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Abstract Generic water quality criteria (WQC) of a chemical
are usually set based on results generated from toxicity tests
which were conducted using standard laboratory water with
well-controlled physiochemical properties. However, in natu-
ral aquatic environments, physiochemical characteristics, such
as salinity, total suspended solid, total organic carbon and the
co-existence of chemical contaminants, often vary spatially
and temporally. These parameters can, in turn, alter the bio-
availability of target chemicals and, thus, influence their tox-
icity to marine organisms. To account for site specificity, the
US Environmental Protection Agency’s water–effect ratio
(WER = site water-LC50 / laboratory water-LC50) procedure

can be applied to derive site-specific WQC.Most past studies,
however, were conducted for freshwater systems. Here, for the
first time, the WER of copper (Cu) was determined for three
marine water control zones (WCZs) in Hong Kong: Victoria
Harbour, Deep Bay and Southern WCZs. Samples of water
were collected from three locations within each WCZ, while
acute toxicities to the marine diatom Skeletonema costatum,
intertidal copepod Tigriopus japonicus and larvae of marine
medaka Oryzias melastigma were determined in site or labo-
ratory (artificial seawater) waters. Results of this study showed
that conservative finalWER relative coefficients for Cu ranged
from 0.57 to 0.73 for the three WCZs, and water from some
locations caused >30% mortality in the fish larvae in the con-
trols (without Cu addition). These results suggested that cur-
rent genericWQC for Cu are likely under-protective for marine
organisms in the three areas, and it should be tightened by
multiplying it with site-specific WER to offer better protection
to marine biodiversity and integrity of the ecosystem.
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Introduction

Generic water quality criteria (WQC) are commonly established
as a tool to regulate water quality and provide a balance between
optimizing economic benefits and minimizing local water pollu-
tion. Generic standards are simple and unambiguous to apply and
allow for standardization within and among jurisdictions.
Generic WQC of chemicals are usually set based on results of
toxicity tests conducted with standard procedures in which stan-
dard laboratory waters, such as artificial water or filtered natural
water collected from a clean reference site, are utilized as test
media. Physiochemical properties such as temperature and pH
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are well controlled (Heijerick et al. 2005). However, in natural
ecosystems, a variety of physical and chemical characteristics of
water bodies have been shown to alter bioavailabilities of envi-
ronmental contaminants, and thus, their toxicities to aquatic or-
ganisms (MESL 1997; Rosen et al. 2005a). These parameters
include temperature, pH, conductivity, dissolved oxygen, nutri-
ent, total suspended solid (TSS), dissolved organic carbon
(DOC) and availability of other contaminants to the water body,
as well as hardness, alkalinity and Ca/Mg ratio specific for fresh-
water systems and salinity for saltwater systems (CCME 2002;
Li et al. 2014; Ytreberg et al. 2011; Wang et al. 2016; Zhou et al.
2014). Some of these factors have been considered in derivation
of generic WQC of chemical contaminants; however, the pres-
ence of atypical water quality parameters, such as TSS or total
organic carbon, has potential to influence protectiveness of
WQC, leading to over- or under-protection of aquatic ecosystems
(MESL 1997).

It is necessary to derive site-specific WQC to account for
effects of physical and chemical parameters on the toxicity of a
chemical substance (MESL 1997). For metals, the chemical
form or Bspeciation^ is important in determining toxicities to
aquatic organisms. General, free, divalent cations are consid-
ered to be the most readily available and toxic forms of metals,
while metals bound into complexes by inorganic or organic
ligands are less available (Giesy et al. 1983; Giesy 1987).
Site-specific criteria for metals can be predicted by use of geo-
chemical speciation modes (Giesy 1983; Alberts et al. 1984).
This concept has been developed into the Bbiotic ligandmodel^
where competition of metals for ligands in solution and on the
gills of organisms is used to predict toxic potentials of various
surface waters (Tompsett et al. 2014; Vardy et al. 2014). This
technique allows prediction of the free ions of metals in the
presence of inorganic and organic ligands. While the biotic
ligandmodel has been successful in accounting for the activities
of metals and predicting apparent reactive or biologically avail-
able forms of metals in solution, it has not been successful in
predicting toxicities in waters where the presence of additive or
synergistic chemical constituents affected toxicities of metals.

To be able to account for both infra-additive and supra-
additive effects of constituents in surface waters, in 1984, the
Environmental Protection Agency of the USA (USEPA) pro-
posed three main procedures to derive site-specific WQC
(USEPA 1984, 1996), in which the water–effect ratio (WER)
procedure (formerly referred to as the indicator species proce-
dure) has been used as the primary basis and regarded as a useful
tool for modifying generic WQC to account for unique charac-
teristics of the site under investigation since then (MESL 1997;
CCME 2002). The USEPA further derived an interim guidance
on the determination and the use of WERs for metals in 1994
(USEPA 1994). In the WER procedure, side-by-side LC50s are
determined in toxicity tests with the same species, using site-
specific dilution water and standard laboratory water respective-
ly. WER is calculated as the quotient of the LC50 in site water

