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Abstract—Allozyme frequencies of Chironomus plumosus were determined along a gradient of sediment mercury concentrations in
a contaminated lake. We examined whether allozyme frequencies could be used to distinguish populations along the gradient or between
contaminated and reference sites. No significant correlations were found between allozyme frequencies and contamination, but an
overall deficit of heterozygotes (in nine of 13 loci examined) was found at all sites sampled. While toxicant stress could be the cause,
a more parsimonious explanation would be sampling over a patchy population structure leading to a heterozygote deficiency (i.e.,
Wahlund effect). Examination of allozyme frequencies along a transect indicated that the observed deficiency of heterozygote genotypes
was due to sampling across some fine-scale substructuring of the populations. The findings of these studies lend a note of caution
regarding the use of allozymes to infer population effects of contaminants or their potential use as biomarkers. Studies must define
population structure, naturally occurring variation within and among populations, and relevant ecological factors in conjunction with
the presence of xenobiotics and their concentrations.
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INTRODUCTION

Individuals, populations, and species can differ widely in their
tolerance to xenobiotics. While a lack of tolerance will exclude
species populations from a polluted site, the ability of some pop-
ulations to survive in polluted environments has focused attention
on contaminants as selective agents and factors contributing to
differential tolerance. Xenobiotics could affect survivorship or re-
productive success, thus lowering the Darwinian fitness (viability
and fecundity) of individuals that are sensitive to the toxicant.
Tolerant individuals then predominate in the population that persists
in a polluted environment. If a mechanism involved in xenobiotic
tolerance is readily assayed, then it may potentially be used to
monitor exposure [1]. Although the evaluation of population-level
responses to contaminants is basic to the understanding of the long-
term effects of sublethal contamination prevalent in many habitats,
few such assays are available [2].

Electrophoretically determined genetic data are widely used to
study population processes, e.g., population structure, selection,
and regulation. The potential to use allozymes as indicators of
selection has led to numerous studies of allozyme variation and
toxicant exposure. Nevo and coworkers [3–10] found differential
survivorship among allozyme genotypes for several marine species
between contaminated and reference conditions in both laboratory
and field situations. Guttman and coworkers [11–13] also found
correlations for several enzyme-determining loci with toxicant ex-
posure. Studies by Mitton and Koehn [14] on mummichog min-
nows (Fundulus heteroclitus) and Smith et al. [15] on largemouth
bass (Micropterus salmoides) found that allozyme frequencies dif-
fered significantly between populations inhabiting artificially heat-
ed waters relative to those of unheated waters.

These studies indicate that some aquatic populations can re-
spond to contaminant exposure or environmental alteration and

* To whom correspondence may be addressed.

this may be accompanied by changes in allozyme frequencies.
How useful is this alteration of population allozyme genotypes
as a tool in the assessment of risk to exposed populations? To
date, most evidence has been correlative between contamination
and allozyme frequencies, and therefore we cannot unambigu-
ously deduce cause and effect. Correlations do not necessarily
signify cause and effect. It is necessary to evaluate processes that
might lead to a relationship between contaminant and allozyme
frequencies, then we can evaluate their utility as markers.

In this study we examined allozyme frequencies as a potential
diagnostic of population response to chronic exposure to mer-
cury. Allozyme genotypes were assessed in midge larvae (Chi-
ronomus plumosus) living in mercury-contaminated lake sedi-
ments. Sediments of Clear Lake (Lake County, CA, USA) con-
tain a gradient of mercury concentration originating from the
century-old Sulphur Bank Mercury Mine (Fig. 1) [16]. If allo-
zyme genotype frequencies were related to exposure to xeno-
biotics, we would predict a cline in allele frequencies congruent
with the mercury gradient. Alternatively, overall genetic vari-
ability might differ along the gradient or between contaminated
and reference sites. Specifically, the hypotheses examined were
that there is no loss of allelic variability in relation to contam-
inant exposure, there is no change in allozyme frequencies along
the mercury gradient, and there are no differences in allozyme
frequencies between contaminated and reference sites. Addi-
tionally, allozyme frequencies were examined at a sampling
scale of 1-m quadrats along a 15-m transect to test the hypothesis
that there was not sufficient population structure to account for
the observed allelic variability.

