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To determine effects of pulp mill effluent on population
genetic structure, redbreast sunfish (Lepomis auritus) were
collected from several sites along the Pigeon River, NC,
as well as from reference sites. Previous studies found effects
on molecular, biochemical, physiological, population, and
community level endpoints in these populations. The
population genetic structure of these fish was determined
using the randomly amplified polymorphic DNA (RAPD)
technique. The level of genetic diversity was higher in the
Pigeon River populations than in the reference populations.
Genetic distances among populations could not be explained
by drainage patterns and may have been altered by
contaminant exposure. Phylogeographic analysis, maximum
likelihood analysis, and assignment tests suggested that
there were fewer emigrants and more immigrants in the
contaminated sites than in the reference sites, suggesting
that the contaminated sites may harbor “sinklike”
populations. Finally, a “terminal branch amplitype” analysis
(neighbor-joining and minimum-spanning trees) and
maximum likelihood analysis indicated that there may be
an elevated mutation rate in the polluted sites. Thus, the
genetic diversity (within and among populations) in the Pigeon
River populations may have been affected by altered
gene flow and mutational processes as a result of pulp
mill effluent discharge.

Introduction
The effect of environmental contaminants on population
genetic structure has been the subject of many recent studies
(1-26). Environmental contamination can influence population genetic structure via genetic bottlenecks, genetic
adaptation to contaminants, alternations in gene flow, or
enhanced mutation rate (see refs 27-30 for reviews). Such
effects are significant because alterations in genetic diversity
can affect the evolutionary plasticity, growth rates, sustainability, and probability of extinction of affected populations
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(27-30). In addition, alterations in population genetic
structure may reflect perturbations of ecological parameters
that are otherwise difficult to measure, i.e., population
dynamics, recruitment, long-range/long-term dispersal, and
source/sink or extinction/recolonization dynamics (27-30).
Recently, there has been increased interest in incorporating phylogeographic and landscape genetic analyses into
assessments of pollution on genetic diversity (4-7). Phylogeography integrates the geographic or spatial distribution
of genotypes (or alleles) and their phylogenetic (evolutionary)
relationships (31). Landscape genetic analyses focus on
spatially explicit genetic data without the need for delimiting
discrete populations a priori and interpret patterns of genetic
variation and gene flow in the context of landscape structure
(32). Such analyses may aid in distinguishing between impacts
of contaminants from biogeographic structuring or evolutionary history (4-7). Environmental contamination may also
affect patterns of gene flow, immigration and emigration,
and extinction/recolonization or source/sink dynamics.
Hence, landscape genetic and phylogeographic analyses may
provide insight into such effects (4-7).
To address these possibilities, the genetic structure
of redbreast sunfish (Lepomis auritus) exposed to pulp
mill effluents was examined using population genetic and
phylogeographic approaches. The contaminants present in
pulp and paper mill effluents include chlorinated phenols,
dioxins, and other polyhalogenated aromatic hydrocarbons
(PHAHs), resin acids, and polycyclic aromatic hydrocarbons
(PAHs) (33). Chronic exposure to these chemicals may lead
to genotoxic effects, endocrine disruption, and immune
dysfunction (34-36). This can affect fitness components
(growth, survival, reproduction, etc.) of resident populations
and ultimately result in population or community level effects
in ecosystems impacted by pulp mill effluent (34-36).