(site water-LC50) divided by the LC50 determined in standard
laboratory water (laboratory water-LC50). The final site-specific
WQC is determined by multiplying the generic WQC with the
WER (Diamond et al. 1997a; Rand and Clark 2000; Welsh et al.
2000; CCME 2002). When a WER is not significantly different
from the unity, it indicates that there is no difference in the tox-
icity of a chemical between the site water and laboratory water,
and thus no change of the generic WQC is required (Rand and
Clark 2000). The WER is a coefficient that indicates relative
toxicities in the two types of water and can be greater or less than
1.0. When WER values are greater than 1.0, it means that there
are characteristics in surface waters that are reducing the apparent
reactive concentration (activity) of metals like Cu. When WER
values are less than 1.0, there are factors in the site water that are
potentiating or adding to toxicities of metals. In the case of
metals, this might be due to the presence of other ions acting
through the same mechanism of action. For metals, the WER is
like an activity coefficient (γ) that when multiplied by the effect
endpoint, such as the LC50, corrects the value upwards or down-
wards depending on whether in site water the toxic potency of
the metal is greater or less. If γ is less than 1.0, it decreases the
value of the LC50 (more potent) andwhen it is greater than 1.0, it
increases the value of the LC50 (less potent).

As the importance of setting site-specific WQC became
more apparent in 1994, the USEPA developed guideline pro-
cedures for applying the WER to metals, which promoted
application of the WER approach in various water bodies
(USEPA 1994). Most uses ofWER have been for freshwaters,
such as streams, rivers, creeks and lagoons, and almost all
studies were focused on transition metals, including copper
(Cu), cadmium (Cd), lead (Pb), silver (Ag) and zinc (Zn)
(Carlson et al. 1986; Brungs et al. 1992). Relevant studies of
WER on marine systems are relatively scarce.

Concentrations of Cu observed in coastal waters and sedi-
ments especially inmarinas and harbours are frequently greater
than historical background concentrations. Recently, due to the
partial ban of organotin compounds in antifouling products in
1980–1990s, and a subsequent global ban of these compounds
in 2008, there has been a dramatic increase in applications of
Cu-based antifouling paints and co-applications of Cu (e.g.
Cu2O) with booster antifouling biocides (Schiff et al. 2007),
which may also possess high toxicity to marine organisms. For
instance, the toxicity of copper pyrithione (CuPT) to marine
organisms was higher or comparable to that of tributyltin
(TBT) (Bao et al. 2011). Variations in environmental condi-
tions like temperature and salinity had significant effects on
toxicity of CuPT or CuSO4 to marine organisms (Kwok and
Leung 2005; Li et al. 2014). Moreover, widespread contami-
nation of coastal marine environments might be intensified if
Cu acted additively with other metals or synergistically with
other biocides (Bao et al. 2008, 2013, 2014). Therefore, con-
tamination of the marine environment with Cu has been a rising
concern around the world. For instance, the Department of
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Water of the Government of Western Australia ( 2009) found
that total concentrations of Cu ranged from <1 to a maximum
of 12,000 μg/L in coastal waters of Perth, Western Australia
and samples from six out of eight sites exceeded the marine
water quality guideline of 1.3 μg Cu/L, stipulated by the
Australian and New Zealand Environment and Conservation
Council. In Hong Kong, SAR, China, Cu commonly persists
in marine sediments. The greatest concentration was detected in
central Victoria Harbour (140 mg Cu/kg dry mass (dm); EPD
2014a), which was greater than the Upper Chemical
Exceedance Level set by the Hong Kong SAR Government
(110 mg Cu/kg, dm; ETWB 2002). Concentrations of Cu were
relatively less in sediments from Deep Bay in western waters
(32–57 mg Cu/kg dm), southern waters (9–35 mg Cu/kg dm)
and eastern waters (9–35 mg Cu/kg dm) of Hong Kong (EPD
2014a). At the same time, western waters also exhibited lesser
salinity and greater concentrations of TSS and total organic
carbon (TOC) compared to those in southern and eastern wa-
ters, especially during the summer (EPD 2014a). Currently, no
numerical WQC (or called water quality objective) of Cu has
been set for protecting the marine ecosystem of Hong Kong.
This study, for the first time, (1) determine WER for Cu in

coastal marine water from three areas, Deep Bay, Victoria
Harbour and Southern water control zones (WCZs) in Hong
Kong based on toxicities to three marine species representing
three trophic levels and (2) investigate the effects of TSS and
salinity on the WER of Cu for the three WCZs.

Materials and methods

Collection of water from various sites

Samples of water were collected from three locations in each
of the three selected marine WCZs, Deep Bay, Victoria
Harbour and Southern WCZs of Hong Kong (Fig. 1;
Table 1). At each sampling location, approximately 15 L of
water was collected from 1 m below the water surface by use
of a Van Dorn water sampler. Samples were stored in three
acid-washed polyethylene containers, leaving no air space in-
side the containers. Samples were then immersed in ice and
transferred within 2 h to the Swire Institute of Marine Science,
Cape D’Aguilar, Hong Kong. All toxicity tests with site wa-
ters were conducted within 36 h of collection.

Fig. 1 Sampling sites in three marine water control zones (WCZs) of
Hong Kong, including Deep Bay (D1: Lau Fau Shan; D2: Sheung Bak
Nai;D3: Lung Kwu Tan landfill site), Victoria Harbour (V1: Belcher Bay;

V2: WanChai;V3: ShauKeiWan) and Southern (S1: Stanley Bay; S2: Tai
Tam Bay; S3: Cape D’Aguilar) WCZs
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Treatment of site waters

Filtered artificial seawater (laboratory water; pH 8.1–8.4; sa-
linity 32 ± 0.5‰ or adjusted to be the same as that of the site
water depending on experimental setup) was prepared by dis-
solving sea salt (Tropic Marine, Germany) in de-ionized wa-
ter, and then filtered through a 0.45-μm membrane filter.

