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Abstract—Two previous mesocosm studies showed changes in glucosephosphate isomerase-2 (Gpi-2) allele frequencies in mos-
quitofish populations exposed to mercury for 111 d or two years. A previous selection component analysis of single-generation
populations exposed for 111 d to 18 mg/L Hg suggested that female sexual selection and fecundity selection could contribute to
changes in Gpi-2 allele frequencies. The present multigeneration study was conducted to determine the stability of Gpi-2 allele
frequencies over four years of mercury exposure, measure the reproductive fitness of Gpi-2 genotypes inhabiting control and
mercury-contaminated mesocosms to determine a mechanism explaining changes in Gpi-2 allele frequencies, investigate differences
in the demographic characteristics of mercury-exposed and control populations, and investigate the water quality of the mesocosms
to determine if variables other than mercury show concordant patterns among mesocosms. Differences in Gpi-2 allele frequencies
between control and mercury-exposed populations were stable over four years (; eight generations) of mercury exposure. Mercury-
exposed female mosquitofish had a lower probability of being gravid than control females (p 5 0.001). Mercury-exposed females
also had lower fecundity (total number of eggs and embryos) than control females (p 5 0.036). Unlike the results of the more
intense mercury exposures in the single generation study, no strong evidence was found that Gpi-2 genotype influenced fecundity
or the probability of being gravid in both control and mercury-exposed females. The quantification of fitness components is difficult
but has the potential to enhance our understanding of how toxicants alter allele frequencies in exposed populations.
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INTRODUCTION

The use of allozymes as genetic markers for detecting pop-
ulation-level effects of toxicant exposure is gaining popularity
in ecotoxicology. Changes in genotype or allele frequencies
have been correlated with environmental contamination in sev-
eral studies of natural and experimental populations [1–8].
Populations inhabiting contaminated environments frequently
have different genotype and allele frequencies than reference
or control populations. Researchers studying contaminant-im-
pacted populations often fail to identify any underlying mech-
anism or population process that explains the differences in
genotype and/or allele frequencies among populations [9]. If
a mechanism is proposed, it is usually differential survival
(viability selection) of allozyme genotypes [9]. Differential
survival in field populations is often inferred from laboratory
experiments involving exposure to acute toxicant concentra-
tions [2–4]. Endler [10] noted that population biologists tend
to focus on differential survival in selection studies to the
neglect of equally important differences in reproductive fit-
ness.

If selective agents in the form of environmental contami-
nants and not random processes (e.g., drift, founder effects)
were responsible for the observed changes in the genetic com-
position of exposed populations, a more complete investigation
of the mode of selection should be conducted. Selection can
take place at several stages in the life cycle of sexually re-
producing organisms, with survival from zygote to adult being
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only one component of selection. Additional selection com-
ponents involve aspects of reproduction and include fecundity
selection, male and female sexual selection, and gametic se-
lection [10,11]. In population genetics studies where selection
is measured, the reproductive components of fitness commonly
have a greater influence than the survival component of fitness
[10,11].

Our previous study [8] detected changes in the genetic com-
position of mosquitofish populations at the Gpi-2 locus over
the course of a two-year, low-level mercury exposure in me-
socosms. The frequency of the Gpi-2100 allele decreased, while
the frequency of the Gpi-266 allele increased, in mercury-ex-
posed populations relative to the initial and control allele fre-
quencies. The lack of gravid females in the sample precluded
investigation of reproductive selection components. We as-
sumed that differences in reproductive fitness among Gpi-2
genotypes played a role in changing allele frequencies in the
mercury-exposed populations. Evidence supporting this as-
sumption included a study by Mulvey et al. [5], which iden-
tified female sexual selection and fecundity selection at the
Gpi-2 locus in mesocosm populations of mosquitofish exposed
to mercury for 111 d. Mercury-exposed female mosquitofish
homozygous for the Gpi-2100 allele had a lower probability of
being gravid, and when they were gravid, they had fewer de-
veloping embryos than females of other Gpi-2 genotypes [5].
Mulvey et al. [5] exposed a single generation with weekly
additions of mercury to a concentration of 18 mg/L for 111 d.