Experimental Section
Study Site. The Pigeon River is a tributary to the Tennessee
River located in North Carolina and Tennessee (Figure 1).
This river has been significantly degraded since 1908 by
contaminant discharges from paper mill operations (3436). Since 1988, extensive chemical and biological studies
found that redbreast sunfish showed a reduction in overall
health, fitness, and population parameters (34-36). In
addition, there was evidence that populations at the impacted
sites may have been ecological sinks, sustained largely by
influx from nearby noncontaminated sites (S. M. Adams,
personal observation). The flow of water in this river has
been diverted in one section (see dashed line, Figure 1) so
that the sampling site at Pigeon River kilometer (PRK) 42 is
in the old river channel and no longer receives contaminated
water from upstream. Thus, PRK 42 serves as a less
contaminated site within the Pigeon River basin that only
receives water from noncontaminated tributaries. The bioindicator studies (24-26) have indicated that the degree of
impact increased in the order of Little River ) Little Pigeon
River g PRK 103 (upstream of the mill) > PRK 42 > PRK 27
> PRK 89. Consequently, the biological data indicates (at
least partial) recovery at site PRK 42 since diversion of the
main river channel.
Fish Collection. Redbreast sunfish were collected in 1994
by boat electroshocking at sites indicated in Figure 1. Catch
per unit effort and sex ratio data were taken from Adams et
al. (36). (These data were collected from the same sites and
at the same time as samples used for the RAPD analysis.)
DNA was extracted from red blood cells as described
previously (27).
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FIGURE 1. Sampling sites for redbreast sunfish populations collected from the Pigeon River and other rivers.
Genetic Analyses. The population genetic structure was
determined using the randomly amplified polymorphic DNA
(RAPD) as previously described (37, 38), using 28 different
primers. Quality assurance and control of banding patterns
were as described previously (37). As in Lynch (39), data
were “pruned” to remove bands with a frequency of less
than 0.05.
Population genetic terminology is explained briefly below.
For further explanation of terminology and the use of
population genetic analysis in ecotoxicological studies, the
reader is referred to Theodorakis and Wirgin (28) and to the
“Definitions and Concepts” reported in the Supporting
Information.
Fixation Indices. Fixation indices (Fst’s) were used to
determine if the sampling sites represented separate populations or if they were genetically indistinct locales within
one population (40). If the Fst between two sampling sites
was not statistically significantly different from 0, then the
populations were regarded as being from the same genetic
population. The Fst’s were calculated using the program
RAPD Fst (41) and the analysis of molecular variance
(AMOVA) subroutine of the program Arlequin (42).
Dendrograms, Phylogeographic and Landscape Genetic
Analysis. For this analysis, dendrograms were calculated
among all populations and among individuals. A dendrogram
is a branching diagram (sometimes referred to as a “tree”)
used to illustrate genetic relationships among populations,
individuals, or genetic units (genotypes, alleles, haplotypes,
or amplitypes). The dendrograms were used for several
purposes. First, dendrograms of populations were used to
determine if the genetic relationships followed those expected
by isolation by distancesa model that assumes that the
degree of genetic similarity decreases with increasing geo378
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graphic distance (40). For this purpose, a neighbor-joining
dendrogram among populations was calculated using the
program RAPD Dist (43). A second method of determining
genetic relationships among populations was to use the
matrix of RAPD band frequencies for all populations to
calculate a nonmetric multidimensional scaling analysissa
ordination technique that can graphically plot multivariate
data on a two-dimensional plot.
Besides examining relative relationships among populations, dendrograms were used to determine relationships
among all amplitypes. (An “amplitype” is a specific RAPD
banding pattern (or “fingerprint”) that is a reflection of the
underlying genotype.) For this study, each fish had a unique
amplitype. A neighbor-joining dendrogram among all individual amplitypes was calculated using the program RAPD
Plot (44). Redbreast sunfish purchased commercially (Jonah’s
Aquarium, Thousand Oaks, CA) were used as the outgroup.
A second analysis was conducted by constructing a minimum-spanning tree. This analysis uses specific algorithms
to connect all genotypes (or in this case, amplitypes) by
minimizing the sum of the lengths of all branches in the tree.
The program Arlequin was used to generate a minimumspanning tree among the amplitypes (42).
The amplitype dendrograms and trees were used for two
additional purposes. First, the neighbor-joining trees were
used to infer occurrence and direction (immigration vs
emigration) of possible historical migration events among
populations following Theodorakis et al. (4). These were used
to calculate immigration/emigration ratios for each population. Differences in immigration/emigration ratios among
populations were tested using a χ2 test. Second, the number
of tip amplitypes for each population was calculated from
the neighbor-joining and minimum-spanning trees (4). The