Two experiments were conducted for each WCZ.
Experiment I was used to determine the WER for Cu in the
selected WCZs based on results for three marine species
representing three trophic levels, including the diatom
Skeletonema costatum, the copepod Tigriopus japonicus and
the marine medaka fish Oryzias melastigma. Experiment II
investigated effects of characteristics of water treatment, such
as TSS or salinity on Cu toxicity using the adult copepod
T. japonicus as the test species.

In experiment I, site water was filtered through Whatman
glass microfiber filter (pore size 0.7 μm) to collect suspended
solids for TSS and volatile suspended solid (VSS) quantifica-
tion, and then further filtered through 0.45-μm membrane
filter. pH and salinity of filtered site water was adjusted with
autoclaved 1 M HCl or NaOH solution and pure NaCl
(Sigma-Aldrich, >99.8% USA), respectively, to match the
laboratory water with pH 8.1–8.4 and salinity of 32 ± 0.5‰.
Site water and laboratory water used for testing toxicity to the
diatom S. costatum were filtered through an autoclaved glass
filter system with 0.45-μm membrane filter to decrease the
chance of microbial infection, and stocks for f/2 + Si culture
mediumwere added accordingly before using in toxicity tests.
For each WCZ, four sets of 96-h Cu toxicity tests were con-
ducted side-by-side, i.e. using the three pre-treated site water
samples from each WCZ, and the laboratory water with the
three selected test organisms.

Experiment II determined effects of water on toxicity of
Cu. Water was collected from one site in each WCZ (i.e. D2
for Deep Bay WCZ, S1 for Southern WCZ and V3 for
Victoria Harbour WCZ), and four sets of tests of toxicity of
Cu were conducted with the copepod T. japonicus using the
original (raw), settled (the top 1 L of site water settled in a 2-L

beaker for 1 h) and filtered site water (0.45-μm membrane
filter) samples as well as laboratory water. pH and salinity of
raw, settled and filtered site water samples were adjusted to
match the laboratory water with pH 8.1–8.4 and salinity of
32 ± 0.5‰. To determine effects of salinity on toxicity of Cu,
tests using the copepod were conducted at the same time with
the above four sets of tests of toxicity using site water from
Stanley Bay (i.e. S1 in Southern WCZ) without adjustment of
salinity (i.e. 28‰) and laboratory water with salinity adjusted
to 28‰.

To determine TSS and VSS, suspended solids collected on
the microfibre filter paper were rinsed with de-ionized water
and dried at 80 °C until constant weight was obtained for TSS
measurement, and then burned at 500 °C (Thermolyne 47900,
Thermo Scientific, USA) for 3 h before quantification of VSS.
For eachWCZ, there were two to three replicates for measure-
ment of TSS and VSS.

Test chemicals

A stock solution of Cu (1 g Cu/L) was prepared by dissolving
copper(II) sulphate pentahydrate (CuSO4·5H2O, formula
weight 249.7; purity ≥99.5%; BDH Chemicals Ltd. Pode,
England) in distilled water.

Toxicity tests

Inhibition of growth of diatoms

Growth inhibition tests were conducted for Cu to S. costatum
following the methods reported previously (Bao et al. 2008,
2011). Pure culture of the diatom, S. costatum (CCAP 1077/3;
CCAP, UK) was maintained in autoclaved f/2 + Si medium
(Guillard’s medium for diatoms, 32 ± 0.5‰, pH 8.1–8.4;
Guillard and Ryther 1962) under controlled laboratory condi-
tions (25 ± 2 °C, 16:8 h light/dark photoperiod) and was man-
ually shaken twice every day (Bao et al. 2008, 2011).

Cell density for a fresh diatom culture of S. costatum in
exponential growth phase (<1 week old) was determined by

Table 1 Locations of sampling
sites and their coordinates in Deep
Bay, Victoria Harbour and
Southern water control zones in
Hong Kong

Water control zone Sampling time Site Coordinates

Deep Bay December 2010–
January 2011

D1 (Lau Fau Shan) 22° 29.345′ N, 113° 59.863′ E

D2 (Sheung Bak Nai) 22° 26.472′ N, 113° 56.980′ E

D3 (Lung Kwu Tan landfill site) 22° 25.566′ N, 113° 56.155′ E

Victoria Harbour June–July 2011 V1 (Belcher Bay) 22° 17.088′ N, 114° 07.705′ E

V2 (Wan Chai) 22° 17.080′ N, 114° 10.437′ E

V3 (Shau Kei Wan) 22° 16.990′ N, 114° 13.834′ E

Southern Water June–July 2011 S1 (Stanley Bay) 22° 12.578′ N, 114° 12.516′ E

S2 (Tai Tam Bay) 22° 13.225′ N, 114° 13.636′ E

S3 (Cape D’Aguilar) 22° 12.349′ N, 114° 15.470′ E
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use of a haemocytometer. An appropriate amount of diatom
culture and Cu stock were added to each 10-mL autoclaved
test vial (with autoclaved plastic lids), with f/2 + Si medium
made from site water or laboratory water, to make a final test
solution volume of 5 mL and an initial algal density of
104 cells/mL with Cu levels ranged from 0 (control) to
5000 μg/L. Test vials were randomly positioned in an envi-
ronmental chamber (25 ± 1 °C, 16:8 h light/dark photoperiod)
and tested for 96 h, with manually shaken twice every day.
There were three to five replicates for the control and three
replicates for the treatments.

