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ABSTRACT
Toxicity data for tropical species are often lacking for deriving water quality guidelines (WQGs) and for conducting
ecological risk assessment (ERA). To protect and safeguard valuable natural resources and important biodiversity in tropical
freshwater ecosystems, a sound framework should be established to assess and manage the ecological risk of an everincreasing number of chemicals that occur in the tropics. The present study aims to provide a more up-to-date comparison of
the species sensitivity distributions (SSDs) between temperate and tropical freshwater species, by incorporating more acute
toxicity data that have been documented. Results showed that temperate freshwater species are generally more sensitive to
As, Cr, Pb, Hg, carbaryl, chlorpyrifos, DDT, lindane, and malathion than are their tropical counterparts, whereas tropical species
tend to be more sensitive to un-ionized ammonia, Mn, chlordane, and phenol. No sensitivity differences were found between
temperate and tropical freshwater species to Cu and pentachlorophenol. A general decline in sensitivity trend to chemicals
was revealed by comparing taxon-specific SSDs, from crustaceans to mollusks, worms, fishes, and insects. On the basis of
calculated 10% hazardous concentration (HC10) ratios from pairwise temperate and tropical SSDs, the temperate-to-tropic
C 2019
safe extrapolation factor was verified and refined as 5 for information. Integr Environ Assess Manag 2019;00:000–000. 
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INTRODUCTION
The increased discharge of chemical substances into the
environment poses a threat to freshwater species and their
ecosystems. Given that there are many developing
countries with a large human population in the tropics,
the water pollution problem in this region is intensified
because of the lack of infrastructures to collect and treat
wastewater. Given that the biodiversity is substantially
higher in the tropics than in the temperate and cold-water
regions, the number of species potentially influenced by
chemical pollutants is also expected to be greater (Lacher
and Goldstein 1997). To safeguard the crucial biodiversity
in tropical freshwater ecosystems, there is an urgent need
to establish a reliable framework for deriving water quality
guidelines (WQGs) and for conducting ecological risk
assessment (ERA) of common chemical contaminants in
the tropical region (Wepener and Chapman 2012). However, tropical toxicity data are limited compared to their
This article includes online-only Supplemental Data.
* Address correspondence to wangzhen.wz@hotmail.com
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Safe extrapolation factors

temperate counterparts (Kwok et al. 2007; Wang and Leung
2015). Due to this data paucity, temperate toxicity data or
WQGs are commonly used as surrogates by governments in
tropical countries or regions for their WQGs or directly
adopted temperate WQGs for protecting their aquatic
ecosystems. However, it is still debatable whether temperate toxicity information can provide sufficient protections
for the tropics due to geographical differences in species
sensitivities to a chemical.
To date, there have been no clear trends in freshwater
species sensitivities to chemicals between temperate and
tropical regions. For instance, Dyer et al. (1997) found that
temperate fish appeared to be more sensitive to DDT than
tropical fish, while no significant difference in sensitivity was
found for other compounds (carbaryl, lindane, malathion,
pentachlorophenol, and phenol). Maltby et al. (2005) did not
find any influences of species’ geographical distributions on
hazard assessment of insecticides. Kwok et al. (2007)
extensively compared acute species sensitivity distributions
(SSDs) between temperate and tropical freshwater animals,
and found that tropical species were relatively more sensitive
to 6 out of the 18 chemicals (un-ionized ammonia (NH3), As,
Zn, chlordane, chlorpyrifos, and phenol), while for several
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other chemicals especially metals and metalloids (elements),
the opposite trend was found. Nonetheless, the comparison
made by Kwok et al. (2007) had a high uncertainty because
their study was based on a limited amount of tropical data
that could not cover all major taxonomic groups (e.g.,
absence of mollusks, worms [e.g., annelids], and insects for
DDT). In addition, experimental (water) parameters such as
hardness, which may have a significant influence on element
toxicity to freshwater species (Bianchini and Wood 2008;
Brinkman and Johnston 2012), were not considered confounding factors in SSD comparisons by Kwok et al. (2007).
The failure to consider these factors may also lead to high
uncertainties for the observed temperate and tropical SSD
differences for elements. By adding more tropical toxicity data
to cover the missing taxonomic groups, and by normalizing
toxicity data as a function of water parameters (e.g.,
temperature and pH to ammonia, and hardness to elements),
the certainty of the results can be greatly improved. With more
data available, the temperate-to-tropic safe extrapolation
factor of 10 developed by Kwok et al. (2007) can also be
verified or refined for the tropics so as to improve the
accuracy of their predicted no-effect concentrations (PNECs)
or WQGs when temperate information is used.
Therefore, the present study had 3 main objectives. First,
available acute toxicity data generated after 2005 were
added into the data sets of Kwok et al. (2007) for the
comparison of temperate and tropical SSDs for 16 common
chemicals, in order to fill the data gap of underrepresented
or missing taxonomic groups, and to increase the statistical
power of the data analysis. The data gaps for these
chemicals were also identified for future toxicity testing.
Second, the temperate-to-tropic extrapolation factor was
verified and refined after supplementing these newly
available data. Third, species sensitivities to a particular
chemical were compared among different taxa from each of
the 2 climatic regions if there were sufficient toxicity data
available. The overall results will be essential for chemical
regulation and water quality management in tropical and
subtropical regions, especially those in Southeast Asia and
South Africa.