assumption was that the tip amplitypes would be the most
recently derived, and any new amplitypes arising due via
mutation would be located at the tips of the trees (45).
Differences in the percent of tip amplitypes among populations were tested using the χ2 test.
Assignment Test. RAPD data were also used to run
assignment tests according to Paetkau et al. (46). The
percentage of misassigned individuals in each population
were calculated, and permutation tests were used to test if
the number of misassigned individuals for each pair of
populations was statistically significantly different from zero
(47). The percentage of misassigned individuals was then
calculated for each population, and differences between
populations in percent misassigned individuals were tested
using Fisher’s exact test. For each population, possible
immigrants from populations not sampled were identified
by individual log likelihoods (47). Differences in percent
possible immigrants among populations were tested using
the χ2 test.
Maximum Likelihood Estimators. Two parameters that
are commonly estimated using population genetic data are
θ and γ. Theoretically, these two parameters are equivalent
to 4Neµ and 4Nem, respectively, where µ and m are mutation
and migration rates, respectively, and Ne is the effective
population size. In population genetics literature, θ is used
as an index of mutation rate or effective population size,
while γ is used as an index of dispersal and gene flow.
Maximum likelihood estimates (MLEs) of θ and γ were
calculated using the program MIGRATE (48), which allows
for unequal population sizes and asymmetric migration rates.
Because of the dominant nature of RAPDs, a minor modification of the data for input into the program was implemented. MIGRATE may still be useful for dominant markers
that are scored as presence (1) or absence (0) of amplified
bands, if the genotypes are coded as 0/0 for “band absent”
amplitypes and 1/? (where “?” implies an unknown allele)
for “band present” amplitypes (P. Beerli, Florida State
University, personal communication).
In population genetic studies, the value θ can be used to
estimate the mutation rate (µ) if the effective population size
is known (49). However, both empirical and genetic methods
for estimating Ne are difficult and/or require multiyear studies
(50-52). Thus, catch per unit effort was used to calculate a
qualitative, relative correlate of effective population size. A
number of factors can influence effective population size
(50), but the only one of these that was readily available from
the current data was sex ratio. The effective population size
is affected by sex ratio according to the formula Ne ) 4NefNem/
(Nef + Nem), where Nef and Nem are the effective population
sizes of females and males, respectively. Thus, catch per unit
effort (CUE) was adjusted for the sex ratio according to the
formula ACUE ) 4CUEfCUEm/(CUEf + CUEm), where CUEf
and CUEm are the CUEs of females and males, respectively,
and ACUE is the adjusted catch per unit effort. Therefore,
ACUE was taken to be a qualitative, relative correlate of Ne.
Hence, θ was divided by ACUE (hereafter, θ/ACUE is
referred to as the “mutation rate index”). Note that this is not
an unbiased estimate of the true mutation rate but that this
is rather a relative measure of mutation rate. It is only used
here for comparative purposes, and it is assumed that is
biased to the same extent and in the same direction for all
populations sampled here.
To obtain a better indication of the relative patterns of
immigration and emigration among sites, the γ (4Nem) values
for each ij pair of populations (migration from population
i to population j) was divided by the ACUE for population
j. Again, this is not a quantitative estimate of mij, but it is
assumed that the relative trends in mij among populations
is better reflected by γij/ACUEj than by γ alone. Total
“immigration” was assessed by summing γij/ACUEj across

FIGURE 2. (A) Catch per unit effort (CUE) and adjusted catch per
unit effort (ACUE) for redbreast sunfish populations collected from
contaminated and reference sites in the Pigeon River and other
rivers. (B) Sex ratio for the same populations.
all i’s for each j population, and total “emigration” was
assessed by summing across all j’s for each population.
Genetic Diversity. Genetic diversity was determined by
using the dissimilarity index (D), D ) 1 - S, where S is the
average similarity index calculated between all pairs of
individuals within the populations (38). The confidence
intervals for D were calculated from the variance, and variance
was estimated as described in Lynch (39).

