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POPULATION-LEVEL RESPONSES TO LONG-TERM CADMIUM EXPOSURE IN TWO
STRAINS OF THE FRESHWATER GASTROPOD BIOMPHALARIA GLABRATA: RESULTS
FROM A LIFE-TABLE RESPONSE EXPERIMENT
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Abstract—A life-table response experiment was conducted to ascertain the demographic effects of low-level cadmium exposure
on two strains, BS90 and NMRI, of the freshwater gastropod Biomphalaria glabrata. Soails were exposed to cadmium continuously
from the emnbryonic stage through adulthood. Resuits indicated that cadmium significantly affected a number of individual-based
parameters, including %hatch, juvenile survival, and adult survival in both strains. Also, fecundity and time to maturity were
significantly affected in the NMRI strain. A stage-based, deterministic, population model indicated that population growth rate (A)
was significamtly affectad by cadmium. Elasticity analysis indicated that juvenile survival, in general, had the greatest contribution
to A. Decomposition analysis indicated that the effects of cadmiam on the juvenile stage in BS90 and the embryonic stage in NMRI
contributed most to cadmium-induced changes in A. The B3890 strain was more sensitive to cadmium toxicity than NMRI Morgover,
the two strains differed in pattern of response with different aspects of their respective life histories contributing to cadmium-
induced changes in . Compatisons were also made between the main model, based on a 2 wansformation of the life-cycle graph,

and more commonly used matrix models.
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INTRODUCTION

Processes that defermine the persistence or extinction of a
particular species in a chemically polluted habitat occur, for
the most part, at the population level. However, studies de-
signed 1o improve our understanding of how organisms re-
spond to chemically induced stress or to support ecological
risk assessments are primarily individually based. While much
of the individual-based research has provided invaluable in-
sight into toxicological effects and may, in some cases, be
; .-adequate for risk sssessinent {11, an ecologically relevant con-
text is ganemiiy iacking. Indeed, a widespread criticism of
ecotoxicological reséarch and ecological risk assessment has
‘been the apparent lack in establishing and incorporating an

" runderstanding of the ecological impacts of chemical exposure

[2~4), Otie means of placing toxicological studies in an eco-
logical context is to focus on popolation-level effects (41,
- Although efforts to address population-level responses 1o
' 'mammanm Tave- beeame more common [5-7), for many
4l issues temain that ity confound interpretation.
.:Many"popuiahemlawi' stidies are based on exposure régimes
" whete different life-cyvle stages are exposed separately. Yet
in natural populations experiencing contaminant-induced
. stress, exposure is likely to be continuous throughout the life
eyele. Accordingly, the focus on single stages in isolation pre-
n-understanding of the role that residual effects from
revious life stages have on the population-level effects of
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duce different results compared to exposing different stages
separately.

In addition, some studies that have addressed population-
level responses have actually emphasized effects of a contam-
inant on individual-based responses such as growth and re-
production. While these responses do contribute to population-
level changes, in and of themsclves they offer little insight
into what may occur at the population level [8]. Importantly,
it has been shown that for chemically stressed organisms, the
most important parameter for population growth rate, is not
necessarily the most chemically sensitive [9]. Hence, it is dif-
ficult to make statements about the population solely on the
basis of data from individuals. Addressing toxicological re-
sponses in the population-level context reguires the use of
population-level approaches that inteprate individual-based pa-
rameters such as survival, growth, and reproduction into a
value that represeits the health or fitness of the population,
such as population growth rate (A} or the intrinsic rate of
increase (r = InfAD. From a toxicological perspective, it has

been argued that A (or 7) provides more insight into response

to loxicants than do individual-based responses such as sar-
vival or reproductmn {101. In addition, population growth rate
provides a tractable value for managers and can serve as a
convenient and theaningful mesdns to wmpare populations,
habitats, and organisms.

Population models have been applied in 2 toxxc@log;cai

wontext and are seeing more widespread use in ecotoxicology

fi} Life-table response experiments, for example, are ex-
pemmenis that explicitly incorporate population’ models [12].

- The primary use of popilation -models in ecotoxicofogy has
bieen 10 determine the effects of a contaminant on population
- growth rates or extinction probabilities. A historically neglect-

ed yse of poputation modeling in ecotoxicotogy is perturbation
analyses [12), Perturbation analyses provide insight inte the
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telationships between toxicant-induced changes in population
. “growth and lfe-history draits. 1t is this last point that may
- provide the greatest benefit to management by contributing to
a-theoretical understanding foi: haw pﬂpuiauonx respond to
toxicant-induced stress.

~Several approaches are avaﬁabie for developing models for
determination of the population-level responses to contami-
nants. Recently, Caswell {12] and Forbes et al. [1,10] have
explored the use of stage-based projection models in ecotox-
icology. Stage-based models are discrete, probabilistic models
that allow the impacts of contaminant exposure on vital rates
to be quantified and analyzed. They are based on describing
the probability of transition between the different stages in the
species’ life cyele. Many stage-based models can be expressed
and solved analytically by either closed-form solution of the
fuhdamental ‘projection equation or the eigenanalysis of the
related projection ‘matiix. s’ ﬁm, paper we explore both ap-
proaches,

