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A B S T R A C T

The Pearl River Delta (PRD) is one of the areas with higher environmental concentration of organochlorine
pesticides (OCPs), being DDT one of the most abundant. In this work, 4,4′-dichlorobenzophenone (4,4′-DCBP), a
common metabolite of dicofol (DDT related) and DDT, was quantified in surface waters of Hong Kong and
Macao, together with the analysis of physicochemical and nutrients parameters. Hong Kong presented higher
4,4′-DCBP mean levels (12.50 ng/L) than Macao (4.05 ng/L), which may be due to the use of dicofol as a pes-
ticide and DDT as antifouling-paint for ships. The region presented a possible eutrophication state due to the
high nutrients’ concentration. For the first time, toxicity evaluation of this metabolite in Artemia salina and
Daphnia magna was done, in order to compute valid EC50s and theoretically evaluate the risk in the PRD. The
toxicity results (EC50 = 0.27mg/L for A. salina; and EC50 = 0.17mg/L and LC50 = 0.26mg/L for D. magna),
together with the 4,4′-DCBP levels quantified, indicated a low environmental risk.

1. Introduction

Pesticides contamination in coastal areas has become an important
worldwide problem since the 1950s, due to the agriculture system,
runoff from treated plants and soil, atmospheric exchange or sewage
discharge (Scholtz et al., 2002; Guan et al., 2009; Özkara et al., 2016).
These chemicals persist in the environment, affecting surface water
quality and having an ecotoxicological effect on aquatic flora, fauna
and human health (Miyamoto et al., 1990; Ongley, 1996; Lozowicka
et al., 2014; Skretteberg et al., 2015). Organochlorine pesticides (OCPs)
are a group of persistent organic pollutants (POPs) used in agriculture
worldwide, mainly from the 1950s to the 1980s, and are characterized
for their stable chemical structure that allow them to accumulate,
persist and biomagnify in the environment for decades (Dimond and
Owen, 1996; Nakata et al., 2002; Carvalho, 2017). Because of their
characteristics, OCPs are common pollutants in the marine environment
(Luo et al., 2004) and have been a worldwide concern due to their
reported toxic effects on humans and wildlife (Guan et al., 2009; Mrema
et al., 2013); Especially in China, considered as the largest producer and

consumer of pesticides in the world, 80% of the pesticides produced
before 1983 (year of the official ban) were OCPs (Grung et al., 2015).

The Pearl River Delta (PRD) in South China is considered one of the
areas with high environmental concentrations of pesticides due to fast
industrial and agricultural development in the region (Tieyu et al.,
2005; Guo et al., 2009). During the last two decades, overfishing and
pollution problems (Duan et al., 2009) also compromised the water and
air quality in the area (Fu et al., 2003; Guan et al., 2009). One of the
most common OCPs present in the PRD waters, is di-
chlorodiphenyltrichloroethane (Grung et al., 2015), also known as
DDT, a pesticide that has been widely used for pest control and mos-
quito abatement prior to the global ban in the 1970s and 1980s (Guo
et al., 2009). Previous studies suggested that DDTs concentration levels
in the PRD have remained considerably high despite China's official ban
in 1983 (Fu et al., 2003; Guo et al., 2009). Zhang et al. (2002), found no
sign of declining concentrations of DDTs in sediment cores collected
from the PRD during the summer of 1997, with mean values ranging
from 2.5 to 22.7 ng/g DW. A more recent study, carried on between
December 2009 and March 2010, showed average levels of 18.4 ng/g
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DW (Wei et al., 2015). In addition, sediment samples from Hong Kong
and Macao, collected during 2007 showed alarming concentrations (i.e.
76–7 350 and 967–5 810 ng/g DW, respectively), which are 3.8-fold
higher than the concentrations found in previous years in the PRD (Lin
et al., 2009). The amount of DDTs detected in this environment may be
associated to a historical contamination where excessive soil runoff
enhanced by the large-scale land modifications and regional flooding
might have contributed to the transport of OCPs from soil to the sedi-
mentary system (Zhang et al., 2002; Guo et al., 2009). However, some
authors have indicated the existence of currently fresh inputs or un-
known sources of DDTs, which may also contribute to these environ-
mental levels (Qiu et al., 2005; Wang et al., 2007), and can be targeted
by different DDT isomers ratios. If the ratio between DDT and the sum
of its metabolites (DDT/(DDE+DDD)) is higher than 1, and the ratio
between DDT isomers (o,p′-DDT/p,p′-DDT) ranges between 1.3 and 9.3,
often indicates a new source of DDT pollution, which can be explained
by the use of technical dicofol, as mentioned by Fu et al. (2003) and Qui
et al. (2005), respectively.

The annual average production of DDTs was about 6 000 t from
1988 to 2002, and nearly 80% of that was used to produce dicofol, a
pesticide responsible for some of the new inputs of DDT in the en-
vironment (Qiu et al., 2005). According to Guo et al. (2008), the
amount of dicofol used in China was almost 9 000 t between 1988 and
2002, and in 2003, an average of more than 14 t of dicofol was applied
in the PRD region. Zheng et al. (2016), detected dicofol as the most
frequent OCPs in water and sediment samples from Jiulang River
(North East China). Since dicofol is produced from technical DDT —
through a pathway including chlorination followed by hydrolysis to
form the final product — its molecular structure is similar and it is
associated with the same concerns as DDT and its metabolites (Fujii
et al., 2011). It is estimated that 93% of 4,4′-DDT is converted to 4,4′-
dicofol while only 37% of 2,4′-DDT is converted to 2,4′-dicofol (Qiu
et al., 2005), with 4,4′-conformation as the main isomer present in the
final product, and therefore the 4,4′-dichlorobenzophenone (4,4′-DCBP)
as the main breakdown isomer present after the degradation of dicofol
(Thiel et al., 2011). Owing to the instability and easy degradation of
dicofol in water — when exposed to a higher pH, light or higher tem-
perature— 4,4′-DCBP is the main expected form in surface waters (Fujii
et al., 2011; Thiel et al., 2011; Yin et al., 2017). Moreover, it has also
been reported that degradation of the main metabolites of 4,4′-DDT can
contribute to the levels of 4,4′-DCBP in the environment (Purnomo
et al., 2008; Ricking and Schwarzbauer, 2012).