METHODS

Gradient survey

The nonbiting midge C. plumosus spends the greatest portion
of its life as an immature larva in lake sediments. Once in early
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Fig. 1. Location of gradient survey sites. Six sites situated along the sediment mercury gradient were sampled for chironomids (Chironomus
plumosus). Sediment mercury concentrations are due to runoff and tailings from the Sulphur Bank Mercury Mine (SBMM).

Fig. 2. Location and schematic of the transect study. Fifteen 1-m quadrats were sampled for allozyme spatial variability in Chironomus plumosus.
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Table 1. Distribution of alleles in midges taken from the six sites of the gradient study (Clear Lake, CA, USA, Fig. 1)

Allele

Locusa

gl lgg Est Aat Hk Mpi Me Pgm Ada Mdh Icd-1 Icd-2

Site 1
D
E
F
G
HWEa

Db

0.044
0.944
0.011

*
20.371

0.011
0.556
0.411
0.022

*
20.191

0.591
0.409

20.154

0.227
0.705
0.068

20.238

0.933
0.067

0.071

0.044
0.956

0.047

0.011
0.956
0.033

*
20.481

0.200
0.800

*
20.306

0.693
0.307

20.092

0.179
0.810
0.012

0.218

0.011
0.978
0.011

0.017

0.011
0.989

0.011

Site 2
C
D
E
F
G
HWE
D

0.008
0.983

0.008

0.013

0.022
0.533
0.411
0.033

20.021

0.567
0.433

20.186

0.161
0.831

0.008

20.046

0.967
0.033

0.034

0.017
0.025
0.942
0.017

*
20.026

1.000
0.133
0.867

20.135

0.717
0.283

20.015

0.018
0.027
0.938
0.018

*
20.553

0.992
0.008

0.008

1.000

Site 3
D
E
F
G
HWE
D

0.016
0.977

0.008

0.019

0.592
0.398
0.010

0.080

0.711
0.289

20.050

0.250
0.731
0.010
0.010

20.237

0.898
0.102

0.113

0.011
0.989

0.011

0.016
0.984

*
21.000

0.164
0.836

20.163

0.008
0.695
0.297

*
20.453

0.070
0.930

0.075

1.000
0.016
0.977
0.008

*
20.660

Site 4
C
D
E
F
G
HWE
D

0.058
0.923
0.019

20.067

0.010
0.529
0.461

20.188

0.491
0.509

20.245

0.020
0.290
0.600
0.060
0.030

*
20.093

0.009
0.887
0.104

0.117

0.978
0.022

0.022

1.000
0.221
0.750
0.019
0.010

*
0.040

0.794
0.196
0.010

0.008

0.144
0.846

0.010

0.169

1.000
0.009
0.925
0.066

20.196

Site 5
C
D
E
F
G
HWE
D

0.051
0.949

0.054

0.592
0.408

20.207

0.675
0.325

*
20.278

0.026
0.289
0.614
0.053
0.018

*
20.246

0.908
0.092

0.101

0.017
0.983

0.017

1.000

0.008
0.178
0.805

0.008

20.100

0.767
0.233

0.014

0.008
0.100
0.892

*
0.026

0.025
0.975

*
20.658

0.033
0.958
0.008

*
20.378

Site 6
C
D
E
F
G
HWE
D

0.040
0.960

0.042

0.008
0.540
0.444
0.008

20.243

0.613
0.387

*
20.456

0.008
0.274
0.677
0.016
0.024

20.098

0.855
0.145

0.170

0.008
0.960
0.032

*
20.379

1.000
0.129
0.871

0.005

0.734
0.266

20.050

0.040
0.960

0.042

0.008
0.984
0.008

0.012

0.976
0.024

0.025

a Aat 5 Aspartate aminotransferase; Ada 5 adenosine deaminase; Est 5 esterase; gl 5 glycylleucine peptidase; Hk 5 hexokinase; Icd-1 and -2 5
isocitrate dehydrogenase; lgg 5 leucylglycylglycine peptidase; Mdh 5 malate dehydrogenase; Me 5 malic enzyme; Mpi 5 mannose-6-phosphate
isomerase; Pgm 5 phosphoglucomutase.

b HWE 5 Probability associated with x2 test of fit to Hardy-Weinberg expectations; * significant at a 5 0.05. D 5 Hobs 2 Hexp, where D is a measure
of fixation and H is the proportion of heterozygous genotypes.

spring and once in late summer (at Clear Lake), the larvae
pupate and emerge in clouds of winged adults that swarm over
the area of the lake from which they emerged. Over the next
few days the adults mate, lay their eggs (each egg mass contains
several hundred eggs), and die. The larvae hatch and sink to
the sediment, where they remain as detrital feeders living in
tubes constructed in the sediment. They quickly go through four
instars, then remain in the final instar until emergence approx.
3 to 9 months later [17]. Due to the intimate sediment contact
during their long larval phase, any differential survival due to
mercury in the sediment would likely occur during this phase.