METHODOLOGY
Data mining
The present study focused on 16 chemicals: NH3, 7
elements (As, Cd, Cr, Cu, Pb, Mn, and Hg), 6 pesticides
(carbaryl, chlordane, chlorpyrifos, DDT, lindane, and malathion), and 2 narcotics (pentachlorophenol and phenol).
Single-species acute toxicity data were collected from
databases (USEPA ECOTOX database, ECETOC database,
AED, IUCLID), published literature (e.g., Wang and Leung
[2015] and Kleinhenz et al. [2018] for NH3), and government
reports. All original documents were carefully examined
before extracting the relevant information for the present
study. Selected endpoints were median lethal concentrations
(LC50s; up to 96 h) for animals and median effective
concentrations (EC50s; up to 24 h) for algal growth inhibition.
Integr Environ Assess Manag 2019:1–12

The reported experimental temperature, pH, and hardness of
each toxicity test were also collected accordingly (if any).
Freshwater species were classified as temperate (between
23.5˚N and 65˚N, and between 23.5˚S and 65˚S) or tropical
(between 23.5˚N and 23.5˚S) species based on the location of
collection or culture from the original study. All original
sources of data were also vetted for quality assurance, and
data with limited or no reliability (e.g., unacceptable control
mortality, missing or extrinsic species locations) were
excluded in the current study (Wheeler, Grist et al. 2002;
Chapman et al. 2006). The geometric mean was calculated
when more than 1 data point was reported for a species.
Any outliers detected by Grubb’s test (Grubbs 1969) or
Tietjen-Moore test (Tietjen and Moore 1972) were also
excluded for each data set.
Considering ammonia toxicity as a function of temperature
and pH, all temperate and tropical ammonia data were
converted to the NH3 form at pH 7.0 and 20 ˚C and at pH 7.0
and 25 ˚C, respectively (Wang and Leung 2015). Similarly,
considering hardness-dependent relationships between
hardness and toxicity of elements, all toxicity data of Cd,
Cr, Cu, and Pb were normalized to a hardness level of
50 mg  L–1 CaCO3 following a least-squares regression (see
Supplemental Data Appendix A for data normalization).
Temperate and tropical SSD comparisons
Toxicity data were ranked in ascending order and assigned
corresponding percentiles for SSD constructions. Each SSD
was then fitted by 7 parametric regression models (lognormal, log-logistic, Gompertz, Fisher-Tippett, Weibull, logtriangular, and Burr Type III), and hazard concentration 5%
and 10% (HC5 and HC10) and their 95% confidence intervals
(95% CIs) were subsequently determined by the best fit
model approach described by Wang et al. (2014). The best fit
model should pass both Shapiro-Francia (SF) and AndersonDarling (AD) tests and has the minimum corrected Akaike
information criterion (Min-AICc). For comparisons, nonparametric bootstrap (n  10 for an SSD) and bootstrap regression
methods were also applied for computing the HCs and 95%
CIs. Temperate-to-tropic HC10 ratio and its 95% CI for
pairwise SSDs were computed by corresponding best fit
model (and nonparametric models) and Monte Carlo
simulation approach (resampled 5000 times; SAS version
9.3; Cary, NC, USA). When there were more than 7 data
points for a taxon (amphibians, crustaceans, fish, mollusks,
and insects) in a data set, a taxon-specific SSD was also
constructed.
To be consistent, the relative sensitivities between
temperate and tropical species (or taxa) to a chemical were
determined on the basis of calculated pairwise HC10s and
their HC10 ratio from the best fit model. If the 95% CIs of the
HC10 ratio did not overlap with the unity, then the 2 SSDs
were significantly different (Sokal and Rohlf 2012). One-way
analysis of covariance (ANCOVA) was also conducted to
compare the slope and/or intercept parameters of the
pairwise SSDs (SPSS version 23; Armonk, NY, USA). Relative
sensitivities among taxa within a geographical region were
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compared by 1-way analysis of variance (ANOVA) and
Tukey’s post hoc tests (significance level a ¼ 0.05; GraphPad
Prism version 5.00 for Windows, GraphPad Software, San
Diego, CA, USA. www.graphpad.com). Test conditions
(temperature, pH, and hardness) of the toxicity tests between
temperate and tropical regions were also compared by
Mann-Whitney U tests (SPSS: version 23, Armonk, NY, USA).
In addition, the exceedance of tropical species being
protected based on our derived temperate HC5 for a
chemical was also evaluated.
Derivation of temperate-to-tropic safe extrapolation factor
Temperate-to-tropic safe extrapolation factor for all
chemicals and classes of elements and pesticides were
determined by an inverse prediction approach, respectively
(Wheeler, Leung et al. 2002). In brief, temperate-to-tropic
HC10 ratios for all chemicals, elements, or pesticides
calculated from the best fit parametric model, nonparametric
bootstrap approach, and bootstrap regression approach,
respectively, were ranked and assigned percentiles for
constructing probability distributions. The distributions
were then fitted by the lognormal regression model, and
overall safe extrapolation factors covering 90%, 95%, and
99% of the test chemicals were calculated. Afterwards,
appropriate temperate-to-tropic safety extrapolation factors
for all concerned chemicals, elements, and pesticides were
estimated, respectively.