To our knowledge, no previous studies have focused on the en-
vironmental characterization of 4,4′-DCBP in PRD; and its toxicity ef-
fects. This study may be considered as the first work in which these
topics will be addressed, using two biological models, Artemia salina
and Daphnia magna. The crustaceans A. salina (brine shrimp) and D.
magna (water flea) are two invertebrate models that have been widely
used for ecotoxicological studies in saline and freshwater environments,
respectively (Cleuvers, 2003; Favilla et al., 2006). The life cycle of A.
salina begins by hatching of dormant inactive cysts (0.2–0.3mm), into
free-swimming nauplii (0.45 mm; instar II/III), in a period of 24–36 h
and after being rehydrated in salty water. The larvae are very adaptive
to a wide range of salinities (5–250) and temperatures (6–35 °C), having
a short life cycle (3–5 weeks to reach adult life) or a high adaptability to
adverse environmental conditions (Lu et al., 2012). The life cycle of D.
magna begins by hatching of dormant inactive eggs (ephippia). The eggs
develop in about 3 days into neonates, which can then be used im-
mediately for the toxicity test. The measurement endpoints generally
evaluated for this animal model are the 48 h-LC50 (for survival), and the
48 h-EC50 (for immobility) (Jonczyk and Gilron, 2005). All these
characteristics, make them appropriate models for short toxicological
tests with low costs in routine and research practices (Cruzeiro et al.,
2017; Lu et al., 2012).

Due to the limited knowledge in the potential environmental oc-
currence and toxicological effects of 4,4′-DCBP, the main goals of the

present work were: a) to optimize and validate an analytical GC-MS/MS
method to analyse 4,4′-DCBP in water samples; and for the first time b)
conduct an environmental characterization of the 4,4′-DCBP levels in
surface waters collected from the east and west mouth of the PRD, Hong
Kong and Macao, respectively; and c) evaluate the toxicity of 4,4′-DCBP
on two aquatic species, A. salina and D. magna, considered as ideal
biological models for determination of LC50 and EC50.

2. Materials and methods

2.1. Study area

The Pearl River Delta (PRD), embraced by Hong Kong S.A.R. and
Macao S.A.R., is located in southern China (112°00'~115°25'E and
22°30'~23°45'N) (Duan et al., 2009). It has a land area of approxi-
mately 40,000 km2 (Guo et al., 2008) and includes the third largest
river (331.9×109 m3/yr) in China and the largest river system flowing
into the South China Sea (SCS) (Zhao, 1990).

The PRD belongs to the subtropical climatic zone, characterized by
high precipitations (1 600–2 200mm, annually), mild temperature all
year around (19.5–22.3 °C) and humidity ranging from high to low,
during summer and winter, respectively (Guo et al., 2009). Flood per-
iods occur for at least three months in the summer, and 80% of the total
flow befalls between April and September (Chen et al., 2004), where
April is considered as a transition month.

Due to the population rise in this region, the amount of sewage
discharge increased to around 14% from 2.61 billion m3 to 2.97 billion
m3, only between 2005 and 2015 (Liu et al., 2018).

2.2. Water collection and quality measurements

Water samples were collected during the transition season (April)
and middle of the flood season, also named as wet season (June) of
2017. A total of 10 sampling locations, distributed around Hong Kong
(HK1-HK5) and Macao coastal areas (M1-M5), were sampled (Fig. 1).
At each site and sampling occasion, water samples (2 L) were collected
during low tide (LT) and high tide (HT) into pre-rinsed amber glass
bottles for quantification of 4,4′-DCBP, nutrients and psychochemical
parameters. For 4,4′-DCBP quantification, all samples (0.5 L) were fil-
tered (0.45 µm glass fibre filter; Sartorious, Germany) and acidified to
pH 5 with acetic acid (CH3COOH; Sigma-Aldrich, USA) prior to ex-
traction for a higher sample stability. During transport and after fil-
tering, water samples were kept at 4 °C in the dark, for a maximum
period of 24 h. Details about the chemicals and the reference standards
are described in the Supplementary material. Nutrients analysis (i.e.
dissolved inorganic nitrogen (DIN, mg/L) and dissolved inorganic
phosphorous (DIP, mg/L)), were measured in the laboratory, with a
photometer device from Palintest (YSI 9500 photometer, UK). Physi-
cochemical parameters, such as temperature (T, °C), dissolved oxygen
(DO, %), total dissolved solids (TDS, g/L), pH, and salinity were mea-
sured in situ (using a portable meter (YSI pro plus, USA)), while
Chlorophyll a (Chl-a, mg/m3) and total suspended solids (TSS, g/L)
were quantified in the laboratory. Chl-a, was quantified by filtering
500mL of water, through a Whatman GF/C glass fibre filter, following
the protocol of Parsons et al. (1985); and TSS were quantified using
200mL of the water samples following the protocol described by APHA
(1995).

