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Abstract The purpose of this study was to link tox-

icokinetics/toxicodynamics and subcellular partitioning for

assessing the susceptibility and the growth inhibition risks

of abalone Haliotis diversicolor supertexta exposed to

waterborne and foodborne cadmium (Cd) and silver (Ag).

We reanalyzed published data on growth inhibition and

subcellular partitioning associated with the present mech-

anistic model to explore the correlations among elimination

(ke), detoxification (kd), and recovery (kr) rate constants and

to assess the growth inhibition risk. We found a positive

correlation among ke, kd, and kr in abalone exposed to Ag.

We also employed a life-stage based probabilistic assess-

ment model to estimate the growth inhibition risk of

abalone to environmentally relevant Cd (5–995 lg l-1)

and Ag (0.05–9.95 lg l-1) concentrations in Taiwan. The

results showed that abalone had a minimum 20% proba-

bility of the growth inhibition risk exposed to Cd, whereas

Ag exposure was not likely to pose the risk. The maximum

biomasses were estimated to be 0.0039 and 0.0038, 61.61

and 43.87, and 98.88 and 62.97 g for larvae, juveniles, and

adults of abalone exposed to the same levels of Cd and Ag,

respectively. Our study provides a useful tool to detect

potential growth biomass of abalone populations subjected

to Cd and Ag stresses and mechanistic implications for a

long-term ecotoxicological risk assessment in realistic

situations.
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Introduction

With its delicacy and high market values, abalone is an

important aquaculture product worldwide. The farming

regions of abalone are widely distributed thought Australia,

New Zealand, Chile, China, Taiwan, and the United States

(Oakes and Ponte 1996; Jarayabhand and Pahavasit 1996;

Gordon and Cool 2001). Haliotis diversicolor supertexta is

the most abundant abalone species in Taiwan with feeding

of red algal Gracilaria spp. to attain the best growth con-

ditions (Chen 1989). Positive evidence showed that con-

taminants affected ecophysiology of marine organisms,

such as growth, reproduction, and survival capacities (Ng

and Wood 2008). Hence, the water quality is a most

important determinant for regulating the health of abalone

(Slaveykova and Wilkinson 2005; Wang and Rainbow

2006).

Cadmium (Cd) and silver (Ag) are non-essential metals

to aquatic organisms. Both of them inhibit Ca2? and Na?/

K?-ATPase activity by decreasing the active uptake

capacities of Ca2? and Na? in tissues of aquatic organisms

(Morgan et al. 1997; Bury and Wood 1999; Castilho et al.

2001). Cd and Ag toxicities in seawater are far less known

than in freshwater. Their toxicities were also associated

with the bioavailable concentrations rather than with the

total metal concentrations. The toxic metals could enter

W.-Y. Chen � Y.-R. Ju � C.-J. Lin � C.-M. Liao (&)

Department of Bioenvironmental Systems Engineering, National

Taiwan University, Taipei, Taiwan 10617, Republic of China

e-mail: cmliao@ntu.edu.tw

B.-C. Chen

Department of Post-Modern Agriculture, MingDao University,

Changhua, Taiwan 52345, Republic of China

J.-W. Tsai

Graduate Institute of Ecology and Evolutionary Biology, China

Medical University, Taichung, Taiwan 40402, Republic of China

123

Ecotoxicology

DOI 10.1007/s10646-011-0659-4



aquatic organisms via water and food and accumulate in

subcellular compartments of tissues, controlling by geo-

chemical and physiological factors, such as ions, salinity,

food appetites, and ingestion behaviors (Rainbow 2002;

Nichols et al. 2006; Pan and Wang 2008).

Waterborne metals rely on passive diffusion from

ambient water via the gill into the tissue. Foodborne metal

is a significant exposure route affecting the accumulation in

marine animals and further in food chains via trophic

transfer (Rainbow et al. 2007). The interactions among

waterborne and foodborne metals and target tissues of

aquatic organisms play an important role in the risk

assessment of aquatic ecosystems, yet numerous studies

only investigated the accumulative capacities in one of

these pathways, which is not enough to fully describe the

exposure situations for aquatic organisms.

Lee et al. (2002) proposed the damage assessment

model (DAM), which is capable of describing the time

course of median effect concentration data for chemicals

acting through the reversible interaction between chemicals

and receptors (Lee et al. 2002; Ashauer et al. 2007). That

mechanism well describes the physiological reactions of

damage and recovery when organisms are under chemical

stress. The DAM describes the occurred hazard based on

the cumulative tissue damage reaching a critical level,

representing the health state of an organism. However, the

DAM did not incorporate the chemical bioavailability to

assess the physiological response of organisms.