RESULTS AND DISCUSSION
Data availability and knowledge gaps
The utility of the SSD approach in establishing WQGs or
conducting ERA is highly dependent on availability of the
toxicity data and their quality (Wheeler, Grist et al. 2002;
Dowse et al. 2013). The data used in SSD constructions with
high quality can further increase the certainty of threshold
derivations (e.g., HCs) and the accuracy of SSD comparisons. Therefore, all original documents were carefully
examined before data extraction, and data of poor quality
were not included in the present study. Among all test
chemicals, with the exception of the tropical data sets of As
(amphibians and fishes), chlordane (fishes only), Cd (5 data
points), and Cr (1 data point with data normalization), all
data sets contained more than 10 data points from at least 4
taxonomic groups (pie charts in Figures 1 and 2; see
Supplemental Data Table S1 for data sets). During the
present study, toxicity data gaps were also identified for the
16 selected chemicals (Table S2). For example, taxonomic
groups such as crustaceans, mollusks, worms, and insects
were all missing in the tropical data sets for As and
chlordane, while tropical worms and mollusks are generally
missing for phenol and some pesticides (e.g., chlorpyrifos
and malathion). The missing of these taxonomic groups
could lead to high uncertainties of threshold estimates
(e.g., HC10s) and thus influence the accuracy of the
temperate and tropical SSDs’ comparisons. Therefore,
further toxicity tests should be conducted to fill these
Integr Environ Assess Manag 2019:1–12
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knowledge gaps, especially for the tropical data sets of As,
chlordane, Cd, and Cr, so that a more accurate comparison
between the 2 climate regions can be achieved.
Comparison of temperate and tropical species sensitivities
As demonstrated by previous studies and the present
study, tropical aquatic species showed different sensitivities
to a number of chemicals when compared with their
temperate counterparts. For example, Chapman et al.
(2006) found that tropical marine organisms were relatively
more sensitive to Cd, least sensitive to Cu, and of
intermediate sensitivity to Pb and Zn than those species
from temperate and polar regions. In contrast to the results of
Chapman et al. (2006), a more comprehensive metaanalysis
for 11 chemicals conducted by Wang et al. (2014) showed
that there were only small differences in acute toxicities of
chemicals between tropical and temperate saltwater organisms, and tropical saltwater species were more sensitive to
Cu, Hg, Zn, phenol, and pentachlorophenol than their
temperate counterparts. For freshwater ecosystems, Daam
and Van den Brink (2010) examined the differences between
the sensitivities of temperate and tropical organisms toward
pesticides and concluded that the pesticide dissipation rates
and sensitivities of freshwater organisms varied among
species. Brix et al. (2001) conducted a comparison of the
acute sensitivities of temperate (cold- and warm-water) and
tropical freshwater species toward Cu, and found that
temperate cold-water species appears to be the most
sensitive ones, followed by temperate warm-water and
tropical species. Kwok et al. (2007) preliminarily found
tropical species were relatively more sensitive to 6 of the
18 chemicals tested, while temperate species were generally
more sensitive to elements.
In the present study, temperate and tropical freshwater
SSDs visually diverged for most chemicals (Figures 1 and 2),
indicating different sensitivities. This was characterized by
significantly different slope and/or intercept parameters of
the pairwise lognormal fitted SSDs (Table S3). The estimated
HC5 and HC10 values and their 95% CIs are listed in Table 1
and Table S4 using the best fit model and nonparametric
models, respectively. On the basis of calculated temperateto-tropic HC10 ratios and 95% CIs (Tables 1 and S4), our
results demonstrated that tropical freshwater species were
more sensitive to NH3, Mn, chlordane, and phenol than their
temperate counterparts, while temperate freshwater species
were more sensitive to As, Cr, Hg, Pb, and 5 out of 6 pesticides
(except for chlordane). Temperate and tropical species shared
similar sensitivities to Cu and pentachlorophenol.
The observed differences between temperate and tropical
SSDs might be driven by quality and quantity of data and by
differences in experimental conditions, species and taxonomic compositions and proportions, and taxon-specific
sensitivities. For the majority of the tested chemicals, tropical
toxicity tests were conducted at a significantly higher
temperature and hardness than temperate toxicity
tests; Table 2), with overall median differences of 5 ˚
C (Mann-Whitney U test: U ¼ 1.5, n temperate ¼ n tropic ¼ 16,

DOI: 10.1002/ieam.4122


C 2019 SETAC

4

Integr Environ Assess Manag 9999, 2019—Z Wang et al.

