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Abstract

A stage-classified demographic method was performed to investigate the effects of increased
waterborne zinc (Zn) concentrations on the population dynamics of abalone Haliotis diversicolor
supertexta. We reanalyzed the results of a 7-day acute and a 28-day chronic toxicity bioassays to
examine the survival and growth performances when exposing abalone to different levels of zinc
stresses. An energy-based biological approach was adopted to model the effects of zinc on fecundity.
These data provided stage-specific schedules of vital rates that were used to parameterize a
projection matrix model for abalone. Simulations were carried out to produce temporal population
abundance changes under seven exposure scenarios including a control group and six treated cohorts
ranged from 0.03 to 1 mg I™' Zn. Model manipulations indicated that a reduction of individual
growth rate was observed at an exposed Zn concentration greater than 0.12 mg 1~', whereas the
significant influence of survivorship was occurred until the Zn concentration reached 0.25 mg 1™ '.
For all treatments, Zn induced a slight decrease in fecundity. The asymptotic population growth rate
decreased from 2=1.00 for the control group to 4=0.9968 for abalone population exposed to 1 mg
17! Zn, indicating a potential risk of population intrinsic growth rates for abalone exposed to higher
levels of waterborne Zn. These findings provide a pivotal effort for setting of the ambient water
quality criterion for protecting the aquacultural species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

From an ecotoxicological perspective, toxic substances may exert adverse effects at
the individual, population, community and ecosystem level (Kramarz and Laskowski,
1997, Kammenga and Laskowski, 2000). All potential risks associated with toxic
effects from the individual to the ecosystem should therefore be assessed while
developing the ambient water quality criterion for protection of aquatic species. At
present, however, most of the effect assessment of toxicants that can be found in the
literature focus on convenient endpoints, such as the median lethal concentration
(LCs0) from the acute test and/or the no-observed-effect-concentration (NOEC) from
the chronic test, handling in terms of individual-level variables instead of those at
higher levels (Grist et al., 2003; Ducrot et al., 2004). Consequently, one of the major
challenges in current ecotoxicology is to provide a better understanding of potential
effects of toxicants on natural populations and ecosystems by using data extracted
from traditional toxicity bioassays in laboratory (Chaumot et al., 2003; Eggen et al.,
2004).

A rich body of ecotoxicological work today aims to develop mathematical tools for
upscaling of individual contaminant effects to population levels by using demographic
models to meet the need (Simas et al., 2001; Kuhn et al., 2002). The demographic models,
based on the vital rates in the context of the whole life cycle of individuals, can mainly be
classified into three approaches differing in whether time and stage are continuous or
discrete variables (Caswell, 2001). The most popular one is the matrix population model
characterized by a population projection matrix (referred to as Leslie matrix) to project the
population from time ¢ to time 7+1 (Caswell, 2001). A stage-classified matrix model
classifies individuals by an appropriate set of real biological stages as of unequal duration
(Van Straalen and Kammenga, 1998). Due to its biological relevance, stage-classified
matrix model has been widely applied in addressing the relationships among toxicants,
individual life-table response data and population growth rate (Klok and deRoos, 1996;
Simas et al., 2001).

Many marine mollusks and algae, due to their wide distributions, extensive
populations, sedentary nature and ability to accumulate contaminants, have been suggested
as ideal bioindicators of heavy metal contamination in aquatic ecosystems (Liao and Lin,
2001). Abalone are common gastropod mollusks that inhabit the coastal reefs in tropical
and subtropical areas (Chen and Lee, 1999). The herbivorous gastropod, Haliotis
diversicolor supertexta, is the most abundant abalone species in Taiwan. H. diversicolor
supertexta prefers red algae, G. tenuistipitata var. liui, which yield the best growth of the
abalone (Chen and Lee, 1999). The fisheries and aquaculture of these two species are
commercially important for their delicacy and high market value in Taiwan (Liao and Lin,
2001; Liao et al., 2004).