Because allozymes are being used increasingly for bio-
monitoring [12,13], it is important to carefully assess their
suitability for that purpose. Several studies have documented
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changes in the genetic composition of populations exposed to
contaminants but have not investigated the stability of the
changes over time through repeated sampling [1–8]. For al-
lozymes to be of practical use, the contaminant-correlated
changes in genotype and allele frequencies should not be
ephemeral. Allozyme studies also need to examine other im-
portant environmental variables (e.g., temperature, salinity)
that have been demonstrated to be selective agents in some
systems [14,15]. Failure to investigate additional variables
might permit the erroneous conclusion that contaminants are
the sole cause for the observed changes in a population’s ge-
netic structure.

The current study was conducted with four goals in mind.
The first was to determine whether the changes in allele fre-
quencies at the Gpi-2 locus in mosquitofish populations were
stable over four years (; eight generations) of mercury ex-
posure. The second was to investigate the reproductive fitness
of Gpi-2 genotypes inhabiting control and mercury-contami-
nated mesocosms in order to determine the mechanisms un-
derlying the changes in Gpi-2 allele frequencies. The third was
to investigate differences in the demographic characteristics
of mercury-exposed and control populations. The last was to
investigate common water quality parameters in the meso-
cosms to determine if variables other than mercury contami-
nation showed concordant patterns between mercury-treated
and control mesocosms. In 1998, additional genetic, demo-
graphic, and environmental data were collected for the same
mercury-exposed and control mesocosm populations of mos-
quitofish sampled in 1994 and 1996.

MATERIALS AND METHODS

Mesocosms

Eight 7,250-L mesocosms established by Mulvey et al. [5]
were used in this experiment. At the termination of the Mulvey
et al. [5] experiment, the mesocosms were drained and the
sediments dried to ensure the elimination of all remaining
mosquitofish. The four control mesocosms from the previous
experiment were refilled with untreated well water (,0.1 mg/L
of mercury). The four mercury-treated mesocosms were also
filled with untreated well water and derived all their mercury
from the sediments remaining from the previous experiment.
No additional mercury was added to the mesocosms for this
experiment. The water levels of the mesocosms were main-
tained by precipitation and by addition of well water as needed.
In this exposure, the water concentration of mercury remained
below detectable levels (,0.1 mg/L of mercury). Whole-body
concentrations of mercury in mosquitofish were used to quan-
tify mercury exposure and assign treatment levels to the me-
socosms.

Fish populations

The mosquitofish populations in the experimental meso-
cosms were initiated in June 1994. Mosquitofish were seined
from the Risher Pond population (Barnwell County, SC, USA)
on three occasions and transported to the site of the experiment.
The initial mosquitofish populations were established by ran-
domly assigning 215 mosquitofish to each of the control and
mercury-treated mesocosms. A subsample (n 5 134) of the
mosquitofish collected from Risher Pond was used to deter-
mine initial allele frequencies for seven polymorphic allozyme
loci in 1994. The mesocosm populations were sampled heavily
in 1996 for our previous study [8], with caution taken not to

harvest at levels that might be detrimental to population vi-
ability. The populations were monitored for the presence of
gravid female fish during the late spring and early summer of
1998. Populations were sampled with a seine when the ma-
jority of fish were in a reproductive state in order to obtain
large numbers of gravid females for fecundity analysis. All
fish were frozen (2708C) until electrophoresis was performed.
Fish were sexed, weighed, and measured (standard length)
prior to electrophoretic analysis. Gravid females were dis-
sected to determine the number of eggs plus developing em-
bryos.

Electrophoresis

The following allozymes were determined using horizontal
starch gel electrophoresis: fumarate hydratase (FUM, EC
4.2.1.2), mannosephosphate isomerase (MPI, EC 3.5.1.8), glu-
cosphosphate isomerase-2 (GPI-2, EC 3.5.1.9), adenosine de-
aminase (ADA, EC 3.5.4.4), malate dehydrogenase-1 (MDH-
1, EC 1.1.1.37), and isocitrate dehydrogenase-1,2 (ICD-1 and
2, EC 1.1.1.42). Electrophoretic methods were those described
previously [5,16,17].

