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Abstract: Natural and artificial heavy metal exposure to the environment requires finding thresholds
to protect aquatic ecosystems from the toxicity of heavy metals. The threshold is commonly called a
predicted no effect concentration (PNEC) and is thought to protect most organisms in an ecosystem
from a chemical. PNEC is derived by applying a large assessment factor (AF) to the toxicity value
of the most sensitive organism to a chemical or by developing a species sensitivity distribution
(SSD), which is a cumulative distribution function with many toxicity data for a chemical of diverse
organisms. This study developed SSDs and derived PNECs using toxicity data of organisms living in
Korea for four heavy metals: copper (Cd), cadmium (Cu), lead (Pb), and zinc (Zn). Five distribution
models were considered with log-transformed toxicity data, and their fitness and uncertainty were
investigated. As aresult, the normal distribution and Gumbel distribution fit the data well. In contrast,
the Weibull distribution poorly accounted for the data at the lower tails for all of the heavy metals.
The hazardous concentration for 5% of species (HC5) derived from the most suitable model for each
heavy metal was calculated to be the preferred PNEC by AF 2 or AF 3. PNECs, obtained through a
suitable SSD model with resident species and reasonable AF, will help protect freshwater organisms
in Korea from heavy metals.

Keywords: heavy metals; toxicity; predicted no effect concentration; species sensitivity distribution

1. Introduction

The use of heavy metals and their natural or artificial exposure to the environment have continued
for decades. In particular, heavy metals in the aquatic environment have been a concern because they
could cause adverse effects on ecosystems even at slight concentrations. For example, cadmium (Cd)
and lead (Pb), the primary toxic metals, cause neurophysiological, biochemical, and behavioral changes
in aquatic organisms, leading to fatal damage such as tissue and organ damage, spinal deformity,
and dyspnea [1]. Some heavy metals, such as copper (Cu) and zinc (Zn), are essential for living
organisms in trace amounts, but cause toxicity if essential metals exceed metabolic requirements [1].
Therefore, it is necessary to find a threshold called the predicted no effect concentration (PNEC) that
can protect organisms from heavy metal exposure in aquatic environments.

The PNEC is a critical concentration that is expected to adversely affect ecosystems, below
which ecosystems are protected [2]. The method of deriving the PNEC depends on the country and
jurisdiction but primarily follows two approaches. The first approach is to apply the assessment factor
(AF) to the most sensitive toxicity data when a small amount of toxicity data are available. The AF
method involves considerable uncertainty because limited toxicity data cannot reflect the effect of a
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comprehensive ecosystem [3]. The other approach is to develop the species sensitivity distribution
(SSD) when many toxicity data are available. The SSD method has less uncertainty than the AF method,
as toxicity data of various organisms extrapolate a particular community comprising the organisms in
the ecosystem [4]. It was assumed that the applied species were randomly sampled from an ecosystem,
and their response to a chemical followed a specific probability distribution [5]. The various toxicity
data were ranked from the lowest to the highest concentration for developing SSD. Their cumulative
distribution functions were plotted concentrations on the x-axis and a potentially affected fraction
(PAF) of the species on the y-axis [6]. The PAF is used as a magnitude of ecological impacts on the
ecosystem and quantitatively represents the biodiversity effects [5]. A hazardous concentration for 5%
of species (HC5) is adopted to derive PNECs based on SSD, which means that the remaining 95% of
the species is protective at the concentration [7,8].

To develop SSDs, some requirements should be followed. However, different SSD data conditions
are required for different countries and jurisdictions, including the amount of data, taxonomic
composition, data quality, data processing, statistical models, and protection aims [2,9-13]. For example,
the US considers the toxicity of aquatic animals and plants separately, so it requires at least one aquatic
animal within eight different families [9]. The European Union (EU) recommends developing SSDs
using 10 or more species, preferably 15 species, within eight families, including both aquatic animals
and plants [2]. Canada requires three or more specific kinds of fish, three invertebrates, and possibly
algae or aquatic plants [11]. Australia and New Zealand require at least five species within four
different taxa [10], and the latest revision recommended more than eight species, ideally more
than 15 [12]. In South Korea, five or more species were required within four taxa, including one fish,
two invertebrates, and algae [13]. The former jurisdictions detail the data requirements and processing,
but the Korean requirements are very vague, broad, and only provide a brief explanation. Furthermore,
there are few cases where PNECs are derived using SSDs for Korean freshwater ecosystems [14].

Many SSD models have been developed such as Burr type I1I, gamma, Gompertz, Gumbel, logistic,
normal, triangular, and Weibull distributions [2,11,12]. According to those studies, the best SSD model
depends on the data and chemicals. Indeed, there are no unconditionally correct or incorrect models,
and how accurate each model describes the data is important [8].