The concentration of metal ions complex or the amount

of metals binding to aquatic organisms are not enough

to predict the toxic effect of aquatic organisms. Recent

studies indicated that a subcellular partitioning model

(SPM) can be used to describe the complex binding of

chemical ion in different subcellular compartments with

different chemical ion-binding ligands (Wang and Rain-

bow 2006; Buchwalter et al. 2008; Huang et al. 2008, 2010;

Voets et al. 2009; Ng et al. 2009; Seebaugh and Wallace

2009). They pointed out that the metal ions binding to

target subcellular compartments could reflect the chemical

toxicity. The critical sites of toxic action in subcellular

fraction include the metabolically active pool (MAP)

comprising organelles (insoluble) and heat sensitive

(labile) protein (soluble) and the metabolically detoxified

pool (MDP) comprising metal rich granules (insoluble) and

metallothionein-like proteins (soluble).

Organisms could fuel ontogenetic growth by allocating

absorbed energy to synthesize new biomass and to main-

tain existing biomass. The West growth model (West et al.

2001) can be used to describe the organism’s ontogenetic

growth (biomass) trajectory from birth to maturity based on

energy allocation without toxicity. On the other hand, the

toxicity dynamic energy budget model (DEBtox) can be

used to describe the mode of action (MOA) of metal

toxicity that alters the energy allocation, including metab-

olism, growth, and reproduction (Kooijman and Bedaux

1996; Alunno-Bruscia et al. 2009). Hence, the integration

of the West growth model and DEBtox theory can effec-

tively predict allometric relationships between the growth

rate and the life history events under metal stresses.

It is important to understand the Cd and Ag toxic

effects, accumulations, and detoxifications with critical

subcellular fractions in aquatic organisms to elucidate the

physiological function inhibition in the field risk assess-

ment applications. The purpose of this study was to link

toxicokinetics/toxicodynamics and subcellular partitioning

to assess the susceptibility and the growth inhibition risks

of abalone to environmentally relevant waterborne and

foodborne Cd and Ag stresses appraised by recently

published experimental data. Moreover, the integration of

toxicokinetics/toxicodynamics, detoxification, and bioreg-

ulation knowledge can provide a more reliable predic-

tion for a long-term exposure risk assessment in field

situations.

Materials and methods

Study data

The valuable database provided by Huang et al. (2010)

offered an opportunity to examine the waterborne and

foodborne Cd and Ag toxicities for abalone from a sub-

cellular partitioning perspective. Briefly, Huang et al.

(2010) carried out a series of experiments that included

accumulation, subcellular partitioning, and body weight

growth inhibition. The experiments provided a potential

burden-based toxicity assessment to understand the dif-

ference between waterborne and foodborne metal toxici-

ties. Therefore, the published data adopted from Huang

et al. (2010) were reanalyzed to estimate the key physio-

logical determinants, such as uptake, elimination, and

detoxification rate constants.

To determine Cd and Ag accumulation, Huang et al.

(2010) conducted four exposure bioassays by using

juvenile abalone H. diversicolor (mean shell width of

30.9 ± 1.2 mm) exposed to waterborne concentrations of

50 lg l-1 Cd (as CdCl2) and 5 lg l-1 Ag (as AgNO3),

respectively. In the foodborne exposure, the algae Graci-

laria tenuistipitata var. liui were exposed to Cd of 50 and

500 lg l-1 and Ag of 5 and 50 lg l-1, respectively. The

algae concentrations were 9.56 and 120 lg g-1 dry wt Cd

and 5.52 and 45.1 lg g-1 dry wt Ag as the low and high

foodborne exposure treatments, respectively. Exposure

bioassays were fed 15 g algae for 7 weeks. The water

quality conditions were maintained at temperature 20�C

and salinity 31 psu. On the other hand, Cd accumulation
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bioassay for algae Gracilaria coronopifolia was adopted

from Hsieh (2005) with algae exposed to 9.76 mg l-1 Cd

for 7 days.

Huang et al. (2010) separated five differential subcel-

lular fractions including cellular debris, metal-rich granules

(MRG), organelles, heat-denatured protein (HDP), and

metallothionein-like protein (MTLP) from soft tissue of

three abalones in each exposure experiment. Abalone were

dissected to remove their shells. The Cd and Ag subcellular

partitioning can be pooled into MAP and MDP. The MDP

comprises MRG and MTLP, whereas MAP comprises the

Cd and Ag HDP and organelles.

Huang et al. (2010) measured the fresh weight of aba-

lone at 0, 2, 4, and 7 weeks in the above-mentioned

exposure experiments to investigate the physiological

responses. Then the daily growth inhibition rate was cal-

culated at 0–2, 2–4, 4–7, and 0–7 weeks. Thus, we can

obtain an exposure time-specific dose–response curve that

can be used to estimate the exposure time-specific median

effect dose [ED50(t)].