Our objective was to develop and compare population mod-
els for the plarorbid snail Biowphalaria glabrata. Models
wete used to explore the population:level effects of low-level
cadmium exposure over the entire life cycle in two strains of
this species known to differ’in-their sensitivity to acute cad-
wrivm oxicity [13]. Understanding strain-specific variation in
response to toxicants has important iniplications for toxicity
testing {5,141 and aids in characterizing population-level re-
sponses across a range of genotypes, Further, elasticity anal-
yses and demographic decomposition were used to analyze
and compare the relationship between life-history traits, re-
sponses to cadmimm, and strain-related effects. The ultimate
goal is that studies of this nature will provide a general un-
derstanding for how populations respond to toxicant-induced
stress that can then be appimd to env:ronmcmal research and
maﬁagemem

MA’I‘ERIALS ANY) METHODS

Biomphalaria glabrata is a tropical, freshwater snail that
is an intermediate host for the trematode parasites that cause
sehistosbomidsis, "Common habitat Tor this species includes
seepage ponds, canals, water tanks, springs, rice flelds, and
fishponds, Biomphalaria glabrata has been used oxtensively
to smdy host-pathogeén ‘interactions, and hence npumerous
strains are available that differ in traits conferring parasite
resistance of sijsceptibility [15]. The NMRI strain is laborasry
derived and highly susceptible ta:inféction by the frematode
Schistosoma mansoni [16}, while the BS00 stiain is 8 parasite-
retsiqtant Izm desvended frovi a Brazilian feld iolate 1171
Theése straing’ ‘represent” phenotypes that can be present in nat-
ural habitats, as ‘populations in the wild often are composed
.of parasite-susceptible and-=tesistant individuals. v addition

“to-differences in parasite suscepiibility, the two strains differed
_inctheir sefisitivity to cadinium toxicity: the parasite-resistant
’ stram, --BSQO was qagmﬁbanﬁy more sensitive (o acute cad-
toxicin y than the parasite-susceptible NMR1 [13). The

ind B strains were chosen for this rescarch because
genet;caliy detérmined patterns of pigmen-
£l for emy identification. Both strains can
“be reared wiider the same’ Iabaratt)ry conditions and exhibit
- similar behaviors, ..

Model deveiapmenr )

The hfe eycleof B. glabmra cad’ be dmded mto three
stages: .embryomc juvenile,-and adult {(Fig. 1), Snails of this
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Fig. 1. Life-cycle reprosentation for Blomphalaria glabrata. (A) Z
transformation of the B. glabratg life-cyele graph. P, is survival, and
F is reproduction, Stage 1 is the embryonic stage, stage 2 is juvenile,
and stage 3 is adult. (B) Life-cycle graph used to conceptualize matrix
models, P, represents probability of surviving and remaining i ‘the
stage, and G, represents probab:hty of @urvmﬁg and gmwmg to the
next stage. .

species Hve approximately one year. Embryonic development
occurs within the egg, and juvenile snails emerge approxi-
mately one week after deposition of éggs, The juvenile stage
is approximately two months in duration but can be extended
or shortened, depending on rearing temperature and food level
(FA. Lewis, Biomedical Research Institute; Bethesda, MD,
USA, personal communication). The adult stage is character-
ized by the onset of reproduction, but otherwise no physical
changes are noticeable. Adult B, glabrata produce an egg mass
every 1.5 to 2.0 d and reach sexual maturity in one fo three
months, depending on laboratory conditions. Average adult
gize is 10~ to 15-mm shell diametes.

- The modeling approach vsed in this ';tudy was based di-
rectiy-on the life-cycle graph{Fig. 1Y. Since an individual snail
produces-an egg capsule about every other day, the time step
of the model was et at 2 .- The transitions beétween the various
stufes are shown in Figore 1A and can be estimated by com-
binations of #; the probability of survival from stage ¢ 1o stage
i+ 1. Application of the .Z transformation [18] produced a
characteristic equation given by

}\Eé.-m.-.l-}. _ PEPEF. - psi‘sm = {} {13

where F is fecundity,- M is population growth rate (per 2 d), &
is stage duration of the embryo {development time); and a is
stage duration of the juvenile {time to maturity). It was as-
sumed that sorvival through the stage tesults from-surviving
the necessary time: steps with a per-titnesstep survival prob-
ability of o hence, Py = o}, P, = vy, and £, = o, Population
growth rate, X, is solved explicitly by sobstituting for values
of A that satisfy the characteristic equation::
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Sensitivity analysis of population models is used to deter-
mine the influence on population growth rate of a change in
a model parameter while holding the other parameters con-
stant. The sensitivity of A to infinitesimally small changes in
each of the vital rates was determined by implicit differenti-
atton -of the characteristic equation. The sensitivities are as
follows:
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Elasnaues w}m}} quam:fy the change in A to equal pro-
portional changes in transitions in the Kfe-cycle graph, are
caleniated by multiplying the sensitivity of a given parameter
by the parameter value divided by . Thus,

Eiasticity, like sensitivity, is useful for comparing the relative
contribution of changes in a parameter to changes in A. How-
Ve, .ciast.icity_ accounis for differences in scale between vital
rates (such-as survival and fecundity) and provides a measure
of  the .contribution. of .each of the vilal rates to population
growth rate: [19]: Blasticities were reported for comparing the
relative wnmbutmn of the vital rates to population growth
rate dn this study.