Therefore, this study investigated SSDs and PNECs suitable for Korean freshwater ecosystems in
consideration of several requirements. Four heavy metals, Cd, Cu, Pb, and Zn, were used as target
chemicals because of constant concern about their toxicity and the availability of relatively large
amounts of toxicity data. For these heavy metals, SSD-based PNECs using the resident organisms
living in Korean freshwater were also derived in previous work [14]. However, they did not reflect
the uncertainty caused by the selection of only log-normal distribution. This study aimed to enhance
the accuracy of SSDs and PNECs using five different distribution models through more elaborate
data processing, and thereby reducing the uncertainty of PNECs derivation. The best models were
identified, applying suitability and consistency. The PNECs were derived considering the uncertainty
by the model selection.

2. Materials and Methods

2.1. Toxicity Data

To develop SSDs for the four heavy metals, Cd, Cu, Pb, and Zn, toxicity data of aquatic organisms
were collected from literature published in Korea and the USEPA ECOTOX database [15] in studies from
1981 to 2018. The data before 1980 were not considered in this study because of the lack of reliability in
experimental and analytical techniques [12]. The data from studies used by metal salts that can be freely
dissolved in water were explored because most aquatic organisms are affected by ionic forms of metals
in the water column. Acute toxicity data were composed of the median lethal concentration (LC50) and
median effect concentration (EC50). Based on the concept that the constituents of SSDs require to reflect
the ecosystem of concern, among the collected data, only the toxicity values with Korean-resident
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species were considered in this study. The resident species were identified by the National List of
Species of Korea [16] supported by the National Institute of Biological Resources and the toxicity
values showing equivalent taxonomic hierarchy with resident species were used in SSD development.
Data with an exposure duration of 1 to 4 days were considered available. Traditional effects endpoints,
including growth, reproduction, survival, and population, were considered significant because they
have been deemed to be easily connected to population—concentration effects [11]. However, other
endpoints such as behavioral, biochemical, or physiological changes were excluded because several
documents suspect ecological relevance [11,17]. Only definite toxicity values were considered by
excluding vague expressions such as less than (<) or more than (>). The unit of concentration was
set to pg/L as total metals. Some toxicity values were reported as dissolved concentrations that were
passed through a membrane filter of 0.45 pm or less. Those data were adjusted to the total concentration
because the total concentration represents a more extensive range, including the dissolved fraction,
which sometimes changes the fraction by water quality although the dissolved concentration is
thought of as a bioavailable fraction [11]. The total concentration was calculated by dividing the
dissolved concentration by conversion factors (CFs) that reflect the relationship of both concentrations
in Table 1 [18]. Generally, the toxicity of metal is influenced by several environmental parameters such
as hardness, pH, salinity, or temperature. In particular, the relationship between water hardness and
acute toxicity of aquatic life is well documented and is often used to address toxicity data. Based on the
hardness algorithms documented in USEPA [18], all of the toxicity data were adjusted to a hardness of
100 mg/L as CaCOs (Table 2).

Table 1. Conversion factors (CFs) from dissolved metal to total metal [18].

Heavy Metals Conversion Factors (CFs)
Cd 1.136672 — {In(hardness) x 0.041838}
Cu 0.960
Pb 1.46203 — {In(hardness) x 0.145712}
Zn 0.978

Table 2. The algorithms converting the metal toxicity values to water hardness of 100 mg/L as
CaCO;3 [18].

Heavy Metals Algorithms for Hardness Correction

Cd toxicity value + {(hardness) /100}0-9789
Cu toxicity value + {(hardness) /100}**?
Pb toxicity value + {(hardness) /100}"*73
Zn toxicity value + {(hardness) /10008473

The processed data were assessed for their availability by referring to the data quality scoring
system created by Warne et al. [12], which is the latest methodology for diagnosing the accuracy,
relevance, and reliability of the data, with minor modifications. In brief, all of the toxicity data were
scored in response to questionnaires on test conditions (for example, media type, exposure type,
and water quality characteristics, etc.), test procedures (for example, test duration, test organism,
and chemical analysis, etc.), and test results (for example, biological endpoint, biological effect,
and statistical analysis, etc.). The resulting score was given a quality class, and data belonging to
high quality and acceptable quality (quality score > 50%) were considered available. Toxicity data
determined to be available were grouped into the same species, endpoint, and duration set. For a set
containing multiple data, the geometric mean was calculated without the outliers. The most sensitive
set for each species was adopted as a representative toxicity value to be applied to the SSD.
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2.2. Species Sensitivity Distribution