Figure 1. Temperate and tropical species sensitivity distributions (SSDs) for un-ionized ammonia (a) and 7 metals and metalloids, including As (b), Cd (temperate
only) (c), Cr (d), Cu (e), Pb (f), Mn (g), and Hg (h). Pie charts represent species compositions for the tropical (upper chart) and temperate (lower chart) distributions.
Half-filled symbols (shown in red) indicate tropical data points, whereas fully filled symbols (i.e., shown in blue) indicate temperate data points. Symbols for
taxonomic compositions are given in the upper key, while color codes for different taxa in pie charts are presented in the lower key.

p < 0.05) and 18 mg  L–1 CaCO3 (U ¼ 53, n temperate ¼ n
tropic ¼ 12, p < 0.05), respectively. While tropical toxicity tests
were conducted at significantly lower pH conditions (median
difference 0.2; U ¼ 56, n temperate ¼ n tropic ¼ 13, p < 0.05).
The observed test temperature differences may be one of
the important factors influencing both the physicochemical
properties of chemicals present in the test medium and the
physiology of the freshwater organisms; such thermalmediated changes in these factors can influence the
bioavailability, bioaccumulation, excretion and toxicity of
the chemical in the organism (P€
ortner 2002; Bourgeault et al.
2013). Given that most previous laboratory studies suggested that chemical toxicity increases with temperature
(e.g., Cairns et al. 1978; Leung et al. 2000; Heugens et al.
2003; Kwok and Leung 2005), it is commonly believed that
tropical species would be more sensitive to chemicals than
temperate species (Castillo et al. 1997). However, the present
results indicated that most chemicals (10 out of the 15
chemicals) were more toxic to temperate species. This could
be because biochemical detoxification and elimination of
Integr Environ Assess Manag 2019:1–12

toxicants may increase with temperature, which eventually
reduces chemical toxicity (Howe et al. 1994), and at the same
time, low water temperatures may slow down excretion and
detoxification and hence increase toxicity (Sprague 1985).
The evaporation rate of chemicals with low vapor pressures
(e.g., pesticides) may increase with temperature, and hence
reduce the chemical concentration, uptake, and bioaccumulation, and lower toxicity (Magallona 1994).
The toxicity of divalent elements in particular is often
inversely related to water hardness (decreased toxicity with
increasing hardness [Erickson et al. 1998]). We also found that
tropical toxicity tests were generally conducted at significantly higher hardness against As, Cr, Pb, and Hg than their
temperate counterparts, while tropical species were sensitive
to the 4 elements (lower toxicity at higher hardness).
Hardness can affect element toxicity indirectly through
nonspecific ionic interferences that decrease the ionic toxicity
of the element ion by interfering with element update and
action through competition at the binding sites (Chapman
et al. 1980; Park et al. 2009).

wileyonlinelibrary.com/journal/ieam
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Figure 2. Temperate and tropical species sensitivity distributions (SSDs) for pesticides and narcotics, including carbaryl (a), chlordane (b), chlorpyrifos (c), DDT (d),
lindane (e), malathion (f), pentachlorophenol (g), and phenol (h). Conventions as for Figure 1.

Because pH can affect the equilibrium of aqueous ionic
chemicals, especially elements, the differences in the test pH
for elements might play a part in driving the observed
differences between temperate and tropical species sensitivities. It is commonly reported that element toxicity
increases with decreasing pH (McDonald et al. 1989;
Campbell 1995; Pynn€
onen 1995). However, we found that
tropical tests for As and Mn were generally conducted at
lower pH than tropical ones, while tropical species were
found to be less sensitive to both elements. Such responses
might be explained by competition between Hþ and ionic
elements, decreasing the binding of elements on cell-surface
ligands at the cell surface and altering the cell’s permeability
to certain elements and reducing toxicity at low pH (Wang
et al. 2016).
To minimize the potential influences of water parameters
on chemical toxicity to freshwater species, and thus introduce
bias in the SSD comparisons, all toxicity data of ammonia
(temperature- and pH-dependent) and Cd, Cr, Cu, and Pb
(hardness-dependent) were normalized and used in our
metaanalyses. Nonetheless, the insufficient data availability
of other water parameters such as alkalinity, dissolved
Integr Environ Assess Manag 2019:1–12

organic carbon, dissolved O, or ionic strength inherently
limited our ability to investigate their potential influences on
the observed temperate and tropical SSD differences for the
elements. Further study should be conducted when there is
more information available to investigate the potential
effects of these confounding factors on the observed species
sensitivity differences between the 2 geographical regions
alone or in combination with temperature, pH, or hardness
for the elements of concern.
Representativeness and compositions of species in a data
set might be other drivers introducing uncertainty for SSDs
comparations. Thus, the general data sets were separated
into major taxonomic groups and relative sensitivities
between or among different taxa were also compared in
the present study. Using all available toxicity data, more
temperate subdistributions were available than the ones from
the tropical regions for the chemicals being examined
(Supplemental Data Figures S1 and S2). Within a geographical region, relative sensitivities of taxa to different elements
expressed a similar trend, while those to NH3, pesticides, and
narcotics varied among taxa (see HC10s in the Table S5). For
elements, crustaceans were generally the most sensitive
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Table 1. Temperate and tropical hazardous concentrations 5% and 10% with their 95% confidence intervals for each chemical and the
corresponding temperate-to-tropic HC10 ratio from the best fit model

Chemical
(temperate/
tropical)

N (nr of
common
species for
both data
sets)

HC5
(95% CI;
mg  L–1)

HC10
(95% CI;
mg  L–1)

Tropical species
being protected
by temperate
HC5 (%)

Best fit
model

Min-AICc

W’

AD

Temperate-to-tropic
HC10 ratio (95% CI;
mg  L–1)