2.3. Water sample pre-concentration (SPE)

In the final and optimized protocol, cartridges were conditioned
sequentially with 5mL of methanol (MeOH), followed by 5mL of ul-
trapure water, at a flow rate of 1–2mL/min. Then, water samples
(500mL) spiked with the surrogate, were loaded into SPE cartridges at
a constant flow rate of 5mL/min and then allowed to dry.
Subsequently, the samples were eluted with 2.5mL of ethyl acetate,
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followed by 2.5mL of dichloromethane and 2.5 mL more of a 1:1 mix of
dichloromethane and ethyl acetate (v/v), at a rate of 1mL/min. The
extracts were evaporated to dryness, under N2 stream (99.995%) and
then reconstituted into 200 µL of MeOH. The method optimization is
fully described in the Supplementary material.

2.4. Instrumental methods, quality assurance and quality control
procedures

Analyses were carried out using a gas chromatograph (Trace 1310
GC, Thermo Scientific), coupled with a triple quadrupole mass spec-
trometer detector (TSQ 8000 EVO, Thermo Scientific), an autosampler
(Thermo ScientificTriPlus™) and a Trace Pesticides column (TR-pesti-
cides II, 30m×0.25mm × 0.25 µm). Column oven temperatures were
programmed for a 14min period using several ramps: a) from 75 °C
with an initial equilibrium time of 3min to b) 180 °C at 30 °C/min until
c) 280 °C at 5 °C/min, where the temperature was maintained for 1min.
The injector port temperature was set to 250 °C, and both ion source
and MS transfer line were at 280 °C. Helium (99.999% purity) was used
as carrier gas and was maintained at a constant flow rate of 1.3 mL/
min. Sample injection (1 µL) was in the split-less mode (4mm straight
liner, 453A1925), using a 50mm long needle.

The performance of the method was checked daily, using method
blanks (solvent controls), quality controls (two-fold higher than the
limit of quantification), fortified samples spiked with both surrogates,
and using, weekly, new calibration curves. The limits of detection
(LODs) and quantification (LOQs) were defined as LOD=3.3 α/S and
LOQ=10 α/S; here, α is the standard deviation slope and S is the
average slope of the calibration curves. Linearity, precision, accuracy,
and recoveries were evaluated following the criteria established by
SANCO/825/00 rev 8.1 (SANCO, 2010) (more details in Supplementary
material).

2.5. Biological assay

2.5.1. Artemia salina acute toxicity test
The hatching and the standard operational procedure for Artemia

toxicity screening test for estuarine and marine waters followed the
Artoxkit M protocol from the company Microbiotest (Artoxkit M,
Microbiotest), which is based on the ASTM standard Guide E1440-91
(ASTM American Society for Testing and Materials, 1987). Dry cysts
(Ocean Nutrition, batch number: ONG01805) were incubated in arti-
ficial salty water (35 Sea Salt), previously aerated, at 25 °C and
3000–4000 lx (light intensity). Thirty-six hours later, groups of 10 free-
swimming nauplii ( animals in instar II and III) were randomly trans-
ferred into 2mL glass beakers and placed in a 24-multiwell plate to a
final volume of 1mL/well. This test was performed in four independent
replicates, using one plate with three wells per treatment, and one plate
for the standard toxicant reference (K2Cr2O7). Animals were exposed
during 24 h (maintained in the dark), at 25 °C. The concentrations used
for 4,4′-DCBP were 0, 0.019, 0.039, 0.078, 0.156, 0.312, 0.625, 1.25
and 2.5 mg/L (in consideration of its max. solubility in MeOH); and for
the K2Cr2O7 were 0, 10, 18, 32, 56 and 100mg/L according to the
standard operational procedure of the protocol. The saline control (just
saltwater) and the solvent control (0.1% of MeOH) were included in all
four plates in triplicates. The same procedure was repeated in three
different days. Toxicity was analysed by counting the dead nauplii (no
movement in 10 s of observation), using a binocular stereomicroscope
(6.5 x of magnification).

In addition, sub-lethal effects in swimming behaviour (i.e. dis-
placement (cm) and speed (cm/s)), were also analysed in order to de-
termine the EC50 for this compound. For this purpose, the same range of
concentrations (mg/L) were used. A total of 192 videos (four animals
per treatment, per replica) of 50 s duration each, were recorded and
analysed using the UMAtracker software, version 0.1. For both cases,
the plate results were valid if mortality of the control group was below
10%.

Fig. 1. Map of the Pearl River Delta (PRD) region and the distribution of the sampling sites in Hong Kong (HK1 to HK5) and Macao (M1 to M5); SW indicates the
location were the spring water was collected. QGIS 2.18 Desktop, version 2.18.15.
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2.5.2. Daphnia magna acute toxicity test
The test was done using the DaphTox F magna™ kit procedure

(MicroBioTests, 2006; Kit number DM232; Batch number DM140217),
which is based on the OECD guideline 202. Briefly, pre-rinsed ephippia
were incubated in a standard freshwater solution (ISO 6341) at 21 °C,
for 72 h with a continuous light exposure of 6000 lx. Afterwards, the
hatched animals were collected and fed, with spirulina, for a period of
2 h before the subsequent test exposure. This test was performed in four
independent replicates, using one plate with three wells per treatment.
Five daphnia neonates were placed per 10mL well, and stored in the
dark at 21 °C, for 48 h. Eight different concentrations (ranging from
0.0195 to 2.5mg/L, as in the Artemia assay), plus the control and sol-
vent control (0.1% MeOH), were tested. After 48 h exposure, mortality
of four different plates and same sub-lethal effects (following the same
procedure as in A. salina) were analysed. For the analysis of the mor-
tality, the number of dead neonates was recorded; and for the analysis
of the swimming behaviour, a total of 160 videos (four animals per
treatment, per replica), of 50 s duration each, were recorded and ana-
lysed using the same software mentioned above. The plate results were
valid if mortality rate of the control group was below 10%. To validate
the assay, an additional control was performed submitting the animals
to different K2Cr2O7 concentrations (0.32, 0.56, 1, 1.8, and 3.2 mg/L),
as it was described in the protocol.

