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A B S T R A C T   

Water quality guidelines and ecological risk assessment of chemical substances like nickel (Ni) in tropical regions 
such as South East Asia and Melanesia are often based on temperate information as a result of fewer Ni eco-
toxicity data available for tropical species. This leaves an unknown margin of uncertainty in the risk assessment 
in the tropics. In order to fill this data gap, this study was designed to conduct standard toxicity tests on Ni with 
two freshwater species (acute tests) and three marine species (acute and chronic tests) originated from tropical 
Hong Kong. All tests were carried out using measured concentrations of Ni with control mortality below 15%. 
The median lethal concentrations (LC50s) were determined as 2520 (95% confidence interval: 2210, 2860) and 
426 (351, 515) μg Ni L− 1 for the freshwater gastropods Pomacea lineata (48 h) and Sulcospira hainanensis (96 h), 
respectively, while 96 h LC50s of 4300 (3610, 5090), 18,200 (6470, 51,200), 62,400 (56,800, 68,500), and 
71,700 (68,200, 75,400) μg Ni L− 1 were derived for the marine copepod Tigriopus japonicus, the gastropod 
Monodonta labio, juvenile and adult of the marine fish Oryzias melastigma, respectively. The chronic effect con-
centration of 10% (EC10) based on the intrinsic rate of increase of the population of T. japonicus was 29 (12, 69) 
μg Ni L− 1. In terms of growth inhibition, the chronic EC10 for M. labio was 34 (17, 67) μg Ni L− 1. The results also 
indicated that T. japonicus in maturation stage (LC10: 484 (349, 919) μg Ni L− 1) was less sensitive than its nauplii 
stage (LC10: 44 (27, 72) μg Ni L− 1). This study represents an important addition of high-quality toxicity data to 
the tropical Ni toxicity database which can be used for future ecological risk assessment of Ni and derivation of 
its water quality guidelines in tropical regions.   

1. Introduction 

Nickel (Ni) is a naturally occurring metal which is commonly present 
in soil, water, air and biological compartments (Reck et al., 2008). 
Municipal wastewater effluents, industrial point source effluents (e.g., 
mining spoil runoff), urban runoff, landfill leachates, natural sources, 

and soil/substrate disturbances are main sources of Ni entering the 
aquatic ecosystem (European Commission, 2008). Elevated levels of Ni 
in aquatic (both freshwater and seawater) ecosystems, caused by both 
natural sources and anthropogenic inputs, may lead to adverse toxic 
effects to organisms (Binet et al., 2018; Gissi et al., 2016). Within the 
aquatic environment, studies have shown that Ni toxicity can affect 

* Corresponding author. Institute of Marine Sciences and Guangdong Provincial Key Laboratory of Marine Biotechnology, Shantou University, Shantou, 515063, 
China. 
** Corresponding author. State Key Laboratory of Marine Pollution, City University of Hong Kong, Kowloon, Hong Kong, China. 

E-mail addresses: zhenwang@stu.edu.cn (Z. Wang), kmyleung@cityu.edu.hk (K.M.Y. Leung).  

Contents lists available at ScienceDirect 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

https://doi.org/10.1016/j.ecoenv.2020.111373 
Received 13 December 2019; Received in revised form 7 July 2020; Accepted 14 September 2020   

mailto:zhenwang@stu.edu.cn
mailto:kmyleung@cityu.edu.hk
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2020.111373
https://doi.org/10.1016/j.ecoenv.2020.111373
https://doi.org/10.1016/j.ecoenv.2020.111373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2020.111373&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecotoxicology and Environmental Safety 206 (2020) 111373

2

multiple endpoints in various organisms across trophic levels. For 
freshwater species, most sensitive taxa include gastropods, cladocerans 
and vascular plants (i.e., Lemna sp.), with unicellular algae, insects, 
amphibians, and fish being less sensitive (European Commission, 2008; 
Wang et al., 2019a). Sensitive marine taxa include echinoderms, mol-
luscs, and crustacea (DeForest and Schlekat, 2013; Gissi et al., 2016; 
Wang et al., 2014) when they are exposed to Ni through waterborne 
and/or dietary routes, whereas less sensitive taxa include corals (Gissi 
et al., 2017) and fish (DeForest and Schlekat, 2013). 

To protect aquatic species, a number of water quality guidelines or 
criteria (WQGs/WQC) for Ni have been established around the globe 
(Table 1; see Table S1 for site-specific WQGs). Most of these WQGs were 
generated for temperate regions using data for temperate aquatic spe-
cies, while tropical toxicity information (toxicity data or WQGs) is 
lacking. Therefore, most tropical WQGs and ecological risk assessment 
(ERA) studies relied on extrapolation from temperate toxicity data or 
WQGs. This approach introduces uncertainty since water quality and 
chemistry parameters, such as temperature and dissolved oxygen, can 
vary between temperate and tropical ecosystems (Daam and Van den 
Brink, 2010). On the other hand, the very sparse toxicity data (especially 
for high quality chronic toxicity data) for tropical freshwater (Binet 
et al., 2018; Peters et al., 2019; Wang et al., 2019a) and marine (Gissi 
et al., 2016; Wang et al., 2014) species limits the ability to conduct 
robust ERA or to derive appropriate WQGs for tropical regions. The lack 
of toxicity testing protocols on tropical marine (e.g., gastropod, 
copepod, and fish) and freshwater (e.g., gastropods) species in tropical 
regions (e.g., Hong Kong), is also an obstacle for deriving tropical WQGs 
or ERA of Ni. Therefore, this study was specifically designed to address 
these uncertainties and data gaps by generating a new set of high quality 
ecotoxicity data with tropical aquatic species which are commonly 
found in Southeast Asia. These newly generated tropical toxicity data 
can be used to derive tropical WQGs and assess ecological risks of Ni in 
tropical regions. 