Results and Discussion
Population Parameters. Catch per unit effort and sex ratios
for each sampling site are indicated in Figure 2. The age
structures of the populations are indicated in Figure 3 Data
used to make Figures 2 and 3 were taken from Adams et al.
(26), but these data were collected from the same sites and
at the same time as the samples for the RAPD analysis
presented here. At sites PRK 89 and PRK 27, the age structure
was more heavily skewed toward larger, older individuals,
while in the Little and Little Pigeon Rivers, it was more heavily
skewed toward smaller individuals and young-of-the-year.
For all population parameters, PRK 103 and PRK 42 were
intermediate between the reference (Little and Little Pigeon
Rivers) and contaminated (PRK 89 and PRK 27) populations.
RAPD Analysis: General. The RAPD primer sequences,
number of polymorphic bands amplified by each primer,
and molecular lengths of each polymorphic band amplified
are also in the Supporting Information, Table S1.
The sample sizes for each of the sampling sites are as
follows: PRK 103, 55; PRK 89, 55; PRK 42, 73; PRK 27, 46;
Little Pigeon River, 43; Little River, 64. Several studies have
demonstrated the limitations of RAPDs in analyses such as
genetic diversity, neighbor-joining trees, and assignment tests
(53-55). These authors have indicated that such limitations
can be circumvented or minimized with large sample sizes
and/or a large number of loci. Because the total number of
loci used in the present study was 77 and the total number
of individuals in the sample was 384, it was assumed that the
biases due to limitations discussed in the papers cited above
(53-55) are minimal.
The Fst statistics among populations using Nei’s and
AMOVA analysis both indicated that the only Fst that was
not statistically different from 0 was between PRK 89 and 103
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FIGURE 3. Standard length (snout to tip of caudal peduncle) and percent occurrence of each size class in redbreast sunfish collected
from three sites in the Pigeon River, TN, and two nearby rivers.

FIGURE 4. (A) Neighbor-joining dendrogram for redbreast sunfish
populations collected from contaminated (PRK 89, PRK 27) and
reference sites in the Pigeon River and other rivers. Numbers at
the branch points represent bootstrap support for the branch points
(based upon 1000 bootstrap replicates. The dendrogram is based
upon the RAPD similarity index. (B) Nonmetric multidimensional
scaling (MDS) results using band presence/band absence data for
RAPD bands from the same populations. Group centroids (the centers
of the distributions of data points) are plotted on the first and second
MDS axes. Dashed double-headed arrows indicate Euclidean
distances between centroids, calculated from the MDS coordinates.
(for the Nei’s and AMOVA analyses, the Fst’s were 0.007 and
0.001, respectively). This suggested that there is enough gene
flow between these two populations that they are not
genetically distinct. Therefore, these sites are considered to
be a continuous population for the remainder of the analysis.
In general, the other Fst’s ranged from 0.030 to 0.207. For the
sake of brevity, the other Fst’s are reported in the Supporting
Information, Table S2.
Genetic Relationships among Populations. Dendrograms
of the populations (Figure 4A) indicated that (1) the PRK 42
and 27 populations were more similar to the non-Pigeon
River sites than they were to PRK 89-103, contrary to what
would be expected based on geographical distributions, (2)
the PRK 89 site (downstream of the paper mill) seemed to
be more derived than the PRK 103 (upstream) site, and (3)
380
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PRK 27 (more contaminated) was more derived than PRK 42
(less contaminated).
The results from the multidimensional scaling analysis
are similar (Figure 4B). They indicate that the PRK 89 and
PRK 103 sites are more divergent from the reference
populations than are the other pigeon river sites and that
site PRK 89 is the most divergent from the reference sites.
It also shows that the PRK 27 site is more divergent from the
reference sites than is PRK 42 (the old river channel site that
may be undergoing recovery).
The genetic differentiation of the PRK 89-103 population
from the other Pigeon River populations is probably influenced by the construction of dams, but this does not explain
why the differences between PRK 89-103 and the other
Pigeon River sites were greater than that between PRK 27/42
and the Little/Little Pigeon River. This is consistent with the
hypothesis that these genetic differences were exacerbated
by impacts of the paper mill. Other studies have also found
enhanced genetic differentiation between contaminated and
reference populations, possibly due to restricted gene flow
as a result of the contamination (56).
Amplitype Dendrogram and Minimum-Spanning Tree.
The dendrogram among all amplitypes is presented in Figure
5. Examination of the amplitype dendrogram indicates that
the PRK 89-103 population tends to form a distinct clade,
which is not apparent for the other populations (Figure 5).
This is probably influenced by a barrier to gene flow (a dam)
between the PRK 89-103 populations and the other populations. However, this is also consistent with the hypothesis
that these patterns were also mitigated by contaminant effects
(mutation, selection). For example, the PRK 89-103 population(s) are the closest to the paper mill, and there seems to
more difference between the PRK 89-103 population and
the other Pigeon River sites than those between the PRK
27/42 and the Little/Little Pigeon populations. This is contrary
to the landscape patterns, which indicated that Pigeon River
and the Little Pigeon/Little River are separated by one or
more dams and considerable geographic distances (Figure
1).
Visual inspection of the minimum-spanning tree (Figure
6) reveals that sites PRK 42 and the Little River are fairly well
segregated and clustered toward the center of the tree. The
tips at the outer periphery are dominated by individuals from
PRK 89-103, PRK 27, and the Little Pigeon River. Such a
pattern could either be due to a recent range expansion and
growth of these populations or de novo appearance of
amplitypes. For the Little Pigeon River, the data presented
below are more consistent with the former hypothesis, while
for PRK 89-103 and PRK 27, the data presented below are
more consistent with the latter. The topology of the tree also