Mercury analysis

Five fish from each mesocosm were analyzed for mercury.
The wet weight of each fish was recorded prior to digestion.
Whole fish were digested individually using 5 ml of trace
metal–grade nitric acid in closed Teflony vessels in a micro-
wave oven digester (CEM, Matthews, NC, USA). The digested
samples were diluted with high-purity deionized water, and
bromine monochloride was added to prevent oxidation. Total
mercury was determined by cold vapor atomic fluorescence
spectroscopy using a model 2 analyzer (Brooks Rand, Seattle,
WA, USA). All samples were analyzed within 24 h of diges-
tion. All the standard materials (TORT2, lobster hepatopan-
creas, National Research Council of Canada, Ottawa, ON)
were within the certified range of mercury concentration, and
none of the blanks had detectable levels of mercury. The limit
of detection was 1 ng Hg, and the limit of quantification was
3 ng Hg.

Water quality parameters

Common water quality parameters were measured once
weekly, in the afternoon, over the course of one year (1998–
1999) to check for differences between control and mercury-
treated mesocosms that might obscure the effects of mercury
exposure. The temperature, conductivity, dissolved oxygen,
and pH were measured using a Microsonde water quality mul-
tiprobe (Hydrolab, Austin, TX, USA).

Data analysis

Allozyme frequencies and fit of observed data to Hardy–
Weinberg expectations were calculated using BIOSYS-1 [18].
Rare alleles were pooled for Icd-1 and Gpi-2 to test for fit to
Hardy–Weinberg expectations. Assessment of genetic bottle-
necks was accomplished using BOTTLENECK ([19], http://
www.ensam.inra.fr/URLB/bottleneck/bottleneck.html). BOT-
TLENECK performs three statistical tests using allele fre-
quency data to detect recent effective population size reduc-
tions.

Univariate statistics for standard length and weight and t
tests for water quality parameters were conducted using the
Microsoft EXCEL spreadsheet package [20]. Differences in
standard length and weight between treatments were analyzed
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Table 1. Characteristics of mosquitofish in control and mercury-exposed populations sampled in 1998. Mesocosm replicates are designated A,
B, C, and D

Variable

A

n Mean (SD)a

B

n Mean (SD)

C

n Mean (SD)

D

n Mean (SD)

Control mesocosms
Standard length (mm)

Female
Male

284
92

29.98 (5.24)
22.49 (2.21)

172
46

31.91 (6.71)
21.07 (1.48)

69
30

23.51 (7.29)
17.53 (0.86)

84
30

24.01 (5.91)
18.17 (1.60)

Weight (g)
Female
Male

284
92

0.545 (0.298)
0.189 (0.060)

172
46

0.707 (0.433)
0.160 (0.036)

69
30

0.312 (0.467)
0.074 (0.013)

84
30

0.302 (0.286)
0.084 (0.024)

Sex ratio (female : male)b 423 1.49:1 224 3.87:1 162 2.38:1 167 4.38:1
Percentage mature gravid females 80.9 98.3 59.4 69.0
Number of eggs and embryos per gravid female 229 10.6 (10.0) 169 10.4 (5.8) 41 5.3 (7.8) 58 5.0 (5.3)
Hg concn. (mg/kg) 5 0.14 (0.01) 5 0.06 (0.02) 5 0.07 (0.03) 4 0.07 (0.01)

Mercury-exposed mesocosms
Standard length (mm)

Female
Male

316
91

27.89 (4.78)
22.56 (1.38)

264
90

27.47 (8.49)
21.18 (2.03)

166
76

27.27 (7.632)
21.34 (1.77)

370
107

29.924 (4.36)
20.77 (1.44)

Weight (g)
Female
Male

316
91

0.409 (0.237)
0.168 (0.030)

264
90

0.479 (0.421)
0.152 (0.039)

166
76

0.427 (0.411)
0.126 (0.026)

371
107

0.522 (0.252)
0.112 (0.027)

Sex ratio (female : male)b 558 1.85:1 381 2.66:1 279 2.67:1 598 4.59:1
Percentage mature gravid females 73.1 67.8 46.4 78.0
Number of eggs and embryos per gravid female 231 6.1 (3.7) 179 6.5 (4.4) 77 7.3 (7.1) 278 6.6 (3.8)
Hg concn. (mg/kg) 5 7.96 (1.49) 5 4.27 (0.14) 5 6.17 (1.01) 5 5.04 (0.71)

a SD 5 standard deviation.
b Sex ratios were calculated with the total number of mosquitofish collected from the mesocosms. The sample size for standard length and weight

are a subset of the fish collected.

