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Abstract Waterborne and dietborne exposures of fresh-

water fish to mercury (Hg) in the forms of inorganic

(Hg(II)) and organic (methylmercury or MeHg) affect their

growth, development, and reproduction. However, an

integrated mechanistic risk model framework to predict the

impact of Hg(II)/MeHg on freshwater fish is lacking. Here,

we integrated biokinetic, physiological and biogeographic

data to calibrate and then establish key risk indices—haz-

ardous quotient and exceedance risk—for freshwater tila-

pia species across geographic ranges of several major

rivers in Taiwan. We found that Hg(II) burden was highest

in kidney followed by gill, intestine, liver, blood, and

muscle. Our results showed that Hg was less likely to pose

mortality risk (mortality rate less than 5 %) for freshwater

tilapia species. However, Hg is likely to pose the potential

hazard to aquatic environments constrained by safety levels

for aquatic organisms. Sensitivity analysis showed that

amount of Hg accumulated in tilapia was most influenced

by sediment uptake rate. Our approach opens up new

possibilities for predicting future fish population health

with the impacts of continued Hg exposure to provide

information on which fish are deemed safe for human

consumption.

Keywords Mercury � Freshwater tilapia � Modeling �
Environmental risk assessment

Introduction

One of the greatest threats to freshwater fish and a major

factor demanding an intensive ongoing management is

mercury (Hg) contamination—a persistent and pervasive

global pollution issue (Amos et al. 2013). When Hg is in

the form of methylmercury (CH3Hg
? or MeHg), it is

highly toxic to humans and other organisms because of

biomagnification through the food web (Kidd and Batch-

elar 2012; Lavoie et al. 2013). Unlike inorganic forms of

Hg (Hg(0) and Hg(II)), which originate from atmospheric

deposition and point discharges, MeHg is generated in the

environment predominantly by anaerobic bacteria

(Krabbenhoff and Sunderland 2013; Parks et al. 2013).

Evidence of elevated Hg exposure in Taiwan major

rivers began to emerge in the mid-1970s and Hg contam-

ination may have been a factor for freshwater fish decline

in populations in the 1980s (Wu 2006; Chen et al. 2012a,

b). As a result, Hg exposures are intensively investigated

by Environmental Protection Administration of Taiwan

(Taiwan EPA) including surface water, sediment, and fish

tissue measurements. Moreover, a growing body of evi-

dence has shown that Hg contamination had moved into the
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adjacent terrestrial food web (Cristol et al. 2008; Tweedy

et al. 2013). However, the degree to which Hg contami-

nation impacts fish population health has not been fully

understood, in part because these intensive management

practices partially compensate for the population-level

impacts of Hg, thus obscuring the seriousness of this

problem.

Waterborne and dietborne exposures of freshwater fish

to highly water-soluble Hg(II) and MeHg affect their

growth, development, and reproduction (Kidd and Batch-

elar 2012). Fish as food is the main source of MeHg

exposure. Thus, fish consumptions are the main exposure

source of MeHg for most wildlife and humans. MeHg is a

potent neurotoxin (Oken et al. 2012). Epidemiological

studies on new findings have shown (i) the impacts on

long-term neurocognitive deficits in children and impaired

cardiovascular health in adults exposed to low-level MeHg

(Karagas et al. 2012) and (ii) an adverse relationship

between low-level prenatal MeHg exposure and childhood

memory loss and learning deficit, particularly visual

memory (Orenstein et al. 2014).

In the aquatic environment, methylation of Hg(II) and

demethylation of MgHg are key processes in determining

the relative abundance of Hg(II) versus MeHg (Kidd and

Batchelar 2012). Biokinetics-based mechanistic models

have been developed for better understanding the mecha-

nisms underlying the bioaccumulation and biomagnifica-

tion processes of Hg(II)/MeHg in aquatic organisms

(Knightes 2008; Knightes et al. 2009; Wang et al. 2010;

Wang and Wang 2012; Wang 2012; Wang et al. 2013). A

probabilistic model was also used to assess the risk trade-

offs in Hg-contaminated fish consumption to better

understand the balance between fish consumption benefits

and Hg exposure (Rheinberger and Hammitt 2012).