At 48 and 96 h, 200 μL test solution from each vial was
transferred into a 96-well microplate, fixed with 66.7 μL of 1M
HCl and stored in dark at 4 °C for subsequent cell counting
within 48 h using the haemocytometer (Bao et al. 2008).

A relative growth rate (RGR) of each treatment was calcu-
lated as the toxicity endpoint, which was defined (Eq. 1)

RGR ¼ Nt−N 0ð ÞTreatment= Nt−N0ð ÞControl ð1Þ

where Nt: the cell density at time t; N0: the initial cell density;
and t: exposure duration.

Acute toxicity to adult copepods

Standard 96 h acute toxicity tests were conducted for Cu to
adult copepods to determine mortality of copepods and medi-
an lethal concentration (LC50) for Cu, following the methods
reported previously (Bao et al. 2011, 2013, 2014). Adults of
the copepod T. japonicus were collected from rock pools in
the splash zone of the rocky shore in the Cape D’Aguilar
Marine Reserve, Hong Kong. They were fed the green alga
Tetraselmis sp. for at least 2 weeks before the experiment, and
maintained under controlled conditions at 25 ± 2 °C,
32 ± 0.5‰, pH 8.1–8.4 and 16:8 h light/dark photoperiod.

Acute toxicity tests with adult copepods were conducted in
50-mL glass beakers with 25-mL test solutions of Cu concen-
trations ranging from 0 (control) to 20,000 μg/L. There were
2–3 replicates per treatment, and 20 copepods per replicate.
Beakers were randomly positioned in an environmental cham-
ber (25 ± 1 °C, 16:8 h light/dark photoperiod) for 96 h. Dead
copepods were defined as when the urosome was at a right
angle to the prosome (Finney 1979) and counted at the end of
48 and 96 h.

Acute toxicity to larval medaka

Acute toxicity tests were conducted for Cu to fish larvae to
determine mortality of larvae and LC50 for Cu (Bao et al.
2011), with details shown as below. Embryos of the marine
medaka fishO. melastigmawere obtained from an established
fish culture at School of Biological Sciences, the University of
Hong Kong. Newly hatched larvae were cultured in filtered

artificial seawater (FASW; 32 ± 0.5‰, pH 8.1–8.4) under
controlled laboratory conditions (25 ± 2 °C; 16:8 h light/
dark photoperiod) and fed with aquarium fish food powder
(Azoo, Taiwan) for 7–10 days before the experiment.

There were two to three replicates per treatment group, and
each replicate consisted of ten larvae in 100 mL FASWwith a
designated Cu level ranging from 0 (control) to 20,000 μg/L
in a test glass bowl (Pyrex). All test glass bowls were incubat-
ed in the environmental chamber (25 ± 1 °C, 16:8 h light/dark
photoperiod) for 96 h. Mortality was monitored at the end of
48 and 96 h under a stereomicroscope. Fish larvae that had no
body movement (e.g. tail and fins stopped flapping) and with-
out obvious heartbeat were defined as dead.

Analysis of total recovery Cu in water samples from Deep
Bay

Concentrations of Cu in site water were determined following
instructions in 3030 regulation of APHA (1992). Acid diges-
tion of suspended solids in unfiltered water samples with
heating process was done for total recovery Cu measurement
by Atomic Absorption Spectroscopy (AAS; PerkinElmer
AAnalyst 800). During acid digestion, 3 mL of 69% HNO3

was added into 100 mL site water with suspended solids and
concentrated to 5–10 mL. Then, 1.5 mL of 37% HCl was
added to the solution and heated for further digestion.
Finally, 2% HNO3 was added to make up a 14- to 15-mL
solution for Cumeasurement by the AAS. Site samples spiked
with and without a known amount of Cu were also prepared
and measured so as to determine the background concentra-
tion of Cu and calculate recovery of Cu.

Statistical analyses and calculation of water–effect ratio

Effective concentrations at 10 and 50% (EC10 and EC50,
respectively) for Cu on the diatom S. costatum and lethal
concentrations at 10 and 50% (LC10 and LC50, respectively)
for Cu on the copepod and fish larvae, as well as their respec-
tive 95% confidence intervals were calculated using sigmoidal
dose–response (variable slope) non-linear regression based on
Hill’s model (four parameters logistic regression) with
GraphPad Prism version 5.00 (GraphPad Software, CA). For
tests using mortality as an endpoint, when control mortality
reached >5%, the treatment mortality rates were corrected
with control mortalities using Abbott’s formula (Abbott
1925) before the Hill’s model analysis. For each WCZ, data
of daily algal growth of the diatom in the control treatments or
the control mortalities of the copepod and the medaka fish
were checked for homogeneity of variances using Levene’s
test, and then the values were compared between the labora-
tory water and the site waters using one-way analysis of var-
iance (ANOVA), followed by Dunnett’s test for multiple com-
parisons between the laboratory water and each site water.
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WERs were calculated as the quotient of the site water-LC50
divided by the laboratory water-L(E)C50. AWER for each site,
within each WCZ, was determined with two ways: one simply
used the geometric mean of the three WER values among the
three test species; another employed the smallest WER among
the three test species (i.e. the conservative WER). The final
WER (fWER) was calculated as the geometric mean of the
WERs of the three sites within each WCZ. WERs and conser-
vative WERs were compared respectively among the three
WCZs using one-way ANOVA. All statistical analyses were
performed using IBM SPSS Statistics 20.0 (International
Business Machines Corporation, USA), and alpha was set as
0.05.