Various SSD models have been proven to be suitable based on component data [3,7], so this study
developed SSDs using multiple models for four heavy metals. The widely used SSD models, including
Burr type III, Gumbel, logistic, normal, and Weibull distributions, were applied to log-transformed
toxicity values. The models” cumulative distribution functions are shown in Table 3 [8]. The maximum
likelihood estimation was applied to estimate the models” parameters. The goodness-of-fit was
investigated using the Anderson-Darling (AD) and Kolmogorov-Smirnov (KS) tests. Models with
p < 0.05 were considered not to follow a specific distribution. Quantile-quantile (Q-Q) plots were
also assessed. The information criterion for model selection was evaluated by Akaike’s information
criterion (AIC). Models with a lower AIC value were considered better models [19]. The statistics were
performed in software R (version 3.6.3 for Windows, R Core Team, Vienna, Austria) with the packages
actuar [20], fitdistrplus [21], goftest [22], and tidyverse [23].

Table 3. Models and cumulative distribution function (CDF) for species sensitivity distributions

(SSDs) [8].
Models CDF Parameters
x: the toxicity value in logarithmic scale
i F(x; k, A, B) = 1 k: the location-shape parameter
Burr type III distribution (1+ ( é)\ )k 1: the shape parameter

B: the scale parameter

x: the toxicity value in logarithmic scale (oo < x)
Gumbel distribution Flx; a, p) =e¢ B a: the location parameter (a < o0)
B: the scale parameter (§ > 0)

x: the toxicity value in logarithmic scale (x > 0)
Logistic distribution F(x; a, p) = —x= a: the location parameter

B
I+e B: the scale parameter
F(x; u, 0) = x: the toxicity value in logarithmic scale (x > 0)
Normal distribution 1 Xl )2] Py u: the location parameter and mean of x
2\ ¢ . .
oV2n f—m ¢ o: the scale parameter and standard deviation of x

| x: the toxicity value in logarithmic scale
) p: the scale parameter
A: the shape parameter

=I=

Weibull distribution F(x; B, A) = -1- e (

2.3. Predicted No Effect Concentration

The HC5 and 95% confidence limits were estimated using a bootstrap approach based on different
SSD models [7]. The available toxicity data generated a random sample of 100 estimates according
to the models, and this procedure was repeated 10,000 times. For 10,000 data sets, HC5s located at
5% of every estimated model were arranged from lowest to highest. Of these HC5 estimates, values
corresponding to 2.5 and 97.5% were considered lower and upper confidence limits, respectively.
In addition, the weighted average HC5 was calculated by applying the weights based on the fitness
of the model describing the data. The weights of different models and weighted average HC5 were
calculated according to the following equations [24]:

AAIC;
e 2

W; =

AAIG
LAl models € 2

HC54pg = Z (HC5; x W;),
All models
where W; is the weight of model i, AAIC; is the difference between the lowest AIC in the model set and
the AIC in model i, HC54yg is the average HC5 considering the model weight, and HC); is the HC5 of
model i.
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According to EC [2], SSD-based PNECs also need to apply AF between 1 and 5 to account for
low uncertainty. Thus, this study calculated three PNEC values considering three types of AF (AF 5
for a conservative case, AF 2 for a minimum uncertainty, and AF 1 assuming no uncertainty) using
the following equation. When AF 2 and AF 5 did not sufficiently account for uncertainty, an integer
between them was applied. The confidence interval (CI) of HC5 was considered the estimation of

available AF [25].

HC5
PNEC = aF

3. Results and Discussion

3.1. Species Composition

A large amount of toxicity data for the four heavy metals were obtained from the ECOTOX
database and a literature search. However, data on Korean resident organisms accounted for less than
35% of the obtained data, which involved an organism reduction of approximately 20-30% (Figure 1).
The area in the figure represents the amount of toxicity data for all of the species obtained (outside
donut) and Korean species (inside donut), showing the amount of data increasing clockwise from scale
0 on the chart. The colors in the figure show different taxa. The data for Cu were the most abundant,
while the data for Pb were significantly less than the other metals. More than half of metal toxicity
studies on fish and crustaceans have been conducted, confirming the relative lack of research on other
organisms. The resident species notably included less toxicity data on amphibians, higher plants,
and mollusks. Many data were also additionally excluded in the process of data screening based on
the exposure duration, endpoints, concentration adjustment, and data reliability. After data quality
analysis, the remaining data considered available consisted of 48 species for Cd, 55 species for Cu,
26 species for Pb, and 30 species for Zn (Table 4). These added more species than the previous work [14].
In particular, the addition of insect data contributed to the species diversity for SSDs even though
only one genus, Chironomus, was included. It has been controversial whether conventional toxicity
tests are suitable for aquatic insects. Poteat and Buchwalter [26] predicted that the metal toxicity of
aquatic insects could be different from other organisms in the response duration, toxicity mechanisms,
physiological responses, and exposure routes. Mogren and Trumble [27] suggested that the heavy
metal toxicity of insects should be observed by focusing on changes in behavior. Despite such issues,
aquatic insects are important organisms because they account for a large proportion of freshwater
invertebrates in Korea [28]. Little data on plants were obtained. Data for higher plants were available
for only Cu, and those for algae were available for Cd and Cu. For Pb and Zn, data for any plants were
not available.