Sensiivity and elastleﬂy are cnﬁsxdered prospective per~
turbatio_n analysés-and generally provide insight into how A
changes in response to o smiall change in & given parameter
[20): Demographic decomposition, a retrospective perturbation

. analysis;can yield valuable insights into the population-level

- responses of toxicant-exposed organisms by providing the rel-
alive contribution-of the vital rates to-differences in population

R '-growth tate (213 For cadminm- -exposed snails, the contribution

* of ieach of the parameters to treatment-induced changes in A
~ -can be calculated from the following expression: :

A0 = x0 = (@ = alp) - ©
da

where sensitivity is cietermmcd at-the'mean of the theatment
and wmmi parameters and u;; are. the vital rates of treatment
(1) and control {¢):snails. -
= Alihtmgh the model ba&:ﬁd on thz Z~tran<fmmwd iife«cyde
graph -was choser as the primary model, matrix models have
alsobeen used to assess population-level impacts of toxicants
£7). Two matrix: models; based ion different parameterization
methods, were used 16 compare against the model derived from

.. Salice and 1.5, Miller

the Z-transformed life-cycie graph. The purpose of the com-
parisen was to determine the validity of the model derived
from the life-cycle graph and to provide a comparison of dif-
ferent modeling approaches that may be useful in promeoting
the use of models in ecotoxicology.

For both matrix models, the projection matrix was deter-
mitted from the life-cycle graph (Fig. 1B) and was

P 0 F _
A= G P, O {10
0 .G-‘p pq-

where P, for a gwen qtage represanis the probabllyty of sur-
viving and remaining in that stage over one time step and G,
represents the probability of surviving and moving 1o the next
stage over one time step. Fecundity (F) was the same value
as that used for the model described prcvmux}) .

The two matrix models have the same basic prmechon ma-
irix but differ in the estimates of the survival and growih
parameters, P, and G, respectively. Estimation of P, and G,
were based on survival and life-history data. In this first model,
P; and G, were obtained from the lower-order parameter, 7y,
which is an approximate constant probability of an individual
moving from stage  to stage £ + T over the given time interval,
For each stage, v, is calculated from the following expression:

y; = (N ¥ — (o N, )t
) b (o N} 1

{1

where -T,"is stage duration, o, is survival, and A, is a valoe
of population growth rate required for this parameterization.
Both P; and (7, were obtained from

) P oy, G, ;”'::0;;"(1 -

Population growth rate is the dominant eigenvalue of the pro-
Jection matrix. The model was iterated until values of A, and
A g were equal. This model will be referred to as the gamma
medel, after the parameter v, used 1o generate the vital rates
used in the prOJu:non matrix.
Ina sewnd parameterization melhoé for matrix mﬂdeiq
and G, were calculated as L o
| L =)
Pf“(jw(,n)“r G o= e _(12)
Thus method of parametenmlmn is based on a geometr;c sefies
representing survival through a sta,g,,e and will be referred to
as the. geometric- model, -
. 'The. stable siage, dmtr;butmn for Emth mamx mﬂdcls {(w;)
and the reproductive values {v;) are the right and left eigen-

vectors of the projection matrix. Sensitivities, 5, can be cal-
culated mmg the. foiiﬁwmg formula;
BLAT /7 cle 413

5
v 8a,, v w)

where () md:cate@ 4 sealar pmduct

- Elasticity was calculated as previously mentioned (Pqn 8)
leewsse the formula for demographic decomposition was the
same, with sengitivity evalusdted- at the imean of the matm:es
for treatment (cadmium) and control.. : -

Experimenis 1o estimate model parameters

We employed a longitudinal experimetial design that en-
abled us to'follow each cobort and measure.survival, growth,
and reproduction under different cadmium concentrations. The
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¢adininm exposure regime was strain specific and determined
by comparing the median effective concentration (EC50) and
ne-observed-effect level for the developmental stage, which
was the most sensitive in both strains {131 The criteria for
selection of cadmium concentrations for the experiment was
te use concentrations that caused stress and moriality but not
total mortality, Since NMRI is more tolerant to cadmium then
BS90, this strain was exposed to 0.0, 0.025, 0.05, and 0.10
M cadmivm, and BS90 was exposed to 0.0, 0.0125, and 0.023
pM cadmivm. Filot studics indicated that in BS90, concen-
frations above (.025 pM cadmiwm resulted in 100% mortality
prior to the onset of reproduction. The greater number of con-
centrations used for NMRI is related to the greater variation
in response to cadmium seen in this strain. The overall design
allowed for between-strain comparisons at the common con-
cemtration of 0.025 pM and also allowed for assessment of
population responses at strain-specific cadmivm exposures. All
cadminm concentrations were nominal.

All exposures were conducted in a constant temperature
room (26°C). Strains of B. glabraia used for this study were
obtained from the Biomedical Research Institute (Rockville,
MD, USA). All strains were reared for one generation before
use in the experiments. In general, snails were fed romaine
lettuce cooked in a microwave. Snails were kept in 3-L plastic
containers at a density of appreximately 20 per liter. Artificial
spring water was used for all experiments and spail mainte-
nance. The composition of the spail media was 1 miM NaCl,
1 mM MgSOQ,. 0.10 mM K.5G,, 0.1 uM FeCl,-6HO, and 0.5
mM NaHCG,. Water changes (100%) were completed two to
three times per weck: Cadmium exposure concentrations were
obtained by supplementing the artificial spring water from a
stock solution of 1. mM cacimxum chloride in metal-free de-
ionized watern