Zinc (Zn) is an essential micronutrient found at high levels in the algae and in the
tissues of fish/shellfish (Hogstrand et al., 1998; Liao et al., 2002a). Zn is available to
abalone from both the dissolved phase (e.g., gill uptake) and the diet (e.g., algae
ingestion) (Tsai et al., 2004). This transition metal is responsible for many biological
functions and it stabilizes biological molecules and structures in organisms (Muyssen
and Janssen, 2002; Mauri et al., 2003). If waterborne Zn levels are elevated, however,
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toxicity can occur and have severe effects on the health of H. diversicolor supertexta,
which will reduce market prices and cause closure of abalone farms. Previous
investigations indicated that Zn was detected in many rivers and that maximum Zn
concentrations in contaminated aquacultural waters were reported to range from 60 to
130 pg 17" in different areas of Taiwan (Lee et al., 1996). At these levels, Zn
specifically disrupts calcium uptake by the gills of fish (Hogstrand et al., 1998), leading
to hypocalcemia, which may end with the death of the fish within a few days, depending
on the Zn concentration.

Liao et al. (2002a) and Tsai et al. (2004) have conducted a 7-day acute and a 28-day
chronic toxicity bioassays to determine, respectively, the LCs, and the NOEC of abalone
H. diversicolor supertexta exposed to Zn at different exposure concentrations. Both acute
and chronic endpoints (i.e., mortality rate and growth rate) were also examined to
investigate the toxic effects of Zn on individual abalone. A probabilistic risk assessment of
abalone exposed to waterborne Zn further indicated that a high individual growth risk in
some aquacultural ponds of Taiwan is alarming (Liao and Ling, 2004). Compared with
these individual endpoints, however, population-level effects are of particular concerns for
the development of ambient water quality criteria due to their superior importance for
ecological functions (U.S. EPA, 1991). From this point of view, the data obtained from
traditional toxicity tests should be incorporated into demographic model to predict effects
of Zn on abalone population.

The purpose of this study is to perform a stage-classified demographic method to
investigate the effects of increased concentrations of waterborne Zn on the population
dynamics of abalone H. diversicolor supertexta. Data obtained from our previous toxicity
bioassays were reanalyzed to reconstruct dose-response profiles and to examine the
survival and growth performances. An energy-based biological approach was also adopted
to model the effects of Zn on reproductive values for each age class. These data provided
stage-specific schedules of vital rates that were used to parameterize a projection matrix
model for abalone. Simulations were carried out to produce population abundance changes
over time under different exposure scenarios. Asymptotic population growth rates were
also estimated from matrix population models to further provide an ecotoxicological
endpoint at the population level.

2. Materials and methods
2.1. Stage-classified demographic model

To develop the stage-classified demographic model of abalone exposed to waterborne
Zn, a life cycle graph which can completely describes the dynamic processes of all
relevant stages of the life history of abalone should be formulated in advance. We
divided the life cycle of abalone into four developmental phases, i.e., the post-larvae,
juvenile, sub-adult, and the adult stage, based on the shell lengths of abalone as
suggested by Chen and Lee (1999) (Fig. 1), indicating that the duration of each life
stage of abalone is estimated to be 50, 300, 400, and 500 days, respectively, yielding a
life span of 1250 days.
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Fig. 1. A four-stage life cycle graph of an individual abalone H. diversicolor supertexta. The meanings of the
symbols are given in the text.

The abundances in each stage after a projection interval from ¢ to #+1 can be expressed
as (Caswell, 2001) (Fig. 1)

I’l](t—|- 1) = P]I’ll(t) -{-F4I’l4(l)7
nz(f + 1) = Pznz(t) + Gﬂll(lf)7
1’13(1 + 1) = P3}’l3(t) + Gzi’lz(l‘),

na(t+ 1) = Pany(t) + Gins(t), (1)

where n,(¢) is the numbers of abalone in stage 7 at time ¢, P; is the probability of surviving
and staying in stage i, G; is the probability of surviving and growing from stage i to stage
i+1, and F4 is the per capita fertility of stage 4 within each projection interval. Eq. (1) can
be reduced to a vector-matrix representation

np P1 0 0 F4 np
ny o G1 P2 0 0 ny
n3 (t + 1) - 0 G2 P3 0 n3 (t)v (2)
ny 0 0 G3 P4 ny

and compactly expressed as

{n(t+1)} = [Al{n()}. 3)