In recent years, public attention has become increasingly

focused on aquatic environmental contaminants, which

may be toxic to fish consumers in sufficient doses. Besides,

concerns regarding Hg residues in seafood as well as sea-

food consumption safety may complicate determinations

on what type of seafood are safe to eat (Oken et al. 2012;

Karimi et al. 2012; Gerber et al. 2012; Vieira et al. 2015).

However, an integrated risk assessment framework com-

posed of mechanistic models is lacking to predict the

impact of Hg(II)/MeHg on freshwater fish and further

develop fish consumption advisories. Moreover, mercury

contamination in freshwater fish illustrates the complexity

and consequences of environmental/ecological planning

and management when significant environmental hazards

are not adequately mitigated.

Recently, Taiwan government has launched the inten-

sive management programme for Hg contamination

including the establishment of (i) target values in site-

specific sediment clean-up criteria (Taiwan EPA 2012a)

and (ii) the seafood daily dose of MeHg that can be safely

consumed over a lifetime (Taiwan FDA 2013). The

objectives of this paper are (i) to integrate biokinetic,

physiological and biogeographic data to calibrate and

establish key risk indices—hazardous quotient and excee-

dance risk—across geographic ranges of major rivers in

Taiwan and (ii) to develop a general mechanistic risk

assessment framework that quantifies future fish population

health with the impacts of chronic Hg exposure. In this

paper, we used freshwater tilapia, an important fish food

for the people of Taiwan, as the studied fish species. It is

also one of the most abundantly invasive species in local

freshwater and estuary ecosystems.

Materials and methods

Study framework and Hg level in specific rivers

Based on a probabilistic risk assessment framework, we

combined a Hg-water–sediment dynamic model with a

tilapia-Hg physiologically-based toxicokinetic (PBTK)

model to investigate ecotoxicological risk for fish exposed

to Hg(II) and MeHg in major rivers of Taiwan region.

Within the exposure risk scenarios, we explored the dif-

ferences in each river as well as mortality and hazard

burden on Hg(II) and MeHg accumulation in fish. The

study framework is schematically illustrated in Supple-

mentary Fig. S1.

Here environmental total Hg (THg) concentrations in

sediments were obtained from the published data sets to re-

estimate Hg(II) and MeHg concentrations in major rivers

(Taiwan EPA 2013a, b; CPDCASS 2012). We chose rivers

with THg level in sediments exceeding the criteria rec-

ommended by Taiwan EPA (2012b) ranging from 0.23 to

0.87 mg kg-1 dw. Hence, six major rivers were selected,

respectively, situating at northern region of Tamsui (NA),

Nankan (NB), and Lao-Jie (NC) rivers and southern

regions of Luermen creek (SA), Er-Ren (SB) and Love

(SC) rivers.

Generally, THg in sediment samples from published

studies can be determined following the standard method

of Environmental Analysis Laboratory, Taiwan Environ-

mental Protection Administration (NIEA M317.03B)

(Taiwan EPA 2012b). In brief, samples were weighed

(*0.5 g) and placed in a 250-ml Erlenmeyer flask.

Deionized water (5 ml) and aqua regia (5 ml) were added

into the flask that was put on a hot plate for 2 min. The

digestion process was performed at 95 ± 3 �C for 30 min

after adding 50 ml deionized water and 15 ml potassium

permanganate, and the solution was put aside until reaching

room temperature. The digested solution was then filtered

and diluted with deionized water to 100 ml. THg can then
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be measured using a cold-vapor atomic absorption spec-

trometer (CVAAS).

Problem formulation

Here we set a field exposure scenario for downstream

aquatic environment composing river water, sediment, and

tilapia in that river could receive Hg-containing effluents

from factories that may deteriorate environments and pose

threat to aquatic organisms. Tilapia tends to inhabit in the

bottom layers of water and feeds by digging through sed-

iment in searching food. Consequently, tilapia may have

prolonged time to contact sediment, resulting in a high

accumulation of Hg in the forms of Hg(II) and MeHg. On

the other hand, Hg species could either remain in river

water or sediment based on sediment–water partition

coefficient depending on various aquatic environments.

Consequently, both Hg-contained river water and sediment

could be potential exposure sources to freshwater tilapia

species (Low et al. 2015; Malczyk and Branfireun 2015).