FIGURE 5. Neighbor-joining dendrogram for RAPD amplitypes, based
upon a matrix of dissimilarity between each pair of amplitypes.
Arrows indicate tip amplitypes. The outgroup (EPFC) was based on
the RAPD banding pattern of a redbreast sunfish collected from a
stream (East Fork Poplar Creek) that does not flow into the Clinch
River.

argues against genetic drift as the sole factor in the divergence
of PRK 89-103 from the other populations. The PRK 89-103
haplotypes are primarily derived (peripheral), and there is
no reason to expect that drift would result in the preferential
loss of ancestral (interior) haplotypes or preferential retention
of derived haplotypes.
Indicators of Mutation Rate. There were three sets of
data that were used to infer relative mutation rates for the
redbreast sunfish populations: number of private alleles,
the relative mutation rate inferred using the mutation index,
and the number of tip amplitypes.
The band frequency data were inspected for the presence
of private alleles, alleles which occur in one population or
river that do not occur in any others. Private alleles could
only be inferred from “band present” amplitypes because of
the dominant nature of RAPDs. It was determined that there
were 17 private (“band present”) alleles, as indicated by bands
that were found in one population or river and not in another
(Table 1). In general, the number of private alleles increases
in the order of Little River e Little Pigeon River < PRK 42 <
PRK 27< PRK 89-103.
There are three possible explanations for the increased
level of private alleles in the contaminated sites. (1) These
patterns could be due to genetic drift. However, this would
require loss of the “band present” alleles in all noncontaminated sites. (2) These bands may actually occur in the
noncontaminated sites at a very low frequency, but they were
simply not included in the samples from these populations
by chance. However, in this case the frequency of these bands
is still concordant with the degree of contaminant impact.
(3) These bands could have arisen due to contaminantinfluenced effects, such as de novo mutation or selection for
rare genotypes. Other studies have found evidence of
selection-driven differences among populations exposed to
xenobiotics, with RAPD or other markers (8-12, 37, 38). An
increased mutation rate is consistent with the increased
number of private alleles with increasing levels of contamination. Previous studies have also found RAPD bands that
were detected only in contaminated populations and not in
the reference sites (37, 38, 56).
An additional line of evidence for an increased mutation
rate is that the “mutation index” (i.e., θ/ACUE) was higher
for PRK 89-103 and PRK 27 than those for the other sites
(Figure 7A). These results are consistent with the hypothesis
that the mutation rate is elevated in the Pigeon River
(downstream of the papermill) and that the mutation rate
decreases in the order of PRK 89-103 > PRK 27 > PRK 42
> Little Pigeon ) Little River (Figure 5A). Recall that PRK 42
is in the old river channel, which is fed by uncontaminated
streams, and thus would be less impacted than PRK 27.
The other line of evidence for and increased mutation
rate in contaminated sites is that there were an increased
number of tip amplitypes inferred from the amplitype
dendrogram and the minimum-spanning tree in the PRK
89-103 and PRK 27 sites compared to the reference sites
(Figure 7B).
Besides the contaminated sites, the Little Pigeon River
also has an elevated percentage of tip amplitypes for the
MST analysis (Figure 7B). It has been argued that the shape
of a dendrogram may be influenced by whether a population
is expanding or declining (57). In particular, excesses of tip
genotypes may be expected in expanding population, because
these populations are less likely to lose new mutant genotypes
(58). The CUE data indicate that the Little Pigeon River is the
largest sampled population, and so this does not rule out a
recent expansion, but the same is not true for the contaminated sites, especially PRK 89 (Figure 2). In fact, if the number
of tip amplitypes is normalized for CUE, then the data show
a pattern similar to the bioindicators of adverse effects (36,
37) (Figure 7C). If the number of tip amplitypes were solely
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FIGURE 6. Minimum-spanning tree for redbreast sunfish populations collected from contaminated (PRK 89, PRK 27) and reference sites
in the Pigeon River and other rivers.
due to differences in population size, then the tip amplitypes/
CUE should be similar in all populations. In addition, size
distribution data indicated that fewer individuals of smaller
size classes were present at the contaminated sites (Figure
3). The relative numbers of individuals in the smaller size
classes are often an indication of the rate of population
growth, which also argues against a recent expansion in the
contaminated sites. In fact, the demographic data suggest
that there has been a recent decline in population size in the
contaminated sites, so one would actually expect fewer tip
amplitypes in the contaminated populations. Therefore, these
data suggest that an increased number of tip amplitypes in
the contaminated populations is not due to recent population
growth.
There are two alternative hypotheses for an increased
mutation rate in the contaminated sites. The first is that
there are mutagenic contaminants in the paper mill effluent.
This hypothesis is supported by a previous study that used
the Ames assay to determine the mutagenicity of organic
solvent extracts of redbreast sunfish tissues (59). It was found
that the level of mutagenic substances in the tissues was
greatest in sites immediately below the paper mill, and there
was a mutagenic dose-response relationship (59). This
indicates the presence of genotoxic and potentially mutagenic
substances in these sites. The second alternative hypothesis
is that there was a decrease in population size induced by
paper mill effluent toxicity and that random mutations are
more likely to accumulate in smaller, more inbred, populations (60). In addition, there is growing evidence that RAPD
fingerprint patterns may be affected by somatic effects such
382
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as DNA damage, genomic instability, mutations, and chromosomal rearrangements (61-63). This could contribute to
the apparent increase in mutation rates as well as increased
occurrence of private alleles seen in the contaminated sites.
Gene Flow, Immigration/Emigration Ratios, and Source/
Sink Dynamics. The amplitype dendrogram suggested that
there were contaminant-influenced levels of gene flow, and
this was supported by the assignment test and maximum
likelihood analyses. For example, the immigration/emigration
ratio, as calculated from possible dispersal events inferred
from the dendrogram topography (4) was higher in the
noncontaminated sites than that in the contaminated sites
(Figure 8A), suggesting that there may have been processes
similar to “source/sink” dynamics, and the contaminated
sites were more similar to an ecological “sink”, and the
reference sites were more similar to an ecological “source”.
However, caution should be applied when using the topology
of dendrograms to infer patterns of migration based upon
coalescence theory or for that matter evidence for mutations
based upon dendrogram topology, when using markers such
as RAPDs. This is because the topology of nuclear markers
could be affected by recombination (64) or the number of
loci examined (55). Thus, any information gathered from
such topologies should not be used by itself but must be
supported by additional analyses as part of a larger “weight
of evidence” assessment.
To this end, analyses from the assignment tests have also
provided evidence of asymmetric gene flow between contaminated and noncontaminated populations. For example,
the assignment test calculates the likelihood that the parents