Results

Cu toxicity to marine organisms in site and laboratory
waters

Based on the 96-h L(E)C50 values from experiment I, the
diatom S. costatum and the copepod T. japonicus were less
tolerant (i.e. lesser L(E)C50 values) to Cu than larvae of
O. melastigma (Table 2), while the 96-h L(E)C50s ranged
from 117 to 1101 μg/L for the former two species, and the
96-h LC50s were from 856 to 2209 μg/L for larvae of
O. melastigma. Based on the 96-h LC50 values from experi-
ment II, Cu in settled site water was more toxic to T. japonicus

Table 2 Ninety-six-hour EC50 and LC50 values (95% confidence interval, C.I., in parentheses) of copper (Cu) estimated for the three test organisms
in experiment I

Water control zone Water sample 96-h EC50 or LC50 of Cu (95% C.I.) (μg/L)

Skeletonema costatum Tigriopus japonicus Oryzias melastigma

Deep Bay Laboratory water 252 (153–414) 870 (NA) 1773 (1319–2384)

D1 (Lau Fau Shan) 560 (NA) 595 (437–810) 1347 (894–2030)

D2 (Sheung Bak Nai) 624 (494–789) 881 (598–1300) 1593 (1124–2258)

D3 (Lung Kwu Tan landfill site) 117 (56–242) 667 (513–867) 1626 (1149–2300)

Victoria Harbour Laboratory water 593 (489–718) 1101 (923–1314) 1433 (1046–1964)

V1 (Belcher Bay) 583 (497–684) 788 (698–891) 2209 (1267–3850)

V2 (Wan Chai) 631 (474–840) 859 (712–1035) 1088 (815–1450)

V3 (Shau Kei Wan) 614 (426–884) 794 (713–884) 2179 (1506–3152)

Southern Water Laboratory water 595 (492–720) 608 (513–722) 856 (747–982)

S1 (Stanley Bay) 586 (499–687) 532 (335–844) 1782 (1061–2992)

S2 (Tai Tam Bay) 636 (480–842) 291 (218–387) 1079 (854–1363)

S3 (Cape D’Aguilar) 618 (430–890) 223 (169–293) 1109 (751–1638)

NA data not available

Table 3 Ninety-six-hour EC50
and LC50 values (95%
confidence interval, C.I., in
parentheses) of copper (Cu) to
Tigriopus japonicus in the
laboratory water and site waters
with various water treatments (i.e.
data from experiment II)

Site Water Sample (salinity) (‰) 96-h LC50 of Cu (95% C.I.) (μg/L)

D2 (Sheung Bak Nai) Laboratory water (32.5) 644 (502–827)

Filtered site water (32.5) 863 (535–1390)

Settled site water (32.5) 502 (296–852)

Raw site water (32.5) 961 (670–1378)

V3 (Shau Kei Wan) Laboratory water (32.5) 544 (422–669)

Filtered site water (32.5) 365 (278–478)

Settled site water (32.5) 284 (221–366)

Raw site water (32.5) 554 (500–614)

S1 (Stanley Bay) Laboratory water (32.5) 600 (473–761)

Filtered site water (32.5) 532 (335–844)

Settled site water (32.5) 466 (389–559)

Raw site water (32.5) 205 (156–271)

Laboratory water (28) 581 (387–871)

Filtered site water (28) 383 (297–493)
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than in filtered site water, but Cu was less toxic to T. japonicus
in raw site water than settled/filtered site waters except in S1
(Stanley Bay) (Table 3).

Toxicity of the site water alone (without added Cu)

Site waters from most of locations inhibited growth of
S. costatum measured at 48- or 96-h exposure (Fig. 2, upper
panel). Site water was also toxic to larvae ofO. melastigma, with
96-h mortality reaching >30% for water from some locations
(e.g. V1 and S1; Fig. 2, lower panel). However, no significant
effects were observed for any of the site waters on the copepod
(Fig. 2, middle panel).

Water–effect ratio

Geometric means of 96-h WERs for Cu, based on toxicity
tests with the three species, ranged from 0.69 to 1.31 among
nine sites (Table 4). There were no significant differences of
WER (based on geometric means) among the three WCZs
(one-way ANOVA F0.05,2,6 = 0.059, p > 0.05). fWERs of
the three WCZs, calculated as the geometric mean of the
WERs in the respective WCZ, were only slightly less than
1.0 ranging from 0.96 to 0.98 (Table 4).

However, conservative WERs of Cu from all nine sites
were less than 1.0, ranging from 0.37 to 0.90, and they did
not significantly differ among WCZs (one-way ANOVA

Fig. 2 Daily algal growth (mean + SEM; n = 3 in tests for Deep Bay
water control zone, WCZ, or n = 5 in tests for Victoria Harbour and
Southern WCZs) of the diatom Skeletonema costatum in the control
treatments (i.e. Cu = 0 μg/L) during 96-h algal growth inhibition tests
and mortality (mean + SEM; n = 3) of the adult copepod Tigriopus
japonicus and the larvae of medaka fish Oryzias melastigma in control

treatments during 96-h toxicity tests. B0^ means no mortality. Bars with
the asterisks on the top indicate that the control daily algal growth in the
site water is significantly lower than that in the lab water for the diatom, or
the control mortality in the site water is significantly greater than that in
lab water for copepods and larvae of the fish (*p < 0.05; **p < 0.01;
***p < 0.001; Dunnett’s test)
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F0.05,2,6 = 0.506, p > 0.05). Conservative fWERs for the three
WCZs ranged from 0.57 to 0.73 for the three WCZs (Fig. 3;
Table 4).