Burr Type III

978

0.56

0.20

4.2 (2.8, 8.0)

62%

0.56

0.41

0.2 (0.01, 0.5)

99%

NA

NA

0.6 (0.3, 0.9)

96%

1.9 (0.9, 3.3)

88%

0.5 (0.3, 0.9)

99%

2.3 (1.2, 7.1)

90%

0.7 (0.6, 0.8)

96%

Un-ionized ammonia
Temperate

110 (4)

129
181
(124, 134) (177, 185)

Tropical

15 (4)

28
(9.0, 38)

43
(20, 55)

Burr Type III

93

Temperate

43 (0)

754
(606, 950)

2000
(1660,
2420)

Burr Type III

317

Tropical

9 (0)

6250
(4764,
16600)

9010
(7580,
17700)

Burr Type III

45

Temperate

25 (1)

8.9
(6.8, 13)

22
(17, 32)

Burr Type III

155

Tropical

1 (1)

NA

NA

NA

NA

NA

NA

Temperate

17 (0)

763 (8.3,
4940)

1550 (25,
6650)

Burr Type III

69

0.27

1.15

Tropical

5 (0)

1040 (30,
3080)

2480
(199,
5480)

Weibull

15

Temperate

51 (0)

19
(12, 27)

32
(23, 39)

Burr Type III

331

0.50

0.58

Tropical

10 (0)

11
(5.7, 19)

17
(10, 25)

Burr Type III

56

1.58

0.51

Temperate

31 (5)

118
(77, 199)

270 (198,
382)

Burr Type III

222

Tropical

17 (5)

318 (144,
560)

560 (336,
811)

Burr Type III

107

Temperate

31 (2)

175 (105,
618)

384 (264,
874)

Burr Type III

203

0.14 0.29

Tropical

12 (2)

94 (33,
123)

170 (88,
218)

Burr Type III

75

0.28 0.38

Temperate

77 (4)

8.4
(7.6, 9.3)

17
(16, 19)

Burr Type III

598

0.45 0.61

Tropical

62 (4)

12
(10, 14)

24
(21, 27)

Burr Type III

461

Arsenic
0.68 1.51

0.69

0.86

Cadmium
1.01 0.71

Chromium

1.19 1.04

Copper

Lead
0.33 0.24
0.21

0.26

Manganese

Mercury

0.40

0.34

Carbaryl
(Continued)
Integr Environ Assess Manag 2019:1–12
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Table 1. (Continued)

Chemical
(temperate/
tropical)

N (nr of
common
species for
both data
sets)

HC5
(95% CI;
mg  L–1)

HC10
(95% CI;
mg  L–1)

Tropical species
being protected
by temperate
HC5 (%)

Best fit
model

Min-AICc

W’

AD

Temperate-to-tropic
HC10 ratio (95% CI;
mg  L–1)
0.1 (0.08, 0.2)

99%

3.5 (1.6, 8.6)

67%

0.5 (0.3, 0.8)

88%

0.4 (0.3, 0.6)

99%

0.2 (0.1, 0.3)

>99%

0.5 (0.4, 0.6)

>99%

0.8 (0.6, 1.1)

99%

2.5 (1.4, 6.7)

90%

Temperate

143 (8)

14
(13, 15)

38
(34, 41)

Burr Type III

1062

0.18

0.27

Tropical

51 (8)

106 (86,
138)

270 (226,
338)

Burr Type III

357

0.27

1.15

Temperate

27 (1)

18
(14, 21)

22
(18, 25)

Burr Type III

155

Tropical

10 (1)

4.6 (1.7,
6.1)

6.3 (2.6,
7.9)

Burr Type III

60

0.50

0.58

Temperate

135 (8)

0.15
(0.14,
0.16)

0.27
(0.25,
0.29)

Fisher-Tippett

135

1.58

0.51

Tropical

32 (8)

0.15
(0.10,
0.20)

0.50
(0.36,
0.64)

Log-normal

32

Temperate

103 (8)

1.6 (1.5,
1.7)

2.7 (2.6,
2.9)

Fisher-Tippett

844

Tropical

34 (8)

3.5 (2.3,
4.8)

6.7 (4.3,
8.8)

Burr Type III

230

0.14 0.29

Temperate

85 (5)

4.1 (3.7,
4.7)

6.7 (6.1,
7.5)

Burr Type III

581

0.28 0.38

Tropical

36 (5)

20 (13,
36)

38 (27,
58)

Burr Type III

241

0.45 0.61

Temperate

135 (20)

1.6
(1.4, 1.8)

5.1
(4.5, 5.6)

Log-normal

980

0.40

0.34

Tropical

63 (20)

4.6
(4.1, 5.3)

11
(9.3, 12)

Burr Type III

429

0.18

0.27

Chlordane
1.19 1.04

Chlorpyrifos

0.33 0.24

DDT
0.21

0.26

Lindane

Malathion

Pentachlorophenol
Temperate

129 (6)

52
(49, 57)

79
(75, 83)

Burr Type III

1042

1.31

0.98

Tropical

19 (6)

76
(58, 96)

101
(81, 123)

Burr Type III

151

0.42

0.95

Temperate

154 (7)

2840
(2040,
3680)