2.6. Data analysis

Method validation: results represented in Fig. S1 and S2, and Table
S2 (Supplementary material) are expressed as mean ± standard de-
viation of the mean (SD). Statistical analyses were done with the soft-
ware Prism 6 version 6.0c. After checking assumptions of normality
(Kolmogorov-Smirnov test) and homogeneity of variances (Levene's
test), data sets were analysed by one-way analysis of variance (ANOVA)
with post-hoc comparison via Tukey's test. Logarithmic transformations
were applied when assumptions were not accomplished.

Environmental data: water samples were analysed for 4,4′-DCBP
and only concentrations above LOQs were used for posterior analyses
(data in Table S3). For graphical representation, data were organized
according to sampling site (n= 10) and tide (n=2; Fig. 2) and ex-
pressed as final quantified environmental concentrations (ng/L). Nor-
mality and homoscedasticity were assessed and differences between
sampling sites and tides were analysed using two-way ANOVA, with
post hoc comparison via Tukey's test. For the physicochemical para-
meters and nutrients, Kruskal-Wallis and Mann-Whitney tests were
applied, and correlations were explored using Spearman correlation

(Fig. 3). In addition, heatmap was performed in order to observe how
samples were grouped (through cluster analysis), using Euclidean dis-
tance and the R software (heatmap.2, version 3.5.0) (Fig. 4).

Toxicity tests: for determination of LC50 and EC50, mortality and
abnormal swimming behaviour data was verified for outliers using Rout
(alpha=0.5%). Data was treated as: %= (4,4′-DCBP/Solvent
Control)*100 before logarithmical transformation and data normal-
ization; then, a non-linear regression was applied (Fig. 5c and d, 6c and
d, 7b). Mortality rates, for D. magna and A. salina, were also analysed
and presented as mortality (%) vs. toxic concentration (μg/L) (Fig. 7a).
Considering that the solvent control group is the appropriate control
group for comparisons with treated groups (OECD, 2006) and no sig-
nificant differences were observed between control and solvent control,
the “solvent only method” (Green, 2014) was the one followed to do all
the comparisons. One-way ANOVA followed by Dunnett's post-hoc test,
were performed to study differences between the different concentra-
tions and the solvent control.

Risk assessment: a simplified theoretical model approach was used,
to predict the environmental hazard of 4,4′-DCBP detected levels, as
suggested by Backhaus and Faust (2012). The EC50 (mg/L) values used
in this theoretical approach were the ones obtained in the acute-toxicity
tests with D. magna and A. salina. The Predicted No-Effect Concentra-
tions (PNECs) was calculated by the ratio between the EC50 (mg/L)
levels and an assessment factor (AF) of 100, as: PNEC=EC50/AF; the
assessment factor was stabilised according to the Water Framework
Directive (2000/60/EC, European Commission 2000), and considering
that only the EC50 data from one trophic level was used in this ap-
proach. Then, the risk quotient (RQ) was calculated as the ratio be-
tween measured environmental concentration (MEC) and PNEC:
RQ=MEC/PNEC. If the RQ was higher than 1, indicates high risk, if
0.1 < RQ < 1, medium risk and if RQ < 0.1, low risk.

3. Results

3.1. Method validation

Eight nominal calibration standards mixtures, with concentrations
ranging from 3 to 400 ng/L and a fixed surrogate concentration of
50 ng/L, were spiked in the spring water matrix (salinity ca. 20). The
calibration curves proved to have good fits with r2 ranging from 0.986
to 0.999 and a final LOD and LOQ of 0.272 and 0.824 ng/L were ob-
tained, respectively. Considering the three studied concentrations
(2LOQ=1.60 ng/L, 20LOQ=16.48 ng/l and 100LOQ=82.40 ng/L),
all validation criteria presented successful ranges established by
SANCO/825/00 rev 8.1 (SANCO, 2010). The final recovery rates ranged
from 72.13% to 121.24%, while precision results (0.67–13.95%) were
always below the maximum established, and accuracy ranged from
72.74% to 116.00%, demonstrating high robustness during the ex-
traction process (detailed data in Table S2).

3.2. Water quality

4,4′-DCBP levels measured in Macao and HK coastal areas presented
a different spatial pattern during the transition season ( Fig. 2). Sig-
nificant differences were found between Macao and HK sites (2-Way
ANOVA, F(9,20) = 166.5, p < 0.05). Namely, sites HK3, HK4 and HK5,
presented significantly higher levels of contamination, with a range of
10.85–29.87 ng/L, than the remaining ones. Intermediate levels of 4,4′-
DCBP (6.17–4.26 ng/L) were detected in both coastal areas, specifically
in HK1 and HK2 (corresponding to Lantau island) and M3 and M5. The
lowest levels of 4,4′-DCBP were detected in Macao, encompassing M1,
M2 and M4, ranging from 3.77 to 2.98 ng/L.

Comparing tides, no significant differences (p > 0.05) were ob-
served between high and low tide for all sampling sites, except for HK3
(2-Way ANOVA, F(1,20) = 28.11, p < 0.05). However, a significant
interaction was found between tides and sites (2-Way ANOVA, F(9,20)

Fig. 2. 4,4′-DCBP levels (ng/L) in Hong Kong (HK1-HK5) and Macau (M1-M5)
during high and low tide. Different letters indicate significant differences be-
tween sites, while the upper asterisk indicates significant difference between
low and high tide for the site HK3. Data are presented as means ± (SD).
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=4.73, p < 0.05) indicating an influence of the tide in the levels of
4,4′-DCBP detected only in HK3.