Toxicokinetic/toxicodynamic model

In light of a biologically DAM, chemicals are acting

through a reversible interaction between chemicals and

receptors. Chemicals accumulate in aquatic organisms by

uptake and elimination mechanisms. Consequently, the

tissues were damaged by the internalized chemical con-

centrations. On the other hand, aquatic organisms can also

recover the damaged tissues. The relationships between

chemical tissue residue and residue-induced damage can be

described by a first-order damage accumulation model and

a first-order bioaccumulation model (Lee et al. 2002).

Based on the DAM, the damage-based EC50 can be

derived as (Lee et al. 2002),

EC50ðtÞ ¼ DE;50=ka

e�kr t�e�ket

kr�ke
þ 1�e�kr t

kr

� �BCF�1; ð1Þ

where ka is the damage accumulation rate (g lg-1 d-1),

DE,50/ka is a coefficient that reflects the compound equiv-

alent toxic damage level required for median effect

(lg d g-1), ke is the elimination rate constant (d-1), kr is

the damage recovery rate constant (d-1), and BCF is the

bioconcentration factor (ml g-1). In the foodborne ED50

prediction, EC50 and BCF are replaced by ED50 and a

biomagnification factor (BMF) (g g-1) in Eq. (1).

In the DAM scheme, the accumulation-induced organ-

ism damage is proportional to body chemical concentra-

tion, whereas the damage recovery is proportional to the

cumulative damage from waterborne or foodborne chemi-

cals. The cumulative damage (Di) can be expressed as (Lee

et al. 2002),

DiðtÞ ¼ ka �
ku

ke
� Ci

e�krt � e�ket

kr � ke
þ 1� e�krt

kr

� �
; ð2Þ

where ku is the uptake rate constant (ml g-1 d-1 or

g g-1 d-1) and Ci is the chemical concentration from

waterborne (i = w) or foodborne (i = f) sources. The

DAM proposes that the hazard occurs based on the irre-

versible cumulative damage reaching a critical level.

Base on the DAM, the cumulative hazard [H(t)] is

proportional to the cumulative damage level as HðtÞ ¼
k3DðtÞ where k3 ¼ kk=ka is the proportional coefficient

between damage (D) and hazard (H) and kk is the killing

rate describing the relationship between cumulative dam-

age and hazard level. kk can also be calculated as ln2/

(DE,50/ka) (Lee et al. 2002).

Finally, the time-dependent susceptibility probability

can be expressed as the exponential of cumulative hazard

as (Lee et al. 2002),

Sp;iðtÞ

¼ 1� exp �k3 � ka �
ku

ke
� Ci

e�krt � e�ket

kr � ke
þ 1� e�krt

kr

� �� �
;

ð3Þ

where Sp,i(t) is the susceptibility probability from water-

borne or foodborne Cd and Ag.

Detoxification model

Detoxification rate (kd, d-1) can be estimated followed

the metal influx threshold (MIT) concept introduced by

Croteau and Luoma (2009). Croteau and Luoma (2009)

proposed that MIT occurs when metal influx C the com-

bined rates of metal loss and detoxification. Thus, the

external metal uptake in MAP of aquatic organisms

exceeds the MAP influx threshold, the metal will be lost

and detoxification will be triggered. Based on the MIT

perspective, kd can be calculated as

kd ¼
ku; MAP � Ci

CMAP;0
� ke; ð4Þ

where kd is the detoxification rate constant (d-1), ku, MAP is

the metal uptake rate from water or food into MAP

(ml g-1 d-1 or g g-1 d-1), CMAP,0 is the metal concen-

tration in MAP without metal exposure (control group),

and ke is the elimination rate constant from the internal

body into the water (d-1).

Growth toxicity model

Here we integrated the DEBtox theory and the West growth

model to simulate the metal toxicity caused growth (bio-

mass) inhibition curve for abalone populations. MOA of
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metal toxicity alters the energy allocation among metabo-

lism, growth, and reproduction. Since more energy transfer

to detoxification could induce less energy allocation to

growth. Tsai and Liao (2006) also revealed that MOA

of reducing food assimilation efficiency could be well-

predicted by the West growth model. Here we incorporated

a susceptibility probability function into the West growth

model to describe the growth inhibition,

WðtÞ ¼ Wmax;0 1� Sp;iðtÞ
� �� 	

� 1� 1� W0

Wmax;0 1� Sp;iðtÞ
� �

 !1=4
2
4

3
5

8<
:

� exp � A0t

4 Wmax;0 1� Sp;iðtÞ
� �� �1=4

 !)4

; ð5Þ

where W(t) is the time-dependent body weight (g), W0 is

the body weight at birth of abalone (approximately

3.95 9 10-7 g), Wmax;0 1� Sp;iðtÞ
� �

is the ultimate body

weight of abalone under the contaminated environment

where Wmax,0 is the maximum body weight in an uncon-

taminated environment (102 g) (Huang 1998), and A0 is a

species-specific growth coefficient (g1/4 d-1).