Each treatment consisted of three replicates with 40 snails
in each replicate. To initiate a replicate, l-d-old egg masses
were collected from stock populations of BS90) and NMR1 and
placed into the treatments. Egg masses were observed for time
to ‘hatch and Ychatch (survival). Once ail eges had haiched,
Juvemies were trﬁmfez*rui to 3-1, piastac containers. When ju-
veniles reached 4 size. Zarzge enpugh to survive handling (two
to/three weeks), the density was lowered to approximately 30
siails per liter, On growing another two to three weeks, density
was reduced to- 20 .shails per liter, the fingd density. Water
volime was. raduced as snails'died 5o that a relatively constant
density could be: maittained; Observations were taken at least
biweekly .om nuniber of snails_alive, number dead, and. egg
masses produced, i’crmdxcally, the number of eggs per egg
mass-was tounted. Hatching sudcess was determined both at
the start of the experiment (with eggs from snails naive to
cadmium) and at the end of the experiment {with eggs from
snails that had been exposed to cadmium for their life cycle).
.- The parameters for the population model were derived from
direct ‘observation of snails in the long-term exposures. As
nails WEre in populatmm of upto 40, it was impossible to
etermme the mset Gf repmduchon ona per mdm&ua} basis.

snails ata. g:ven time could be determined. ‘lhe number of
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new adults at a given tiine was used fo determine the average
time to reproductive maturity, This method, although not as
precise as following isolated individuals, provided a realistic
measure based on experimental conditions. Estimates of sur
vival for embryos, o, were determined by following egg mas-
ses through the course of development and determining per-
centage that successfully hatched. Estimates of survival
through development used in the mode] were based on %hatch
of embryos derived from snails that had experienced the cad-
miom exposure for their life cycle as opposed to using %hatch
of embryos derived from parental snails naive to cadmiom. It
was hypothesized that long-term exposure to cadmium would
influence the hatching success of embryos and therefore that
the chosen estimate of survival would allow an accurate pro-
jection of the population-level responses. Survival of juvenile
and adult snails was determined by counting dead snails and
calculating the survival rate since the last observation (2—-4-d
interval). Average survival from onc observation time to the
next was used for survival rate in the model, Juvenile (o) and
adult {y) survival rates were differentiated based on the time
to maturity of juveniles; all snails prior to average time to
matarity were considered juveniles.

Fecundity for the model represents the number of eggs
produced per snail per time step and is estimated for each
replicate from the product of the number of eggs per egg mass
and average number of cgg masses produced per snail per time
step for that replicate. Importantly, F did not take into account
hatching success, which appears separately as survival through
devetopment (o).

Sratistical analyses

Analysis of variance was used for all comparisons of in-
dividual-based and population-level responses unless varianc-
es were nonhomogeneous, in which case an analysis of vari-
ance was conducted on log-transformed data. If variances were
still nonhomogeneous, the nonparametric Kruskal-Wallis test
was used. All replicates were treated as distinct populations
and followed accordingly. Elasticity values were reported as
averages (* standard deviation) of a given treatment. De-
mographic decomposition was conducted using the mean of a
given cadmium exposure cormpared to the mean control; thus,
no estimates of variance were reported.

- RESULTS
Iﬂdzwdaal level respon ses to cadrmum :

The individoal-based responses to mmpicte lafancycke ex-
posure to cadmium are presented in Figure 2. In BS90, cad-
mium had varied cffects on reproduction; hatching success

- (Kroskal-Wallis, p << 0.027) was significantly less in cadmi-
~am-exposed snails while fecundity actually increased (see Dis-

cussion). Time to maturity for juvenile BS9) was not signif-
icantly affected by cadmium. However, both juvenile (p =
0.002} and adult (Kruskal-Wallis. p <2 0,027) survival per time

step were significantly reduced in BS90 snails exposed to cad-

mium, though survival was reduced to 4 greater degree in
juvenites than adults, .
An NMRI, the individual-level responses to long-erm cad-

“inium exposure were somewhat different than in BS90 (Fig.

2). Cadmium significantly reduced hatching success (p =

:'0 0001} “and fe,cumir:y (. = 0.002). A positive correlation was

observed bit gen time to ‘maturity aid cadmium concentra-

.-tion, however, the effect was notsighificant. Both juvenile (p
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Fig. 2. Effects of cadmium ‘on liidividual-based parameters in BSH0
{AY and NMREI (B). Error bars are standard deviation,

= 0.0001) and adult survival (Kruskal-Wallis, p < 0.019) per
time step was significantly reduced by cadmium. In contrast
to BS90, adult survival at a1l cadniium concentrations was
~ véduced more than fuvenile survival in NMRI.

| Tbie 1.
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Fig. 3. Comparison of hatching suceess of BS90 (A} and NMRI (B)
embryos from adults naive to cadmivm {open symbols, dashed lines)
and embryos from adults exposed to cadmivm for one life cyele
{closed symbols, solid lines).