According to the Korean government’s data requirements (toxicity data with four taxa including
five species and more) and other jurisdictions (for example, toxicity data for different species belonging
to eight families in the US, toxicity data for at least 10 species in eight families and more in the EU,
and toxicity data at least four taxa including five or more species in Australia and New Zealand),
the required species composition was not partially met, but the minimum required data were satisfied.
More than half of the toxicity data included species that are widely distributed in the country, so it
is expected to reduce some uncertainty of SSDs due to the species composition. Especially, Cd data
containing three mollusks (Semisulcospira coreana, Semisulcospira forticosta, and Semisulcospira gotschei)
were meaningful because these species are not included in other metal data and live in many freshwater
areas in Korea. Cu data, including phytotoxicity, could be used to predict the toxicity of a broader
ecosystem. However, Pb and Zn data should be limited to account for animal toxicity only, as there
were no plant data.
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Figure 1. Donut charts representing the toxicity data for Korean resident organisms (inside donut
chart) among all of the data obtained (outside donut chart).

Table 4. Species compositions that comprise the toxicity data for the heavy metals in this study.

Taxonomic Groups Cd Cu Pb Zn
Algae 1 2 - -
Crustaceans 15 24 6 13
Fish 7 9 6 6
Insects 4 3 3 3
Invertebrates 11 11 8 4
Mollusks 3 - - -
Higher plants - 2 - -
Worms 7 4 3 4

Total 48 55 26 30

3.2. Toxicity Data

Figure 2 shows concentration ranges based on the toxicity data for heavy metals available for
various Korean aquatic species. Toxicity for species and taxa are indicated by points and boxes,
respectively, and lines connect the average. Full toxicity values are given in Supplementary Tables
S1-54. In this study, crustaceans tended to be the most sensitive to heavy metals. This was consistent
with other studies [29]. In particular, insects tended to be less sensitive to target heavy metals than
other animals. The range of distribution was expanded due to some toxicity values of insects.

The range of toxicity data for Cd was from 3.9 to 149,250 ug/L, over four orders of magnitude.
Most of the taxa included a wide range of toxicity values, and some ranges appeared concurrently.
For example, two fish in the genus Oncorhynchus were the most sensitive to Cd, while the other
fish had a toxicity response at concentrations of 100 to 1000 times higher than those of the sensitive
fish. Crustaceans, on average, were sensitive to Cd, but the taxa contained the second-highest
concentration. Both worms and invertebrates also showed toxicity differences of approximately two
orders of magnitude. Three mollusks belonging to the genus Semisulcospira exhibited similar toxicity
values and were covered by the toxicity ranges of the other taxa. Algae were less sensitive to Cd,
but only one species (Chlorella vulgaris) was considered herein. Versteeg [30] used the standard test
organism Pseudokirchneriella subcapitata, which is not a Korean species, to observe the effect of Cd on the
population. This study generated a much lower toxicity value in the EC50 range from 120-180 ug/L,
suggesting the possibility that algal toxicity may be higher. Therefore, further research is needed to
demonstrate the toxicity of algae.

The Cu toxicity data ranged from 3.9 ug/L to over 2000 times starting with Bosmina longirostris.
On average, crustaceans were the most sensitive to Cu toxicity, followed by invertebrates, higher
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plants, worms, insects, fish, and algae. This trend fully explained the concentration range of toxicity
data by taxonomic groups. Toxicity data of crustaceans, regarded as the most sensitive taxa, started at
the lowest concentration and did not exceed the toxicity range of the next sensitive taxa, invertebrates.
It was reasonable for invertebrates containing more toxicity data at lower concentrations to be more
sensitive than higher plants even though their toxicity ranges were similar. Fish were less sensitive to
Cu and exhibited a wide range of toxicity values.

The metal with the most extensive toxicity data was Pb, with a range between 13.4 ug/L in
Tubifex tubifex and 1,096,542 pg/L in Chironomus yoshimatsui. Insects and fish appeared less sensitive
than the other three taxonomic groups. Many toxicity data for Pb were available in the toxicity
range indicated by invertebrates. Worms included the most sensitive toxicity value, and crustaceans
represented a narrow toxicity range. There were no Pb toxicity data available for aquatic plants.
For example, Jouany et al. [31] tested resident species (C. vulgaris). They generated acute toxicity values
ranging from 530-2200 pg/L, which could be between the toxicity ranges of fish and invertebrates.
However, applying these data was limited because hardness adjustment of the toxicity values was not
possible. Other Pb toxicity values using non-resident algae were found at lower concentrations in the
range of 40-680 pg/L [32].