Table 2. Wilcoxon rank-sum tests for Gpi-2 selection coefficients, sex
ratios, and mercury concentrations in the 1998 sample

Variable studied
One- or two-

tailed test z Prob . zzz

Gpi-2100 selection coefficient
Gpi-266 selection coefficient
Gpi-238 selection coefficient
Sex ratio (female : male)a

Hg concentration (mg/kg)a

One tailed
One tailed
One tailed
Two tailed
Two tailed

21.587
1.876

20.722
0.144

25.332

0.056
0.031
0.236
0.885
0.0001

a Selection coefficients were not calculated for sex ratio and mercury
concentration. These analyses test whether the sex ratio and mercury
concentrations are the same for control and mercury-exposed pop-
ulations.

with a split-plot analysis of variance to control the variance
due to mesocosm effects with procedure MIXED of the Sta-
tistical Analysis System [21]. Differences in total fecundity
between treatments and Gpi-2 genotypes were also analyzed
with procedure MIXED of the Statistical Analysis System [21].
The effects of mercury treatment and Gpi-2 genotype on the
probability of female mosquitofish being gravid were analyzed
using procedure LOGISTIC of the Statistical Analysis System
[21].

The x2 tests for nonindependence of allele frequencies be-
tween 1994, 1996, and 1998 were performed with the MIN-
ITAB statistical software package [22]. Wilcoxon rank-sum
tests were used to test for differences in Gpi-2 selection co-
efficients, mercury concentration, and sex ratios between con-
trol and mercury-treated mesocosms with procedure
NPAR1WAY of the Statistical Analysis System [21]. Selection
coefficients for the GPI-2 alleles were calculated using the
following formula:

S 5 log{[P /(1 2 P )]/[P /(1 2 P )]}1998 1998 1994 1994 (1)

where S 5 the selection coefficient, P1998 5 the mesocosm
population allele frequency in 1998, and P1994 5 the allele
frequency of the initial population.

RESULTS

Whole-body mercury concentrations (mg/kg wet wt) were
significantly different for fish in control and mercury-treated
mesocosms (p 5 0.0001) (Tables 1 and 2). Mercury concen-
trations for fish from control mesocosms ranged between 0.06
and 0.14 mg Hg/kg wet weight. Average mercury concentra-
tions for fish from mercury-treated mesocosms ranged between
4.27 and 7.96 mg Hg/kg wet weight. No differences were

observed in the average temperature, specific conductance, and
pH between mercury-treated and control mesocosms over the
course of one year (Figs. 1 and 2). Differences occurred in
the dissolved oxygen concentration between control and mer-
cury-treated mesocosms (p 5 0.06), but the measured dis-
solved oxygen levels never dropped below 9 mg/L in either
the control or the mercury-treated mesocosms during the day-
time measurement period (Fig. 1). No dissolved oxygen mea-
surements were made at night, when the concentrations were
expected to be lowest. The available data suggest that differ-
ential anoxic stress between treatments was not probable. The
similarity of measured water quality parameters between con-
trol and mercury-treated mesocosms, and the major differences
in the whole-body mercury concentration between treatments,
strengthens the assignment of causation of biological effects
to mercury contamination.

A split-plot analysis of variance did not detect significant
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Fig. 1. Average temperature (8C) and dissolved oxygen (mg/L) for
mercury-treated and control mesocosms over a period of one year
(1998–1999). Solid lines (——) and black circles (●) represent control
mesocosms; dotted lines (. . . ) and white inverted triangles (¹) rep-
resent mercury-treated mesocosms. The p values of two-tailed t tests
for differences in means are indicated in the bottom-right corner of
each panel.

Fig. 2. Average pH (units) and specific conductance (ms/cm) for mer-
cury-treated and control mesocosms over a period of one year (1998–
1999). Solid lines (——) and black circles (●) represent control me-
socosms; dotted lines (. . . ) and white inverted triangles (¹) represent
mercury-treated mesocosms. The p values of two-tailed t tests for
differences in means are indicated in the bottom-right corner of each
panel.

effects of mercury treatment on standard length or weight for
adult males and females in the 1998 sample. Sex ratios also
differed among mesocosms but were female biased in all con-
trol and mercury-treated mesocosms (Table 1). No significant
differences in sex ratio were detected between mercury-ex-
posed and control populations (Table 2).