A minimum of 40 midges was sieved (0.5 mm) from sediments
collected using a 6-inch Ekman dredge at each site (Fig. 1). An
average of 10 grabs was required to collect 40 individuals per
site. Midges were held alive in jars of lake water on ice until
return to the laboratory, where they were placed individually in
labeled microcentrifuge tubes and stored at 2708C. Individuals
were homogenized in the tubes on ice with 0.2 ml of grinding
solution, composed of 0.01 M Tris–citrate, 0.001 M EDTA, and
0.05 mM NADP (pH 7.0). Homogenates were centrifuged, and
the resulting supernatant was used for horizontal starch gel (12%
w/v) electrophoresis. The following gel buffer systems were
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Table 2. Summary of F statistics at all loci. Allozymes assayed
from chironomids sampled from the six sites in

the gradient survey (Fig. 1)

Locusa Fis
b Fit

c Fst
d

gl
lgg
Est
Aat
Hk
Mpi
Me
Pgm
Ada
Mdh
Icd-1
Icd-2

0.078
0.128
0.231
0.165

20.116
0.142
0.618
0.107
0.107

20.059
0.219
0.259

0.087
0.130
0.248
0.181

20.099
0.151
0.627
0.116
0.114

20.026
0.225
0.275

0.010
0.003
0.022
0.019
0.015
0.011
0.023
0.010
0.007
0.031
0.009
0.022

Mean 0.125 0.137 0.014

a Aat 5 Aspartate aminotransferase; Ada 5 adenosine deaminase; Est
5 esterase; gl 5 glycylleucine peptidase; Hk 5 hexokinase; Icd-1 and
-2 5 isocitrate dehydrogenase; lgg 5 leucylglycylglycine peptidase;
Mdh 5 malate dehydrogenase; Me 5 malic enzyme; Mpi 5 mannose-
6-phosphate isomerase; Pgm 5 phosphoglucomutase.

b Fis 5 Correlation between homologous alleles within individuals with
reference to the local population (departure from Hardy-Weinberg ex-
pectations within local populations).

c Fit 5 Correlation of alleles with reference to the total population (de-
parture from Hardy-Weinberg expectations within the total popula-
tion).

d Fst 5 Variance in allele frequency among populations standardized
relative to maximum possible given observed mean allele frequency.

used to resolve 13 presumptive genetic loci. A lithium hydroxide
gel [18] was used for hexokinase (Hk; E.C. 2.7.1.1), malate
dehydrogenase (Mdh; E.C. 1.1.1.37), mannose-6-phosphate
isomerase (Mpi; E.C. 5.3.1.8), and aspartate aminotransferase
(Aat; E.C. 2.6.1.1). A Tris–citrate gel [19] at pH 6.7 was used
for adenosine deaminase (Ada; E.C. 3.5.4.4), phosphogluco-
mutase (Pgm; E.C. 5.4.2.2), and malic enzyme (Me; E.C.
1.1.1.40). Poulik discontinuous gel [18] was used for the pep-
tidases using glycylleucine and leucylglycylglycine as sub-
strates (gl and lgg; E.C. 3.4.11.-). Tris–citrate–EDTA [19] was
used for esterase (a-naphthyl propinate substrate, or Est; E.C.
3.1.1.-), isocitrate dehydrogenase (Icd-1 and -2; E.C. 1.1.1.42),
and alcohol dehydrogenase (Adh; E.C. 1.1.1.1). Allozyme mo-
bilities were determined relative to the most common allozyme
for each locus, which was arbitrarily designated ‘‘E.’’ Thereby,
the designation Icd-1 EE indicated an individual homozygous
for the common Icd-1 allele, whereas Icd-1 EF indicated a het-
erozygous individual. The Icd-2 G allele was treated as a null
allele because of the occurrence of a two-banded phenotype of
equal intensity. Typically, Icd has a dimeric structure, and het-
erozygotes have a three-banded phenotype.