Hatching success was affected by expostre to cadminm
over the life cycle. Figure 3 shows hatching success for em-
bryos exposed to cadmium at the start of the long-term ex-
posure and for embryos obtained from adults thathad survived
the long:term exposure to the point of egg mass collection.
No significant effects of cadmium on hatching success of em-
bryes from snails naive to-cadmium werg observed. Alter-
natively, cadmium significantly affected hatching success in
both BSS0 (Fig. 3A; p = 0.018) and NMRI (Fig. 3B p =
0.0001) embryos obtained from snails that had experienced
the long-term exposure,

Companmn of A from the model bused on the Z Lransfmmauon of the hfe-c,y(,le graph and'.
) ihe two matrix models® -

c Strain .o M A

l\li . . ’\l!l
BS90 Contro) 1097 (0.006) 1.099 (0.005) 1.233 (0.013)
' 0.0125 1.086 (0.013) 1.093 (0005} 1.209 (0.032)
025 1052 (0.010)* 1.049 (0.011)* 1,109 (0.039)% -
TUUNMRI L Comwel - L% (0.009) 1.118 (0.009) 1.316 (0.036)
Sohes 1.108 (D.006) 1106 {0.008) 1,274 (0.017)
SO0 1046 (D.016)* 1047 (0.016) CULA0T (0.053)*
SR o 0947 (0.039)* £ 0.931.0.064)* ©:0.967 (0.016)

= Values i parentheses are standard deviations of medn A, A cbtamed from the model based on Z
*“transformitions of life-cycie graph: A, obtained from the matrix model, gamma paranicterization: Ay,
" Obtained from the mitrix model, geometric series expansion paramiterization, md:catei, sxgmﬁcaﬁt!y '
- different than control a5 determined from Bonferroni post hoe test.
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Fig. 4. Bifects of camium on elasticity patterns in BS90 (A) and
NMRI(B). Ercor bars are standard deviation.

Population-level responses -

~Life-cyely’ graph model: Popudation growth rates, M (per 2
dyfor-control B590 and control NMRI were 1.097 (= 0.006)
and 1,148 (& 0.009), respectively (Table 1; A}, Cadmium
significantly reduced population growth rate in both BS9O and
NMRI {Table 1; ) Although a decrease in population growth
rate fromithe control 10 the lowest cadmivm concentration in
both-strains was observed, these differences were not signifs
icant::Atthe “higher-cadmium concentrations (0.025 pM for
BS90 and-0.08 and 610 M for NMRI), cadmivm-exposed
suails-had values of X significantly different from control and
significantly different from the lowest cadmium concentration.
The model predicted that all:strain/treatment groups were ex-
hibiting positive population growth (A > 1) except-in NMRI
at 9.10 pM cadmiom, for which A was 0.947 (& 0.03%); -

The pattern of elasticity values in BS90 and NMRI control
and-low-cadminm-exposed populations indicated that Ais most
sensitive 1o changes in juvenile suivivorship, o, followed by
changes in adult survivorship; o, {Fig. 4). Increases in time
- toanaturity, o, had the greatest riegative impact on population
. growth rate followed by increases’in egg development time,
8 Pecundity, F, had “low- elastivity values, indicating that
rowth rate of bothstrains of B. ‘glabrara was not. very sen-
sitive to changes in fecundity. -

“Cadmtim: altered the -elasticity patterns inboth BSY0- aud
NMR? but had the largest impact in NMRL Theé high cadmium
expasiire copeentration (0.025 pM) in BS90 cavsed the elas-
Heityof aduit saivivorship to increase, while the elasticity of
both ‘egg survival and juvenile survival décreased compared

Enviran. Toxicol, Chem. 22, 2003 683
0.04 A | Dﬂ
. 0.00 ]
: -0.04 4 %

7

0.08 T
TEZA 00125 w4
g L2773 0.025 i
8 01z -
=
42
=) :
§ o, A a F g @
0.04 B

" -0.04
Q.08
553 0.025 uM
) 050 0.05 ot
2042 4 010
a, o, o, F 3 o

Model Parameters

Fig. 5. Effects of cadmium on the contribution of life-history traits
to changes in A for BS90 (A) and NMRI (B},

1o control {Fig. 4A). For NMRI, the higher cadmivm concen-
rrations (0.05 and 4.10 uM) cavsed a shift in the elasticity
pattern as well, Similar to BS90, the elasticity of NMRI adult
survival increased with increasing cadmium. while both egg
survival and juvenile survival decreased compared to control
(Fig.-4B).

‘Pecomposition -anatysis indicated that the vital rates that
were altered when populations were exposed to Cd were not
well predicted by elasticities. For BS20 exposed to 0.023 pM
cadmium, decornposiion analysis showed that a decrease in

jovenile survival contributed most to the decrease in A, fol-

lowed: by a decrease in survival in the developmental stage
(Fig.-5A).-The increase in time to maturity -also contributed
to negative effects on population growih in cadmivm-exposed
BSS0, particularly in the lower cadmium concentration (0.0125
uM). I NMRI, a decrease in survival through development
contributed 'most 10 lower values of A seen in cadmivm-ex-
posed snails (Fig. 5B). An increase in time to maturity .and a
decrease in-fecundity alsocontributed to:the Tower-value of &
in cadminm-expoted NMRI (Fig. SB). In NMRI exposed to
0.10 1M cadmium; juvenile and adult ‘;urvwal aiﬁo contributed
to the lower value of A

Model' ¢ ompanson

- The'A estimdtes prq;ected by the Rtagevbmed matrix m(}deis
were different than those produced by the model based on the
Z-tansformed-tife-cycle graph (Table 1% The projections also
diffesed hevweed fhietwo different matrix model formulations.
The model based on the gamma-parameterization produced
vailned of X-(Table-1, Ay most similar to those of the model
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derived from the life-cycle graph for NMR1I and BS90. Values
of A provided by the model based on the geometric parame-
terization (Table 1, Ay} were higher than the other two esti-
mates. Demagfaphic decomposition indicated thai for the mod-
el based on the geometric parameterization, G,, confributed
most to the differences in population growth rate between the
two matrix modeling methods, That is, the geometric param-
eterization yielded higher estimates of the probability of ju-
veniles surviving and growing into the next stage, which trans-
lated into higher values of A,