The matrix [4] in Eq. (3), usually referred to as the population projection matrix,
includes positive entries on the diagonal corresponding to individuals remaining in the
same size class as well as on the off-diagonal (Caswell, 2001). Matrix models combine the
survival and fecundity of individuals (the matrix elements) to estimate an asymptotic
population growth rate, 4 (the dominant eigenvalue of [4]), reflecting the temporal trend in
population abundance (Caswell, 2001; Chaumot et al., 2003). When 4 exceeds 1.00, the
population is projected to increase over time, whereas the population is projected to
decline when / is less than 1.00. The elements P;, G;, and F4 of the population projection
matrix [4] are referred to as the life cycle parameters or transition probabilities. The
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transition probabilities P; and G; can be formulated in terms of the stage-specific vital
rates as (Caswell, 2001)

Pi=0;(1 —7), 4)

G = aiy;, (5)

where ¢; and y; denote the stage-specific vital rates of survival and growth probabilities
(day™"), respectively. In accordance with the exposure conditions of previous chronic
bioassays (Tsai et al., 2004), seven scenarios, with dissolved Zn concentrations of 0, 0.03,
0.06, 0.12, 0.25, 0.5, and 1 pg ml ™! (designated as scenarios A to G, respectively), were
used to simulate population dynamics of abalone under different levels of environmental
Zn stresses. In subsequent sections, we will describe the methods to determine the stage-
specific vital rates of individual abalone exposed to different levels of waterborne Zn.

2.2. Individual growth probabilities, 7,

Stage-specific growth rates under no environmental Zn stress (Scenario A) can be
calculated by fitting abalone shell length data of each developmental stage obtained from
literatures to an exponential growth model (Liao et al., 2004)

InL = ¢ + gt, (6)

where L refers to the abalone shell length at culture time ¢ in days (cm), ¢ is a constant, and
g is the growth rate (day ).

The relationships between growth coefficient and Zn concentration obtained from Tsai
et al. (2004) were applied to determine the stage-specific growth rates of abalone under Zn
stresses for scenarios B to G. With the assumption that all individuals within each stage
have identical growth rates, the individual growth probabilities y; can be expressed
analogously to the biological interpretation proposed by Van Straalen and Kammenga
(1998)

gl
="

where g, represents the growth rate of abalone in stage i (day '), T is the projection
interval (day), and d; is the duration of stage i (day).

Vi (7)

2.3. Survival probabilities, o;

To formulate the intrinsic survival rate of abalone, we adopted a survival curve for a
population under natural circumstances proposed by Klok and deRoos (1996)

(1 —at)\*
S(t) = 8
0=(4552). )
where S() is the intrinsic survival rate of abalone at age ¢, and a, b, and k are constants.

Klok and deRoos (1996) indicated that ¢ and b are biological parameters and are inversely
proportion to the maximum life span of the considered species. Consequently, with a
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maximum life span of abalone of 1250 days, parameter values of a and b associated with
abalone were equal to 0.0008 and 0.011, respectively. By introducing the survival data of
abalone proposed by Chen and Lee (1999) into Eq. (8), k£ value was estimated as 0.194.
The intrinsic survival probability of abalone in stage i during a projection interval (o; )
can then be calculated as

St+7T)—S()

gi0 :f (9)

Prior to determination of stage-specific mortality rates for abalone subject to
waterborne Zn concentration, we employed a pharmacodynamic model developed by
Liao et al. (2002a)

Mumax % CI(2)

M) = Cl 5o(t) +Cr(2)’

(10)
where M(t) is the time-dependent mortality of abalone, M, is abalone maximum
mortality, Cy_so(¢) represents the internal body burden of Zn in abalone that causes 50%
mortality (ug g '), Cim(?) is the whole-body burden of Zn in abalone at time 7 (ug g~ '),
and n is the Hill coefficient.