Each polymorphic locus was tested for fit of genotype fre-
quencies to those expected under Hardy-Weinberg equilibrium
using a x2 statistic. Wright’s F statistics [20] were used for the
analysis of population structure. F statistics are equivalent to
correlation coefficients that measure the correlation between
uniting gametes under various sampling schemes. Fit is the cor-
relation of uniting gametes relative to gametes drawn at random
from the entire population. Fis is the correlation of uniting ga-
metes relative to gametes drawn at random from within a sub-
population (averaged over subpopulations), and Fst is the cor-
relation of gametes within subpopulations relative to gametes
drawn at random from the entire population [21]. Contingency
x2 statistics were used to compare differences in allele fre-
quencies within and among sites and between contaminated and
reference arms of the lake. A measure of fixation, Selander’s D
[22,23], was calculated for each locus, where D equals the pro-
portion of heterozygous genotypes observed minus the propor-
tion of heterozygous genotypes expected for a population in
Hardy-Weinberg equilibrium.

The SAS [24] general linear models (GLMs), one-way anal-
ysis of variance with a Šidák option was used to analyze allele
distribution, and sediment concentration data, to test for dif-
ferences among the six sites and between the contaminated and
reference arms of the lake (experimentwise a 5 0.05).

Transect study

In this part of the study an investigation was conducted to
determine the population structure of C. plumosus at a smaller
scale in order to describe the ‘‘within-site’’ population structure.
We estimated that the grabs for each site in the gradient survey
came randomly from an area of roughly 10 m2. Therefore, to
reduce the scale of the investigation, the ‘‘site’’ was reduced to
a 1-m quadrat. A transect of 15 adjoining quadrats covered the
length of the estimated original sample area. A minimum of 40
individuals per quadrat was collected for the estimation of pop-
ulation allelic frequency.

The transect was placed in shallow water (5 m) to permit
accurate retrieval of sediments from each of the quadrats. A
rope marked off in 15 1-m increments was stretched across a
bay in the reference arm (Fig. 2). Midges were collected as in
the gradient survey and identified for quadrat. Laboratory pro-
cedures and analytical methods were the same as those used in

the gradient survey (see above), except only those loci with a
deficiency of heterozygosity were assessed. Loci examined were
Pgm, Icd-1 and -2, Ada, Est, gl, lgg, Aat, and Hk.

RESULTS

Gradient survey

Twelve of the 13 enzyme loci analyzed were polymorphic.
Small deviations from Hardy-Weinberg equilibrium were ob-
served for a random assortment of loci at each site (Table 1),
but no trends were found among sites. Allozyme frequencies
were not correlated with sediment mercury concentrations. No
significant trends or consistencies for any one locus were found
among the six sites for the 12 polymorphic loci. No significant
differences in allele frequencies were found among the six sites
nor between the contaminated and reference arms of the lake.
Coefficients for heterozygote deficiency or excess (D, Table 1)
showed a lack of homozygotes at all sites for all or part of nine
loci (Pgm, Icd-1 and -2, Ada, Est, gl, lgg, Aat, and Hk). High
Fis values (Table 2) indicated a deficiency of heterozygote ge-
notypes at the level of the sample site.

Transect study

Each grab averaged four individuals but ranged from zero to
15 individuals, thereby requiring six to 19 grabs per quadrat to
obtain the sample size of 40 individuals. A total of 756 indi-
viduals from 178 grabs were assayed for nine enzymatic sys-
tems. Slight deviations from Hardy-Weinberg equilibrium were
found for a small number of randomly assorted loci at each site
(Table 3); however, no significant differences in allelic fre-
quencies were found among the 15 quadrats. An excess of ho-
mozygotes was found within the transect (Fit, Table 4) and with-
in quadrats (Fis, Table 4).
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Table 3. Allozyme frequencies in midges taken from the 15 quadrats of
the transect study (Clear Lake, CA, USA, Fig. 1)