2. Materials and methods 

2.1. Chemicals 

Nickel chloride (NiCl2⋅6H2O, Sigma-Aldrich, ACS reagent grade >
99.5%) was used as the test chemical in this study. All stock solutions 
were prepared by dissolving NiCl2⋅6H2O in distilled water and stored in 
non-transparent glass bottles. The stock solution was further diluted in 
sterile pre-dechlorinated tap water or filtered artificial seawater 
(salinity 30‰ or 33‰) to obtain working solutions at desired nominal 
concentration for the toxicity tests. Dechlorinated tap water was freshly 
prepared and aerated for at least 24 h before use. Filtered artificial 
seawater was prepared by dissolving the appropriate amount of artificial 
sea salt (Tropic Marine, Germany) in Milli Q water (18.2 MΩcm) fol-
lowed by filtration (0.45 μm membrane filter, Millipore, Ireland) to 
remove undissolved salt, and aerated for at least 24 h before use. All test 
concentrations were selected based on the results obtained from pre-
liminary range-finding toxicity tests (data not shown). 

2.2. Test species 

The five tropical test species included two freshwater gastropod 
species (Pomacea lineata and Sulcospira hainanensis), one marine 
copepod (Tigriopus japonicus), one marine gastropod (Monodonta labio) 
and one marine medaka fish (Oryzias melastigma). The first four species 
were collected in aquatic environments of Hong Kong, while 
O. melastigma were obtained from the aquarium of School of Biological 
Sciences at the University of Hong Kong. All test organisms were accli-
mated under the controlled laboratory condition prior to experiments 
(see Table S2 for sources and environmental conditions, and Table S3 for 
acclimation and culture conditions for each test species). The two 
freshwater gastropod species (P. lineata and S. hainanensis) and the 
marine gastropod M. labio are abundant in tropical Asian regions and 
have been used as test models in previous studies (Wang and Leung, 
2015). The marine copepod T. japonicus and the marine medaka 
O. melastigma are common model organisms for ecotoxicological studies, 
as they are abundant in nature (high ecological importance), sensitive to 
pollutants and widely distributed geographically in tropical regions 
(Kong et al., 2008; Raisuddin et al., 2007). They are also important taxa 
(crustacea, mollusk, and fishes) as a vital link in freshwater or marine 
food webs between phytoplankton and high trophic levels. 

2.3. Acute toxicity tests 

The acute toxicity tests for the three gastropod species (P. lineata, 
S. hainanensis and M. labio) and the copepod (T. japonicus) were con-
ducted at 27.0 ◦C ± 0.5 ◦C (±standard deviation), with a photoperiod 
cycle of 12 h: 12 h light: dark. The acute toxicity test for the marine 
medaka (O. melastigma) was conducted at 25.0 ◦C ± 0.4 ◦C (±standard 
deviation), with a 14 h: 10 h light: dark photoperiod (approximately 
14.6 μmol m− 2 s− 1, phillips TL 40 W cool white fluorescent lighting). 
The photoperiod used in this study was based on light: dark cycle 
commonly used in previous studies (Palmer, 1982) and/or standard 
acute/chronic toxicity testing protocols (e.g., ASTM (2012), OECD 
guidelines No. 203 and 215). Test animals were acclimated to the test 
conditions prior to testing (Table S3). Lethal concentrations (LC10,20,50) 
were calculated as the toxicity endpoints. 

For the gastropods and copepods, there were eight (P. lineata and 
S. hainanensis) or seven (T. japonicus and M. labio) treatments (i.e., one 
control group and seven/six different concentrations of Ni) for each test 
and there were four replicates and ten individuals for each treatment. All 
tests were conducted for 96 h except S. hainanensis for 48 h. Test solu-
tions were prepared through a serial dilution with a freshly prepared 
stock solution, and renewed every 48 h. A pH buffer (0.1 M potassium 
phosphate or 0.1 M hydrochloric acid) was used for pH adjustment to 
the designated pH conditions to minimize the natural effect of 

Table 1 
Summary of current freshwater and marine nickel (Ni) water quality guidelines 
(WQGs; μg L− 1 Ni) and interim temperate and tropical Ni threshold values (i.e., 
hazardous concentration 5% (HC5); μg L− 1 Ni).  