Based on the toxicity test, however, mortality functions were estimated from observed
mortality percentages in exposure regimes in which mortality was an increasing function
of the Zn concentration in water. Therefore, assuming the exposure time approaches
infinity, Eq. (10) becomes

Muax % CIL(2)
(BCF x LCso())" + Cri (1),

M(t) = (11)
where BCF is the bioconcentration factor of abalone for Zn and LCsy o is the incipient
median lethal concentration of Zn in water (g ml™).

Zinc is accumulated in abalone both by dietary (i.e., red algae, G. fenuistipitata var.
liur) and nondietary (i.e., water source) routes. If the dissolved Zn concentration in water is
assumed to be constant, whereas the Zn concentration in algae is assumed to vary with
time, the temporal change of Zn concentration in abalone could be modeled using the first-
order one-compartment model

dCu(?)

—3 = of Co(t) + k1 Cyy — (k2 + g)Cin (1), (12)

where C,, is the dissolved Zn concentration in water (ug ml~"), Cu(¢) is the time-
dependent Zn concentration in algae (ug g '), a is the assimilation efficiency of abalone, /
is the abalone grazing rate (g g~ ' day "), k, is the abalone uptake rate of Zn (ml g~
day™"), and k, is the abalone depuration rate (day '). Assuming that the initial Zn
concentration was equal to zero in algae, C,(¢) can be expressed as (Liao et al., 2004)

Cu(t) = BCF,Cy (1 — e~ tatea)r) (13)

where BCF, is the bioconcentration factor of G. tenuistipitata var. liui for Zn, k,, is the
algae depuration rate (day '), and g, is the algae growth rate (day ).
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The solution to Eq. (12) when Zn concentration in algae is modeled by Eq. (13) is given
by (Gross-Sorokin et al., 2003)

Cm(t) _ [ ocha :| (emet . efBaz) + [OﬁfGa] (1 o emez) + Gm(l o emet), (14)
Ba - Bm Bm
where G,,=BCF C,,, G;=BCF, C, B,=k,*g, and B,=k,,tg,. All parameters revealed in
Egs. (11) and (14) can be obtained from our previous studies based on the acute toxicity
bioassay of abalone and algae exposed to waterborne Zn (Liao et al., 2002a, 2004). For a
given stage and waterborne Zn concentration, the mortality rates of abalone (M;(¢)) can be
calculated by substituting C,,(f) of Eq. (14) in the parameterization of Eq. (11). The
survival probability of abalone of stage i at time ¢ under different exposure scenarios can
be determined by combining Egs. (9) and (11) as

o, =aio(l — M(1)). (15)
2.4. Reproduction rate, F

The reproduction rate in stage 4 of abalone under no environmental Zn stress was
determined through a reproductive model proposed by Simas et al. (2001) as

Fy = F.EFy, (16)

where F. is the number of eggs per mature female per unit time (day ") and is referred to
as fecundity, E is the egg eclosion rate, and £, is the percentage of mature female in stage
4. The fecundity, however, will decrease once the exposure concentration exceeds the
chronic endpoint, NOEC. We adopted an energy-based biological approach developed by
Ducrot et al. (2004) to model the effects of Zn on abalone fecundity,

Fe:Fe,O[l_h(CW_NOEC)]v (17)

where F.q is the control fecundity of abalone and / is the level of toxicity of Zn for
abalone (kg mg~'). The control fecundity of abalone (F, ..0) was available from the
PondFX Aquatic Life Database (www.ent.orst.edu/PondFX) maintained by Oregon State
University (Corvallis, OR, USA) and has a value of 0.21 day . The level of toxicity of Zn
for abalone (/) was considered to has an order of magnitude of 10> based on the mean
value ranges suggested by Ducrot et al. (2004).