Allele

Locusa

Pgm Ada gl lgg Aat Icd-1 Icd-2 Est Hk

Quadrat A
B
C
D
E
F
G
H
HWEb

Da

0.250
0.750

0.120

0.020
0.775

0.206

20.067

0.990

0.010

0.010

0.029
0.569

0.392
0.010

20.098

0.020
0.214
0.724

0.031
0.010

0.145

0.010
0.980

0.010

0.015

0.029
0.961

0.010
*

20.484

0.010
0.657

0.333

20.228

0.946

0.054

*
20.366

Quadrat B
C
D
E
F
G
H
HWE
D

0.303
0.697

0.060

0.789

0.211

20.050

0.013
0.947

0.039

*
20.478

0.013
0.421

0.566

20.005

0.289
0.658

0.026
0.026

20.345

0.013
0.974

0.013

0.020

0.959

0.041

0.042

0.579

0.421

20.136

0.013
0.934

0.053

0.058

Quadrat C
B
C
D
E
F
G
H
HWE
D

0.160
0.840

20.107

0.049
0.686

0.265

*
0.031

0.980

0.020

0.020

0.343

0.637
0.020

20.217

0.010
0.214
0.714

0.051
0.010

20.167

0.010
0.990

0.010

0.971

0.029

0.030

0.010
0.550

0.430
0.010

0.054

0.980

0.020

0.020

Quadrat D
C
D
E
F
G
H
HWE
D

0.167
0.814

0.010

0.010

20.051

0.567

0.433

*
20.412

1.000
0.029
0.452

0.519

*
20.085

0.231
0.731

0.019
0.019

*
20.300

0.010
0.981

0.010

0.015

0.923

0.010

0.067

0.074

0.578

0.422

20.075

0.010
0.952

0.038

0.042

Quadrat E
B
C
D
E
F
G
H
HWE
D

0.012
0.140
0.849

20.016

0.035
0.570

0.395

0.213

0.988

0.012

0.012

0.012
0.523

0.430
0.035

*
0.120

0.267
0.651

0.081

20.299

1.000 0.966

0.011

0.023

0.027

0.011
0.670

0.318

*
20.443

0.966

0.034

0.035

Quadrat F
C
D
E
F
G
H
HWE
D

0.133
0.857

0.010

20.011

0.031
0.633

0.337

20.075

0.010
0.990

0.010

0.021
0.552

0.417
0.010

20.120

0.250
0.677

0.063
0.010

20.167

1.000 0.948

0.042

0.010

0.046

0.021
0.708

0.271

*
20.411

0.957

0.043

0.045

Quadrat G
B
C
D
E
F
G
H
HWE
D

0.160
0.840

0.516
20.089

0.587

0.413

0.227
20.167

0.010
0.990

0.943
0.010

0.100
0.577

0.375
0.038

0.951
0.099

0.010
0.290
0.670

0.030

0.099
20.313

0.990

0.010

0.944
0.010

0.981

0.010

0.010
0.999
0.015

0.010
0.683

0.308

0.075
20.299

0.961

0.039

*0.001
20.480
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Table 3. Continued.