Predictive growth inhibition risk model

To investigate the relationships among biomass growth

inhibition of abalone, susceptibility probability, and

waterborne and foodborne Cd and Ag exposures, the

present study used a biologically based susceptibility

probability model together with both exposure pathways

(Sp,wf) to reconstruct the dose–response profile. The rela-

tionship between environmental metal concentration and

abalone susceptibility has the form of,

Sp;wf ðtÞ ¼ 1� exp � HwðtÞ þ Hf ðtÞ
� �� 	

; ð6Þ

where Hw(t) and Hf(t) are the cumulative hazard levels

from waterborne and/or foodborne Cd and Ag exposures,

respectively. Here we adopted Cd and Ag concentration

data of abalone cultural ponds in Taiwan regions (Cheng

2004) to implement the proposed model.

The growth inhibition risk can be calculated as the

probability density function (pdf) of Taiwan region-specific

Cd and Ag concentrations by the conditional probability of

Cd and Ag susceptibility (Sp,wf). Hence, a joint probability

function can be used to calculate the risk probability of

growth inhibition for body weight,

PðRBWÞ ¼ PðSp;wf Þ � P BW jSp;wf

� �
; ð7Þ

where P(RBW) represents the probability risks for body

weight inhibition and P(Sp,wf) is the pdf of metal

susceptibility.

Data analysis and simulation scheme

Salinity is the determinant factor for bioavailable Ag

activity concentration. All waterborne Ag activity con-

centrations were adjusted by a Ag activity coefficient of

0.589 at temperature 25�C and salinity 35 psu (Ward and

Kramer 2002).

Toxicokinetic parameters of uptake and elimination rate

constants (ku and ke) can be estimated by fitting the inte-

grated form of the toxicokinetic (TK) rate equation to

exposure data for constant waterborne and foodborne Cd

and Ag,

CbðtÞ ¼ Cb0e�keit þ kui

kei
Ci 1� e�keit
� �

; ð8Þ

where Cb0 is initial concentration of Cd or Ag in the

internal body or MAP of abalone or algae (lg g-1 wet wt)

and Cb is the metal concentration in internal body or MAP.

Here, we adopted the fresh abalone weight growth rate at

weeks 0, 2, 4 and 7 that were exposed to waterborne or

foodborne Cd and Ag.

We used an empirical equation to describe the general

allometric relations among shell width, shell length, and

fresh weight (Huang 1998),

B ¼ 0:0176þ 0:6848L; ð9Þ

W ¼ 3:86� 10�5L3:211; ð10Þ

where B is the shell width (mm), L is the shell length (mm),

and W is the fresh weight (g). Then we estimated the fresh

weight of abalone at weeks 0, 2, 4, and 7 exposed to

waterborne or foodborne Cd and Ag, respectively. We

reanalyzed the data of growth inhibition at weeks 0, 2, 4,

and 7. Accordingly, a dose–response curve at a specific

exposure time can be obtained to estimate the ED50(t).

We used a Hill model to fit the constructed dose-growth

inhibition response curve to estimated ED50 values as,

RðCfÞ ¼
Rmax

1þ ED50
Cf

� �n; ð11Þ

where R(Cf) is the foodborne metal dose–dependent growth

inhibition response (%), Cf is the foodborne metal dose

(lg g-1), Rmax is the maximum response (%), and n is the

Hill coefficient.

We employed the TableCurve 2D (Version 5, AISN

Software, Mapleton, Oregon, USA) and 3D (Version 4,

AISN Software, Mapleton, Oregon, USA) to optimal fit the

published data to obtain optimal statistical models. The

Crystal Ball� software (Version 2000.2, Decisionerring,

Inc., Denver, Colorado, USA) was employed to implement

a Monte Carlo simulation to obtain 2.5 and 97.5 percentiles

as the 95% confidence interval for all fitted models. The

growth inhibition risk curves were generated from the
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cumulative distribution of simulation outcomes. It showed

that 10,000 iterations were sufficient to ensure the results.

The interactions of measurements used in this study for

estimating the key parameters and the present mechanistic

models are depicted in Fig. 1.