The fate and transformation of Hg(II) and MeHg in

aquatic systems can be described by a first-order four-

compartment water–sediment model with methylation rate

of Hg(II) in water (km,w) and sediment (km,s), demethyla-

tion rate of MeHg in water (kdm,w) and sediment (kdm,s), as

well as photodegration rate of MeHg (kpd,w) due to the

importance of maintaining low-level MeHg in water

(Morel et al. 1998) (Supplementary Fig. S1A, Table S1).

The transfer of THg between river water and sediment as

the exposure sources can be described by the sediment–

water partition coefficient psw.

Exposure model

A PBTK model allows us to quantitatively describe the

bioaccumulations in tissues/organs of concern for a specific

organism. To implement the PBTK model, several key

assumptions were made: (i) there are finite numbers of

compartment constituting the PBTK model, (ii) chemicals

distribute homogeneously (well-stirred) within each com-

partment, (iii) all transports between blood and tissues are

flow-limited in the circulatory system, (iv) chemicals

transferring from/to each tissue/organ is according to the

first-order rate constant, and (v) complete equilibrium of

chemicals exist between blood and tissue phases (mass–

balance relationship).

Based on the experimental study on acute Hg(II) toxicity

for blue tilapia (Oreochromis aureus) (Allen 1994), a

PBTK model consisted of six interested compartments can

be constructed based on modifying well-established PBTK

models (Peters 2012; Chen and Liao 2014), including

blood, gill, liver, kidney, intestine, and muscle (Supple-

mentary Fig. S2, Table S2). The essential physiological and

physicochemical parameters including blood volume (V),

tissue/organ weight (W), tissue/organ exchange rate (Q),

uptake/elimination/metabolic rate (k), gill sorption factor

(awg), and fraction of Hg(II) dissolved in blood (fd) can be

estimated from published tilapia-related studies (Allen

1994; Liao et al. 2005; Mahmoud and Mazrouh 2008;

Nichols et al. 1996; Thomann et al. 1997; Wang et al.

2007). The partition coefficients (pi), the key PBPK model

parameters, were estimated for each tissue or organ based

on the experimental data by dividing Hg burden in tissues

of that in blood at specific days 0.5, 1, and 7 after 0.1 mg

L-1 Hg(II) exposure (Allen 1994).

There were three standard metrics used to assess the

performance of PBTK model as well as to validate simu-

lated results with published experimental data: (i) mean

absolute percentage error (MAPE) (MAPE \50 %), (ii)

root mean square error (RMSE) in comparison to data

standard deviation (SD) (RMSE\ data SD), and (iii)

coefficient of determination (r2). The MAPE and RMSE

can be formulated accordingly as

MAPE ð%Þ ¼ 1

N

XN

i¼1

Co;i � Cs;i

�� ��
Co;i

� 100%; ð1Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

Co;i � Cs;i

� �2

N

s

; ð2Þ

where N stands for the number of observations, Co,i and Cs,i

represent the measured and simulated Hg concentration,

respectively.

Effect model

Here the Hg-induced mortality data in tilapia (Sweilum

2006) was adopted to examine the survival effects of Hg

exposures. Sweilum (2006) conducted a series of experi-

ments to measure Hg(II) accumulations in specific tissues/

organs of liver, gill, and muscle and to estimate survival

efficiency for three tilapia species of O. niloticus, S. gali-

laeus, and O. aureus exposed to waterborne HgCl2 of 0,

0.078, 0.155, and 0.310 mg L-1 for 180 days.

We reanalyzed the experimental data (Supplementary

Table S3) to reconstruct the dose–response profiles

describing the relationships between tissue/organ-specific

burden of Hg(II) and mortality. Since background as well

as maximum mortalities (\100 %) were observed in the

exposure experiment, we thus employed a four-parameter

Hill model to describe dose–response relationships as,

MðCbiÞ ¼ Mmin þ
Mmax �Mmin

1þ MC50

Cbi

� �n ; ð3Þ

where M(Cbi) is mortality (%) corresponding to particular

Hg(II) burden in specific tissue/organ i (Cbi, lg g-1 ww),
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Mmin is the minimum mortality (%), Mmax is the maximum

mortality (%), MC50 is the Hg(II) burden in the specific

tissue/organ i giving half-maximum mortality (lg g-1

ww), and n is a slope factor referred to as the Hill coeffi-

cient determining the overall shape of the dose–response

curve.