Regarding the wet season campaign, 95% of the obtained values
were below LOQ, except for M1-LT, presenting similar concentrations
(≈ 2.80 ng/L) to the ones detected in the transition season but no sig-
nificant differences were found between them (t-test, p > 0.05).
Detailed data can be consulted in Table S3.

Nutrients and physicochemical data for the different sampling sites
are summarised on Fig. 4 and Tables S4a and S4b. Higher DIN levels
were recorded during the transition season, mainly for HK1-HT

(16.43 mg/L), HK2-LT (14.73 mg/L), and HK2-HT (13.19mg/L). Sig-
nificant DIN differences were found between transition (5.52 mg/L) and
wet (2.21mg/L) seasons (Mann-Whitney, U=21, p < 0.05) but only
for Hong Kong waters. Significant differences were also found between
Macao (0.14 mg/L) and Hong Kong (0.09 mg/L) coastal areas for DIP
levels (Mann-Whitney, U=126.5, p < 0.05), where higher values
were observed during wet season and especially in M4-HT (0.59 mg/L)
and M1-LT (0.22 mg/L). For the N/P ratio, higher levels were found in
Hong Kong waters during the transition season, registering the highest
ratios for HK2-HT (1106.47), HK3-LT (662.94), and HK2-LT (429.73).

Concerning the physicochemical parameters, higher TSS levels were
found in Macao in M5-LT, during wet season (0.76 g/L) and in M5-LT,
during transition season (0.40 g/L). Only for Macao coastal waters,
significant differences were observed between tides (0.26 g/L and
0.05 g/L for LT and HT, respectively; Mann-Whitney, U=17.50,
p < 0.05). Macao waters also presented higher Chl-a levels (Table
S4a), mainly during wet season for M4-LT and M1-LT (49.66 and
44.72mg/m3, respectively). In addition, during the transition season,
significantly higher levels were observed in Macao (19.06 mg/m3) than
in Hong Kong (7.74 mg/m3; Mann-Whitney, U=10, p < 0.05).

Higher TDS levels were found in HK3 during transition and in HK4
during wet season (35.68 and 33.95 g/L, respectively). Significant dif-
ferences were found between Hong Kong and Macao locations, for both
seasons (Kruskal-Wallis, H=24.52, p < 0.05). Concerning DO (%) le-
vels, most of the sampling locations presented acceptable levels
(78.52–151.3%) according to the 75/440/EEC Directive, which estab-
lishes a minimum of 70% DO for surface waters (European Economic
Commission, 1975). However, locations like HK2 (except for HT tran-
sition season), HK4-LT, M1 (except for HT wet season), and M4-LT
(during transition season) presented levels below the optimum estab-
lished. Average temperature levels in both coastal waters were 23.86 °C

Fig. 3. Spearman correlations of 4,4′-DCBP levels during transition season vs. (a) TSS, (b) DIP and (c) Chl-a.

Fig. 4. Heat map representing the physicochemical parameters and nutrients
quantified in the surface waters of Macao and Hong Kong during wet and
transition (Trans.) season. Scale is indicated by the color key; the higher the
value the darker the color.
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and 29.46 °C for transition and wet season, respectively. Salinity ranged
from 3 to 35 for all the locations, except for M1 (< 3). As can be ob-
served in the cluster analysis (Fig. 4), physicochemical and nutrients
distribution showed a different pattern between Hong Kong and Macao
coastal waters. Within Hong Kong territory, differences between sea-
sons were stronger than between tides, while in Macao differences
between tides were stronger than between seasons.

3.3. Toxicity assays

3.3.1. Artemia salina
Acute toxicity tests using A. salina (24 h exposure) were performed

in order to obtain the mortality rate (LC50) and the sub-lethal effects
(EC50). An average LC50 of 48.46mg/L was computed for the positive
control (K2Cr2O7), which is in accordance with the ARC-test range
(28–64mg/L; Vanhaecke andPersoone, 1984). Considering the effects
of this metabolite in the swimming behaviour, a final average 24 h-EC50

value of 0.26mg/L and 0.27mg/L, were obtained for total displace-
ment and speed, respectively (Fig. 5). Significant differences were also
found between SC and C5-C8 concentrations (0.315 and 2.5 mg/L; re-
spectively) for total displacement (Fig. 5a) and speed (Fig. 5b) analyses
(One-way ANOVA, F(8) = 9.878, p < 0.05 and One-way-ANOVA, F(8)
= 9.927, p < 0.05, respectively).

3.3.2. Daphnia magna
Lethal and sub-lethal effects of 4,4′-DCBP were studied using an

acute test in D. magna (48 h exposure). Considering the effects of this

metabolite in the swimming behaviour, a final average 48 h-EC50 value
of 0.17mg/L, was obtained (Fig. 6). Significant differences were also
found between C8 (2.5mg/L) and SC for total displacement (Fig. 6a)
and speed (Fig. 6b) analysis (One-way ANOVA, F(8) = 5.165, p < 0.05,
and F(8) = 5.356, p < 0.05 respectively). Regarding the mortality rate,
a good fit line response was achieved (r2 = 0.79), reaching an average
48 h-LC50 of 0.26mg/L (Fig. 7).

4. Discussion

4.1. Method validation

The method validated in the present study, for the analysis of 4,4′-
DCBP in surface waters, accomplished all the criteria (i.e., evaluation of
linearity, accuracy, precision and recoveries) established by SANCO/
825/00 rev.8.1 (SANCO, 2010), and the stability of the extracts showed
ideal recovery rates, in the first 48 h, demonstrating the importance of
analysing all the extracted samples within this period. Due to the lack of
pesticide-free coastal water, a spring water source from Coloane (SW,
Fig. 1) was used as a matrix for the method validation with a previous
addition of aquarium reef salt to simulate the average salinity condi-
tions of the selected coastal areas (ca. 20); this matrix demonstrated to
be valid for 4,4′-DCBP extraction and quantification method. With this
optimized method, it was possible to quantify the metabolite at very
low range of concentrations (0.8–50 ng/L) in different surface coastal
waters with a wide range of salinities (0.19–36.07), confirming its ro-
bustness.