Allele

Locusa

Pgm Ada gl lgg Aat Icd-1 Icd-2 Est Hk

Quadrat H
A
B
C
D
E
F
G
H
HWE
D

0.167
0.833

0.200

0.676
0.010
0.304
0.010

20.433

0.010
0.990

0.010

0.559

0.431
0.010

0.016

0.265
0.673

0.051
0.010

20.267

0.980

0.020

*
21.000

0.020

0.922

0.059
*

20.199

0.010
0.529

0.441
0.020

*
20.252

0.951

0.049

0.052

Quadrat I
B
C
D
E
F
G
H
HWE
D

0.224
0.765

0.010

20.159

0.602

0.388
0.010

0.006

0.990

0.010

0.010

0.635

0.344
0.021

*
20.259

0.031
0.240
0.646

0.052
0.031

*
20.080

0.010
0.990

0.010

0.990

0.010

0.010

0.480

0.510
0.010

20.159

0.963

0.370

0.038

Quadrat J
B
C
D
E
F
G
H
HWE
D

0.185
0.796

0.019

0.118

0.009
0.713

0.259
0.019

*
20.258

0.009
0.991

0.009

0.009
0.481

0.462
0.047

20.215

0.010
0.231
0.740

0.010
0.010

20.034

1.000 0.954

0.009

0.037

0.040

0.009
0.556

0.435

20.336

0.975

0.025

0.026

Quadrat K
B
C
D
E
F
G
H
HWE
D

0.208
0.792

20.197

0.028
0.613

0.358

20.199

0.981

0.019

0.019

0.085
0.500

0.396
0.019

*
20.130

0.009
0.255
0.623

0.113

20.047

0.019
0.972

0.009

0.023

0.953

0.019

0.028

0.037

0.519

0.472
0.009

20.072

0.947

0.053

0.056

Quadrat L
B
C
D
E
F
G
H
HWE
D

0.191
0.800

0.009

0.124

0.027
0.636

0.336

*
20.169

1.000
0.027
0.609

0.345
0.018

20.178

0.010
0.192
0.760

0.038

20.250

0.019
0.981

0.019

0.972

0.028

0.029

0.547

0.443
0.009

20.139

0.991

0.009

0.009

Quadrat M
B
C
D
E
F
G
H
HWE
D

0.210
0.780

0.010

0.151

0.510
0.776

0.173

*
20.108

0.940

0.060

*
20.645

0.080
0.450

0.440
0.030

*
20.195

0.022
0.359
0.587

0.011
0.022

*
20.214

1.000 0.930

0.010

0.060

0.065

0.470

0.500
0.030

*
20.318

0.940

0.060

0.064

Quadrat N
C
D
E
F
G
H
HWE
D

0.181
0.809

0.011

20.186

0.063
0.646

0.292

*
20.241

0.010
0.990

0.011

0.552

0.438
0.010

0.117

0.304
0.652

0.043

*
20.457

1.000 0.969

0.031

0.032

0.583

0.406
0.010

20.326

0.948

0.052

0.055
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Table 3. Continued.

Allele

Locusa

Pgm Ada gl lgg Aat Icd-1 Icd-2 Est Hk

Quadrat O
C
D
E
F
G
HWE
D

0.194
0.806

20.151

0.704

0.296

0.224

0.990

0.010

0.010

0.020
0.561

0.367
0.051

*
20.366

0.233
0.722

0.044

20.210

1.000 1.000 0.583

0.417

*
20.400

0.981

0.019

0.020

a Aat 5 Aspartate aminotransferase; Ada 5 adenosine deaminase; Est 5 esterase; gl 5 glycylleucine
peptidase; Hk 5 hexokinase; Icd-1 and -2 5 isocitrate dehydrogenase; lgg 5 leucylglycylglycine pep-
tidase; Pgm 5 phosphoglucomutase.

b HWE 5 Probability associated with x2 test of fit to Hardy-Weinberg expectations.
* significant at a 5 0.05. D 5 Hobs 2 Hexp, where D is a measure of fixation and H is the proportion of

heterozygous genotypes.

Table 4. Summary of F statistics at all loci. Allozymes assayed
from chironomids sampled from the 15 quadrats in

the transect survey (Fig. 2)

Locusa Fis
b Fit

c Fst
d

Pgm
Ada
gl
lgg
Aat
Icd-1
Icd-2
Hk
Est

0.010
0.116
0.250
0.102
0.202
0.107
0.021
0.024
0.024

0.020
0.138
0.264
0.124
0.210
0.115
0.034
0.030
0.247

0.011
0.025
0.019
0.024
0.010
0.009
0.014
0.006
0.019

Mean 0.134 0.150 0.018

a Aat 5 Aspartate aminotransferase; Ada 5 adenosine deaminase; Est
5 esterase; gl 5 glycylleucine peptidase; Hk 5 hexokinase; Icd-1 and
-2 5 isocitrate dehydrogenase; lgg 5 leucylglycylglycine peptidase;
Pgm 5 phosphoglucomutase.

b Fis 5 Correlation between homologous alleles within individuals with
reference to the local population (departure from Hardy-Weinberg ex-
pectations within local populations).

c Fit 5 Correlation of alleles with reference to the total population (de-
parture from Hardy-Weinberg expectations within the total popula-
tion).

d Fst 5 Variance in allele frequency among populations standardized
relative to maximum possible given observed mean allele frequency.

DISCUSSION

Population allozyme frequencies are not a direct measure of
selection. Allozymes may be differentially inhibited by a tox-
icant or linked to loci that exhibit differential tolerance to tox-
icants. Additionally, allozyme frequencies in populations may
differ between contaminated and noncontaminated environ-
ments due to bottlenecks, mutation, migration, natural selection,
and/or random genetic drift. Furthermore, each of these is in-
fluenced by other local conditions besides contamination. For
example; migration rates may depend on local population den-
sities and physical barriers, and the magnitude of effects of
random genetic drift depends on population size [21]. Finally,
allozyme frequencies may differ due to habitat structure, cli-
matic changes, or artifacts of sample collection. All likely pos-
sibilities must be considered.