2.5. Input parameters and model simulation

All parameters used to calculate the vital rates (y;, g;, F'4) of individual abalone were
summarized in Table 1. The experiments carried out by Liao et al. (2002a, 2004) and Tsai
et al. (2004) were set to imitate the actual culture operations of abalone farms. Therefore,
all parameters listed in Table 1 are obtained under comparable experimental conditions. To
manipulate the simulation of stage-classified demographic model, a projection interval of 1
day was used. Caswell (2001) pointed out that the initial condition has no influence on the
stable age distributions as well as population growth rate. Therefore, the initial number of
abalone of each stage (n;, n,, n3, ny) was arbitrarily assumed to be 500, 0, 0, and 500,
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Table 1

Parameters used to calculate the vital rates of abalone

Parameters Values Units Sources

Growth probabilities®

g1 5.4x1072 day ™! Martinez-Ponce and
Searcy-Bernal (1998)

2 9.0x107? day ™! Shepherd (1998)

23 4.0x1073 day ! Yang and Ting (1986)

24 8.0x107* day™! Yang and Ting (1984)

Survival probabilities

n 3.7 - Liao et al. (2002a,b)

BCF 328.25 - Liao et al. (2004)

BCF, 261 - Liao et al. (2004)

k> 0.024 day ™! Liao et al. (2004)

koa 0.811 day ! Liao et al. (2004)

LCs0(0) 1.17 pg ml™! Liao et al. (2002a,b)

o 34.57 % Liao et al. (2004)

i 0.25 gg ' day! Chen and Lee (1999)

Za 0.038 day ™! Lee et al. (1996)

M max 100 % -

Reproduction rate

Fi 50 % -

E 3.1 % Simas et al. (2001)

NOEC 0.06 pg ml~! Tsai et al. (2004)

? Natural growth rate of abalone calculated from Eq. (6) under no Zn stress.

respectively, yielding an initial population density of 1000 individuals per unit area. Model
simulations and the determinations of asymptotic population growth rate under different
scenarios were performed using the MATLAB® software (The Mathworks, MA, USA).

3. Results and discussion

3.1. Effects of Zn on asymptotic population growth rate, J.

Incorporating survival and fecundity rates into population models reveals substantial
differences in the asymptotic population growth rates (4) in each scenario. In order to
know the effect of waterborne Zn concentration (Cy,) on the global population endpoint Z,
we used dA/dCy, to indicate the sensitivity of 4 to changes in the Zn concentrations
(Caswell, 2001). The dA/dCy, value also reflects a measure for the change of the global
growth response with higher concentrations, indicating the more drastically the response

changes with higher concentrations.

Fig. 2A shows a reduction in the asymptotic population growth rate for increasing Zn
concentrations. A reference value of 1=1.00 was obtained for the asymptotic population
rate in the absence of Zn concentration, indicating a stable population. Potential growths
for the population (2>1.00) were shown at the Zn concentrations of 0.03 and 0.06 mg 1™
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Fig. 2. Effects of increasing waterborne Zn concentrations on (A) the asymptotic population growth rates of
abalone and (B) the sensitivities of the asymptotic population growth rates on abalone to different exposure
scenarios.

due to the hormesis (Fig. 2A). Fig. 2A also demonstrates that the asymptotic population
growth rate decreased from /A=1.00 for the control group to A=0.9968 for abalone
population exposed to 1 mg 1~ Zn, indicating a potential risk of population intrinsic
growth rates for abalone exposed to higher levels of waterborne Zn.

The effect of waterborne Zn concentrations ranged from 0.12 to 0.5 mg 17! has the
significant reducing contribution on the asymptotic population growth rate 1 (Fig. 2B),
indicating that a reduction of global population growth rate was observed at an
exposed Zn concentration greater than 0.12 mg 1!, whereas the significant influence
of population abundance was occurred until the Zn concentration reached 0.5 mg 1.
A larger dA/dC,, value means that small changes in concentration will have a big
effect on the resulting global population endpoint A. Differences in dA/dCy, value
reflect the different concentrations and the way they affect the long-term population
growth rate.