Country/ 
Region 

Acute/ 
Chronic 

Freshwater Marine Source (Reference) 

WQGs WQGs 

Australia 
and New 
Zealand 

Chronic 30.6a,b 7c ANZECC & ARMCANZ 
(2000) 

Canada Chronic 65  CCME (1987) 
China Chronic 50  State Environmental 

Protection 
Administration (1989) 

Ireland Chronic 20  Abattoirs Act (1988) 
US EPA Acute 954b 74 US EPA (1996) 

Chronic 52b 8.2 
EU Acute 34 34 European Commission 

(2013) Chronic 4 
(bioavailable) 

8.6 

South Africa Acute NA  DWAF (1996) 
Chronic NA  

Hong Kong  200  HKEPD (1997) 
Malaysia Acute 82.5d  Shuhaimi-Othman 

(2012) Chronic 19.9e  

Notes. 
a 95% protection level: 11 μg L− 1 Ni. 
b The WQG value was calculated/extracted at a hardness of 100 mg L− 1 CaCO3 

per the hardness-dependent equation/factsheet presented in the original criteria 
document. 

c The 99% protection level (7 μg L− 1) is recommended for slightly-moderately 
disturbed marine systems. 

d 95% protection level: 165 μg L− 1 Ni, assessment factor of 2 was used;e Acute- 
to-chronic ratio of 8.3 was used. 
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freshwater species on pH changes (Table S4). Mortality of gastropods 
(P. lineata, S. hainanensis, and M. labio) was confirmed by maintaining 
putatively dead animals in normal tap water or artificial seawater, and 
those that did not show any sign of movement after 24 h were assumed 
to be dead (Lam, 1996). For the copepod T. japonicus, death was 
considered when its urosome was at a right angle to the prosome (Fin-
ney, 1979). 

For the marine medaka fish (O. melastigma), the acute toxicity tests 
on juvenile (30 d post hatching) and adult (90 d post hatching) were 
performed following the OECD guideline No. 203 (OECD (1992); 
Table S4). Fifteen fish were randomly selected and exposed to each of 
eight (juvenile) or seven (adult) treatments (including one control group 
and seven/six different concentrations of Ni) for each test. There were 
three replicates for each treatment. Fish loading rate was kept at or 
below 1 g fish (wet weight) per 1 L filtered artificial seawater under a 
semi-static system. Juvenile or adult fish were kept in glass beakers 
(1000 mL), filled with 800 mL of artificial seawater. Half of the test 
solution was renewed daily and solid waste was removed. There was no 
feeding during the entire test period. Mortality was recorded at 24, 48, 
72 and 96 h. Dead fish were removed when observed. 

2.4. Chronic toxicity tests 

Life-cycle tests were performed with the marine copepod 
(T. japonicus) and gastropod (M. labio) while a chronic test was per-
formed with the marine medaka fish (O. melastigma) (see Table S4 and 
below for experimental conditions). The tests were performed at tropical 
water temperatures (i.e., between 25.0 and 27.0 ◦C). 

2.4.1. The marine copepod T. japonicus 
Complete life-cycle toxicity tests of Ni with T. japonicus were con-

ducted following an ASTM protocol (ASTM, 2012) with slight modifi-
cations (Table S4). In a six-well microplate, < 24 h old nauplii were 
placed in wells loaded with 5 mL of a test solution (control and five 
Ni-treatments and 50 μL of algal solution containing 1 × 107 Chaetoceros 
gracilis cells mL− 1; additional 5 mL test solutions were prepared at the 
beginning of each test for chemical analysis). Each treatment had four 
replicates and each replicate contained 20 nauplii. To ensure consis-
tency of exposure, copepods were placed in new micro-wells containing 
fresh test solutions and algal solutions every 96 h. Copepods were 
monitored daily for life-stage mortality, development and sex determi-
nation. When the copepods reached copepodid stage 5, male and female 
copepods within each replicate paired up and mated naturally. The test 
period for individual microplate bioassays ranged from 20 to 30 d to 
account for treatment specific developmental delays. Duration of nauplii 
stage (from <24 h nauplii to develop into copepodid stage 1), matura-
tion stage (from <24 h nauplii to the development of the first egg 
brood), and the intrinsic population growth rate (rm; computed as sug-
gested by Walthall and Stark (1997)) were used as toxicity endpoints. As 
values of rm represent the relative population stability, a declined rm 
indicates a decline of survivorship of the copepod population. 

2.4.2. The marine gastropod M. labio 
Shell and live body mass were estimated at the beginning of the 

experiment using the methods of Palmer (1982). Shell length was 
measured with Vernier calipers (±0.1 mm). Details of the chronic 
toxicity tests are also listed in Table S4. Animals were maintained 
immersed for 48 h to allow air bubbles in the mantle cavity to dissolve 
completely. For the estimation of shell mass, each animal was then 
transferred to a weighted cradle, suspended from the arm of a balance 
(±1.0 mg) by a monofilament nylon line and immersed in a small 
rectangular tank of seawater (length × width × height: 20 × 10 × 15 
cm3; volume of seawater at 33‰ = 2 L). The measured weight largely 
reflected the mass of the shell, as the density of body tissues was close to 
that of seawater (Table S5: regression 1; Burrows and Hughes (1990)). 
After weighing in water, each animal was dried at room temperature 

(25.0 ◦C ± 0.5 ◦C) for about 0.5 h, and extra-visceral water was removed 
by pressing an absorbent tissue firmly against the withdrawn foot until 
no further fluid penetrated the tissue. It was then left to dry at room 
temperature for about 1 h before weighing in air. The true mass of the 
shell for each individual was estimated using regressions of dry shell 
mass on both immersed total mass under water and the total mass in air 
(Table S5: regression 3). The soft body weight was obtained by sub-
tracting the estimated shell mass from the total mass in air. 