6520
(5310,
7540)

Burr Type III

1077

3.29 0.43

Tropical

18 (7)

1160
(589,
2290)

2610
(1510,
4490)

Burr Type III

105

1.33 0.25

Phenol

AD ¼ statistic of the Anderson-Darling test; AICc ¼ Akaike information criterion; HC5 ¼ hazardous concentration 5%; HC10 ¼ hazardous concentration 10%;
W’ ¼ statistic of the Shapiro-Francia test.
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Table 2. Comparison of median values of temperature, pH, and hardness used between temperate and tropical toxicity tests for 19
chemicalsa
Chemical

Median temperature (˚C)
Temperate

Tropical

Difference
b

Hardness (mg  L–1 CaCO3)

Median pH
Temperate

Tropical

Difference

Temperate

Tropical

Difference

Unionized ammonia

20

25

5

7.9

7.5

0.4

86

NA

NA

Arsenic

20

22

2

7.6

7.1

0.5

49

218

169b

Cadmium

20

27

7b

7.9

7.5 (n ¼ 2)

NA

50

NA

NA

b

Chromium

21

25

4

7.6

7.3

0.3

50

268

218b

Copper

20

26

6b

7.6

7.6

0.0

89

90

1.0

Lead

20

25

5b

7.3

7.3

0.0

48

114

66b

Manganese

20

25

5b

7.6

6.9

0.7b

117

78 (n ¼ 2)

NA

b

Mercury

19

26

7

7.6

7.6 (n ¼ 1)

NA

55

238

183b

Carbaryl

20

22

2

7.5

7.5

0.0

92

110

18b

Chlordane

20

26

6b

7.3

7.3

0.0

47

85

38b

Chlorpyrifos

21

26

4b

7.7

7.0 (n ¼ 2)

NA

110

199 (n ¼ 2)

NA

b

DDT

19

27

8

7.2

7.5

0.3

44

83

39b

Lindane

20

26

6b

7.4

7.4

0.2

107

72

35b

Malathion

22

26

4b

7.2

7.4

0.2

77

81

4.0

Pentachlorophenol

20

22

2

7.7

7.6

0.1

167

195

28b

Phenol

20

24

4b

7.6

7.3

0.3

100

72

28b

a

The data with data points fewer than 3 were not used in Mann-Whitney U test (NA).
Indicates significantly different medians based on Mann-Whitney U test, under level of significance a ¼ 0.05.

b

species, followed by mollusks, worms, and fishes, while
insects were the least sensitive (for As [temperate], Cu
[temperate], Pb [temperate], Mn [temperate], Hg [temperate
and tropical]). For NH3, mollusks were the most sensitive
species, followed by fishes, crustaceans, and insects. For
pesticides and narcotics, crustaceans were the most sensitive
taxon to carbaryl (temperate and tropical), chlorpyrifos
(temperate), and malathion (temperate and tropical), while
insects were surprisingly the most sensitive taxon to
chlorpyrifos (tropical), DDT (temperate and tropical), lindane
(temperate), and phenol (temperate). On the contrary, fishes
(temperate) were the most sensitive taxa to pentachlorophenol, while insects (temperate) were the least sensitive. The
results of taxon-specific SSDs’ comparisons suggested that
freshwater crustaceans were generally the most sensitive
groups to the tested chemicals. Therefore, crustaceans could
be considered as sensitive taxon for adoption in future
toxicity testing and risk assessment.
Taxon-specific temperate-to-tropic HC10 ratios were also
calculated for crustaceans, fishes, and insects (Table S6).
There was no clear trend in sensitivities of insects to the
examined chemicals between both regions. Temperate
crustaceans were found to be generally more sensitive to
their tropical counterparts for Pb, Hg, carbaryl, DDT, and
malathion, while temperate fishes were either more sensitive
or shared similar sensitivity to the fishes from the tropics. On
the contrary, tropical fishes tended to be more sensitive to
Integr Environ Assess Manag 2019:1–12

NH3. Such taxon-specific differences and their taxonomic
compositions and proportions in the both data sets can
partially contribute to the observed temperate and tropical
SSDs differences. For example, the temperate and tropical
data sets for malathion were all dominated by crustaceans,
fishes, and insects (pie charts in Figure 2f), whereas
corresponding temperate taxa were all more sensitive than
their tropical counterparts. Although one cannot conclude
that this is the only cause of the difference in species
sensitivities to a chemical (e.g., malathion), further studies are
required to test the hypothesis that individual temperate
taxonomic groups (e.g., algae, amphibians, mollusks, and
worms) are more sensitive than their corresponding tropical
counterparts.
Temperate-to-tropic safe extrapolation factor
Extrapolation factors (also referred to as “assessment
factors” or “uncertainty factors”) are often applied in WQGs
and ERA as an alternative (conservative) approach when there
was limited or no ideal toxicity information for a species at a
desired experimental scenario (see Table 3 for current
commonly used extrapolation factors for WQGs and ERA).
In the present study, temperate-to-tropic safe extrapolation
factor proposed by Kwok et al. (2007) was also evaluated and
refined by incorporating more freshwater toxicity data
inclusion, especially for tropical species. Using HC10 ratios
derived from corresponding best fit models, extrapolation
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Table 3. Types and magnitudes of extrapolation factors applied in derivation of water quality guidelines and ecological risk assessment
Types of extrapolation
factors
Intra-order extrapolation