3.2. Effect of Zn on individual growth rate and bioaccumulation of abalone

Individual growth rates of control abalone as well as treated ones all declined from an
order of 1072 to 10~* day " for larval and adult abalone, respectively (Fig. 3A,B). As Zn
concentration increases, however, non-monotonic concentration-response curves were
observed for all life stages of abalone (Fig. 3A,B). The highest growth rates were obtained
at a Zn concentration of 0.03 pg ml~', whereas the lowest values were appeared at 0.5 pg
ml~". The highest Zn concentration that did not have an inhibiting effect on abalone
growth rate was 0.06 ug ml~', yielding a NOEC of 0.06 ug ml~"' and an LOEC (lowest-
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Fig. 3. Individual growth rates (g) of abalone expose to different waterborne Zn concentrations for (A) stages 1
and 2 and (B) stages 3 and 4; and (C) predicted time-varying whole-body Zn concentrations of abalone under
different exposure scenarios ranged from 0.03 to 1 ug Zn ml™! (scenarios B: 0.03, C: 0.06, D: 0.12, E: 0.25, F:
0.5, and G: 1 pg Zn ml™ ).

observed effect concentration) of 0.12 ug ml ™" for the chronic endpoint of the designed
exposure condition as determined by Tsai et al. (2004).

The dose-response curve for toxicant-influenced endpoint often conforms to either a
linear or a threshold model (Renner, 2004). The phenomenon that a stimulatory effect,
however, may be exhibited with exposure to low-dose toxicant rather than high-dose
inhibition, usually referred to as “hormesis” has been receiving growing attentions
(Kooijman, 1998; Renner, 2004). Calabrese and Baldwin (2003) developed a priori
defined criteria to reassess numerous toxicological papers and demonstrated that the
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hormetic responses are widely revealed in almost all species. Our results also confirmed
that the growth rates of abalone are stimulated in 0.03 and 0.06 ug Zn ml~'.

Although the actual cause is largely unknown, some common features of hormesis have
been identified. For the endpoint being growth, the hormetic dose-response curve usually
takes an inverse U shape when exposing organisms to low doses of various toxic metals
(Calabrese and Baldwin, 2003). In the present study, a biphasic, quasi-U shape dose—
response curves were obtained for abalone exposed to waterborne Zn (Fig. 3A,B). Renner
(2004) further indicated that the stimulatory responses were estimated to be 30% to 60%
greater than with no hormetic dose, which was consistent with our results.

It has been generally recognized that several parameters including body weight, shell
length, food conversion rate, condition index, and sexual maturation can be used while
modeling growth of shellfishes (Appleyard and Dealteris, 2001). We fitted the exponential
growth model to the experimental shell length data to estimate individual growth rates of
abalone since the longest dimension of shell has been widely proposed to characterize
growth for many mollusk and clam species (Appleyard and Dealteris, 2001; Liao et al.,
2004). Steinarsson and Imsland (2003) studied the effect of size on growth of red abalone
(Haliotis rufescens) and indicated that the maximum growth was inversely related to initial
shell length of this species. Our results further supported that abalone exhibits an inverse
relationship between size and growth rate.

The accumulated Zn concentrations in abalone for all scenarios increased rapidly during
the first month and reached equilibrium after 150 days (Fig. 3C). The equilibrium whole-
body burdens for abalone exposed to 0.03, 0.06, 0.12, 0.25, 0.5, and | ng ml~! waterborne
7Zn were, respectively, 35.4, 70.9, 141.7, 283.4, 566.8, and 1133.6 pg g~ ' (Fig. 3C).

When referring to the bioaccumulation of chemical compounds in aquatic organisms,
both dietary and soluble sources should be taken into consideration. It is generally
recognized that trophic transfer of metals is an important pathway for metal accumulation in
marine invertebrates and fishes (Wang and Ke, 2002; Liao et al., 2002b,2004). Liao et al.
(2002a) simulated whole-body burdens for abalone and an equilibrium value of 166.6 ug
¢~ ! was obtained when exposing abalone to 1 pg ml~' waterborne Zn, indicating a much
lower equilibrium value compared to that obtained in the present study (1133.6 pg g~ ).
This result reflects a significant contribution of Zn from the dietary source.