Results

Biological response of abalone

The rapid accumulation fashion was found in G. coronopi-

folia exposed to 9.76 mg l-1 Cd over the course of 7 days

(Hsieh, 2005). The toxicokinetic rate equation in Eq. (8) was

fitted to Cd accumulation data to obtain the estimated uptake

rate constant ku of 9.40 ± 1.70 ml g-1 d-1 (mean ± se)

and elimination rate constant ke of 0.64 ± 0.14 d-1

(r2 = 0.94) (Fig. 2a). Due to the limitation of time-depen-

dent bioaccumulation data, a parsimonious power law

was used to describe the relationships between waterborne

Ag concentration and algae tissue concentration as Cb ¼
1:27C0:91

w r2 ¼ 0:99ð Þ (Fig. 2b).

The toxicokinetic rate equation in Eq. (8) was best fitted

(r2 = 0.98) to 49-days exposures data in abalone tissue,

resulting in ku estimates of 490 ml g-1 d-1, 0.64, and

0.60 g g-1 d-1 and ke estimates of 0.91, 1.06, and 2.09 d-1

for waterborne, low foodborne, and high foodborne Cd

exposures, respectively (Table 1, Fig. 3a, c, e). In Ag

exposures, ku estimates of 58 ml g-1 d-1, 0.004 g g-1 d-1,

and 0.19 g g-1 d-1 and ke estimates of 0.035, 0.054, and

3.01 d-1 were obtained with r2 = 0.79, 0.26, and 0.51 for

waterborne, low foodborne, and high foodborne Ag expo-

sures, respectively (Table 1, Fig. 3b, d, f).

The toxicokinetic parameters of Cd in MAP were esti-

mated to be 310 ml g-1 d-1, 0.97, and 1.28 d-1 for ku,MAP

and 1.15, 2.28, and 2.05 d-1 for ke,MAP with r2 = 0.22,

0.43, and 0.32 for waterborne, low foodborne, and high

foodborne exposures, respectively (Table 1). For toxic-

okinetic parameters of Ag in MAP, the ku,MAP estimates

were 7890 ml g-1 d-1, 7.096, and 6.153 d-1 and ke, MAP

estimates were 5.24 9 10-8, 0.043, and 0.065 d-1 with

r2 = 0.88, 0.74, and 0.42 for waterborne, low foodborne,

and high foodborne exposures, respectively (Table 1).

Our results showed that detoxification did not trigger

when abalone were exposed to low foodborne exposure at

9.56 lg g-1 Cd, whereas detoxification rate constant kd

TK 

MIT 

DAM 

kd

CbMAP

keMAP

Cb

kuMAP

ku

kk

Sp(t) 

kr

ke

a b c 

Models Parameters Measurements 

Cw, Cf

Fig. 1 Schematic showing the

relationships among

measurements adopted

published data, parameter

estimations, and corresponding

present mechanistic models
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Fig. 2 a Fitting toxicokinetic equation [Eq. (8)] to published

experimental exposure data in algae exposed to 9.76 mg l-1 Cd.

b A relationship between waterborne Ag concentration and internal

concentration of algae
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was estimated to be 314.37 and 1.034 d-1 for waterborne

and high foodborne Cd exposures. On the other hand,

kd were estimated to be 314.59, 0.468, and 0.691 d-1

for waterborne, low foodborne, and high foodborne Ag

exposures, respectively (Table 1). The kd estimates were

found to be increased with increasing of foodborne Ag

concentrations.

A Hill model [Eq. (10)] was used to fit the constructed

Cd and Ag dose–growth inhibition response to estimate

ED50 values. Time-dependent ED50(t) could be estimated

by fitting a DAM scheme-based ED50 model [Eq. (1)] to

Hill-based ED50(t) data (r2 = 0.48 and 0.53) (Fig. 4a and

c). The results indicated that estimated recovery rate con-

stant (kr) of 6.29 d-1 for foodborne Cd exposure was much

greater than that of 3.79 d-1 for foodborne Ag exposure.

The killing rate constants (kk) were calculated to be 2.24

and 10.79 g lg-1 d-1 for abalone exposed to foodborne

Cd and Ag, respectively.

We used the susceptibility probability model [Eq. (3)]

to fit the specific dose or concentration with time-depen-

dent growth inhibition response to obtain model-specific

parameters (Table 1). The kk estimates ranged from

0.0007–0.077 g lg-1 d-1 of Cd exposures. Those were

much lower than that of 0.016–0.154 g lg-1 d-1 for Ag

exposures. The recovery rate constant kr estimates ranged

from 0.196–7.614 and 0.358–3.366 d-1 for Cd and Ag

exposures, respectively. The predicted EC50 values of

waterborne Cd and Ag can also be estimated by incorpo-

rating the estimated model parameters (kk and kr) into the

susceptibility probability model (Fig. 4b and d).