Magnitude

Extrapolation
factorsa

References

Plant sensitivity to herbicides

15

Fletcher et al. 1990

 300 (80%)

Fletcher et al. 1990

Species within genus

10 (95%); 16.3
(99%)

Calabrese and Baldwin 1993

Genera within family

11.7 (95%); 16.9
(99%)

Calabrese and Baldwin 1993

Families within order

99.5 (95%); 145
(99%)

Calabrese and Baldwin 1993

Orders with class

64.8 (95%); 87.5
(99%)

Calabrese and Baldwin 1993

Classes within phylum

1000 (95%)

Sloof et al. 1986

10

USEPA 1991; OECD 1995

40

ECETOC 1993

20b

Wang and Leung 2015

10c

Wang and Leung 2015

10

USEPA 1985

0.01; 0.05

Ontario Ministry of Environment 1984;
CCME 1991

10

USEPA 1991; OECD 1995

7.2 (95%); 8.8
(99%)

Leung et al. 2001

Saltwater ecosystem

2

Wang et al. 2014

Freshwater ecosystem (un-ionized
ammonia-specific)

4

Wang and Leung 2015

Freshwater ecosystem

10 (95%); 40
(99%)

Kwok et al. 2007

5

The present study

Intra-class extrapolation
Interspecies extrapolation

Acute-to-chronic ratio (ACR)

Un-ionized ammonia-specific

c

LOEC-to-NOEC

Aquatic assessment factor

Canada

Field-to-laboratory
extrapolation
Freshwater-to-saltwater
extrapolation
Temperate-to-tropic
extrapolation

ECETOC ¼ European Centre For Ecotoxicology and toxicology of Chemicals; LOEC: lowest-observed effect concentration; NOEC: no-observed effect
concentration; OECD ¼ Organisation for Economic Co-operation and Development; USEPA ¼ US Environmental Protection Agency.
a
The percentile in parentheses indicates the potential variability being captured.
b
The ACR was derived based on pairwise freshwater acute and chronic toxicity data of un-ionized ammonia with normalization at pH 7.0 and 20 ˚C.
c
The ACR was derived based on pairwise freshwater acute and chronic toxicity data of un-ionized ammonia without normalization at pH 7.0 and 20 ˚C.

factors covering 95% of all tested chemicals (except for Cr),
elements and pesticides were estimated as 4.4 (3.5, 5.9), 3.5
(2.2, 7.7) and 3.7 (1.5, 9.1), respectively from the distribution
(Figure 3 and Table S7). Considering the current results and
practicality for ease of use, we recommend the refined safe
extrapolation factor as 5, which is smaller than the one (i.e.,
10) derived by Kwok et al. (2007). Arguably, such a difference
is likely because of the enlarged data sets (pesticides) or
exclusion of data without data normalization (NH3 and
elements) being used in the present study. Comparatively,
when we conducted similar extrapolation factor derivations
using nonparametric fitting models, larger values were
computed (e.g., 11 (7.4, 18) and 13 (9.3, 20) using all
Integr Environ Assess Manag 2019:1–12

chemicals; Figures S3 and S4 and Table S7). Therefore, 10
instead of 5 should be considered during temperate-totropic extrapolations when one is applying the nonparametric bootstrap or bootstrap regression approach.
Compared to the traditional default extrapolation factor
approach (e.g., 10 for LOEC-to-NOEC extrapolations;
Table 3), our probabilistic distribution approach appears to
be more reliable because these observations are data driven
and account for inherent variability of differences in sensitivity
between temperate and tropical freshwater species. When
there are sufficient data for a chemical or a class of chemicals,
chemical-specific (e.g., NH3-specific temperate-to-tropic
extrapolation factor of 4 recommended by Wang and Leung
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Figure 3. The relationship between temperate and tropical hazardous concentration for 10% of species (HC10) ratios based on the best fit model for all chemicals
(a), metals and metalloids (b), and pesticides (c). Horizontal error bars denote the 95% confidence intervals (95% CIs) of the HC10 ratios, and vertical arrows (i.e.,
dotted lines) indicate the safe extrapolation factors at 95% of chemicals being covered.

[2015]) or class-specific (e.g., 3.5 (2.2, 7.7) for elements and
3.7 (1.5, 91) for pesticides; Table S7) extrapolation factors can
be derived. Overall, our recommended extrapolation factor
of 5 can provide adequate protection for all tested chemicals
when their temperate information is borrowed as surrogates
by the tropics. Alternatively, for a particular chemical for
which temperate species are more sensitive (smaller than 1
HC10s; Table 1), its temperate information can be directly
used without extrapolation factor adjustment (for potential
overprotection concern). But it is important to note that such
a relaxation must be further validated through field studies.
For instance, despite the fact that there being no differences
in sensitivity between temperate and tropical species to Cu,
only 88% of tropical species would be protected when our
interim temperate HC5s are adopted as a conservative
surrogate (Table 1). If the estimated temperate HC5 (median:
32 mg  L–1) is divided by our recommended extrapolation
factor of 5, an interim tropical HC5 of 6.4  mg  L–1 could be
derived, which can provide sufficient protection (more
than 99% of protection) for corresponding tropical species
to Cu.
Integr Environ Assess Manag 2019:1–12