Generally, the metal concentrations in the food sources on which the animals preyed
were assumed constants to simplify the solution of the bioaccumulation model. For
different stages of abalone, however, the consideration of time-varying dietary Zn
concentration seemed more reasonable due to its crucial influence on bioaccumulation. In
the present study, we employed a first-order one-compartment bioaccumulation model
accounting for accumulation from both food and water was employed to predict the overall
Zn accumulation in abalone in that the time-varying concentrations of algae were
considered (i.e., Eq. (13)) to make an exhaustive inspection for modeling dietary Zn
uptake by abalone.

3.3. Survivorship and fertility

Fig. 4A depicts a survival curve for abalone under natural circumstances, whereas the
stage-specific survival proportions for abalone subject to waterborne Zn concentrations
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Fig. 4. Stage-specific survival proportions for (A) abalone under natural circumstances and (B) abalone subject to
different waterborne Zn concentrations.

were presented in Fig. 4B. These survival curves were used to parameterize the daily-basis
survival probabilities (g;) of the stage-classified projection matrix model for abalone.
Shepherd (1998) demonstrated that the natural survival rates of abalone for stages 1 to 4
according to our classification are 0.977, 0.9991, 0.9994, and 0.9973 day ', respectively.
Comparing these values with survival rates of the control group obtained from Fig. 4A
(0.9982, 0.9993, 0.9996, and 0.9976 day ', respectively.), it is evidenced that the survival
equation (Eq. (8)) successfully models the stage-specific survival rates of abalone under
natural circumstances except for that of stage 1. This discrepancy may be resulted from the
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fact that the predators of larval abalone in the field, such as crabs and wrasses, were not
considered in our model (Shepherd, 1998).

Significant changes on abalone survivorship occurred when the waterborne Zn
concentrations exceeded 0.25 pg ml~" for all life stages (Fig. 4B). For stages 2, 3, and
4, there were enough exposure durations for the Zn concentrations to accumulate in
abalone since the equilibriums were reached after 150 days (Fig. 3C). The similar survival
profiles for these stages were therefore obtained since identical whole-body concentrations
of Zn were accumulated in abalone. Liao et al. (2002a) suggested that Zn is lethal to H.
diversicolor supertexta at concentrations larger than 1 ug ml~'. For the present results,
however, a potential risk of lethality for larval abalone revealed when waterborne Zn
concentration exceeds 0.5 pg ml~"' due to additional Zn accumulation from dietary route.

We applied an energy-based biological approach to model the effects of Zn on abalone
fecundity. Due to the mathematical characteristics of Eq. (17), abalone fecundity will
decrease linearly once the exposure Zn concentration exceeds the NOEC. The resulting
value of reproduction rate, F, declined from 3.25x 107> to 3.22x 10> day ' for abalone
of Scenarios A (the control group) and G (the treated group with highest exposure
concentration), respectively. It should be noted that an average, daily time interval
birthflow was used for model simulation. Consequently, a slight change in reproduction
rate may result in a tremendous influence on the simulation result (Grist et al., 2003).

3.4. Population abundance

The temporal changes of stage-specific and overall population abundances of abalone
exposed to different scenarios of waterborne Zn were presented in Fig. 5, whereas the
concentration-response profile of abalone population after a 5-year simulation was given
in Fig. 6 in that the simulation time period was determined from a pre-analysis for the
control population to reach its stable age distribution.

The abundances of abalone in each life stage for Scenario A (the control group) all
approach stable after 5 years, with numbers of 34, 184, 360, and 404 for larval, juvenile,
sub-adult, and adult abalone, respectively (Fig. 5). The differences of numbers of abalone
were mainly due to the corresponding span of age for each stage. For stages 1 and 4 of the
control group, the stable distribution occurred within 1 year, whereas it spent nearly 2
years to reach stabilities for stages 2 and 3. Such a difference may be due to the selection
of initial conditions of model simulation. Laskowski (2000) showed that large differences
in predicted extinction time could be caused solely by the initial age structure of a
population. Caswell (2001) also indicated that the time to stability was largely affected by
the initial conditions. The stable age distributions, however, were proposed to stay
unchanged of different initial conditions.