For the chronic exposure experiments, 20 juveniles of M. labio with 
similar age (<10 d old) were used for each treatment, and all four rep-
licates of a particular test were carried out at the same period. The test 
solutions were renewed every 96 h. The test species were fed with 
Oscillatoria sp. ad libitum once every 96 h. Mortality was checked regu-
larly and defined as death where movement was not immediately 
evident to respond to probing with forceps (Leung and Furness, 2001). 
Dead M. labio were recorded and removed from the tanks immediately in 
order to avoid cannibalism. The entire exposure period was 30 d. At the 
end of the experiment (day 30), all surviving individuals were 
re-measured for shell length and the soft body was removed from the 
shells after carefully breaking open the shell with a vice. All broken 
fragments of a shell were collected and dried at room temperature for 48 
h before weighing. The wet weight of soft body was measured after 
being blot-dried using an absorbent tissue. Growth rates in terms of shell 
length and weight per capita were determined on the basis of initial shell 
length and estimated soft body mass, respectively. According to the 
method described by Davenport et al. (1998), the condition index (CI) of 
each gastropod was also calculated using the following equation (Eq. 
(1)): 

CI =
wet soft body weight

wet soft body weight + dry shell weight
× 100% (1)  

2.4.3. The marine medaka fish O. melastigma 
The chronic growth test of juvenile O. melastigma was performed 

following the OECD guideline No. 215 (OECD, 2000). Juvenile fish (30 
d post hatching) were acclimated to the test conditions for 14 d prior to 
testing. For each treatment, eight fishes, with the average weight of 3.7 
mg each, were randomly placed in 1000 mL glass beakers with 800 mL 
of artificial seawater. Conditions of the chronic toxicity tests are listed in 
Table S4. The juvenile fish were exposed in triplicate for 21 d with six Ni 
concentrations (including one control group) under a semi-static system. 
Fish were fed with commercial fish feed (TetraMin tropical fish food 
flakes, Tetra, Virginia, USA) ad libitum. Half of the test solution was 
renewed every 24 h while uneaten food and waste were removed. 
Mortality was recorded every 24 h and dead fish were removed without 
replacement. For each replicate of the control or treatment, a digital 
image of the fish was taken on day 0 and day 21 (at the beginning and 
the end of the experiment, respectively). A total length of each fish was 
measured using an image analyzer (ImageJ, version 1.6.0, National In-
stitutes of Health, USA). The growth rate, in terms of the total length, 
was calculated by the following Eq. (2). 

Growth rate=
mean lengh at day 21 − mean length at day 0

mean length at day 0
× 100% (2)  

2.5. Chemical analysis 

Water quality parameters, including dissolved oxygen, pH, conduc-
tivity and salinity (for marine species), were measured at the beginning, 
prior to the first water renewal and at the end of each of the toxicity test. 
pH was measured by a pH meter (Mettler-Toledo 8603, Switzerland); 
salinity was measured using a refractometer (S/Mill-E, Atago, Japan); 
DO and conductivity were measured by a multi-probe meter (YSI Pro-
Plus multi-parameter instrument, USA). All instruments used for the 
measurements were calibrated according to the instrument instruction 
manual prior to use. We collected 5 mL of each test solution at the 
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beginning, prior to the first water renewal and at the end of each of the 
toxicity test to quantify Ni concentrations. These water samples were 
filtered through Acrodisk 0.45 μm in-line-syringe-tip filter and pre-
served with 2% nitric acid (HNO3) to pH < 2. Concentrations of Ni were 
then measured thrice (three duplicates for each sample) using an 
inductively coupled plasma-optical emission spectrometer (ICP-OES; 
ICP Optima 8300, Perkin Elmer, USA) which was calibrated before each 
use; the calibration was verified using a reference standard (i.e., 1 g Ni 
L− 1 in 2% HNO3; NiCl2⋅6H2O, Sigma-Aldrich, ACS reagent grade >
99.5%). A blank solution (MilliQ water, 18.2 MΩcm), without any 
addition of Ni, was used to evaluate the background Ni concentrations. 
The water samples from the natural habitats or acclimation tanks of the 
test species were also collected and measured for reference (Tables S2 
and S6). 

2.6. Statistical analysis 

For each of the water parameters (i.e., dissolved oxygen, pH, con-
ductivity and salinity) and dissolved Ni concentrations, the means 
among treatments at a time point or among time points for a treatment 
were compared using parametric one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test for multiple comparisons after con-
firming the homogeneity of variances of data. For the data with het-
erogeneous variances, a non-parametric Kruskal-Wallis test was used 
and followed by Dunn’s post hoc test for multiple comparisons among 
groups (Zar, 1999). 