Risk model

For further characterizing tilapia exposure risk of Hg, this

study implemented a probabilistic risk assessment model

by linking Hg-PBTK exposure model with Hill-based

dose–response model. In particular, the distribution profile

of internal Hg exposure concentration in tilapia (P(Cbi))

(i.e., the prior probability) can be estimated based on

simulated results of the Hg-PBTK model. On the other

hand, a conditional probability taking into account the

tilapia mortality risk under certain tissue burden (P(M|Cbi))

(i.e., the likelihood) can be obtained by incorporating the

Hill-based dose–response relationships.

Followed by the Bayesian inference, cumulative mortal-

ity risks for tilapia under certain internal Hg exposure levels

of gill, liver, and muscle (R(M)) (i.e., the posterior proba-

bility) were the products of prior probabilities and likeli-

hoods, resulting in joint probability functions or exceedance

profiles that can be expressed mathematically as,

RðMÞ ¼ PðCbiÞ � PðMjCbiÞ: ð4Þ

To better assess the adverse effects of chronic Hg

exposure on aquatic ecosystem resulting from bioaccu-

mulation in tilapia species, this study employed the hazard

quotient (HQ) concept for assessing the potentially envi-

ronmental risk as,

HQ ¼ CTHg;f

Tf
; ð5Þ

where CTHg, f stands for the THg concentration of tilapia

whole body obtained by the product of the sum of Hg(II)

body burden in each tissue/organ estimated from the PBTK

model and the conversion ratio of Hg(II) to THg and Tf is

the safety level for fish (Beckvar et al. 2005) or the rec-

ommended levels of Hg in fish by WHO (1990) and Japan

(Endo et al. 2005). HQ[ 1 indicates a potential for toxi-

cological effects to occur. Based on a field survey in Tai-

wan of Huang et al. (2008), the conversion ratio of Hg(II)

to THg was optimally estimated by a lognormal distribu-

tion with a geometric mean of 0.33 and a geometric stan-

dard deviation of 2.39.

Uncertainty and sensitivity analysis

A Monte Carlo (MC) technique was implemented to gen-

erate 2.5- and 97.5-percentiles as 95 % confidence interval

(CI) for quantifying the uncertainty of model parameters,

particularly to those of interest involving compound par-

titioning and exchange in tissues/organs in PBTK model

including volume/weight, exchange rate, rate constants and

partition coefficients. The Kolmogorov–Smirnov (K–S)

goodness-of-fit statistics was used to determine the optimal

distributions for parameters. We also applied the MC

simulation to quantify the uncertainty and its impact on the

estimations of expected risks (R(Cbi) and HQ). The MC

simulation was performed for 10,000 iterations to ensure

the stability of results. Crystal Ball software (Version

2000.2, Decisionerring, Inc., Denver, CO, USA) was

employed to implement the MC simulation.

TableCurve 2D (Version 5.01, AISN Software Inc.,

Mapleton, OR, USA) was used to fit the published exper-

imental data for obtaining the optimal dose–response pro-

files. The simulations of water–sediment model and PBTK

model were performed by Berkeley Madonna 8.0.1

(Berkeley Madonna was developed by Robert Macey and

George Oster of the University of California at Berkeley).

Moreover, we employed a one-way sensitivity to assess the

contribution of each parameter used in the PBTK model to

the simulation outcome. Specifically, each parameter is

varied individually across the 95 % CI of its uncertainty

distribution to calculate the % change in the whole body

burden.

Results

Exposure analysis

Here we incorporated the sediment concentration data of

THg (Fig. 1a) and the estimates of transport parameters

with initial conditions (Supplementary Table S4) into the

water–sediment model to estimate the steady-state con-

centrations of Hg(II) and MeHg in the six study rivers

during 180-day simulation (Fig. 1b–i, Supplementary

Table S5). Our results showed that large amounts of Hg

accumulated in sediments (ranging from 1.55 9 10-1 to

43.56 and 6.06 9 10-3 to 1.70 mg kg-1 ww for Hg(II) and

MeHg, respectively), compared with those in water with

the range of 2.60 9 10-6 to 7.32 9 10-4 and 8.57 9 10-8

to 2.41 9 10-5 mg L-1 for Hg(II) and MeHg, respectively.