Fig. 5. Total displacement and speed of A. salina (n= 4 plates) after 24 h exposure to different 4,4′-DCBP concentrations: C=control, SC=solvent control,
C1= 0.019mg/L, C2=0.039mg/L, C3= 0.078mg/L, C4=0.156mg/L, C5= 0.315mg/L, C6= 0.625mg/L, C7=1.25mg/L and C8=2.5mg/L. The figures a)
and b) represent box and whisker plots of the total displacement (cm) and speed (cm/s), respectively. The horizontal line within the box indicates the median,
boundaries of the box indicate the 25th- and 75th -percentile, and the whiskers indicate the highest and lowest values of the results. Upper asterisk indicates
significant differences among the treatments and the SC. The figures c) and d) represent a dose-response experiment considering displacement (%) and d) speed (%),
respectively. The values at each concentration were calculated as follows: %= (4,4′-DCBP/Solvent Control)*100, and vertical bars represent± (SD).
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4.2. Water quality

The average 4,4′-DCBP values obtained for HK were similar to the
ones reported in the mouth of the Yongdingxin River (16.75 ng/L),
north of China (Wan et al., 2005), while the levels quantified in Macao
(4.05 ng/L) were comparable with the ones found in the River Elbe
(3.8 ng/L), Germany (Federal Environmental Agency, 2008). The strong

and frequent rainy periods commonly observed during wet season, may
have contributed to the vestigial concentrations found due to dilution
effects. This temporal pattern was also observed by Yang et al. (2012)
when several OCPs (including DDTs) were detected from Guangzhou
(Pearl River Delta) from March to August 2005. Also, Zheng et al.
(2016) observed a similar seasonal pattern for dicofol in Jiulong River
(South China). No further information regarding 4,4′-DCBP has been

Fig. 6. D. magna (n= 4 plates) total displacement and speed after 48 h exposure to different 4,4′-DCBP concentrations; C= control, SC= solvent control,
C1= 0.019mg/L, C2=0.039mg/L, C3= 0.078mg/L, C4=0.156mg/L, C5= 0.315mg/L, C6= 0.625mg/L, C7=1.25mg/L and C8=2.5mg/L. The figures a)
and b) represent box and whisker plots of the total displacement (cm) and speed (cm/s), respectively. The horizontal line within the box indicates the median,
boundaries of the box indicate the 25th- and 75th -percentile, and the whiskers indicate the highest and lowest values of the results. Upper asterisk indicates
significant differences among the treatments and the SC. The figures c) and d) represent a dose-response experiment considering displacement (%) and d) speed (%),
respectively. The values at each concentration were calculated as follows: %= (4,4′-DCBP/Solvent Control)*100, and vertical bars represent± (SD).

Fig. 7. D. magna (n= 4 plates) mortality rates (%) after 48 h exposure to different 4,4′-DCBP concentrations; C=control, SC=solvent control, C1= 0.019mg/L,
C2= 0.039mg/L, C3=0.078mg/L, C4=0.156mg/L, C5=0.315mg/L, C6=0.625mg/L, C7= 1.25mg/L and C8=2.5mg/L. The figures a) represents box and
whisker plots of the mortality rate (%). The horizontal line within the box indicates the median, boundaries of the box indicate the 25th- and 75th -percentile, and the
whiskers indicate the highest and lowest values of the results. The figure b) represents a dose-response experiment considering the mortality. The values at each
concentration were calculated as follows: %= (4,4′-DCBP/Solvent Control)*100, and vertical bars represent± (SD).
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reported in other countries, which once more shows the importance of
this study.

The highest 4,4′-DCBP concentrations found in Hong Kong (mainly
in HK3, HK4 and HK5), may be due to an extensive use of the main
precursor pesticides, like dicofol, DDT, chloropropylate and chlor-
obenzilate, in the area. Although, chloropropylate and chlorobenzilate
have also been reported as possible sources (Knowles and Ahmad, 1971;
Yin et al., 2017), information regarding its use in China is scarce and
only some residues of those pesticides have been described, in tea
leaves from Indonesia (1968) and India (1969; Bartsch et al., 1971).
Therefore and considering the usage and detected levels of dicofol and
DDT in China (Tieyu et al., 2005; Grung et al., 2015; Zheng et al.,
2016), these pesticides can be considered as the main precursors of 4,4′-
DCBP in this aquatic environment.

Since 1950s, DDT began to serve as efficient additive for anti-
fouling, which are considered as a potential regional source of DDT in
the PRD (Guo et al., 2008; Xin et al., 2011). The shipping and fishery
industry ─ that use those paints to prevent the adhesion of sea organ-
isms ─ could explain in part, the higher levels of 4,4′-DCBP detected in
Hong Kong. Air samples analysed by Wang et al. (2007), showed higher
levels of DDT in Hok Sui (corresponding to our HK3) and Tap Mui
(corresponding to our HK5), when compared to other areas of Hong
Kong. Other studies done in this region also reported higher DDTs levels
in Hong Kong (0.8–5.6 ng/L) when compared to Macao water samples
(0.48–2.8 ng/L)(Luo et al., 2004; Wurl et al., 2006).