Subcellular Cd/Ag compartmentalization

and % detoxified

The relationships between % detoxified in MDP and

foodborne metal concentration were shown in Fig. 5. The

results showed that % detoxified in MDP increased with

increasing of foodborne concentration for both foodborne

Cd and Ag exposures. The best equations to describe their

relations were y = 76/(1 ? (12.83/x)0.25 (r2 = 0.91) for

foodborne Cd exposure, whereas y = 17.26 ? 0.008x2

(r2 = 0.99) for foodborne Ag exposure.

Linkages among ecophysiological determinants

We further explored the correlation between ke and kd of

Ag exposure. The result showed a positive linear trend with

ke = -6.16 ? 13.27kd (r2 = 0.99) (Fig. 6a). On the other

hand, a positive correlation was found for damage recovery

capacity (kr) and elimination capacity (ke) of Ag exposure

with ke = -0.343 ? 0.996kr (r2 = 0.99) (Fig. 6b). Fig-

ure 6c illustrates a response surface that depicts the cor-

relations among kr, ke, and kd with kr = 0.157 ? 0.974

ke ?0.4kd (r2 = 0.99).

Risk assessment practices

A best-fit for the reducing food assimilation efficiency

model could demonstrate biomass growth effect of aba-

lone under various metal exposure scenarios with esti-

mated model-specific parameters (growth cost coefficient)

(r2 = 0.92–0.96) (Fig. 7a–f). The estimated growth cost

coefficients (A0) ranged from 0.03–0.04 g1/4 d-1 for Cd

exposures and 0.035–0.04 g1/4 d-1 for Ag exposures,

Table 1 Estimated bioaccumulation, damage assessment model

(DAM), and metal influx threshold (MIT) parameters of abalone

exposed to waterborne and foodborne Cd/Ag

Parameters Cadmium Silver

Waterborne

Cw (lg l-1) 50 5

kuw (ml g-1 d-1)a 490 (0.98)d 58 (0.79)

kew (d-1)a 0.91 0.035

ku, MAP (ml g-1 d-1)a 310 (0.22) 7890 (0.88)

ke, MAP (d-1)a 1.15 5.24 9 10-8

kk (g lg-1 d-1)b 0.0007 (0.99) 0.016 (0.99)

kr (d-1)b 0.196 0.358

kdw (d-1)c 314.37 314.59

Low foodborne

Cw (lg l-1) 50 5

Cf (lg g-1) 9.56 ± 0.51e 5.52 ± 1.73

kuf (g g-1 d-1)a 0.64 (0.98) 0.004 (0.26)

kef (d-1)a 1.06 0.054

ku, MAP (d-1)a 0.97 (0.43) 7.096 (0.74)

ke, MAP (d-1)a 2.28 0.043

kk (g lg-1 d-1)b 0.077 (0.67) 0.116 (0.98)

kr (d-1)b 3.390 0.420

kdf (d-1)c –f 0.468

High foodborne

Cw (lg l-1) 500 50

Cf (lg g-1) 120 ± 1.50 45.1 ± 5.58

kuf (g g-1 d-1)a 0.60 (0.98) 0.19 (0.51)

kef (d-1)a 2.09 3.01

ku, MAP (d-1)a 1.28 (0.32) 6.153 (0.42)

ke, MAP (d-1)a 2.05 0.065

kk (g lg-1 d-1)b 0.037 (0.62) 0.154 (0.66)

kr (d-1)b 7.614 3.366

kdf (d-1)c 1.034f 0.691

a Estimated from Eq. (8)
b Estimated form DAM by fitting the safety growth probability
c Estimated from MIT mechanism in Eq. (4)
d Values are r2 in the parentheses
e Mean ± S.D
f Not detected from MIT
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whereas the value for non-exposure was 0.047 ±

0.003 g1/4 d-1 (mean ± se) (Fig. 7g). The results indi-

cated that the growth cost coefficient depends on the

exposure metal concentrations, revealing that high con-

centration inhibits much more growth cost. Moreover,

waterborne Ag inhibits much more growth than that of

waterborne Cd, whereas foodborne Ag inhibits less

growth than that of foodborne Cd.

We applied the probabilistic risk assessment model

[Eq. (7)] to estimate the potential growth inhibition risk

under environmental Cd and Ag concentrations in Taiwan.