Figure 1 also indicates that the environmental concentra-

tions of Hg(II) and MeHg were higher in SA than those in

other rivers.

cFig. 1 A Site-specific study data of THg concentrations in sediments

and B–I simulated concentration distributions of Hg(II) and MeHg in

water and sediments for six selected rivers located in northern region

of Tamsui (NA), Nankan (NB), and Lao-Jie (NC) rivers as well as

southern regions of Luermen creek (SA), Er-Ren (SB) and Love (SC)

rivers
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To further consider the internal exposure in different

tilapia tissues/organs from intake of river water and sedi-

ment, a tilapia-Hg PBTK model associated with the related

physiological and biokinetic parameters (Supplemen-

tary Table S6) was then implemented in six rivers. Based

on the estimates, tissue/organ burdens would reach equi-

librium before 180 days of exposure in all six rivers.

Among all exposed tissues/organs, kidney had the highest

internal exposure doses of Hg(II) ranging from 0.0208 to

0.1348 lg g-1 ww. In contrast, muscle had the lowest

internal exposure doses of 0.0001–0.0003 lg g-1 ww

Hg(II), indicating that Hg levels in muscle might be well

below levels considered at risk for human consumption

based on regulation from Taiwan FDA (2013) (Fig. 2). On

the other hand, comparing among northern and southern

regions of Taiwan, NA and SA had the highest accumu-

lative internal doses of Hg(II) in gill of 0.0050 lg g-1 ww

(95 % CI 0.0036–0.0070) and 0.0111 (0.0007–0.1907),

respectively (Fig. 2a, b).

Dose–response analysis

Figure 3a–c shows that the four-parameter Hill model can

well describe the relationships between tissue/organ-

specific burden of Hg(II) and mortality in tilapia

(r2 = 0.93–0.94; P\ 0.001) (Supplementary Table S7).

Our results showed that the effective Hg(II) burden in

tissue/organ at 50 % mortality (MC50) for liver, gill, and

muscle were 10.410 ± 1.047, 6.307 ± 0.756, and

2.839 ± 0.575 lg g-1 ww, respectively. The estimated

values of average maximum mortality (Mmax) were 80.67,

77.60, and 57.24 %, respectively, for liver, gill, and mus-

cle, whereas there were no significant difference among the

estimates of minimum mortality (Mmin) with an approxi-

mate value of 5 %. The fitted Hill coefficients (n) were
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Median

2.5% − 97.5%
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larger than 1 in that muscle had the largest n of

2.186 ± 0.811.

Risk characterization

This study took account three tissue burden-specific mor-

tality rates to quantify mortality risks of tilapia exposed to

Hg(II) and MeHg. Our results indicated that there was

50 % probability for mortality risk of tilapia to exceed

5.0–5.4 % by considering three tissue burden of gill, liver,

and muscle (Fig. 4a–i). Noticeably, even if we considered

the worst scenario of the highest accumulated internal dose

in liver (exceedance risk = 0.2, i.e., the risk probability

that might be unlikely to occur), mortality rate of tilapia

would not exceed 5.38 %, indicating low mortality risk for

tilapia exposed to Hg(II) and MeHg (Fig. 4a–i).

Here we chose three safety levels to examine the

potential hazard to the organisms in aquatic environment,

i.e., 0.2, 0.4, and 0.5 lg g-1 ww in tilapia whole body. The

results demonstrated that with the stricter safety levels

being adopted, the higher hazard would be presenting. In

northern region of Taiwan, the median values of HQ in

three rivers would be over 1 according to the strictest safety

level (Fig. 4j). Nevertheless, the potentially highest envi-

ronmental hazard was observed under the most seriously

polluted situation as in river SA that nearly all percentile

estimates of HQ were over 1 taking three different safety

levels into consideration (Fig. 4k).

