating historical 
residues (Fig. 5b). At 20 sampling sites, ratios of β-HCH/
(α-HCH + γ-HCH) were < 0.5, indicating atmospheric depo-
sition (Fig. 5b). Overall, the contribution of historic residual 
HCHs in Shanghai’s surface waters was not significantly 
different from that of atmospheric deposition. From the 
perspective of different intensive land-use types, HCHs in 
more than half of the sampling sites in the inner city and 
industrial areas were derived from atmospheric deposi-
tion, whereas agricultural areas, island areas, and subur-
ban towns were dominated by historical residual HCHs 
(Fig. 5b).

HCB has not been directly used as a pesticide in China, 
but it is a type of degradation product of many pesticides 
containing chlorine such as atrazine, pentachlorophenol, 
industrial HCH and lindane [26]. The correlation analy-
sis between HCB and HCHs (α-HCH, β-HCH, γ-HCH, and 
δ-HCH) was conducted, and the concentrations of HCB had 
a significant positive correlation with that of β-HCH with 
a Pearson correlation coefficient of 0.301 (p < 0.05). It indi-
cated that a part of HCB in surface waters of Shanghai was 
likely from the degradation of HCHs, and this conclusion 

is consistent with that of the previous studies conducted 
by Wu et al. [26] and Wang et al. [27].

DDE and DDD are products of DDT decomposition 
under aerobic and anaerobic conditions, respectively [1]. 
Therefore, the ratio of (p,p’-DDE + p,p’-DDD)/p,p’-DDT can 
reflect the input and degradation of DDT [1]. Among the 32 
sampling sites with DDTs detected, 19 sites had ratios > 0.5, 
thus indicating historical residual source of DDTs, whereas 
13 had ratios < 0.5, thus indicating a recent input source 
(Fig. 5c). Studies have shown that DDT pollution caused 
by dicofol has been very significant in China [28]. Dicofol 
is one of the major acaricides in southern China because 
of the higher temperature, which is more suitable for mite 
survival and reproduction [28]. The southeastern coastal 
provinces of China (e.g., Shanghai, Fujian, and Jiangsu) 
have become the main areas using dicofol [29]. Research 
undertaken in the area of Taihu Lake, located in Jiangsu 
Province, also showed similar conclusions [28]. More atten-
tion should be paid to the production and use of dicofol 
and the corresponding environmental problems. Another 
important source of DDTs in China was antifouling paint 
that was used for fishing ships. Research showed that the 
use of antifouling paint, mainly for small and medium-
sized ships, could result in the release of 150–300 million 
metric tons of DDTs to the environment every year [30]. 
There are a large number of ships sailing every day in the 
urbanized river network of Shanghai, leading to continu-
ous input of DDTs [31].

3.4.2 � Heptachlors and aldrins

Heptachlor is a type of OCP used not only against termites 
and other soil insects, but also in controlling malaria mos-
quitoes [26]. One of the most stable breakdown product 
of heptachlor is heptachlor epoxide, so it can be assessed 
together with heptachlor. Among the 50 sampling points 
with heptachlor or heptachlor epoxide detected, the con-
centrations of heptachlor epoxide in 66.0% surface water 

Fig. 5   Isomer ratios of OCPs in surface water of Shanghai: A1, suburban towns; A2, island areas; A3, industrial areas; A4, agricultural areas; 
A5, inner city; n means the number of samples with α-HCH and γ-HCH detected
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samples were higher than that of heptachlor, indicating 
that the main sources of heptachlor in the surface waters 
were the historical residues, although accompanied with 
some fresh input.

Aldrin has been used to kill soil pests and also protect 
the wooden structures against termites, and it is readily 
metabolized to dieldrin [26]. In this study, aldrin and diel-
drin were detected in 50 sampling points. There were 27 
(54.0%) surface water samples with a higher concentra-
tion of aldrin than that of diedrin, giving priority to recent 
input sources, while the opposite was true for the other 23 
(46.0%) samples, indicating there may be some historical 
residues.

3.4.3 � APCS‑MLR results for OCPs in surface waters

APCS can be used to classify and identify the total vari-
ability of the principal components (PC) of OCPs with a 
minimum of factors [15]. An estimation of the principal 
components of OCPs can be attached to each factor by 
accurately evaluating the factor loadings. The purpose of 
the MLR is to further determine the contribution rate and 
contribution amounts of different principal components of 
OCPs based on PC identification [15]. In this study, six prin-
cipal components of OCPs were identified (Table A.5). PC 
one was dominated by both dacthal and chlordane, and 
accounts for 18.87% of total variance. PC two was repre-
sented by heptachlor epoxide, and accounts for 13.89% of 
the total variance. PC three was dominated by endosufan 
and methoxychlor, and explains 9.68% of the total vari-
ance. PC four was represented by propachlor, and explains 
9.49% of the total variance. PC five included heptachlor 
and DDTs, and explains 9.17% of the total variance. PC 
six was represented by HCHs, and explains 9.00% of the 
total variance (Table A.5). The six principal components of 
OCPs identified by APCS account for 70.11% of the total 
variance, and involve nine of the most important OCPs in 
Shanghai’s surface waters.