Compared to other heavy metals, the range of Zn toxicity was narrow and started at a higher
concentration. There was a tendency for the average toxicity by taxonomic groups. The most sensitive
taxa were crustaceans and followed by invertebrates, fish, worms, and insects. The range of toxicity
values for more sensitive taxa did not exceed the range for the next sensitive taxa. Regardless of species
habitats or data processing, algal toxicity values for Zn showed a very extensive range from 0.4 to
65,000 pg/L [33,34]. This toxicity range exceeded the toxicity range applied in this study, so further
research on algal toxicity is encouraged.

(a) Cd (b) Cu
Algae 1 'I’ Algae
Insects - < E E © Fish 4 ©
Worms O-GEE-@ Insects -
g g
e Fish o—e | o ¢ @ e Worms -
o (U]
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Figure 2. Comparison of acute toxicity for heavy metals including (a) Cd, (b) Cu, (c) Pb, and (d) Zn

among different taxa.
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3.3. Species Sensitivity Distribution

First, the goodness-of-fit was confirmed through AD and KS tests (Table 5) and Q-Q plots (Figure 3).
All of the SSD models were appropriate to represent the heavy metals’ toxicity data. The acceptance of
the AD test’s hypothesis supported strong confidence in HC5 because the analysis is more weighted on
the distribution tail [8]. Since all of the models considered were identified as correct, the next step was
to choose the most suitable model. AIC is a widely used information criterion for selecting the best
predictive model. The inconsistency between the true model and the candidate model was quantified.
These methods analyze the models’ relative fit by calculating the loss of information in the original
data due to the candidate distribution model. The less information loss, the smaller the AIC value,
indicating a better fit model [19]. In this study, the most fitted models were the normal distribution for
Cd and the Gumbel distribution for the other three metals (Cu, Pb, and Zn). The Weibull distribution
showed markedly higher AIC values than the other models, indicating the least suitable model for
all of the metals. However, some models demonstrated that the difference between the AIC values
was not so substantial. For example, the difference in the models” AIC values, excluding the Weibull
distribution, was approximately 1 for Pb and Zn. In this case, when multiple distributions similarly
fit the data, choosing only one of the appropriate models is controversial and ignores information
estimated from other deselected models [24]. As an alternative, a weighted average of several models
was suggested, which is detailed in the next section.

Table 5. Goodness-of-fit and information criteria of the SSD models for the four metals.

Heavy Metals Models AD 2 (p value) KSP (p value) AIC*¢
Burr Type I1I 0.333 (0.911) 0.079 (0.900) 863.9

Gumbel 0.519 (0.726) 0.103 (0.648) 865.7

Cd Logistic 0.459 (0.788) 0.095 (0.740) 862.9
Normal 0.417 (0.831) 0.107 (0.610) 861.1

Weibull 1.092 (0.312) 0.157 (0.168) 869.0

Burr Type III 0.491 (0.755) 0.082 (0.850) 668.7

Gumbel 0.465 (0.782) 0.080 (0.875) 666.4

Cu Logistic 0.847 (0.448) 0.106 (0.569) 675.2
Normal 0.882 (0.425) 0.128 (0.327) 673.8

Weibull 2.009 (0.091) 0.161 (0.118) 692.3

Burr Type Il 0.360 (0.887) 0.139 (0.696) 536.6

Gumbel 0.351 (0.895) 0.134 (0.739) 534.7

Pb Logistic 0.620 (0.628) 0.171 (0.432) 537.2
Normal 0.641 (0.608) 0.191 (0.301) 535.9

Weibull 1.050 (0.332) 0.202 (0.240) 541.7

Burr Type I1I 0.312 (0.929) 0.084 (0.972) 569.9

Gumbel 0.309 (0.930) 0.084 (0.973) 567.9

Zn Logistic 0.495 (0.750) 0.113 (0.798) 570.9
Normal 0.509 (0.737) 0.125 (0.688) 568.8

Weibull 0.927 (0.397) 0.134 (0.604) 573.9

@ Anderson-Darling, b Kolmogorov-Smirnov, ¢ Akaike’s information criterion.
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Figure 3. Quantile-Quantile (Q-Q) plots of the distribution models for (a) Cd, (b) Cu, (c) Pb, and (d) Zn.