TABLE 1. Frequency of “Private Bands”a for Redbreast Sunfish
Populations Collected from Contaminated (PRK 89, PRK 27)
and Reference Sites in the Pigeon River and Other Rivers
population
RAPD bandb

PRK 89-103

PRK 27

PRK 42

Little Pigeon
River

Little
River

OPA-011240
OPA-04600
OPA-071140
OPA-07880
OPA-09890
OPA-112200
OPA-111850
OPA-20870
OPD-052100
OPD-051200
OPD-08820
UBC-06920
UBC-121100
UBC-14840
UBC-301500
UBC-311090

0.09
0.16
0.36
0.36
0.29
0.20
0.20
0.64
0.24
0
0.20
0.21
0.22
0.29
0.16
0.18

0
0.04
0.06
0.06
0.26
0.06
0.04
0.11
0
0.09
0.11
0
0.04
0.09
0
0.17

0
0
0
0
0.25
0.04
0
0.25
0
0.06
0.18
0
0
0.10
0
0.25

0
0
0
0
0
0.11
0
0
0
0.02
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0.26
0
0
0
0
0
0

a RAPD bands that are found in one population/sampling site and
not in others. b RAPD band names are derived from the name of the
primer used to amplify that band (e.g., OPA-01) followed by the
molecular length of the band, in subscript. Primers beginning with “OP”
were purchased from Operon Technologies (Alameda, CA) and were
obtained from either RAPD primer kit A or kit D. Primers beginning with
“UBC” were purchased from the University of British Columbia, Nucleic
Acid and Protein Services Unit.