Allele frequencies for the initial population and seven of
the eight 1998 populations were consistent with Hardy–Wein-
berg equilibrium expectations. (Allele frequencies for the sev-
en allozyme loci are not reported here but are available from
the primary author.) Control mesocosm A exhibited a strong
departure from Hardy–Weinberg equilibrium at four allozyme
loci, indicating that one or more of the assumptions underlying
the Hardy–Weinberg model were not met. No evidence of
genetic bottlenecks was found for seven of the eight popula-
tions. Control mesocosm A was the exception again. The re-
sults of the sign test, Wilcoxon test, and mode-shift test all
indicated that this control population had undergone a recent
population bottleneck and had an excess of heterozygotes.

Allele frequencies for the Icd-1, Icd-2, Mpi, Ada, Mdh, and
Fum loci were homogenous for the initial, 1996, and 1998
samples. Chi-square tests of homogeneity of allele frequencies
between initial, 1996, and 1998 samples revealed significant
changes in allele frequencies at the Gpi-2 locus in five of eight
mesocosms (p 5 0.04). The significant change in allele fre-
quencies at the Gpi-2 locus prompted calculation of selection
coefficients for the three Gpi-2 alleles by mesocosm. Analysis
of selection coefficients indicated a decrease in the Gpi-2100

allele (p 5 0.056) and a corresponding increase in the Gpi-266

allele (p 5 0.031) in mercury-exposed mosquitofish popula-
tions. No selection was noted for the rare Gpi-238 allele (p 5
0.236)(Table 2). The changes in Gpi-2 allele frequencies as-
sociated with mercury exposure are illustrated in Figure 3.
Additionally, the Gpi-2100 and Gpi-266 allele frequencies dis-
played greater variance among mercury-exposed populations
than control populations (Fig. 3). Greater variance was ob-
served among Gpi-238 allele frequencies in the control pop-
ulations than in the mercury-treated populations (Fig. 3). The
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Fig. 3. Change in the frequencies of Gpi-2 alleles over four years (;
eight generations) in experimental mosquitofish populations. Solid
lines (——) with solid triangles (m) denote mercury-exposed popu-
lations; dotted lines (. . . ) with open circles (V) denote control pop-
ulations. Lines are labeled A, B, C, or D corresponding to mesocosm
designations in Table 1. Allele plotted is designated in the upper-left
corner of each panel. All alleles except Gpi-238 exhibit greater sample
variance among mercury-exposed populations (s2

Hg) than among con-
trol populations (s2

C).

Gpi-2 allele frequencies for each mesocosm population are
reported in Table 3.

The results of a logistic regression indicated that mercury-
exposure (p 5 0.001) but not Gpi-2 genotype (p 5 0.25)
influenced the probability of a female mosquitofish being grav-

id. Mercury-exposed females had a lower probability of being
gravid. Analysis of the total fecundity data (number of eggs
1 embryos) indicated that mercury exposure (p 5 0.04) as
well as female mass (p 5 0.001) influenced total fecundity.
No Gpi-2 genotype effects on total fecundity were observed.
Mercury exposure reduced the number of eggs or developing
embryos within a female (Table 1), and fecundity increased
as female mass increased.

DISCUSSION

Seven of the populations had genotype frequencies that did
not deviate from those expected under Hardy–Weinberg equi-
librium. However, control population A deviated from Hardy–
Weinberg expectations at four allozyme loci, indicating that
one or more assumptions underlying the Hardy–Weinberg prin-
ciple had been violated. Most of the Hardy–Weinberg model
assumptions had been met through the experimental design.
It is possible that nonrandom mating, overlapping generations,
or small population size could have produced a departure from
Hardy–Weinberg equilibrium frequencies. Statistical tests in-
dicated a bottleneck (recent reduction in effective population
size) in this population. The bottleneck could have resulted
from overharvesting during the 1996 collection period. The
bottleneck did not grossly affect the allele frequencies at the
Gpi-2 locus. The Gpi-2100 and Gpi-266 allele frequencies of
control population A were similar to the other control popu-
lations. However, the Gpi-238 allele frequency in control pop-
ulation A was much higher than the other control populations
(Fig. 3 and Table 3).