Since there were no differences among the Ni concentrations at the 
beginning of the experiment, prior to the first water renewal and at the 
end of the toxicity test (ANOVA, p > 0.05), the mean-measured Ni 
concentrations were used for the calculation of test endpoints (lethal/ 
effective concentrations; LCs and ECs). The LC/EC10,20,50s and their 95% 
confidence intervals (95% CIs) for each species were calculated, 
respectively, from data distribution or regression based on the 
concentration-response relationship. For the observed non-liner re-
lationships, non-linear regression based on Hill’s model was used. For 
the observed linear relationships, a simple liner regression was 
employed (GraphPad Prism, Version 6.01, San Diego, USA). The no 
observed effect concentration (NOEC) and/or lowest observed effect 
concentration (LOEC) for each chronic toxicity test for a given endpoint 
(if applicable) were also estimated by comparing treatments and control 
using parametric one-way ANOVA and corresponding post hoc Tukey’s 
tests or non-parametric Kruskal-Wallis and corresponding post hoc 
Dunn’s tests. 

3. Results and discussion 

For all bioassays, control mortality never exceeded 15% which was 
lower than the threshold of 20% that is required for standard protocols 
(OECD, 1992, 2000; ASTM, 2012, Table 2). Dissolved oxygen, pH, 
conductivity, and salinity remained relatively stable for each of treat-
ments throughout the experiments (Table S6). No significant differences 
in these parameters were detected among the control and treatments for 
most of the tests (ANOVA, p > 0.05; Table S6), except that conductivity 
varied significantly among different treatments in the test with 
P. lineata. One of the possible reasons for the observed conductivity 
variances among treatments for the freshwater gastropod P. lineata is 
due to ionic and osmotic imbalances. The survival of the gastropod 
P. lineata exposed to higher ionic Ni concentrations may come at a 
greater energy cost, and thus lead to a more active transport from 
external fluids into internal fluids and higher calcium levels (i.e., higher 
conductivity) (Herbst et al., 2008). 

3.1. Acute toxicity of nickel 

In an ascending order, acute LC50 values for S. hainanensis (48 h), 
P. lineata (96 h), T. japonicus (96 h), M. labio (96 h), O. melastigma (ju-
venile) (96 h) and O. melastigma (adult) (96 h) were determined to be 
426 (95% CI: 351–515), 2520 (2210–2860), 4300 (3610–5090), 18,200 
(6470–51200), 62,400 (56,800-68500) and 71,700 (68,200-75400) μg 
Ni L− 1, respectively (Fig. 1, Table 2). Based on the current results on the 
acute toxicity tests, all species were relatively insensitive to Ni in acute 
exposures and toxicity was only observed at very high nickel concen-
trations which would be seldomly found in the environment. For 
example, nickel concentrations downstream of operations that produced 
and used nickel within Europe were all less than 100 μg Ni L− 1 (EC, 
2008). 

The freshwater mollusk S. hainanensis tends to be more acutely 
sensitive compared to other tropical snails such as Lymnaea luteola (48/ 
96 h LC50: 1700/1430 μg Ni L− 1) (Khangarot and Ray, 1988), Lymnaea 
acuminata (4330/2780 μg Ni L− 1) (Khangarot et al., 1982), Viviparus 
bengalensis (99,680/39,830 μg Ni L− 1) (Gupta et al., 1981) and Mela-
noides tuberculata (36,460/8460 μg Ni L− 1) (Shuhaimi-Othman et al., 
2012). Comparatively, the six available tropical molluscs tend to be less 
acutely sensitive to their temperate counterparts such as Anodonta 
imbecillis (48/96 h LC50: 240/190 μg Ni L− 1) (Keller and Zam, 1991), 
Juga plicifera and Physa gyrina (96 h LC50: 237 and 239 μg Ni L− 1, 
respectively) (Nebeker et al., 1986), except for Amnicola sp. (96 h LC50: 

Table 2 
Summary of acute lethal concentrations (LC10, 20, 50) and their 95% confidence intervals (95% CIs) for five test species (life stage if appropriate) to nickel. y indicates % 
of affected test population; x indicates the log-transformed nickel concentration (μg L− 1).  

Species Concentration-response 
relationship 

r2 Control mortality 
(%) 

Endpoint  Concentration (μg L− 1) 

LC10 

(95% CI) 
LC20 (95% CI) LC50 (95% CI) 

Pomacea lineata y = 100/(1+10^((3.40 - x) ×1.20)) 0.995 2.5 96 h LC 401 
(295, 
543) 

789 (634, 983) 2520 (2210, 2860) 

Sulcospira hainanensis y = 100/(1+10^((2.63 - x) 
×1.130)) 

0.990 5.0 48 h LC 61 (39, 
95) 

125 (90, 172) 426 (351, 515) 

Tigriopus japonicus y = 100/(1+10^((3.63 - x) ×3.61)) 0.976 2.5 96 h LC 2330 
(1530, 
3540) 

2920 (2150, 3980) 4300 (3610, 5090) 

Monodonta labio y = 100/(1+10^((4.26 - x) ×1.43)) 0.999 5.0 96 h LC 3920 
(2420, 
3640) 

6900 (4650, 10,200) 18,200 (6470, 51,200) 

Oryzias melastigma 
(Juvenile) 

y = 100/(1+10^((4.80 - x) ×3.06)) 0.960 13 96 h LC 30,400 
(24,400, 
37,900) 

39,700 (31,500, 
50,000) 

62,400 (56,800, 
68,500) 

Oryzias melastigma (Adult) y = 100/(1+10^((4.86 - x) ×4.65)) 0.982 0 96 h LC 44,700 
(39,500, 
50,500) 

53,100 (46,300, 
60,900) 