SSDs for heavy metals were depicted based on five distribution models (Figure 4). The points
represent the species’ toxicity data and are expressed in multiple shapes representing different taxa.
The lines with different colors and types refer to separate model-based SSDs. Through the graphical
investigation (Figure 4), an apparent discrepancy between the data and the lower tail in the Weibull
distribution was revealed for all of the heavy metals. Cd SSDs excluding the Weibull distribution fully
described the data at the lower tails, while in the upper tails, there was a difference in the ability to
fit the data according to the models. In particular, the Gumbel distribution stretched the upper tail
as it deviated from the data near the top. For Cu SSDs, the Gumbel and Burr Type III models fully
described the data in the lower tail compared to the other models. As expected from the AIC results,
the AIC values for these two models were similarly low, followed by the AICs for the normal and
logistic models after some intervals. Pb SSDs were produced with less predictive models because
of the relatively small sample size and wide concentration range. Especially at high concentrations,
the models did not display the data well. The models’ lower tails also represented the data poorly.
Thus, the HC5 estimation might be accompanied by considerable uncertainty. Zn SSDs were expected
to have reduced predictive power at high concentrations. The Burr type III and Gumbel models
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described the data well at low concentrations, but demonstrated poor prediction at high concentrations.
The logistic and normal models showed the opposite trend from the previous two models.

(a) Cd (b) Cu
1.001 1.001
ic ic
< <
a e
= 0.75- e 0.75-
.0 L
et et
Q Q
m I
= =
° =
2 0.501 2 0.501
2 2
b= b=
[ «©
= =
s S
£ 0.251 % 0.251
2 2 .
<) <) .
a a =
- i y
0.00 0004 =— =
T T T T T T T T T
107" 10’ 10° 10° 10 107" 10’ 10° 10°
Concentration (pg/L) Concentration (ug/L)
(c) Pb (d) Zn
1.001 = 1.001 e g
= =
/6
ic (3 ey .++
= o << ‘o
[ e o v
= 0.754 /o = 0.754 iy
8 g1, L .tl
B - 5 -
g I 5 g
- Fl. L= -
° o L - F?
2 0.50+ e £ 0.50+ .
8 V“l. 8 ‘;.
A Al
= ? = i
> ﬁr > 5t
s ¥ s !
£ 0.251 j £ 0.251 j
] . [T
° . ° o
[-% = /g o o
SR e 4
0.004 m—um—tss 0.004 ettt A
10" 10’ 10° 10° 107 10° 10° 10 10°
Concentration (pg/L) Concentration (ugiL)
Group Distribution
o Algae < Insects Burr type I
A Crustaceans v Invertebrates Gumbel
o Fish X Mollusks Logistic
* Higher Plants +  Worms = === Normal
+ Weibull

Figure 4. Five species sensitivity distribution (SSD) models of Korean resident species for (a) Cd, (b) Cu,

(c) Pb, and (d) Zn.
3.4. Predicted No Effect Concentration

The ultimate aim of SSDs is to derive PNEC values for organism protection using a distribution
model that adequately describes various toxicity values. Many studies have proven that different
PNECs are calculated for different SSD models [3,7]. Therefore, it is necessary to compare not only
the model’s fit but also HC5 and PNEC derived from that model. In the previous section comparing
SSD models, the Weibull distribution was accepted by the goodness-of-fit hypothesis, but not as good
as the other models. The HC5 estimations also resulted in very different values from the results
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of other models. In addition, as shown in Table 6, confidence interval (CI) ratios in which the rate
of the upper and lower CI limits were calculated had markedly high values in the Weibull models.
The excessively wide Cls indicated considerable uncertainty [35]. Therefore, the Weibull distribution
was excluded from consideration. Among the other four models, the logistic distribution derived the
most conservative HC5s for all of the heavy metals. Burr type IIl and Gumbel distributions produced
larger HC5s than the logistic and normal distributions and had similar values to each other. The CI
was the narrowest in the Gumbel distribution, suggesting a small uncertainty [35]. The HC5s based on
normal distributions varied from a previous study [14]. It is not surprising that the results changed due
to differences in data usage and data processing methods. In other words, this study supplemented
more toxicity data of additional species, removed some outliers within a single species and between
multiple species, and differentiated endpoints (e.g., mortality and immobility). This change was
intended to reduce and improve the uncertainty of PNECs. The variation acted within the CI of HC5
and demonstrated the uncertainty accompanying AF 2.

Table 6. The hazardous concentration of 5% of the species (HC5) and predicted no effect concentration
(PNEC) values derived from species sensitivity distribution (SSD), with a 95% confidence interval (CI)
in parenthesis.