Effects of water treatment and salinity on toxicity of Cu

Effects of water treatments on toxicity of Cu to the adult copepod
T. japonicus varied among WCZs (Fig. 4). For water samples
from D2 in Deep Bay and V3 from Victoria Harbour, 96-h
WERs were greatest in the original (i.e. raw) water sample, and
least in settled water. This result indicated that Cu added during
the acute test exerted the greatest toxicity to adult copepods in
settled water and least toxicity in original water samples fromD2
and V3. Results of S1 from Southern WCZ showed a different
pattern; 96-h WERs were relatively similar in both filtered and
settled waters, which were much greater than that in the original
water sample. This result indicated that toxicity of Cu to the
copepod was the greatest in the original water sample from S1.
Alternatively, WERs obtained from filtered, settled and raw wa-
ters from Deep Bay WCZ were generally greater than those

obtained from Victoria Harbour and Southern WCZs (Fig. 4).
Deep Bay also contained greater concentrations of TSS and VSS
than those in Victoria Harbour and SouthernWCZs (Table 5).
Both the WER values for 96-h acute toxicity tests of Cu to the
adult copepod at 28.0 and 32.5‰ were less than 1.0, indicating
that toxicity of Cu to the copepod in site waters was consistently
greater than that in laboratorywater (Fig. 5). Toxicity of Cu to the
copepodwas greater in site water with lesser salinity (i.e. 28.0‰;
smaller LC50 and WER value) than in site water with salinity
adjusted to 32.5‰.

Discussion

Toxicity of Cu in site or laboratory water

Acute toxicities of Cu determined in both experiments I and II
(Tables 2 and 3) were consistent with those reported previous-
ly (Bao et al. 2011), except that the 96-h LC50 for newly
hatched larvae of O. melastigma 7300 μg Cu/L, reported by
Bao et al. (2011), was greater than that of the current study in
which larvae of 7–10 days old were used. Since there was no
food supplied for the fish larvae during the whole 96-h test
period, newly hatched medaka fish larvae relied on egg yolk
as the sole source of nutrients and energy. However, 7- to 10-
day-old larvae no longer had egg yolk; thus, they were likely
more vulnerable to Cu toxicity.

Toxicity of site waters without addition of Cu

Survival in controls without addition of Cu, in the experiment I,
indicated that all nine site waters were toxic to test organisms,
especially to the diatom S. costatum and larvae ofO.melastigma.
Metals might be contaminants in site waters. In this study, total
recoverable Cu in the site waters from Deep Bay (D1-D3) were
relatively great with concentrations of 46–59 μg Cu/L (Table 6).
Concentrations of metals, especially Cu and Ag greater than
expected historical background concentrations in sediments of
Victoria Harbour and Deep Bay, were due to previous industrial
pollution from the 1960s to 1980s (EPD 2014a). In addition to
metals, in the Cape D’Aguilar marine reserve in Hong Kong (i.e.
site S3 in this study), due to effluent discharge of the nearby
sewage treatment plants and surface runoff, concentrations of
the endocrine disrupting chemical (EDC), 4-nonylphenol,
exceeded a hazard quotient (HQ) of 1.0 (Xu et al. 2014). Also,
EPD’s water monitoring program reported concentrations of the
degradation product of synthetic, industrial surfactants,
nonylphenol in sediment near effluent discharge points of pre-
liminary treatment plants in central Victoria Harbour, while con-
centrations of polychlorinated biphenyls (PCBs) in sediment in
the western portion of Victoria Harbour were greater than those
in more remote locations (EPD 2014a). A systematic quantifica-
tion of chemicals would therefore be necessary to determine

Table 4 Water–effect ratio (WER) and finalWER (fWER) of Cu based
on 96-h toxicity tests for the three sampling sites in (A) Deep Bay water
control zone (WCZ), (B) Victoria Harbour WCZ and (C) Southern WCZ

A. WER for Deep Bay WCZ Site D1 Site D2 Site D3

Algae (Skeletonema costatum) 2.22 2.48 0.46

Copepod (Tigriopus japonicus) 0.68 1.01 0.77

Larvae of medaka fish (Oryzias
melastigma)

0.76 0.90 0.92

WER (geometric mean) 1.05 1.31 0.69

fWER 0.98

Conservative WER 0.68 0.90 0.46

Conservative fWER 0.68

B. WER for Victoria Harbour WCZ Site V1 Site V2 Site V3

Algae (Skeletonema costatum) 0.98 1.06 1.04

Copepod (Tigriopus japonicus) 0.72 0.78 0.72

Larvae of medaka fish (Oryzias
melastigma)

1.54 0.76 1.52

WER (geometric mean) 1.03 0.86 1.04

fWER 0.98

Conservative WER 0.72 0.76 0.72

Conservative fWER 0.73

C. WER for Southern WCZ Site S1 Site S2 Site S3

Algae (Skeletonema costatum) 0.98 1.07 1.04

Copepod (Tigriopus japonicus) 0.87 0.48 0.37

Larvae of medaka fish (Oryzias
melastigma)

2.08 1.26 1.30

WER (geometric mean) 1.21 0.86 0.79

fWER 0.96

Conservative WER 0.87 0.48 0.37

Conservative fWER 0.57
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possible toxicants in site waters. Alternatively, exposures during
tests with raw site water could be interpreted by measuring con-
centrations of a range of contaminants accumulated by algae,
copepod and fish to show the rate of uptake.