71,700 (68,200, 
75,400)  
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13,000 μg Ni L− 1) (Gibson et al., 2018; Rehwoldt et al., 1973). 
Our results show that T. japonicus is less sensitive in acute Ni expo-

sures than temperate copepods such as Tigriopus brevicornis (96 h LC50: 
207 μg Ni L− 1) (Barka et al., 2001) and Acartia clausi (96 h LC50: 3466 μg 
Ni L− 1) (Lussier and Cardin, 1985). Exact comparisons among tropical 
copepods are not appropriate due to the difference between/among LC50 
time intervals, but our result of 96 h LC50 for T. japonicus (4300 μg L− 1) is 
higher than 24 h LC50 of 2360 μg Ni L− 1 for Acartia pacifica (Mohammed 
et al., 2010), and 48 h LC50 of 1191 (721, 1674) μg Ni L− 1 for Meso-
cyclops pehpeiensis (Wong and Pak, 2004), further supporting its low 
sensitivity. 

We observed that O. melastigma from different life stages have 
different sensitivities to Ni, and juvenile fish were much more sensitive 
than the individuals in adult stage. This is consistent with a previous 
study that juvenile P. marianus exhibited lower 96 h LC50 of 47,500 μg Ni 

L− 1 than adult 96 h LC50 of 100,000 μg Ni L− 1 under a similar test 
conditions (20 ◦C, salinity of 36‰) (Denton and Burdon-Jones, 1986). 
Previous studies also indicated that embryonic stage of fishes (e.g., the 
zebrafish Danio rerio) was more sensitive to chemical exposure than 
other life stages such as juveniles or adults (e.g., 17β-estradiol; Brion 
et al., 2004). Therefore, efforts are inherently required to investigate 
whether juveniles (or embryos) of the other tested species used in our 
study were more acutely sensitive to Ni than their adults (or juveniles 
and adults) in future toxicity testing. In general, previous studies have 
shown that the 96 h LC50s of Ni for tropical marine fishes (juvenile) 
Terapon jarbua, Liza vaigiensis, and Priopidichthys marianus ranged from 
19,400 to 100,000 μg Ni L− 1 (Denton and Burdon-Jones, 1986; Krish-
nakumari et al., 1983), and for six temperate marine fish species namely 
Atherinops affinis, Oncorhynchus mykiss, Gasterosteus aculeatus, Perca 
fluviatilis, Rutilus rutilus and Leuciscus leuciscus ranged from 19,300 to 61, 

Fig. 1. Results of acute toxicity tests: concentration-response relationships between waterborne exposure concentration of nickel (i.e., measured concentration of 
nickel) and mean relative mortality ± standard deviations (n = 4 for all species except the fish with n = 3) of the two freshwater species: (a) Pomecea linata, and (b) 
Sulcospira hainanensis, and the four marine species: (c) Tigriopus japonicus, (d) Monodonta labio, (e) Oryzias melastigma (juvenile) and (f) Oryzias melastigma (adult). 
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200 μg Ni L− 1 (Hunt et al., 2002; Svecevičius, 2010). 

3.2. Chronic toxicity of nickel 

For the chronic life-cycle toxicity tests of T. japonicus, overall average 
relative mortality percentages (mean ± standard deviation) of the con-
trol groups were 2.5% ± 2.9% and 6.3% ± 6.3% for the development of 
nauplii to the first copepodid stage, and for the development of nauplii 
to maturation stage, respectively. On the basis of concentration-response 
relationships, LC10 values for nauplii-copepodid and nauplii-maturation 
stages were estimated as 484 (349–919) and 44 (27–72) μg Ni L− 1, 
respectively (Figs. S1a and b; Table 3). Development of T. japonicus 
slowed down significantly at 200 μg Ni L− 1 for nauplii-copepodid stage, 
and at 100 μg Ni L− 1 for nauplii-maturation stage (ANOVA: F6, 21 = 43, p 
< 0.001 for Fig. 2a, and F6, 21 = 51, p < 0.001 for Fig. 2b; see Table S7 for 
the estimated NOECs and LOECs). The intrinsic rate of increase (rm) of 
the copepod population was significantly reduced at ≥ 100 μg Ni L− 1 

(Fig. 2c; ANOVA: F6, 21 = 159, p < 0.001; Table 3), though none of the 
treatments could drive the rm to zero or beyond at day 20. Based on the 
regression model, EC10 was estimated as 29 (12, 69) μg Ni L− 1 (Table 3). 

The intrinsic rate of increase (rm), as a population endpoint, can not 
only integrate age-specific survivorship and fecundity into a single 
parameter, but also provide a measurement of population growth which 
may be integrated into a mathematical model (Walthall and Stark, 
1997). Therefore, application of population rate as a measure of suble-
thal effects of Ni is more relevant and predictive than lethal concen-
tration estimates when determining the potential effect of the chemical 
on the population of marine copepod such as T. japonicus. We also found 
that sublethal effect of rm for T. japonicus is much more chronically 
sensitive than mortality with a lower median EC10 of 29 μg Ni L− 1. 
Compared to other tropical marine copepods, T. japonicus tends to be 
more sensitive than Amphibalanus amphitrite (80 h EC10: 67 μg Ni L− 1), 
but not as sensitive as Acartia sinjiensis (80 h EC10: 5.5 μg Ni L− 1) (Gissi 
et al., 2018). T. japonicus tends to be much more sensitive than the 
temperate crustacean species such as Mysidopsis initi (28 d EC10: 45 μg Ni 
L− 1) (DeForest and Schlekat, 2013). 