Heavy SSD HC5 (ug/L) . PNEC (ug/L)

Metals Models Previ 5 CI Ratio = —
revious Study This Study AF=2 AF=5

Burr type III - 22.8 (7.9-68.3) 8.7 11.4 4.6

Gumbel - 23.8 (12.9-50.8) 39 11.9 48

cd Logistic - 15.0 (5.0-47.3) 9.0 7.5 3.0

Normal 14.6 (5.1-47.1) 18.4 (7.5-57.8) 7.7 9.2 3.7

Weibull - 3.1(0.6-18.3) 31.0 1.5 0.6

Average - 18.4 (7.2-56.0) 7.8 9.2 3.7

Burr type III - 6.7 (4.5-11.4) 25 3.3 1.3

Gumbel - 6.7 (4.8-10.5) 22 34 1.4

Cu Logistic - 3.2 (1.5-6.5) 4.2 1.6 0.6

Normal 3.9(2.0-8.2) 4.0 (2.0-8.4) 42 2.0 0.8

Weibull - 0.6 (0.1-2.4) 17.0 0.3 0.1

Average - 6.6 (4.6-10.6) 2.3 3.3 1.3

Burr type III - 47.1 (16.5-230.6) 14.0 23.6 94

Gumbel - 47.4 (18.7-160.2) 8.6 23.7 9.5

Pb Logistic - 15.9 (2.9-113.5) 39.0 8.0 32

Normal 39.2 (9.0-202.8) 244 (5.2-143.5) 27.0 12.2 49

Weibull - 2.1(0.1-41.4) 367.0 1.1 0.4

Average - 37.2 (12.8-160.7) 13.0 18.6 7.4

Burr type III - 177.6 (103.8-373.6) 3.6 88.8 355

Gumbel - 178.1 (107.1-321.8) 3.0 89.1 35.6

7n Logistic - 93.3 (32.1-279.6) 8.7 46.7 18.7

Normal 133.4 (65.9-301.9)  122.0 (53.3-317.7) 6.0 61.0 244

Weibull - 35.4 (6.2-177.4) 29.0 17.7 7.1

Average - 150.9 (82.0-321.8) 39 75.5 30.2

The HC5s derived from Cd SSDs were calculated as 15.0-23.8 pg/L, which means 1.6 times the
model variability. Based on the AIC values among the Cd SSDs, the normal distribution considered
the most suitable model produced an HC5 of 18.4 pg/L with a CI ratio of 7.7. The PNEC with AF 2
was 9.2 pug/L, which was within the CI. It is believed that AF 2 did not sufficiently reflect the model’s
uncertainty. The PNEC with AF 5 was calculated much below the lower end of the CI. Thus, AF 3,
which was between AF 2 and AF 5, was considered and had a PNEC of 6.1 pg/L. The derived Cd
HC5s and PNECs were higher than some water standards in other jurisdictions. For example, it is
recommended that Cd concentrations of water at a hardness of 100 mg/L as CaCOj are 1.8 ug/L in
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USEPA [36], 0.9 pug/L in EC [37], and 2.1 pug/L in CCME [38]. For Cu, HC5s of 3.2-6.7 ug/L were derived
with a ClI ratio of 2.1 by different SSD models. Gumbel and Burr type III distributions representing
high suitability derived 6.7 pug/L of HC5 with relatively narrow CIs. Most of the PNECs applied by AF
were lower than the CIs of the Cu SSD models. These values were lower than the previous standards
in North America, which were 11 pg/L in British Columbia [39] and 14 ug/L in the USA [40]. However,
these jurisdictions use the biotic ligand model (BLM) rather than the previous standards. Some research
in China induced HC5s comparable to the results of this study, ranging from 2.03-5.13 pg/L [3].
Some organisms from both countries may have contributed. Changes in the SSDs due to species
composition have been demonstrated by many studies [41]. HC5s of Pb ranged from 15.9-47.4 ug/L
with high CI ratios. A considerable difference between the models was confirmed compared to other
heavy metals. The CIs were also more extensive than other heavy metals, probably due to the relatively
small sample size. These Cls included the PNECs with AF 2, indicating that the uncertainty due to
the model was not sufficiently taken into account. However, PNEC with AF 5 was found to be too
conservative. PNECs with different AFs between 2 and 5 may be reasonable to compensate for the
model’s uncertainty. Therefore, PNEC with AF 3 was calculated in 15.8 ug/L for Pb. For comparison,
the USEPA recommended 65 pg/L as Pb WQC [40], and the European Communities suggested 14 pg/L
of Pb EQS-MAC [37]. Xing et al. [3] also used several SSD models to derive Pb HC5s and achieved
higher values in the range of 40.9-137.8 pg/L. Zn SSDs induced HC5s in the range of 93.3-178.1 ug/L,
with a CI ratio of 3.9. The Gumbel distribution, the best fit out of the Zn SSDs, had 178.1 ug/L of HC5.
For the Burr type III and Gumbel distributions, PNECs with AF 2 outside the CI were considered
sufficient. The US recommended 120 pg/L as Zn WQC [40], and the UK suggested 50 pg/L as Zn
EQS [42] at a hardness of 100 mg/L as CaCOs.