WER

Since 1994, the WER approach has been applied in various
waters. Most applications of WER have been to freshwater
systems such as streams, rivers, creeks and lagoons, and al-
most all studies were focused on certain heavy metals, includ-
ing Cu, Cd, Pb, Ag and Zn. In freshwater systems, the least
WER-geometric mean (WER-GM) values determined were
2.61 and 2.2, while the greatest WER-GM values were 11.6
and 15.21, based on total recoverable Cu and dissolved Cu

respectively (CH2MHILL 2002; Jop et al. 1995; LWA 2007).
The maximum WER value reported for Cu was 22.92 for the
Lower Boise River water to development of embryos of
Ceriodaphnia dubia (CH2MHILL 2002). Values for WER-
GM based on total recoverable Cd, Pb, Ag or Zn have been
reported to be in ranges of 2.5–4.6, 0.8–3.7, 2.1–3.7 and 1.6–
7.24, respectively, in freshwater systems (Jop et al. 1995;
Diamond et al. 1997b; CH2MHILL 2002; Coughlin et al.
2009). WER-GM values based on concentrations of dissolved
Pb were in the range of 1.8–14.7 (Diamond et al. 1997b;
CH2MHILL 2002).

There have been fewer applications of WER in saltwater
systems such as marinas and harbours, and all of those studies
were for Cu. WER-GM of total recoverable Cu or dissolved
Cu were 2.08 and 1.54, respectively, for San Diego Bay,
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Fig. 3 Water–effect ratio (WER) for Cu at sampling sites in three marine water control zones (WCZs) in Hong Kong, including Deep Bay (D1,D2 and
D3), Victoria Harbour (V1, V2 and V3) and Southern (S1, S2 and S3) WCZs



California (Rosen et al. 2005b). WER-GM of dissolved Cu
was 1.44 in Sinclair Inlet (Rosen et al. 2005a), and the WER
of Cu was in the range of 1.5–3.2 for various test organisms in
New York Harbour (Allen and Hansen 1996). All the above-
mentioned studies hadWER values greater than one, and were
greater than those determined in the present study. Using
the biotic ligand model, it was found that the WER values of
Cu were positively correlated with concentrations of DOC in
site waters (Arnold 2005), which provided an indirect method
of predicting WERs by measuring concentrations of DOC in
water. Models based on concentrations of DOC have been
used to for site-specific criteria of Cu in San Francisco Bay
and Chesapeake Bay, USA (Arnold and Warren-Hicks 2007a,

b). In order to better explain WERs of the site waters in the
present study, a further study should include the measurement
of DOC and measurements of nutrients and other co-existing
chemical contaminants such as other heavy metals, PCBs and
EDCs in site water samples.

Effects of water treatment and salinity on Cu toxicity

Results of experiment II demonstrated that various water treat-
ments (i.e. filtered, settled, raw) and salinity can affect toxicity
of Cu in site water samples. Results of previous studies have
demonstrated that both DOC and particular organic matters
decreases bioavailability of Cu, and thus reduce its toxicity
to aquatic organisms (Grassi et al. 2000; Arnold 2005;
Arnold and Warren-Hicks 2007a, b). Results of the present
study showed that, except the 96-h WERs for Cu in filtered
and raw waters from site D2 in Deep Bay, all other 96-h
WERs determined in experiment II were near or less than
1.0. Those results implied that although the organic matters
in the site waters could decrease Cu toxicity to the copepod,
there were other factors such as co-existing chemical contam-
inants as well as the interactions among other ions and con-
taminants with Cu (e.g. synergistic effect) in the site waters
that could overrule effects of organic matter and increase net
toxicity of Cu.

Salinity can affect both amounts of free, ionic metals and
complexes (organic or inorganic) of Cu (Hall and Anderson
1999). Results of the present study showed that toxicity of Cu
was inversely proportional to salinity in the filtered site wa-
ters. These results were consistent with those of other studies,
which demonstrated that toxicity of Cu in both natural water
(Verslycke et al. 2003) and artificial seawater (Kwok and
Leung 2005) was inversely proportional to salinity.

Implications for setting WQC for Cu

In Hong Kong, the current numericalWQC only cover param-
eters such as dissolved oxygen, chlorophyll-a, total inorganic
nitrogen, E. coli count and TSS and have yet to include metals.
There is no numerical WQC for Cu in Hong Kong (EPD
2010). Only sediment quality criteria are available for Cu,
which are 65 and 110 mg Cu/kg dm, for the Lower and
Upper Chemical Exceedance Level, respectively (EPD
2014a).