The overall mortality (mean ± standard deviation) of M. labio in the 
control group was 5.0% ± 4.1% at day 30; while the 30 d LC10 was 
estimated as 57 (43, 76) μg Ni L− 1 (Fig. S1c and Table 3). The growth 
rate (wet weight) of M. labio was inhibited when exposed to ≥23.7 μg Ni 
L− 1 (Fig. 2d; F6, 21 = 114, p < 0.001), while the shell length increment 
was significantly reduced at ≥ 107 μg Ni L− 1 (Fig. 2e; F6, 21 = 912, p <
0.001). Condition Index values were not significantly affected by Ni 
treatments (Fig. 2f; F6, 21 = 2.02, p = 0.108). Based on the growth rate 
and shell length increment data and the regression models, EC10 values 
were estimated as 34 (17, 67) and 94 (73, 120) μg Ni L− 1, respectively 
(Table 3). The NOEC and LOEC values for the endpoints in terms of 
growth rate and shell length were also estimated (Table S7). Our results 
indicated that the response of growth rate (wet weight) for M. labio is 
much more sensitive to Ni compared with the response of shell length 
increment. The marine gastropod M. labio with the response of growth 
inhibition (wet weight) tends to be more sensitive than a tropical 

gastropod Nassarius dorsatus in the response of development (4 d EC10: 
64 μg Ni L− 1) (Gissi et al., 2018), but to be less sensitive than a temperate 
snail Marisa comuarietis on the delay of embryo development with a 
concentration of 10 μg Ni L− 1 at day 6 (Sawasdee and Köhler, 2009). 

After the 21 d chronic experiment, there were no significant differ-
ences in the growth of the marine medaka among the control and 
various Ni treatments (ANOVA, F4,8 = 1.855, p > 0.05), though the fish 
increased in their total length by 19.0% in average (Fig. S2). The overall 
mortality of O. melastigma in the control group was 12.5% at day 21. 
Based on the mortality data and the regression model, a chronic LC10 
was estimated as 1660 (987, 2790) μg Ni L− 1 (Fig. 3 and Table 3). There 
were no other tropical chronic toxicity data of Ni for fishes available 
(Gissi et al., 2016) for comparison of fish sensitivities within tropical 
region, however, this tropical medaka O. melastigma tends to be much 
more sensitive than a temperate fish Cyprinodon variegatus (28 d growth 
EC10: 20,760 μg Ni L− 1) (DeForest and Schlekat, 2013). Further high 
quality toxicity data for tropical marine fishes and freshwater gastro-
pods with the consideration of multiple reproductive or developmental 
responses and environmental factors such as temperature should be 
generated so as to better investigate the effects of Ni on tropical fishes 
and gastropods and to fill the data gaps. Also, given that there is a va-
riety of metals (e.g., copper, cadmium, lead) coexisting in aquatic eco-
systems, combined effects of Ni and other metals should be investigated 
in future studies. 

4. Environmental implications 

Due to different species and taxonomic groups being used in the 
toxicity tests, it is difficult for us to directly compare the EC10/LC10 
values of tropical species obtained in this study (i.e., 29–1660 μg Ni L− 1) 
with those of temperate species in the previous studies (DeForest and 
Schlekat, 2013). Nonetheless, differences in species sensitivities from a 
similar taxonomic group between the both regions were still noted from 
the present study, as well as from our previous studies (Wang et al. 
(2014) for marine species and Wang et al. (2019) for freshwater species). 
However, the hypothesis that tropical species are more sensitive than 
their temperate counterparts to Ni should be further investigated in 
future when there are sufficient high-quality data available to use a 
probabilistic distribution approach (e.g., comparison between the 
temperate and tropical species sensitivity distributions). 
Temperate-to-tropical extrapolation factors (e.g., 2 and 5 for marine 
(Wang et al., 2014) and freshwater species (Wang et al. (2019a), 
respectively) can sometimes be used for tropical WQGs derivations and 
ERAs using temperate information as an alternative (conservative) 
approach when there is limited or no relevant tropical toxicity infor-
mation. For ecological realism, there are still unique tropical species 
such as marine seagrasses and coral reefs (Hoeksema, 2007; Gissi et al., 
2017) and some freshwater organisms in lakes (Binet et al., 2018) that 
only occur in tropics and warrant ecotoxicity testing in the future. 

Potential mechanisms in the observed sensitivity differences be-
tween the tested species to Ni are still largely unknown. Temperature, as 
one of the most important environmental factors (Adkins et al., 2002; 

Table 3 
Summary of lethal/effective concentrations (LC/EC10, 20, 50) for Tigriopus japonicus, Monodonta labio and Oryzias melastigma exposed to nickel with 95% confidence 
intervals (95% CIs). NA denoted not calculated (i.e., outside the range of the test concentration).  