The fitted lognormal distributions with a geometric mean

of 35.26 lg l-1 and a geometric standard deviation of 4.6

[denoting as LN(35.26 lg l-1, 4.6)] and LN(3.31 lg l-1,

1.67) were used to describe Cd and Ag exposure concen-

trations, respectively. On the other hand, the probability

distributions of susceptibility for abalone subjected to Cd

and Ag exposures at day 200 (juvenile stage) can be cal-

culated as LN(0.072, 4.6) and LN(0.15, 1.67), respectively.

We simulated the relations between body weight and

susceptibility of abalone by using the growth toxicity

model Eq. (5) with range values of 5–995 lg l-1 Cd and

0.05–9.95 lg l-1 Ag in Taiwan, respectively (Fig. 8a and

b). Abalone growth inhibition risk probability in the Cd

and Ag exposure scenarios can be estimated by Eq. (7).

The results showed that growth inhibition risk gradually

increases as body weight decrease (Fig. 8c and d). Our

results indicated that the abalone had a minimum 20%

probability of growth inhibition risk exposed to Cd,

whereas Ag exposures were not likely to pose a growth

inhibition risk. The dynamics of body weight changes in

three life-stage of larvae (day 0–25), juveniles (day
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25–730), and adults (day 730–2,000) subjected to

0–1,000 lg l-1 Cd and 0–25 lg l-1 Ag can also be sim-

ulated (Fig. 8e–j).

Discussion

Effect of seawater and freshwater on metals

bioavailability

Trace metal bioavailability in aquatic molluscs was con-

trolled by the multitudinous geochemical components. The

seawater ecosystem is completely different from the

freshwater ecosystem because of the contents of sodium

and chlorine ions, salinity, dissolved organic carbon, and

the iono-regulate effect (Wood et al. 2004; Grosell et al.

2007; Nadella et al. 2009). Mclusky et al. (1986), Grosell

et al. (2007), and Nadella et al. (2009) further pointed out

that the metal toxicity might increase with decreasing of

salinity.

In this study, we adopted the major ions concentrations

and Ag activity coefficient from Stumm and Morgan

(1996) and Ward and Kramer (2002) to take into account

metal bioavailability. The predicted metal bioavailable

capacities were thus valid at the same salinity circumstance

with experimental setting of 35 psu salinity seawater

(Huang et al. 2010). In the past decade, cadmium, copper,

silver, and zinc- associated biotic ligand models (BLMs)

have been well-developed with geochemical modeling and

affinity (stability) determinants in freshwater ecosystems

(Playle et al. 1993; Janes and Playle 1995; Di Toro et al.

2001; Borgmann et al. 2004), yet the development of a

marine BLM for understanding the affinity constants,

available competing or complexing ions to target metal,

high ionic strength, and metals species in the elaborate

marine ecosystem is still limited. The knowledge of
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salinity influence for establishing a critical determinants

database of marine BLM that considers salinity influence

should be explored. Moreover, the physiological function

of marine organisms was different from that of freshwater

organisms, since the freshwater organisms were necessi-

tated to actively transport sodium and chlorine ions from

water.

Comparison of waterborne and foodborne Cd/Ag

toxicity to abalone

In this study, three ecophysiological determinants (ke, kd,

and kr) of bioaccumulation and coping mechanisms were

integrated to assess Cd and Ag growth susceptibility risk

for abalone. However, in the Cd exposure, kd estimation

based on the MIT perspective was not triggered at water-

borne Cd of 50 lg l-1 and foodborne 5.52–45.1 lg g-1.

We also found a positive correlation among kr, ke, and kd in

Ag exposure. Therefore, these three ecophysiological

determinants do not exist in a compensation relationship

when exposed to Cd and Ag.

The rank of waterborne/foodborne Cd accumulation in

subcellular fraction in the abalone was cellular debris [
MTLP [ MRG [ HDP C organelles, whereas for water-

borne/foodborne Ag it was cellular debris [ MRG [
organelles [ MTLP [ HDP (Huang et al. 2010). Gener-

ally, metal toxicity was induced by metal sensitive frac-

tions such as organelles and HDP, whereas the fitness was

controlled by biological detoxified fractions like MRG

and MTLP (Wallace and Luoma 2003; Wang and Rainbow

2006). The biological detoxified fraction to the total

cellular accumulation was in the majority for Cd. Addi-

tionally, the abilities to repair waterborne/foodborne

Cd-induced damage were better than that to recover from

waterborne/foodborne Ag-induced damage in abalone. Our

results indicated that average kr of waterborne Cd had

0
0.5

1
1.5

2
2.5

0.45

0.5

0.55

0.6

0.65

0
0

0.5
0.5

1
1

1.5
1.5

2
2

2.5
2.5

3
3

3.5
3.5

0

1

2

3

4

0.4 0.5 0.6 0.7 0.8

Data
Model

E
lim

in
at

io
n 

ra
te

, k
e (

d1-
) 