Our derived temperate HC5s were then used as surrogates
directly and the probabilities that tropical species protected
were also estimated (Table 1). For example, if temperate
HC5s were used as surrogates for tropical species directly,
38%, 10%, 33%, and 10% of tropical species would not be
protected when exposed to NH3, Mn, chlordane, and phenol,
respectively (e.g., tropical fish Cirrhinus mrigala; see more
examples in Table S8). If these temperate HC5s are divided
by our recommended extrapolation factor of 5, the
estimated interim tropical HC5s can be sufficiently protective for the 4 chemicals (more than 99% of protection).
Therefore, when there are limited or no tropical toxicity
data for a chemical, temperate information (toxicity data or
WQGs) can be applied as surrogates and divided by our
recommended of extrapolation factor of 5 by tropical
countries or regions for their data dossier development,
interim WQG establishment, and screening-level risk
assessment of the chemical. This can provide important
economic welfare benefits (e.g., reduce cost of protection
and use of animals in toxicity testing) with an appropriate
and protection level.
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Because only acute toxicity data were used in our
metaanalyses, further studies should be conducted using
chronic toxicity to investigate whether the patterns of
differences in sensitivity between temperate and tropical
freshwater species toward the tested chemicals are similar to
the acute ones, and to evaluate or refine our recommended
temperate-to-tropical extrapolation factor of 5. No clear
trend (larger or smaller) existed when we compared the
measured water background concentrations from the tropics
(e.g., for Cd, Cr, Cu, and Pb; Table S9) with the interim
tropical chronic WQGs estimated from temperate chronic
WQGs recommended by the US Environmental Protection
Agency (USEPA) and a factor of 5. Therefore, field studies are
also necessary to validate whether applying the extrapolation
factor of 5 to surrogate WQGs (based on temperate
information) can adequately protect freshwater species and
their ecosystem integrity.

CONCLUSIONS
The results of the present comprehensive and up-to-date
metaanalysis showed that temperate freshwater species were
generally more sensitive to most chemicals of concern (i.e.,
As, Cr, Pb, Hg, carbaryl, chlorpyrifos, DDT, lindane, and
malathion) than their tropical counterparts. On the contrary,
tropical freshwater species were found to be more sensitive
to un-ionized ammonia, Mn, chlordane, and phenol, while
there were no sensitivity differences between temperate and
tropical freshwater species to Cu and pentachlorophenol.
Comparison of a limited number of taxon-specific SSDs
showed that crustaceans were the most sensitive taxon
that are suitable for toxicity testing and risk assessment of
chemicals. Based on the HC10 ratios for the test
chemicals, an extrapolation factor of 5 is recommended
when using temperate freshwater toxicity information
as a conservative surrogate for predicting chemical
toxicity to tropical freshwater species or deriving tropical
WQGs.
Acknowledgment—This work is supported by Research
Grants Council of the Hong Kong SAR Government via a
General Research Fund (Project no.: HKU 703511P).
Disclaimer—The authors declare no conflicts of interest.
The peer-review process for this article was managed by the
Editorial Board without the involvement of KMY Leung.
Data Accessibility—Data are available upon request to
Zhen Wang at wangzhen.wz@hotmail.com.

SUPPLEMENTAL DATA
Appendix A. Data normalization for ammonia and metals
Figure S1. Temperate and tropical taxon-specific species
sensitivity distributions for un-ionized ammonia and 7 metals.
Figure S2. Temperate and tropical taxon-specific species
sensitivity distributions for pesticides and narcotics.
Figure S3. The relationship between temperate and
tropical hazardous concentration for 10% of species ratios
based on the nonparametric species sensitivity distributions
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points < 10 in tropical data sets) (a) and pesticides (b).
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Figure S4. The relationship between temperate and
tropical hazardous concentration for 10% of species ratios
based on bootstrap regression species sensitivity distributions (SSDs) for all chemicals (a), metals and metalloids (b),
and pesticides (c).
Table S1. Summary of all available temperate and tropical
data for the 16 tested chemicals
Table S2. Data availability of taxonomic groups in
constructing freshwater species sensitivity distributions
Table S3. Comparison of temperate and tropical lognormal species sensitivity distributions, using 1-way analysis
of covariance
Table S4. Temperate and tropical hazardous concentrations 10% and 95% confidence intervals for each chemical
and corresponding temperate-to-tropic HC10 ratio from
nonparametric bootstrap and bootstrap regression approaches, respectively
Table S5. Taxon-specific hazardous concentrations 10%
and their 95% confidence intervals derived from the best fit
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and have the minimum corrected Akaike information criterion
(Min-AICc)
Table S6. Taxon-specific temperate-to-tropic hazardous
concentration 10% ratios and their 95% confidence intervals
Table S7. Estimated temperate-to-tropic safe extrapolation factors derived from probability distributions using
pairwise temperate and tropical HC10 ratios of all 15
chemicals (except for Cd), metals, and pesticides
Table S8. Summary of tropical species that cannot be
protected when derived temperate HC5 values were used
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