Test species Measurements Control mortality (%) Endpoints (μg L− 1) 

EC/LC10 (95% CI) EC/LC20 (95% CI) EC/LC50 (95% CI) 

Tigriopus japonicus Mortality (Nauplii stage) 2.5 484 (349, 919) NA NA 
Mortality (Maturation stage) 6.3 44 (27, 72) NA NA 
Intrinsic rate of increase (rm) NA 29 (12, 69) 67 (32, 137) 277 (191, 401) 

Monodonta labio Mortality 5.0 57 (43, 76) NA NA 
Growth rate 34 (17, 67) 59 (36, 96) 151 (111, 205) 
Shell length increment 94 (73, 120) 145 (121, 174) 308 (274, 347) 

Oryzias melastigma Mortality 12.5 1660 (987, 2790) 2310 (1590, 3360) 4060 (3300, 5000)  
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Zhang and Huang, 2011), may be one of the main drivers in such dif-
ferences as tropical toxicity tests were commonly conducted at higher 
temperature conditions compared to those generated from temperate 
region (Wang et al., 2014, 2019a). Temperature can affect chemical 
toxicity by influencing physical properties of the water environment, 
chemical characteristics (e.g., speciation, complexation and bioavail-
ability) or biological responses (e.g., aerobic scope, chemical update and 
excretion) (Wang et al., 2019b; Wu et al., 2018; Zhou et al., 2014). It is 
commonly reported that increasing temperature can increase chemical 
toxicity (Cairns et al., 1978; Heugens et al., 2003; Kwok and Leung, 
2005), however, no clear trend was found from our comparisons 
whether tropical individual species were more sensitive than their 
temperate counterparts overall. On the contrary, we found that tropical 

marine gastropod M. labio tended to be less sensitive than a temperate 
gastropod M. comuarietis, and the former was conducted at 27 ± 0.5 ◦C 
(this study) while the latter was conducted at 24 ± 1 ◦C (Sawasdee and 
Köhler, 2009). One of the possible reasons for such differences may be 
that stress proteins such as heat shock proteins can be induced to protect 
cellular structures (e.g. DNA) and repair damaged components, and in 
this way, the species could extend its survivability even though in a 
time-limited manner at the higher temperature conditions (Pörtner, 
2002). 

The effects of other environmental parameters such as pH, dissolved 
organic carbon (DOC) and various cations and anions, on Ni toxicity to 
freshwater species have also been studied (Deleebeeck et al., 2008; 
Kozlova et al., 2009). Wang et al. (2016) found that metal toxicity 
(including Ni) to freshwater is a function of pH, and toxicity of Ni tends 
to increase with increasing pH due to the decreased competition with 
the H+ ion (Peters et al., 2019) Bioavailability of Ni in marine waters is a 
function of DOC, as pH and Ca/Mg concentrations do not vary. Ni 
toxicity does vary as a function of DOC quantity and characteristics, but 
the difference among sites is less than 2-fold (Blewett et al., 2018). Mu 
et al. (2018) also found that metals (e.g., Ni), together with other 
environmental stressors such as temperature and salinity, can pose a 
hazard to marine species and can adversely affect structures and func-
tions of communities of marine organisms. Therefore, the addictive ef-
fects of the environmental confounding factors (e.g., pH, DOC, and 
salinity) alone and in combination with temperature on the toxicity of Ni 
to the tested freshwater and marine species should be investigated in the 
future for site-specific ERA or WQGs development (e.g., for South East 
Asia and Melanesia). 

5. Conclusions 

This study is an important addition to the toxicity database of Ni that 
can be used for ecological risk assessment and derivation of water 

Fig. 2. Results of chronic toxicity tests for the marine copepod Tigriopus japonicus (a-c) and the marine gastropod Monodonta labio (d-f). (a) time to develop from 
nauplii to copepodid stage 1, (b) time to develop from nauplii to adult stage and (c) intrinsic rate of increase (rm) for T. japonicus, and (d) growth rate in terms of body 
weight increase, (e) shell length increment, and (f) condition index for M. labio. Means ± standard deviations (n = 4) are presented. Different letters on the bars 
indicate significantly different means between the treatments for each toxicity endpoint (level of significance α = 0.05). 

Fig. 3. Concentration-response relationship between measured waterborne 
concentration of nickel and mean relative mortality (±standard deviations; n =
3) of juveniles of the marine medaka Oryzias melastigma after chronic exposure 
to Ni for 21 d. 
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quality guidelines (WQGs). We have contributed new chronic Ni toxicity 
data for three tropical marine species and acute Ni toxicity data for five 
tropical species (two freshwater and three marine species), and thus 
offer a possibility to use these data, together with those recorded in the 
previous studies on freshwater (Binet et al., 2018; Wang et al., 2019a) 
and marine species (Gissi et al., 2016, 2018; Wang et al., 2014) to 
develop WQGs. We also found that marine copepod T. japonicus with the 
response of population growth and the marine gastropod M. labio with 
the response of growth rate (wet weight) were relatively sensitive to Ni, 
and more suitable for toxicity testing in the future. Differences in acute 
and chronic toxicity of the tested freshwater and marine species to Ni 
were also noted, and more species should be considered in the future to 
examine the null hypothesis that temperate toxicity information (e.g., 
WQGs) can provide sufficient protection for the tropics. Future studies 
should also be conducted to investigate the potential effects of envi-
ronmental parameters (e.g., temperature) on Ni toxicity in the light of 
global climate change. 
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