Patterns of elasticity were similar between the two matrix
models (Fig. 6) and differed slightly from the elasticity patferns
generated by the model based on the Z transformation.of the
life-cycle graph (Fig. 4). Direct-comparison of the elasticities
between the matrix models and the model based on the life-
cycle -graph is -complicated-because of :the different parame-
terizations .of - the two basic approaches, However, elasticity
values generated by the matrix models indicated a high elas-
ticity for.the adult stage (Fig. 6). In comparison, the elasticity
of adult survival was relatively iess in the model based.on the
life-cycle: graph (Fig. 4): For B890, elasticity analysis of the
gammamatrix model (Fig. 6A) and the geometric matrix model
{Fig.-68) indicated that P, and-P, had the highest elasticity.

~Cadiitm  significantly -affected both' matrix mode? esti-
mates 0f k. in BS90 and NMRI:in a pattern similar 4o that
observed-in-the Z traﬁsiﬁnmiﬁgm_'m'adel-- {Table . 1). Blasticity
patterns from both matgix models changed following exposure
to cadmium. The BSOD adult survival (Py) wasassoctated with
relatively higher elasticity values ‘with incréasing cadmium
concentration and the elasticity values of the othér pararséters
decreasing with increasing:cadmium. (Fig, -6A-and B). . For
NMRI, elasticity patterns-of the two matrix models were again
similar to cach other with P, and P, having the highest values.
Cadmium-bad a marked influence on elasticity values with a
retative dncrease in P, and a-relative decrease in all other
parameters- with increasing cadmivm concentration (Fig. 6C

and Dy, Overall, only minor differences were observed in the
elasticity patterns produced from each of the matrix modeling
approaches.

Decomposition of the effects of cadmium on A for BS90
is shown for both the gamma (Fig. 7A) and the geometric
matrix (Fig. 7B) model. The lower h in BS9Q exposed w
0.0325 pM cadmium was due 1o cadmivm-induced effects on
primarily the embryonic and juvenile stapes. Minor differences
were observed between the two matrix models. The parameter,
P, had a greater contribution to A than (G, inthe gamma model,
while the values were reversed in the geometric model. Also,
P, was slightly positive in the geometric model though neg-
ative in the gamma model. For BS90 exposed to 0.023 uM
cadmium, the differences between demographic decomposi-
tion of the two matrix models were somewhat more extreme.
Inn the gamma model, G, contributed most to the change in A
followed by ., Gy, Py, and P, Summing the contributions to
the change in A, the developmental and juvenile stages were
roughly equal (Fig. 7A). In the geometric model, the juvenile
stage ({7, and P,) contribuled more to the change in A than
the developmental stage (G and P, (Fig. 78). Fecundity for
BS5%0 at both cadmium concentrations and in both models
contributed positively to A. e -

in NMRI, the results of the de;mngraphic dewmposmon of
the two matrix models differed. In the model ‘hased on the
gamma parameterization; G, juvenile probability of surviving
and moving to the .next stage, :contributed positively to.pop-
ulation growth rate in cadmivme-exposed snails {Fig. 7C). In
the geometric parameterized matrix model, G, contributed neg-
atively to population growth rate in.cadminm-exposed snails
(Fig. 7D). In both models for NMRI, the probability of sur-
viving and remaining in the developmental stage had the great-
est negative effect on.population growth rate-of cadinium-
exposed snails, followed by negative values in-all other pa-
rameters {except Gy of gamma model as voted). Another dif-
ference between the demographic decomposition in the two
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matrix models was in- fecundity. [ In the gamma model, the
contribution of fecundity to changes in A increased with cad-
mium conceniration (Fig. 7C). In the geometric model, the
contribution of fecundity to changes in A and cadmiom con-
centration. was not correlated (Fig, 7D},

_— DISCUSSION _ _
A central obicctive of this study was to develop stape-based
population models for B.- glabraia that could be used to ex-
amine the popilation-level effects of contimuous, long-teris,
anid low-level cadmium exposure. The use of population mod-
dling places-toxicant-induced offects in a robust population-
tevel comiext that can be éxplored forther, Without the use of
populationmadels; it is difficult tounderstand the demographic
consequencesvof effects, such as reduced reproduction. Fre-
quently, population-level effects ‘are- considered any: individ-
nal-level response that could berelated to-population viability.
The application of population medeling in ecotoxicology and
conservation ‘biology, however. has shown that -life-history
raits that appear fo b fndst important to the population, can,
in-fact; play a relatively minor role in the actual dynaiics of
the pﬁpulamm 19;12,211.“To base: the response of the popu:
‘lation on-only one or a few parameters, without consideration
for their interaction, -would- likély lead to an inaccurate: as-
sexsment Gf papula{mn levei effe{,ts ’I‘hxs is true even ifthe

mn 'mt)cieis ’have b&en used in cwtochiogy
_wever oniy rec:entiy have parturbatmn analysas