Dicofol, other potential source of DCBP since late 1950s, has been
mainly used as a pesticide in southern China, including provinces such
as Guangdong, Guangxi and Fujian (World Health Organization, 1996;
Qiu et al., 2005). Due to its biomagnification potential in terrestrial
environments (DT50 30–60 days) and its susceptibility for hydrolysis
with increasing pH (DT50 pH 5=47–85 days; DT50 pH 7=8–64 h;
Reregistration Eligibility Decision (RED) Dicofol, 1998; OSPAR
Commission, 2002), degradation of dicofol to 4,4′-DCBP can occur
during its transport from land to coastal areas. While its usage is not
allowed in Europe, and although with a decline from 27% (in 1999) to
less than 8% after 2008 (Yang et al., 2008; Li et al., 2015), dicofol is still
being used in China, especially to control mites, like Tetranychus cin-
nabarinus, Tetranychus viennensi and Phyllocoptruta oleivora on cotton,
citrus and apple trees (United Nations Environmetal Programme,
2016). This could explain the higher concentrations of dicofol reported
in surface waters (64.66 ng/L) from the Jiulong River (China; Zheng
et al., 2016), when compared to rivers from Greece (< 0.1 ng/L) and
United States (2.5 ng/L) (OSPAR Commission, 2002). As reported by
the Stockholm Convention on Persistent Organic Pollutants, the current
use of dicofol in Asia is below 1000 t/y (United Nations Environmetal
Programme, 2016) and Hong Kong is one of the locations where dicofol
can still be used, as it is indicated by the Agriculture, Fisheries and
Conservation Department of Hong Kong Government (The Government
of the Hong Kong Special Administrative Region, 2006). According to
the European 2013/39/EU Directive, dicofol has a limit of 0.32 ng/L for
surface waters (European Union, 2013). It is expected that 4,4′-DCBP,
as the main and the most persistent metabolite of dicofol, will be pre-
sent in the environment. All samples above LOQ presented higher 4,4′-
DCBP levels than the established limit for dicofol (precursor).

Average DIN concentrations of 1.58mg/L and 3.89mg/L were ob-
tained, for Macao and Hong Kong, respectively, presenting higher DIN
values than the ones reported by Zhang et al., (2014, 2017) (i.e.
0.42–1.36mg/L and 0.07–0.14mg/L) for PRD water samples collected
during 2005–2007. The DIN levels detected were also higher than the
values reported in the Marine Water Quality report for Hong Kong
(Marine Water Quality in Hong Kong, 2016). However, similar values to
the ones observed in our study were quantified by Chen et al. (2012) for
water samples from Yuqiao reservoir (north of China; 1.21–5.22mg/L),
between 1989 and 2007. The DIN levels obtained for Hong Kong and
Macao were considerably higher than the ones reported by the
European Environmental Agency (2012) for Mediterranean and Baltic

seas, and thus could become a potential threat for the trophic state of
the PRD. A similar pattern, regarding the significant difference ob-
served between seasons in Hong Kong samples (wet= 2.21mg/L;
transition=5.52mg/L), was also observed by Zhang et al. (2014) in
surface waters from PRD. The decrease in DIN levels generally in spring
and summer (corresponding to wet season) was probably attributed to
the decreasing trend of Pearl River runoff downstream (Zhang et al.,
2014).

DIP average levels found in Macao water samples, presented values
above the limit established by the Environmental Protection Agency
(U.S. Environmental Protection Agency, 1988; 0.1 mg/L for surface
waters). In addition, during wet season and as a consequence of an
increase in the precipitations rate, a worst scenario regarding DIP levels
was observed. Overall, the average DIP levels obtained in this study for
both sampling campaigns (0.14 mg/L for Macao and 0.09mg/L for
Hong Kong) were higher than the maximum levels (0.04 mg/L) re-
ported by Li et al. (2017) in PRD water samples (in 2015–2016) and
higher than the levels reported in the Hong Kong water quality report
(Marine Water Quality in Hong Kong, 2016).

Almroth and Skogen (2010), classified the southeastern part of the
North Sea (DIN=0.19mg/L; DIP=0.02mg/L), Kattegat (DIN=
0.08mg/L; DIP=0.05mg/L), Gulf of Riga (DIN=0.14mg/L; DIP=
0.09mg/L), and Golf of Finland (DIN=0.05mg/L; DIP=0.05mg/L)
as problematic areas regarding eutrophication; Cardoso et al. (2010)
reported levels of DIN < 1mg/L and DIP < 0.12mg/L in the Mon-
dego River (Portugal), during eutrophication period. The levels ob-
tained in our study for Macao (DIN=1.6mg/L; DIP= 0.14mg/L), and
Hong Kong (DIN=3.87mg/L; DIP=0.09mg/L), are similar or higher
than those ones, suggesting some signs of eutrophication in these areas
too.

Regarding the N/P ratio, higher levels were found in Hong Kong
waters during the transition period, mainly in HK2-HT (1106.5), HK3-
LT (662.9), followed then by HK2-LT (428.7). The N/P ratio in a water
body indicates which element will be the limiting factor, and conse-
quently which one has to be controlled in order to reduce a possible
increase in algae population (algal bloom) (Eutrophication and Health,
2002). The majority of our sampling locations (77.5%) presented a N/P
ratio greater than the N-limitation boundary (16N:1P; Redfield, 1934),
suggesting that DIP is the limiting factor for Macao and Hong Kong
coastal areas. These results are in agreement with those from the
Mondego estuary (Portugal) during the eutrophication period (Cardoso
et al., 2010), which reinforces the idea about the eutrophic state of HK
and Macao coastal waters.

Overall, the heatmap analysis (Fig. 4), showed distinct patterns
between Hong Kong and Macao surface waters. Higher levels of DIN
and TDS were quantified in Hong Kong, while DIP and Chl-a showed
higher values in Macao waters.