R
ec

ov
er

y 
ra

te
, k

r (
d-1

) 

0

1

2

3

4

0 1 2 3 4

Detoxification rate, kd (d-1) 

a b 

Recovery rate, kr (d
-1) 

Ag 

c 

Fig. 6 a The best fitted model

of the correlation of ke - kd and

b ke - kr. c A response surface

representing the correlation

among kr, ke, and kd

Assessing abalone growth inhibition risk to cadmium and silver

123



nearly threefold of magnitude higher than that of water-

borne Ag. Furthermore, the kr of foodborne Cd was also

2- to 8-folds of magnitude higher than that of foodborne

Ag. Even the capacity to eliminate Cd was higher than that

to eliminate Ag when the metal concentration was at a low

level. However, our results indicated that abalone was able

to resist Cd toxicity better than Ag toxicity.

When exposed to waterborne metal concentration at

50 lg L-1 Cd and 5 lg L-1 Ag, the accumulative burden

of algae were 9.56 lg g-1 of Cd and 5.52 lg g-1 of Ag,

respectively. Exposure of abalone to waterborne (50 lg l-1

Cd and 5 lg l-1 Ag) and low foodborne treatments

(9.56 lg g-1 of Cd and 5.52 lg g-1 of Ag) resulted in

similar exposure patterns as the above situations. Our
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results indicated that the coefficient of growth cost (A0) of

waterborne Cd (0.04 g1/4 d-1) was greater than that of low

foodborne Cd (0.034 g1/4 d-1) at same concentration levels,

whereas A0 of waterborne Ag (0.036 g1/4 d-1) was lower

than that of low foodborne Ag (0.04 g1/4 d-1). Huang et al.

(2010) reported that when abalone were exposed to water-

borne/foodborne Cd and Ag, the growth rate of shells and

tissue significantly decreased, except in the low foodborne

Ag treatment. Thus, the waterborne Cd toxicity effect was

lower than that of the foodborne, whereas the waterborne

Ag toxicity effect was greater than that of the foodborne.

Long-term risk assessment improvement

This study adopted the 49 day-growth bioassay data of

juvenile abalone to determine the probability distribution

of growth inhibition risk for the whole life-span of abalone

in Taiwan due to Cd and Ag stressors. The merit of the

West growth model can elucidate the growth inhibition

over the entire life cycle based upon the limited growth

information at the juvenile stage for abalone exposed to

Cd and Ag concentrations. We reconstructed the dose–

response models for waterborne and foodborne Cd and Ag

exposures and growth biomass variability. We concluded

that for 10 lg l-1 Cd exposure, the maximum biomass was

0.0039, 61.61, and 98.88 g for larva, juvenile, and adult

abalone, respectively, whereas the maximum biomass was

0.0038, 43.87, and 62.97 g for larvae, juveniles, and adults,

respectively, exposed to Ag. By contrast, the abalone

experienced more growth susceptibility to Ag than to Cd in

each life-stage. Previous studies also indicated that a seri-

ous consequence for population living was the influence of

chemicals on juveniles (Kammenga et al. 1996; Ramskov

and Forbes 2008).

Previous studies have quantified the assimilation effi-

ciencies of metals in predators fed on different preys
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(Cheung and Wang 2005; Rainbow et al. 2007; Huang

et al. 2008; Dubois and Hare 2009; Lapointe et al. 2009).

This factor may control the metal trophic transfer level.

The subcellular partitioning of metal in aquatic organisms

will also influence trophically available metal (Wallace and

Lopez 1996; Wallace and Luoma 2003; Cheung and Wang

2005). The main subcellular partitioning fractions of tro-

phically available metal were organelles, heat-denatured

proteins, and metallothionein-like proteins, which could be

also used to predict the trophic transfer fraction (Wallace

and Luoma 2003). Cheung and Wang (2005) indicated that

Ag was mostly concentrated in the insoluble fraction,

whereas Cd had highest percentage of accumulation in

soluble fraction of prey. If this critical metal subcellular

partitioning information was available, the subcellular

partitioning that caused biomagnification in food chains

could be better identified.

In conclusion, this study incorporated the bioconcen-

tration of metal in water with the biomagnification of metal

in food to assess accurately long-term growth inhibition

risk of abalone in an integrated scheme of toxicokinetics/

toxicodynamics and subcellular partitioning. We antici-

pated that a combination of DAM, West growth model, and

SPM can shape the framework to predict the potential

growth biomass variability of abalone subjected to Cd and

Ag stresses. This research may also provide mechanistic

implications for optimizing a long-term ecotoxicological

risk assessment in realistic situations.
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