The changes in the Gpi-2 allele frequencies displayed tem-
poral stability in both the control and the mercury-treated pop-
ulations. In the control and original Risher Pond populations,
Gpi-2100 had the highest allele frequency, followed by Gpi-266.
The Gpi-238 allele was the least common allele. The Gpi-2 allele
frequencies in mercury-exposed populations changed from the
initial Gpi-2 allele frequencies and were different from control
Gpi-2 allele frequencies. The Gpi-266 allele frequency in-
creased in three of four mercury-exposed populations and be-
came the most common allele in two of four populations. The
increase in the Gpi-266 allele frequency was accompanied by
a corresponding decrease in the Gpi-2100 allele frequency in
mercury-exposed populations. The Gpi-238 allele showed no
consistent pattern over four years in either control or mercury-
exposed populations.

All mercury-exposed populations did not exhibit the same
response at the Gpi-2 locus. Over the four-year study period,
mercury-exposed population A showed an increase in the
Gpi-2100 allele frequency instead of an increase in the Gpi-266

allele frequency. Although all the allele frequencies showed
slight changes over time in each population, the overall pat-
terns of Gpi-2 allele frequencies remained consistent with the
1996 sample, even for the mercury-exposed population that
deviated from the average response. The results of the current
and previous mesocosm studies indicate that, in general, the
changes in allele frequencies associated with mercury exposure
are temporally stable in chronically contaminated environ-
ments. The temporal stability of Gpi-2 allele frequencies in
the mercury-exposed mesocosm populations is also consistent
with the temporal stability of allele frequencies reported in
mosquitofish populations from the Savannah River drainage
[23].

The Gpi-266 and Gpi-2100 allele frequency shifts observed
in the present study were similar to the frequency shifts pre-
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Table 3. Allele frequencies at the Gpi-2 locus for the 1994 and 1998 samples

1998

Allele

1994

Initial

Control mesocosms

A B C D

Mercury-exposed mesocosms

A B C D

n
Gpi-2100

Gpi-266

Gpi-238

134
0.493
0.381
0.127

375
0.461
0.324
0.215

218
0.599
0.300
0.101

99
0.586
0.354
0.061

114
0.465
0.399
0.136

407
0.536
0.383
0.081

354
0.453
0.449
0.097

242
0.459
0.475
0.066

468
0.356
0.519
0.125

dicted using computer models of mercury-exposed mosqui-
tofish populations [9]. The simulations modeled viability, sex-
ual, and fecundity selection during mercury exposure and in-
cluded the effects of genetic drift and immigration. The relative
fitnesses of the Gpi-2 genotypes were quantified on the basis
of previous studies [4,5,16,24] and used as model parameters
in the simulations. Changes in allele frequencies were pre-
dicted in response to periodic acute mercury exposures of 1.0
mg/L combined with chronic mercury exposure between acute
episodes.

The simulations indicated that the Gpi-2100 allele was re-
placed by the Gpi-266 allele as the most common allele in
mercury-exposed populations after approximately 15 genera-
tions and that the Gpi-238 allele would be lost from the pop-
ulation under the pulsed exposure scenario [9]. In the present
study, the Gpi-238 allele decreased from its initial frequency
in all four mercury-exposed populations after four years and
approximately eight generations. However, the Gpi-238 allele
decreased from its initial allele frequency in two control me-
socosms during the same time period (Fig. 3 and Table 3).
Elimination of the Gpi-238 allele in mercury-exposed meso-
cosm populations was unlikely to occur as predicted by the
model [9] because the populations did not experience the pe-
riodic mercury exposures (1 mg/L as Hg21) required to produce
differential acute mortality of the Gpi-238/38 genotype. Contin-
ual surveillance and sampling indicated that episodic acute
mortality did not occur in the mercury-exposed mesocosm
populations. The model correctly predicted Gpi-266 replacing
Gpi-2100 as the most common allele in mercury-exposed pop-
ulations, providing indirect support that reproductive com-
ponents of selection (sexual selection and fecundity selection)
are at least as important as viability selection in determining
the genetic composition of populations exposed to toxicants.
The shifts in Gpi-2 allele frequencies in the mercury-exposed
mesocosm populations were not dependent on acute exposure
duration, as observed in the model.