In view of Figs. 5 and 6, the treated groups can further be subdivided into three
subgroups according to the ultimate fates of abalone population after the 5-year
simulation. The reductions in population abundance for Scenarios B and C after 5-year
exposures were negative, indicating positive population growth rates for these two
scenarios (Fig. 6). For Scenarios D and E, the population abundances decreased slowly
during the simulation period, indicating extinction risks when abalone exposed to
waterborne Zn at a concentration larger than 0.12 pg ml™', whereas for Scenarios F and G,
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the population abundances of abalone declined rapidly and were extinct within 5 years
(Fig. 6).

Laskowski and Hopkin (1996) studied the effects of four metals (Zn, Cu, Pb, and Cd)
on fitness in snails and concluded that the population of snails may be decline at high
metal concentrations in food. Similar results were obtained by other research works in
which the demographic methods were performed to study the population effects of some
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Fig. 5. Temporal changes of life-stages 1 to 4 and overall population abundances of abalone exposed to different
scenarios of waterborne Zn as of scenarios A:0, B: 0.03, C: 0.06, D: 0.12, E: 0.25, F: 0.5, and G: 1 pg Zn ml™.
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invertebrates exposed to various kinds of metals (Klok and deRoos, 1996; Mauri et al.,
2003). To our knowledge, however, no previous study regarding hormetic effect on
population level was available even though this phenomenon was widely recognized for
individual level. Our results demonstrated that since mortality rates and reproduction rates
were negatively affected by Zn exposure, the positive population growth rates for
Scenarios B and C were mainly due to the stimulations of individual growth rates (Fig. 3),
indicating an increasing in individual growth rate will shorten the retention time in each
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life stage, advance the time to maturity, and hence enlarge the value of growth probability
of the population projection matrix.

Simas et al. (2001) proposed the monotonic and sigmoid concentration-response
profiles for Cd and Hg on population abundance of the brown shrimp Crangon crangon.
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Fig. 6. Concentration—response profile of abalone population exposed to waterborne Zn after a 5-year simulation
in that a negative reduction in population abundance indicates a positive population growth rate.
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An U-shape concentration—response profile, however, was obtained in the present study
(Fig. 6). Such a discrepancy may be due to the target species and chemicals used, or may
be resulted from the scale of concentration of the chemicals. In addition, the obtained U-
shape concentration—response profile can be also explained on the basis of the Zn hormetic
effect found. Lee et al. (1996) reported that maximum Zn concentrations in aquacultural
waters in different areas of Taiwan were reported to range from 0.06 to 0.13 pg ml~'. The
population abundance of abalone may increase or decrease in these field circumstances
according to the concentration-response profile shown in Fig. 6. Consequently, while
setting up the ambient water quality criteria and/or identifying remedial goals for
contaminated sites, the hormetic effects on both individual and population levels should be
taken into consideration.

4. Conclusions

We have linked the population model with the laboratory toxicity data to
demonstrate the relationship between individual-level and population-level responses
for abalone H. diversicolor supertexta exposed to waterborne Zn. We also have
considered the time-varying dietary Zn uptake by abalone to predict the overall Zn
accumulation in abalone. Specifically, our results show that an increase in individual
growth is associated with an increase in the size of population for abalone subject to
lower concentration of Zn. In particular, the decline and ultimately localized extinction
of abalone population may occur at higher Zn exposure. Our approaches and findings
are particularly important when extrapolating laboratory-derived toxicity data to the
population-level effects, or when generating the water quality criterion for protection of
aquatic species both at individual and population levels. We recommend that future
research focuses both on the relationship between Zn concentrations and some key
aspects of aquaculture (e.g., harvest time, total biomass, commercial biomass and time
required for reaching commercial biomass), and on a more thorough evaluation of the
interactions of Zn with toxic metals commonly found in abalone farming sites (e.g., Al,
Cu, Pb, Co, As).
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