Validation and sensitivity analysis

Figure 5 illustrates the comparison of tissue/organ-specific

burden of Hg(II) in tilapia between predictions by the

PBTK model and experimental data based on three

assessing indicators (MAPE, RMSE, and r2). Results

showed that a reasonable prediction as all MAPEs were

B50 % (Fig. 5a). Compared with the data SD, the RMSE

values were less than data SD with r2 ranging from 0.44 to

0.96, indicating a fair quantitative agreement between

model predictions and experimental data (Fig. 5b–g).

Our one-way sensitivity analysis indicated that the

amount of Hg accumulated in tilapia whole body was most

influenced by sediment uptake rate (ks), following by par-

tition coefficient of kidney (pk) and the weight of intestine

(Wi) (Fig. 6). Compared with the baseline levels of Hg(II)

in specific tissues/organs (Fig. 2), the ks, pk, and Wi would

increase whole body concentration by 104, 31 and 17 %,

respectively. The ks and Wi were associated with the Hg

accumulation through sediments, demonstrating that sedi-

ment was the major source of Hg exposure in tilapia,

whereas pk corresponded to the highest burden of Hg

accumulate in kidney (Fig. 2).

Discussion

Hg(II)/MeHg in aquatic environments

course concentrations of different Hg species in water and

sediment where the THg concentration in sediment is

known a water–sediment dynamic model was developed

and used. Our model did not consider the elemental mer-

cury (Hg0) because Hg(II) and MeHg are the two major

forms of Hg in aquatic environments. Additionally, the

direct waste discharges and atmospheric deposition were

assumed to be negligible in the model based on previous

study (Tong et al. 2014). They demonstrated that Hg levels

in inflow of water from wastewater and air were less than

1 %.

Our results showed that Hg(II) was the predominant

species in both water and sediment, accounting for nearly

96 % of THg, which was similar to the results from field

investigations of 86.6–98.5 % (Watras et al. 1998) and

model predictions of 80–97 % (Knightes 2008; Tong et al.

2014). We also found that the concentration of Hg accu-

mulated dramatically in sediment, which was consistent

with the results from field investigations (Watras et al.

1998; Bloom et al. 2004; Wu 2006). These results support

that sediment is the major reservoir for Hg in aquatic

environments. Even though there is no direct discharge into

water from Hg-contaminated wastes, Hg in sediment can

be transported into water through sediment resuspension

and diffusion processes (Bloom et al. 2004; Ethier et al.

2012; Tong et al. 2014).

Our water–sediment model is simple yet robust enough

to be used to address the complex transformation and

distribution of different Hg species in water and sediment.

However, the speciation and content of Hg can be affected

by environmental factors such as dissolved organic carbon

(DOC), inorganic ligands (e.g., sulfate, chloride), redox

potential, pH, and temperature (Celo et al. 2006; Kidd and

Batchelar 2012). We thus anticipate that some of these

factors can be incorporated into our model to improve the

predictability in a specific aquatic environment.

Hg(II)/MeHg accumulation in fish

This study constructed a PBTK model to predict the

chronic accumulation patterns of Hg(II) in tissues/organs of

tilapia. PBTK model performance that relies heavily on the

experimental data of time-series tissue/organ burdens is not

easy to achieve due to limited data sources with uncer-

tainties resulting from different experimental species and

protocols. Although the experimental data (Allen 1994) we

used was obtained from short-term experiments, it provides

us a rare opportunity to examine the predictability of PBTK

Assessing exposure risks for freshwater tilapia species posed by mercury and methylmercury
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model. We also acknowledged that quantitative simulation

should be drawn by incorporating biologically meaningful

parameters from realistic and conditioned exposure bioas-

says. Yet, our proposed mechanistic risk assessment

approach incorporating water–sediment Hg fates and

transports, Hg-PBTK model for tilapia, as well as dose–

response relationship of Hg induced mortality may provide

insights in designing more realistic toxicokinetic and tox-

icodynamic experimental protocols and more precise

model validation in the near future.