Investigation of the reproductive components of fitness can
provide insight about which population-level processes are
responsible for observed changes in allele frequencies [11,25]
and is often accomplished through selection component anal-
ysis or analysis of reproductive data. Nadeau and Baccus [26]
summarized the results of six published studies using selection
component analysis indicating evidence of selection in natural
populations. Selection for reproductive components of fitness
was more common than zygotic selection (survival) and was
observed in every study but one. At least five laboratory stud-
ies with Drosophila species have also demonstrated that re-
productive components of fitness are often much more im-
portant than viability [11]. A previous mesocosm study of
mosquitofish populations found female sexual selection and
fecundity selection in mercury-exposed populations [5]. Fe-

males homozygous for the Gpi-2100 allele had a lower prob-
ability of being gravid and fewer developing embryos. The
results of the previous study [5] prompted investigation of the
reproductive characteristics of female mosquitofish in this
study to help determine a mechanism that might explain the
observed changes in Gpi-2 allele frequencies.

The effects of toxicants on reproduction are commonly in-
vestigated in fish species [5,27,28]. In the present study, chron-
ic exposure to mercury reduced the likelihood of a female
mosquitofish being gravid. Mercury-exposed female mosqui-
tofish also carried fewer eggs or embryos than control mos-
quitofish. Given the changes in Gpi-2 allele frequencies [8] and
female sexual selection and fecundity selection at the Gpi-2
locus [5], we hypothesized that differences in reproductive
fitness among Gpi-2 genotypes might help explain the allele
patterns observed in the 1998 sample. In this study, Gpi-2
genotype did not influence fecundity or the likelihood of being
gravid.

It is possible that the selective action of mercury on the
Gpi-2 locus might be too small to measure over one generation
but still change allele frequencies over several generations of
exposure. This could explain our inability to detect female
reproductive fitness differences among Gpi-2 genotypes, as
our study only measured reproductive fitness over one gen-
eration. Other components of selection might be acting in the
mercury-exposed populations, such as male sexual selection,
gametic selection, and viability selection. These types of se-
lection would be difficult to measure directly in mesocosm
studies. Another possibility is that Gpi-2 is linked to an un-
known locus that is undergoing a different type of selection
than the types investigated in this study.

Taken as a whole, the results of the current and previous
studies [5,8] of mosquitofish populations exposed to mercury
in mesocosms indicate that changes in allozyme frequencies
can indicate population-level effects of toxicants. The com-
bined studies have provided much needed information for the
assessment of biomonitoring of natural populations using al-
lozymes. These studies have eliminated or reduced the effects
of confounding abiotic variables (e.g., differential water qual-
ity) and biotic variables (e.g., founder effects, migration, pre-
dation, genetic clines) and have strengthened the assignment
of causation to mercury exposure. The use of mesocosms also
enabled true replication and true controls, thereby eliminating
reliance on reference populations. Associated studies have in-
vestigated survival [16,17,24] and other aspects of population
biology [5] in an attempt to understand the causes of the chang-
es in Gpi-2 allele frequencies. Correlation between response
to contaminants and allozyme genotype have been documented
for diverse taxa and a wide range of chemicals and environ-
mental stressors [1–8,12,14–17,24], indicating that changes in
allozyme frequency have general utility. The current study has
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shown that changes in allele frequencies of exposed popula-
tions can remain temporally stable, thus reinforcing their utility
as bioindicators to environmental scientists.

Allozyme analysis complements the existing methodologies
for determining the impact of toxicants on populations but
may not be effective as the sole indicator of population re-
sponse to environmental contaminants. The results of this and
our previous mesocosm study [8] indicate that changes in al-
lozyme frequencies of toxicant-exposed populations are as-
sociated with stochastic processes and that deviations from the
predicted response occur. Effective use of allozyme data re-
quires that the ecology and genetic history of the exposed
populations be understood so that population response is prop-
erly attributed to toxicants instead of confounding ecological
and biological factors.
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