-'hjydm arbcn coniaminams, 8 decredse in A was drzven Pri-

marily by reductions in fecundity and an'increase in time to
maturity [6]. Similarly, cadmium-induced decreases in A were
driven in large part by an increase in time o maturity in
nematodes {91, A study on the demographic effects of cadmium
on -clones of -the gastropod Potamopyrgus antipodarum
showed that A was most sensitive to changes in survival pa-
rameters, while cadmium-induced changes in A were driven
by effects of cadmivm on time to first reproduction and re-
productive output {5}, In the study reported here, cadmivm-
induced reductions in A were driven mostly by effects on mor-
tality, -although increased time to maturity did ‘contribute to
the changes in A but primarily in NMRL Biomphalaria gla-
brata has a relatively long time to maturity and life span;
hence, changes in these parameters are less Hkely to contribute
strongly to changes in A. As an example, the polychaete Stre-
blaspio benedicH exposed 10 hydrocarbons exhibited 2 167%
increase-in age at first reproduction from 11.3 te 30.2 d [6].
The greatest change intime 1o maturity in this study occurred
for NMRT at:0.10 M -and was a 52% change.

In-this stady, comparisoa of results from the elasticity and
decomposition -analyses provided insight into which life-his-
tory traits contributed most-to A and which contributed most
to cadmium-induced changes in h..in both BSO0 and NMRI,
reductions in A were driven largely by effects of cadmium on
embryonic survival {hatching snccess) which had a low elas-
ticity. However, for B590.at the highest cadmiom concentra-
tion, effects of cadmiom on juvenile survival, which had the
highest elasticity, had the.greatest impact -on:-A. o clones of
the snail Polamopyrgis antipodarum, sadmitm-induced al-
terations in-A were driven by effectsion reproductive output
and time to first-reproduction; both of which had low elastic-
ities compared to jovenile angd adult survival {5]. Further char-
acterizing the interplay between the importance of life-history
traits 1o -hand their contribution to toxicant-induced changes
in A miay provide extremely useful insight into the application
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of toxicity tesis toward predicting effects in naturally occurring
populations in contaminated habitats, '

The differences in response to long-term cadmium exposure
in BS90 and NMRI, particularly at 8.025 M cadmivm, in-
dicate that intraspecific variation in response to contaminants
can be significant and, therefore, has likely implications for
assessing toxicity. Clone-specific differences in response to
toxicant-induced stress, including metal exposure, have been
documented in Daphnia magna {14,24] and the gastropod P.
antipodarum [5). The range in EC30 for mortality of D. magna
clones varied from less than one 10 more thap two orders of
magnitude {24]. Moreover, no patterns in rank order of clone
resisiance between toxicants were observed, Similarly, P. an-
tipodarum clones showed différences in magnitude and pattern
of response to cadminm 5], For B. glabrata larval, juvenile,
and adult stages, NMRI have been shown to be more resistant
to acute cadmium exposure compared to BSS0 {131, Sullivan
{25) showed that the M-line strain of B. glabrata was more
tolerant to copper toxicity than the PR-79 strain. In addition,
the M-line strain had increased resistance to copper after sev-
eral generations of selection for copper resistance, while the
PR-79 strain showed no differences in resistance to copper
under the same selection process {251

It is not surprising that differences in response to toxicant
exposure may exist between groups of the same species that
have different histories, either in the laboratory or in the field.
This type of variation, however, has strong implications for
the interpretation and application of data obtained from tox-
icological studies, Ideally, variation due to strain-speeific dif-
feremces in. toxicant resistance and response should be con-
sidered in epvironmental. assessments, However, this would
likely be difficult, time consuming, and expensive. Nonethe-
less, further research is necessary to determine the level of
effort required in elucidating the significance of interstrain {or
interpopulation) variation, :

- In.addition to the differences in sensitivity to cadmiom, the
two strains in this study exhibited differences in the repro-
ductive response to cadmium. All concentrations of cadmium
negatively affected reproduction-in NMRL, while reproduction
in cadmivmsgxposed BS90 actually increased compared to
control BS90, The negative effect of cadmium on reproduction
in NMRI is-not atypical, as numerous examples of the negative
effects of cadmivm on reproduction exist in a wide variety of
species, The apparent positive effect of cadmivm on repro-
duction in BS90 is somewhat sarprising. A possible expla-
nation is that-mortality, particularly at 0.025 pM, alleviated
some density-dependent effects -by -allowing the surviving
snails:greater actess 1o resources. Toxicant-induced effects can
have 4 net positive effect-by reducing density-dependent mor-
tality [26].- Although' attempts ‘were made to reduce the po-
tential for-dendity-dependent-effects-bry reducing volume of
media a5 $nails died, below approximately 20 snails; the vol-
ume could oot be reduced Fuither. Thercfore, as the number
of snafls-went: below: 20;:s6me relisf from density-dependent
stresses likely occurred. ‘Adequately addressing the iticreased
reproductive output-in BS90 exposed to-0.025 pMicadmium
would require further experimentation. Indeed; the relationship
between density-dependent effects and toxicant-induced stress
requires-more study, as ‘this is likely an important interaction,
Another ¢Xplanation for increased reproduction in cadmism-
exposed BSO0 could be related to 2 hormetic or stimulatory
effect of Tow toxicant exposurelidose, Although controversy
exists concerning the -validity of the hormetic response, nu-
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merous examples have been noted in the literature {271 1t is
difficult to say whether hortnésis plaved a role in the increased
reproduction of BS90, though the elevated reproduction at
0.0125 puM cadmium is suggestive of hormetic effects. Hor-
metic effects occur only in the absence of observable toxicity:
thus, BS90 at 0.025 pM cadmivim did not have increased fe-
cundity as @ result of hormesis.