In general, the contribution rates of OCPs principal com-
ponents in the surface waters of Shanghai were 28.35%, 
19.77%, 17.67%, 16.28%, 15.58%, and 2.35% for heptachlor 
epoxide, HCHs, endosufan and methoxychlor, propachlor, 
heptachlor and DDTs, dacthal and chlordane, respectively 
(Table A.5). As is mentioned above, heptachlor epoxide is 
one of the breakdown product of historical residual hepta-
chlor. HCHs also mainly come from historical residues, and 
some are from atmospheric deposition (Fig. 5a, b). Endo-
sufan includes two isomers, endosufan I and endosufan II. 
Due to the threat that it poses to the environment, endo-
sufan has been incorporated into the Stockholm Conven-
tion and forbidden for manufacture or use in many areas 
[32]. China still reserves exemption for endosufan produc-
tion until now, which may be responsible for the relatively 

high contribution rate in Shanghai’s surface waters [33]. 
Methoxychlor is a good alternative to DDTs, which can be 
used to control ectoparasites and hygienic pests in live-
stock, and has a wide range of uses [34]. Propachlor is a 
low-toxicity herbicide that can be used not only in crop 
fields but also in orchard and nursery weeding [35]. Thus, 
it can enter urban rivers from farmland through surface 
runoff as a result of its wide production and uses. DDTs is a 
type of pesticide that has also been incorporated into the 
Stockholm Convention and is prohibited from being pro-
duced and used [36]. It can be inferred that concentrations 
detected in our study were mainly from historical residues. 
The contribution rate of dacthal and chlordane (containing 
trans-chlordane and cis-chlordane) was very low, indicat-
ing infrequent use in agricultural activities.

The differences of contribution rates and contribution 
amounts in diverse intensive land-use areas were slight 
(Fig. 6a, b), and the rankings were as follows. Suburban 
towns: heptachlor epoxide > propachlor > heptachlor and 
DDTs > HCHs > endosufan and methoxychlor > dacthal 
and chlordane (Fig. 6a, b). Island areas: heptachlor epox-
ide > HCHs > heptachlor and DDTs > propachlor > endo-
sufan and methoxychlor > dacthal and chlordane 
(Fig. 6a, b). Industrial areas: heptachlor epoxide > endo-
sufan and methoxychlor > HCHs > propachlor > hep-
tachlor and DDTs > dacthal and chlordane (Fig.  6a, b). 
Agricultural areas: heptachlor epoxide > HCHs > endo-
sufan and methoxychlor > heptachlor and DDTs > propa-
chlor > dacthal and chlordane (Fig.  6a, b). Inner city: 
heptachlor epoxide > propachlor > endosufan and meth-
oxychlor > HCHs > heptachlor and DDTs > dacthal and 
chlordane (Fig. 6a, b). POPs can be transported between 
different regions due to their ease of volatilization, migra-
tion, and deposition, which has been termed the Grass-
hopper Effect [4]. In addition, the surface waters in Shang-
hai are interlaced together and present characteristics that 
are typical of an alluvial plain river network [10]. Due to 
the generally good hydrodynamic conditions in the sur-
face waters of Shanghai, the water flow rate is relatively 
fast. As a result, the migration and transformation of POPs 
between diverse intensive land-use types is relatively easy, 
and regional differences of OCPs are weakened to some 
extent, but still show slight regional characteristics.

4 � Conclusions

The concentrations of OCPs in the surface waters of 
Shanghai ranged from 5.90 to 158.16 ng/L. Chloroneb, 
chlorobenzilate, and chlorothalonil were the major pol-
lutants. The OCP concentrations were generally low, with 
only a few relatively high concentration sites in the north-
ern and southern regions of Shanghai. The fluctuation of 
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OCP concentrations among different intensive land-use 
types was relatively insignificant (p > 0.05). The OCP con-
centrations showed a significant negative correlation with 
DO, EC, pH, and ORP (p < 0.01), which had an important 
impact on the distribution of OCPs. The contribution of 
historic residual HCHs was not found to be significantly 
different from that of atmospheric deposition, and a part 
of HCB was likely from the degradation of HCHs. DDTs and 
heptachlors were mainly from historical residues. However, 
the recent input and historical residues of aldrins were 
both noticeable. Six principal components (PC) of OCPs 
were identified through APCS-MLR, and the contribution 
rate and contribution amount of each PC were ranked. 
Regional differences in OCP principal components may be 
weakened to some extent as a result of the Grasshopper 
Effect and also due to the favorable hydrodynamic condi-
tions of the Shanghai river network.
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