Our simulated PBTK results demonstrated that the

estimated Hg(II) burden was highest in kidney followed by

gill, intestine, liver, blood, and muscle, which was con-

sistent with the previous results (Allen 1994). While con-

sidering only very short exposure period (e.g. 0.25–1 day)

would the accumulated Hg(II) burden of kidney and gill be

similar (Allen, 1994). We found that the ratio of Hg(II)

burden in kidney to gill at 0.5 day was 1.50 lower than the

ratio of 2.43 estimated from Allen (1994), which is due in

part to the different exposure routes being considered

including water and sediment intakes. However, given long

exposure period taken into account (e.g., 180 days), the

estimated ratio of Hg(II) burden could reach 12 as high.

Numerous studies had pointed out that gill, muscle,

brain, and viscera including liver, kidney, and intestine

may be the target tissues/organs for Hg accumulation

depending on different ingestion patterns (Allen 1994;

Pereira et al. 2015; Squadrone et al. 2013; Wang et al.

2013). This study identified similar target organ/tissue

including kidney, gill, intestine, and liver except muscle
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which we found it might be relatively safe for consump-

tions compared to regulation of Taiwan FDA (2013a, b).

This study considered simultaneously water and sediment

Hg exposure, yet it turned out that Hg(II) burdens found in

gill and intestine are similar. Wang et al. (2013) supports

our idea that Hg(II) might be the major speciation in

freshwater tilapia due to low-potential in vivo mercury

methylation. On the other hand, our sensitivity analysis

demonstrated that sediment uptake rate (ks) was the most

important factor in determining the Hg accumulation,

indicating sediment exposure is a potential risk factor to

aquatic organisms.

Wang and Wang (2012) conducted a dietary Hg expo-

sure to investigate accumulation patterns of Hg(II) and

MeHg as well the somatic growth dilution (SGD) effects in

tilapia (O. niloticus). Not quite different from other studies,

they found that MeHg was the major retained form of Hg in

fish post dietary exposure. They also indicated that the

overall accumulation of Hg(II) depended mainly on

assimilation efficiency and elimination rate and that of

MeHg was critically related to growth rate instead,

implying that SGD was more likely to take place given

MeHg exposure (Wang and Wang 2012).

Other aquatic conditions such as pH, DOC, and salinity

were known factors impacting mercury uptake in fresh-

water fish (Jardine et al. 2013; Klinck et al. 2005; Wang

et al. 2010). Generally, increments in both DOC and pH

have inhibitory effects on mercury uptake. Moreover,

previous study demonstrated that salinity together with

water pH would have potentially complex effects on Hg

bioaccumulation by altering the metal speciation (Laporte

et al. 2002). On the other hand, MeHg largely affects Hg

concentration and biomagnification in food web in aquatic

ecosystems. Mason et al. (1995) further indicated that

biomagnification of MeHg through food web was up to 4

times more efficient than Hg(II). Moreover, Clayden et al.

(2013) pointed out MeHg biomagnification was higher in

systems with lower aqueous nutrient/MeHg/chloride

scores.

Taken together, these factors could lead to profound

impacts on Hg accumulation in fish as well as environ-

mental hazard to the aquatic ecosystem that worth further

exploration. Future study would incorporate aquatic envi-

ronmental conditions (e.g., pH, DOC, and salinity), various

exposure routes (e.g., waterborne, dietborne, and sedi-

mentborne), as well as effects of bioconcentration, bio-

magnifications, and growth inhibition into the well-

established PBTK/TD model to assess the hazards for

aquatic ecosystem and human health.

Implications for human exposure: sustaining

seafood for public health

As early as in the 1950s, Hg contamination incidents

occurred frequently in Minamata, Japan, have evidenced

strongly that MeHg compared to Hg(II) is much more

likely to pose a great health risk to humans who consumed

Hg-contaminated fish. A recent statistical report has poin-

ted out that the per capital fish consumption worldwide is

increasing continuously from 10 kg in the 1960s to more

than 19 kg in 2012 (FAO 2014). Taiwan is an island with

high fish consumption of 47.38 ± 153.24 g day-1

(MOHW 2008). Once ingested, nearly 90–100 % of MeHg

in fish is likely to be absorbed rapidly through the human

gastrointestinal tract, where it easily enters the blood

stream and distributes throughout the body including the

blood–brain barrier and placenta (Counter and Buchanan

2004; Zillioux 2015). This resulted in not only extreme

fetal abnormalities but also neurotoxicity in adults and

fetuses of mothers exposed during pregnancy (i.e., micro-

cephaly, blindness, severe mental and physical develop-

mental retardation) (Harada 1995).