In addition to the intraspecific differences in effects of cad-
mium, it is worth noting that A for control BSS0 and NMRI
differed with NMRI having the higher value. Demographic
decomposition of the control of both strains indicates that the
higher population growth rate in NMR] is atiributable to, in
order of decreasing contribution to the difference in A, fecun-
dity (0.036), %hatch (0.021), time to maturity (5.1 X 10-%),
and developmental time (9.6 X 10-%). Simply stated, NMRI
has a highér reproductive ontput than BS99, It is hypothesized
that resistance to parasitic infection is accompanied by costs
of resistance that can manifest in B. glabrata as decreased
reproduction (28,29} and/or an increase in time to maturity
{30} "This is the first study to attempt a detailed characteriza-
tion of the demographics of two strains of B. glabrata that
differ in parasite susceptibility. The lower M seen in control
BS90 compared to controf NMRI supports the cost-of-resis-
tance hypothesis. An interesting insight provided by the clas-
ticity analysis is that for control BS90 and NMRI, reproduction
had a relatively low elasticity value. Often, costs of parasite
resistance have manifested in at least one aspect of reproduc-
tion. The low elasticity of this parameter suggests that it would
be mosf suscepiible 1o variation since it is not contributing
strongly to A, Hence, fram a life-history perspective, repro-
duction would be a likely and least damaging trait in which
costs might manifest.

From a methodological perspective, this study provides
some insight into the use of different models in assessing the
demographic effects of toxicant exposure. The principal model]
developed in this study was based on the Z-transformed, Jife-
cycle graph [18,31], which has the advantage of incorporating
stage duration as an explicit parameter in the model. Stage
duration, particularly time to maturity, is an important de-
mographic parameter [32] and has been shown to vary in re-
sponse te exposure to metals {9} and organic compounds {6].
In addition, the. sensitivities and elasticities of the vital rates
were exprassed directly as opposed to stage-based matrix mod-
els, where sensitivities and elasticities were obtained for matrix
entries that are themselves functions of the vital rates (P; and
G}
The purpose behind constructing the two matrix models
was to corroborate results obtained from the model derived
from the Z-transformed, dife-cycle graph and to provide a com-
parison of several different approaches that may be usefol in
designing and dmplementing models. The matrix mode} based
on the calenlation of the lower-order parameter, v, produced
values of A similar to those of the Jife-cycle graph model. The
estimates of A produced by the matrix model based:on the
geometric expansion of survival were higher. In the latter mod-
el, estimates of X-similar to those produced by the other migth-
ods-tavibe obtained by dividing survival, o inthe estimation
of P;and G, by N, -and iterating until A, and X are equal
{311 The satrix model based on y-has-been-used 0 evaluate
the populstion-level effects of diexin and-polychlorinated bi-
phienyls in estuarine fish, Fundulus heteroclitus {7]. Munns et
al. {71 concluded that dioxin and pelychlorinaied bipbeny! ex-
posure in this fish can result in a reduction in A of 2% per 14-
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diime Step; resulting in 0 40% decline in F. heteroclitus over
the ‘Course of one year. The parameterization based on the
geomettic series of survival has not been applied in an éco-
toxicological context but has seen application in the conser-
vation of laggerhuad sea turtles {33} and sandbar sharks
{34 351

n camparmg the models, the life-cycle graph approach has
the advantage that vital rates are directly incorporated into the
model, As-a result, perturbation analyses, also in terms of the
vital rates, are more easily interpritable. The disadvantages
are an increase in analytical complexity, particularly with the
estimation of sensitivities (requiring implicit differentiation).
The matrix models are relatively simple to construet, and per-
turbation analyses are quite elegant. The disadvantage to ma-
trix approaches is that matrix entries are functions of the vital
rates; hence, interpretation is slightly more complicated. In
addition, stage duration is not normally an explicit parameter
and hence not directly addressed in perturbation analyses, al-
though knowledge of the relationship between duration, P, and
G, can remedy this. As a bottom line, the matrix models are
extremely useful for assessing A and the perturbation analyses,
while the model based on the Z wansformation or the life-
cycle graph provides a more clearcut interpretation and allows
incorporation of demographically important data on stage du-
ration. The choice of model must balance the data available
and the project objectives.

CONCLUSION

Population models are useful for understanding population-
level responses to contaminant-induced stress. In particular,
the model based on the Z wansformation of the life-cycle graph
allowed the explicit inclusion of development time and time
1o maturity, which provided more detailed insight into the
population-level effects of cadmium. However, this model is
somewhat more difficult than the matrix-based models, and
the math can become quite complex as the number of life-
cycle stages increases. Hence, modeling effort should be driven
by the information identified as important. For many cases, an
assessment of A may be all that is required; however, pertur-
- Pigtion analyses have the advantage of providing detailed in-

" .osight into population-level effects.

“Iitraspecies differénces in response to contaminants can
-manifest as differences not only in the magnitude of response
but also in the pattern of response. For example, while life-
history traits of both BS90 and NMRI had similar elasticities,
the relative contribution 1o cadmium-induced changes in X
differed. Further understanding of these patierns of response
will contribute 10 our ability to predict the effects of contam-
ingmis on natural populations. Moreover, characterizing dif-
fererices in response within a species is invaluable for inter-
preting and using toxieity information for environmental man-
“agement and regulation.
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