When several distribution models describe the data similarly, Schwarz and Tillmanns [24]
suggested a weighted average HC5. This was a method of allocating and averaging specific weights
based on the difference in AIC values for all of the distribution models. As a result, a weight of 0.01 was
assigned to the Weibull distribution with the lowest fit and highest AIC value. However, more weights
were assigned to the two models with the lowest AIC values, resulting in a weighted average. The CI
was expanded over the CI of the most suitable model but was smaller than the CI of the next-best
model. This method may avoid the problem of choosing only one model, then generating more stable
PNECs with reduced uncertainty.

In general, SSD development and PNEC derivation involve various uncertainties. To reduce
such uncertainties, this study focused on elaborate data use and processing and statistical techniques.
First, the toxicity data were composed of the resident organisms’ toxic responses. The use of resident
species may reflect the ecological environment in Korea. Since the data used affect the accuracy and
usefulness of SSDs [12], the available toxicity data were selected according to strict criteria for accuracy,
relevance, and reliability. For each species, the most sensitive toxic response was used, except for some
outliers. SSDs were developed using several distribution models to determine the best distribution that
describes the toxicity data for each heavy metal. The PNECs were derived by considering uncertainty
with the application of AF. Nevertheless, uncertainty persists. Conventionally, the SSD is preferably
developed with chronic toxicity data, and the acute-to-chronic ratio (ACR) is applied when acute
toxicity is used [4]. However, the chronic toxicity data of resident organisms for the heavy metals were
not very sufficient in the preliminary study. The application of ACR causes another uncertainty because
of the differences in chemicals, species, and experimental conditions [12]. Therefore, this study did not
use the ACR but considered the short-term environmental conditions. The underlying assumption
of the SSD (for example, the same importance of every species, extrapolation from simple laboratory
tests to complex real worlds, and bias of some taxa) may be the leading cause [5,6]. Furthermore,
this study concerns the derivation of generic PNECs covering a comprehensive freshwater system
in Korea, excluding site-specific environmental parameters and ecosystem conditions. However,
when heavy metal exposure occurs in natural waters, it interacts with environmental parameters
to change the metal fractions and toxicity to aquatic organisms [43]. For example, metal toxicity is
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decreased by the complexation of metal ions with organic matters and natural substances in waters,
or by the competition between metal ions and cations (e.g., Ca>* and Mg?*) composing hardness [44].
This suggests that generic PNECs may be overestimated or underestimated for the risk of specific site.
Water effect ratio (WER) may adjust the generic PNEC by comparing the toxicity of water controlled in
standard conditions with that of site-specific water [45]. Recently, the biotic ligand model (BLM) has
made a great progress for site-specific assessment. BLM assumes that the surface of an organism is a
biological ligand that binds metal ion. Metal bioavailability is predicted by the magnitude of the metal
ion binding to the biological ligand, and the mechanism that metal ions compete or combine with
the environmental parameters is mathematically calculated at specific sites [46]. Therefore, the next
challenge is to explore site-specific assessment based on generic PNECs. Besides, it is necessary to
explore the environmental concentration of heavy metals in the field to identify ecological risks.

4. Conclusions

In this study, the SSDs for four heavy metals based on Korean resident organisms were developed.
Although plant species’ toxicity data were not available for some heavy metals, the minimum amount
of data required for the SSDs was satisfied, including the important species. However, it is necessary to
add toxic values for plants and species with few data for an accurate comparison. The goodness-of-fit
test accepted all five SSD models considered in this study, but the Weibull distribution had difficulty
explaining the data at the lower tails. The most suitable models were the normal distribution for
Cd and the Gumbel distribution for Cu, Pb, and Zn. There were differences between HC5s and Cls
depending on the models, indicating uncertainty due to the models. Based on the Cls, the Gumbel
distribution was expected to have a small uncertainty, but the Weibull distribution was expected to
have a considerable uncertainty. Pb SSDs had more uncertainty than the other heavy metals, probably
due to the relatively small sample size. The PNECs of Cu and Zn derived by AF 2 were 3.4 and
89.1 ug/L, respectively, while the PNECs of Pb and Cd with AF 3 were 6.1 and 15.8 pg/L, respectively.
PNEC with AF 5 generated an excessive conservative situation for all of the heavy metals and models.
This study reduced some uncertainty by considering the resident species, performing elaborate data
processing, identifying the best SSD model for the data, and applying reasonable AFs. In the future,
based on this study, it is necessary to investigate the risks of ecosystems to heavy metals in freshwater
environments in Korea.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/8/697/s1,
Table S1: Korean resident species and their representative toxicity values in SSD for Cd; Table S2: Korean
resident species and their representative toxicity values in SSD for Cu; Table S3: Korean resident species and their
representative toxicity values in SSD for Pb; Table S4: Korean resident species and their representative toxicity
values in SSD for Zn.
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