Populations of chironomids exposed to mercury in Clear Lake
showed consistent deficiency of heterozygous genotypes. An
excess of homozygotes may indicate either selection against

heterozygotes or cryptic population structure within the sites.
However, the hypothesis of selection against heterozygotes at
nine loci is less probable because it requires more assumptions
than that of cryptic population structure. The degree to which
populations are structured can be quantified using Wright’s F
statistics that are calculated based on differences between ob-
served and expected heterozygosity at different scales within
the total population. The positive Fis seen for the gradient survey
sites (Table 2) indicated a deficit in heterozygotes. A hetero-
zygote deficiency may occur due to inbreeding, the Wahlund
effect, and/or toxicant-induced selection. However, no corre-
lations were seen between sediment mercury concentrations and
allozyme differentiation. Further, there are no barriers to the
movement of breeding adults around the lake. However, it is
probable that there is a patchy pattern to the midge distribution
in the lake. This may be due to localized breeding pools since
the emerging adults tend to mate quickly after emergence, in-
creasing the probability of mating with another locally emerging
midge. Also, the egg masses contain several hundred eggs. If
the larvae from each mass settle locally, clumping, this would
also produce a patchy population structure. Thus, when sam-
pling with an Ekman dredge, the grabs are probably being col-
lected from many patches. Therefore, the most parsimonious
explanation would be the Wahlund effect, which as seen here
is thought to be due to the combining of samples taken across
some patchy population structure containing different allele fre-
quencies. If samples from two or more subpopulations with
different allele frequencies are pooled together as one sample,
the pooled sample population would exhibit a deficit of heter-
ozygotes.

The transect study examined the population structure of C.
plumosus at a smaller scale in order to describe the within-site
structure. If significant genetic heterozygosity in allozyme fre-
quency were identified, then the deficiency of heterozygous ge-
notypes observed in the initial survey would be consistent with
a notional Wahlund effect.

Wright’s Fst is a measure of genetic differences among pop-
ulations [20]. Values calculated for the scale of the transect and
quadrat (Table 4) indicate that little genetic differentiation is
occurring among the quadrats. The implications are that there
is small-scale structuring within the total site and that this is
variable enough to cause the Wahlund effect when sampled at
the scale used for the gradient survey.

Patterns of allozyme frequencies were not correlated with any
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notional selection in response to sediment mercury contami-
nation. Deficits of heterozygotes found within the sites were
most parsimoniously explained by the Wahlund effect caused
by sampling across a patchy population structure. While spec-
ulation that observed effects in contaminated areas to xeno-
biotics is common, it would have been inappropriate to have
interpreted our results as being due to effects of the mercury
contamination.

Other studies have also found that while there may be some
selection occurring due to toxicant exposure, other factors in
the environment were having an equivalent or greater total ef-
fect. Diamond et al. [25] noted significant relationships between
tolerance during an acute mercury exposure and allozyme ge-
notypes at three of eight loci tested in mosquitofish (Gambusia
holbrooki). However, in follow-up studies [26,27] on the same
system in the same laboratory, only some of the previously
found correlations between mercury exposure (time to death)
and allele genotype reoccurred. The investigators suggested that
the undefined population structure of the sampled population
could have significant effects on test outcome. This suggestion
was reinforced by Lee et al. [28], who examined the effect of
population structure on the same system and found that broods
of mosquitofish sharing similar genetic backgrounds but raised
under slightly different environmental conditions exhibited sig-
nificant differences in time to death. This strongly suggests that
a nonrandom distribution of animals in a habitat (due to school-
ing, microhabitats, etc.) could cause population structuring and
an uneven distribution of genotypes. If tolerance and allozyme
genotype are not related but vary with population structure, this
could account for some of the transient correlations seen during
electrophoretic surveys attempting to measure population-level
responses to toxicants.

The findings of these studies lend a note of caution regarding
the use of allozymes to infer population effects of contaminants
or their potential use as diagnostics. Future studies must con-
sider population structure, naturally occurring variation within
and among populations, and all relative ecological factors in
addition to the presence of xenobiotics and their concentrations.
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