In addition, significant correlations (p < 0.05; Fig. 3) were found
between the quantified 4,4′-DCBP levels during the transition season
and physicochemical parameters, like TDS, DIP and Chl-a. A positive
correlation was observed between 4,4′-DCBP vs. TDS levels (R=0.704,
p < 0.05), which can be explained by the high hydrophobicity (oc-
tanol-water partition, log Kow = 4.01; Han et al., 2011) of 4,4′-DCBP.
Considering the theoretical log Kow =4.44, calculated through
ECOSAR version 1.11 (EPISuite Kowwin v1.68 Estimate), it is expected
that a substantial fraction of this metabolite will be adsorbed to sus-
pended sediment rather than the water column (Reregistration
Eligibility Decision (RED) Dicofol, 1998)., In our study, higher levels
were detected in waters with higher TDS amounts, which may have an
implication in the flora and fauna of the area.

On the other hand, significant negative correlations were observed
for 4,4′-DCBP vs. DIP and 4,4′-DCBP vs. Chl-a (p < 0.05; R=−0.514
and R=−0.657, respectively). These results may be due the lower
precipitation levels (≈ 137.9 mm) observed during the transition
season (the only data used for these correlations), which can influence
DIP and Chl-a levels, leading to negative correlations in both cases.
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However, for the first correlation (4,4′-DCBP vs. DIP), other external
factors may had contributed to the DIP levels found, like different
sources of phosphates (i.e. detergents, fertilizers, and organophosphate
pesticides), since this metabolite lacks a phosphate group. Considering
the second correlation, our results also showed that locations with
higher 4,4′-DCBP levels presented lower Chl-a levels, indicating a
possible negative effect on algal population or biomass in the area. In
vitro studies, using the organochlorine endosulfan (at ranges of
0.001–0.05mg/L), showed the negative effect of the pesticide on mi-
croalgae population growth, through the reduction of chlorophyll
content (Ebenezer and Ki, 2014; Sinha et al., 2015). Further in vitro
studies should be conducted with 4,4′-DCBP to provide better insights
on its effect on other important aquatic organisms, like microalgae.

4.3. Toxicity assays

For both animal models, the reference test (K2Cr2O7) results were in
accordance with the ARC-test range (28–64mg/L; Vanhaecke and
Persoone, 1984) and with ISO 6341 range (0.6–2.1mg/L, after 24 h;
Persoone et al., 2009), defined for A. salina and D. magna, respectively,
indicating a normal resistance to this compound, thus allowing to
compare these data to other published assays.

For A. salina, average 24 h-EC50 of 0.27mg/L was successfully ob-
tained, considering results from both swimming behaviour parameters.
However, it was not possible to compute a mortality dose response
because of the maximum solubility limit of the compound (2.5mg/L in
MeOH). For D. magna, we were able to compute both 48 h-LC50 and
48 h-EC50 values, where the average 48 h-LC50 value (0.26mg/L; Fig. 7)
was higher than the average 48 h-EC50 value (0.17 mg/L). However,
and as shown by the extensive databases on acute effects of chemicals
on Daphnids and in our own results, LC50s and EC50s, do not differ
markedly and this probably explains why the Commission of the Eur-
opean Communities in the section on acute toxicity testing for Daphnia,
in Directive 92/69/EEC, specifies that “the Directive requirement for
the LC50 for Daphnia is considered to be fulfilled by the determination of
the EC50 as described in this method” (EEC, 1992).

D. magna 48 h-EC50 of DDT and dicofol, were fixed as 0.005mg/L
and 0.14mg/L, respectively (FOOTPRINT PPDB), indicating a higher
toxicity of the original forms in comparison with this metabolite.
Considering all locations and both toxicity levels obtained for both
animal models, a RQ < 0.1 was calculated, indicating that the quan-
tified 4,4′-DCBP values in the surface waters of PRD mouth, represent a
potential low environmental risk. However, there are still several rea-
sons to consider these levels a concern to the environment. As it was
mentioned before, 4,4′-DCBP has a high log KOW, which may lead to
bioaccumulation and biomagnification processes contaminating all the
edible fauna, which directly or indirectly can constitute a risk to human
health. Moreover, concentrations of this metabolite were already re-
gistered in bird eggs, showing a capacity of direct transmission to off-
spring (United Nations Environmetal Programme, 2016). In vitro studies
also showed the antagonistic effect of 4,4′-DCBP towards the androgen
receptor (with concentration range of 2.5 mg/L-25 g/L), leading to
possible endocrine disrupting effects in wild life population (Thiel et al.,
2011). All these facts alert us to potential risks that may affect the
ecosystem and future generations.

5. Final remarks

With the successfully validated method, the metabolite 4,4′-DCBP
was detected in surface waters from Macao and Hong Kong coastal
areas, mainly during the transition period, demonstrating a seasonal
pattern; also DIN and TDS levels were higher during this period in
comparison with the wet season. During the wet season, and due to a
higher river discharge, 4,4′-DCBP levels were below the LOQ, and an
increase in DIP, TSS and Chl-a values was also observed. This demon-
strates the importance of temporal samplings to characterize the

current status of an ecosystem. Overall, levels of DIN and DIP were
higher than in other water systems (as the Baltic sea), which reveals
signs of lower water quality in this region.

Due to the lack of information regarding 4,4′-DCBP, toxicological
tests (using two well-established models) were done in parallel with the
monitoring campaign, obtaining EC50s values for both species; this data
is important to further apply theoretical approaches and evaluate the
possible impact of the concentrations found in surface waters. In this
case, a RQ < 0.1 was obtained indicating a low potential risk.

As final remarks, this work highlights the importance of studying
metabolites and the need of analyse different matrices and trophic le-
vels (since metabolites are very stable in the organic matter content),
assess the toxicological effect in additional biological models (like algae
and cell line cultures), and evaluate theoretically the potential effects of
this metabolite in the ecosystem and in human health risk through the
ingestion of contaminated edible species (bioaccumulation and bio-
magnification effect through trophic levels).
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