However, the main concern today is of more subtle

health effects arising from prenatal exposure, such as
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delayed development and cognitive changes in children

(Clarkson 1997; Zillioux 2015). The high level of prenatal

exposure to MeHg was found to have significant correla-

tion with neurological disabilities for children, especially

in language, attention, memory, visuospatial, and motor

functions (Grandjean et al. 1997; Jedrychowski et al.

2006). Axelrad et al. (2007) integrated epidemiological

data to provide a robust dose–response relationship

between maternal hair Hg levels during pregnancy and

child IQ, showing a decrement of 0.18 points (95 % CI

-0.378 to -0.009) for each ppm increase of maternal hair

Hg. In Taiwan, Hsu et al. (2007) found that 89 % pregnant

woman had blood Hg concentrations exceeding the US

National Research Council recommended limit of

5.8 lg L-1 that is correlated significantly with Hg-con-

taminated fish consumption. Moreover, Jiang et al. (2010)

found that Hg concentration in meconium of Taiwanese

fetuses (79.2 ± 7.3 ng g-1) was higher than other sites in

Manila of 1.9 ± 2.3 (Ostrea et al. 1997) and Tagum of

48.6 ± 43.5 (Ramirez et al. 2003). They also highlighted

that various daily Hg exposure concentrations for Tai-

wanese mothers were mainly attributable to varied Hg

concentration in fish as well as fish ingestion rate.

Although current global Hg exposure is at level much

lower than the previous case in Minamata, a growing

number of studies have raised concern about the potential

impact of low-level MeHg exposure on a variety of adverse

health outcomes in both adults and children (Karagas et al.

2012; Driscoll et al. 2013). Based on a review of epi-

demiological researches targeting at low-dose MeHg

exposure, Driscoll et al. (2013) found the possibility of

adverse effects on fetal growth and infant growth, whereas

prenatal exposure may cause early childhood neurological

effects. They also concluded that no conclusive evidence

on the MeHg-associated cardiovascular disease and

immune function at low-dose exposure. However, on the

basis of a case–control study, a significant dose–response

relationship between toenail Hg level and the risk of

myocardial infarction was constructed (Guallar et al.

2002). Recently, Furieri et al. (2011) suggested that chronic

exposure to Hg could be a risk factor affecting heart

function based on a series of in vivo animal experiments.

Our risk assessment results showed that Hg was less

likely to pose mortality risk for freshwater tilapia species,

even with such high concentration in Luermen creek (SA),

implicating that tilapia species have high environmental

stress tolerance and tend to accumulate high Hg concen-

tration. In light of this finding, we suggest that tilapia

species can be biocontrol agents in the polycultural systems

for benefiting other fishes such as milkfish by reducing

concentrations of toxic elements in the water (Ju et al.

2014). While Asian may be at risk and suffer from adverse

effects as a result of consuming tilapia with high

concentration of Hg(II)/MeHg since Asia is the largest

emitter of Hg and the emissions are continually increasing

(Pirrone et al. 2010; Driscoll et al. 2013). Consequently, it

is of interest to conduct the risk assessment for human

health in the scenario of chronic consumption of tilapia in

the near future.

Conclusions

This study presents a mechanistic risk assessment frame-

work by integrating water–sediment, PBTK, and proba-

bilistic risk assessment models to predict the impact of

Hg(II)/MeHg on freshwater tilapia species, one of the

major edible fish. Our results showed that Hg was less

likely to pose mortality risk (mortality rate less than 5 %)

for freshwater tilapia. Yet, a dramatically high HQ was

found in our risk assessment, implying that the chronic

sublethal risk (e.g., growth, reproduction, development,

and behavior) posed by Hg was alarming. Hence, we

suggest more dose–response data of sublethal and chronic

effects for aquatic organisms are required to improve risk

assessment approach in a more realistic and practical way.

We also found that sediment borne Hg exposure was the

most influential factor on accumulation of tilapia that is

bottom-feeding fish. In a broader way, our mechanistic

framework can be applied to predict environmental risks

associated with continuously chronic exposure to certain

hazards for fish that are deemed safe for human

consumption.
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