TheWQC for Cu varies among jurisdictions, depending on
designated uses and protection levels. In China, WQC for Cu
range from 5 to 100μg Cu/L, depending on designated uses of
marine waters. In Australia, WQC (i.e. marine water quality
guidelines) for protection of ecosystem range from 0.3 to
8 μg Cu/L, while for human consumption the criterion of Cu
is 1000 μg/L. In Canada and the USA, the WQC for protec-
tion of aquatic organisms range from 3.1 to 4.8μg Cu/L, while
for human consumption, the criterion is 1300 μg Cu/L (EPD

Fig. 4 Effect of treatments to water on water–effect ratio (WER) of water
collected from three water control zones (WCZs) of Hong Kong, includ-
ing Sheung Bak Nai (D2 in Deep Bay WCZ), Shau Kei Wan (V3 in
Victoria Harbour WCZ) and Stanley Bay (S1 in Southern WCZ), based
on 48- and 96-h acute toxicity tests with the adult copepod Tigriopus
japonicus. NA means data not available
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2010). In establishing WQC for Cu in Hong Kong’s marine
waters, site-specific beneficial uses of marine waters, compli-
ancy rate of theWQCwith a view to meeting the management
objective, and the past contamination history of the area of
concern should be considered. Since both fWERs and conser-
vative fWERs from all of the three WCZs were less than 1.0,
the generic WQC using site waters alone could be under-
protective of marine organisms in these WCZs in Hong
Kong. Therefore, it is suggested that local, site-specific
WQC be derived for WCZs by use of WERs.

In this study, three marine species, including an alga, an
invertebrate and a vertebrate, were used to derive WERs. It
was shown that the relative toxicities of Cu between the site
and the laboratory water were species-dependent. The range
of toxicities could be great if only a few species and taxonom-
ic groups were used. Variability of WER could be minimized
if more species would be included, though the workload for
increased number of toxicity tests could be inevitably large.
The range of WER values should be provided so that policy
makers could judge whether they should use the average value
or a more conservative value of WER to derive the site-
specific WQC accordingly for sustainable development (i.e.

a balanced economic growth with adequate ecosystem
protection).
Future studies

This study investigated only three of the ten WCZs in Hong
Kong (EPD 2014b). Further studies should cover more
WCZs, in particular those with more anthropogenic distur-
bances, or those with high biodiversity and conservation value
like marine protected areas. Some examples of these areas are
Tolo Harbour and Channel (rich in fish fry resources and
where Hoi Ha Wan Marine Park is located; ERM 1998;
EPD 2010), North Western (home to the Indo-Pacific hump-
back dolphins Sousa chinensis and where Sha Chau and Lung
Kwu ChauMarine Park is situated in; Morton 1996) and Mirs
Bay (with wide range of coral coverage and fish culture zones,
also where Tung Ping Chau and Yan Chau TongMarine Parks
are situated in; Morton 1994; EPD 2010). Within each WCZ,
more sampling sites should be included in order to account for
the finer scale of site specificity and also allow sound statisti-
cal comparisons of the site-specific WERs against the unity
which could indicate whether the generic WQC is under- or
over-protective to marine life. Seasonal variation and tidal
effect may also be taken into consideration when deriving
fWERs with high confidence.

Table 5 Concentrations of total
suspended solid (TSS) and vola-
tile suspended solid (VSS) (mean
with 95% confidence interval
(C.I.) in parentheses; n = 3) in
three water control zones

Water control zones Site TSS (95% C.I.) (mg/L) VSS (95% C.I.) (mg/L)

Deep Bay D1 (Lau Fau Shan) 98.83 (86.38–107.28) 4.69 (3.81–5.58)

D2 (Sheung Bak Nai) 122.19 (84.82–159.57) 10.46 (6.05–14.9)

D3 (Lung Kwu Tan landfill site) 16.16 (14.76–17.57) 1.63 (0.81–1.51)

Victoria Harbour V1 (Belcher Bay) 15.50 (14.93–16.08) 3.48 (3.37–3.58)

V2 (Wan Chai) 14.35 (13.69–14.37) 2.33 (2.28–2.38)

V3 (Shau Kei Wan) 11.09 (10.43–11.78) 2.31 (2.25–2.37)

Southern Water S1 (Stanley Bay) 16.54 (0.71–32.4) 5.14 (2.62–7.65)

S2 (Tai Tam Bay) 17.57 (2.67–32.47) 5.33 (2.89–7.77)

S3 (Cape D’Aguilar) 14.51 (2.19–26.83) 5.75 (4.31–7.19)

Fig. 5 Effect of salinity on water–effect ratio (WER) for copper (Cu) to
adult copepods (Tigriopus japonicus) based on 48- and 96-h acute toxic-
ity tests using water samples collected from Stanley Bay (S1 in Southern
water control zone). NA means data not available

Table 6 Total recoverable copper (Cu) concentration (with standard
deviation, SD) in water collected from Deep Bay water control zone

Site Total recoverable
Cua (μg/L)

SD (μg/L)

D1 (Lau Fau Shan) 54 4

D2 (Sheung Bak Nai) 59 5

D3 (Lung Kwu Tan landfill site) 46 3

Average 53 1

a This is based on the assumption that the total recoverable Cu in distilled
water is 0 μg/L
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Conclusion

For the first time, water–effect ratio (WER) values for Cu were
derived for three water control zones in marine waters of Hong
Kong. Acute toxicity tests were conducted by use of a marine
diatom, a copepod and larvae of a marine fish using the site and
laboratory waters, respectively. Conservative, final WER
values for Cu varied spatially, ranging from0.57 to 0.73, which
indicated that the generic water quality criteria of Cu could be
under-protective to marine life. Results also showed that tox-
icities of Cu in site waters could be affected by various factors
such as salinity and suspended solid. Therefore, the current
site-specific WER approach is useful for setting more protec-
tive, site-specific, WQC of Cu as demonstrated in this study.
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