(or other ancestors) of an individual came from the population in which it was sampled versus another population from
a different location (47). With this approach, it was found
that the percent of misassigned individuals was greater in
the contaminated populations than that in the reference
populations (Figure 8B). If one assumes that at least some
individuals that were misassigned had recent ancestors from
a population that was different from the one from which
they were sampled, then this would indicate that the
contaminated populations were composed of more immigrant lineages than the reference populations. Table S4
also indicates that the number of individuals sampled from
a contaminated site but assigned to a reference site (i.e.,
possible immigrant from that reference site) was, in general,
greater than the reverse. This is especially true for populations
PRK 27 (more impacted) and PRK 42 (less impacted), the two
closest populations without a dispersal barrier between them,
and hence the two populations for which recent dispersal
would be likely to occur. The number of possible recent
immigrants, both from populations that were sampled and
populations that were not, were calculated using the assignment test, and it was found that the percent possible
recent immigrants was greater for the contaminated sites,
especially PRK 27, than that for the reference sites. (Note
that the data for the number of individuals sampled from
one population and assigned to another can be found in the
Supporting Informations, Table S5).
Recall from the Experimental Section that the asymmetric
values of γ (4Nem) were divided by the ACUE, to calculate
a “migration index”, and the migration index for immigration
was divided by the migration index for emigration to calculate
the immigration/emigration ratio. (The individual values of
γ for each pair of populations can be found in the Supporting
Information, Table S5.) With this approach, the immigration/
emigration ratio was higher in the contaminated sites than
that in the reference sites, with PRK 42 intermediate (Figure
8C). This suggests that the contaminated Pigeon River
populations are more “sinklike” than the other populations,
and the magnitude of this effect is influenced, at least in
part, on the level of contaminant impact.

FIGURE 7. (A) Mutation rate index (θ/ACUE) for redbreast sunfish
populations collected from contaminated (PRK 89, PRK 27) and
reference sites in the Pigeon River and other rivers. θ ) 4Neµ,
where Ne is the effective population size and µ is the mutation rate
per generation. ACUE ) 4CUEfCUEm/(CUEf + CUEm), where CUEf and
CUEm are the catch per unit effort (CUE) of females and males,
respectively. Error bars represent 95% confidence intervals. The
value of θ is taken to be statistically significantly different between
any two sites (p < 0.05) if the error bars do not overlap. (B) Percent
individuals with tip amplitypes for redbreast sunfish from the same
populations. Bars labeled with different letters are significantly
different (p < 0.05, χ2 test). The tip amplitypes were determined
both for a neighbor-joining tree (based upon a matrix of RAPD
similarity indices) and on a minimum-spanning tree (based upon
RAPD band presence/absence data). (C) Data in part A normalized
by catch per unit effort (CUE).
From a weight of evidence perspective, the overall pattern
of immigration/emigration ratios is that the Pigeon River
site PRK 27 has the most skewed immigration/emigration
ratio, followed by PRK 89-103, PRK 42, and the other two
river systems, respectively. It is not unexpected that the
immigration/emigration ratio is higher for PRK 27 than that
for PRK 89-103, because PRK 89-103 is nearer the headwaters of the Pigeon River, so there are more opportunities
for dispersal from other sites into PRK 27 (both now and in
the past). If true, then this would indicate that physical
location and accessibility for potential immigrants would be
a confounding factor in interpretation of immigration/
emigration ratios.
Genetic Diversity. Relative levels of genetic diversity are
reported in Figure 9. Partitioning of genetic diversity into
diversity within and among populations, as revealed by
AMOVA analysis, is reported in the Supporting Information
(Table SM3).
Analysis of genetic diversity reveals two general trends.
The first general trend is that there is a increase in genetic
diversity in the contaminated sites relative to that of the
reference sites (Figure 9). The increased genetic diversity is
probably not due to increased population size or growth,
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FIGURE 8. (A) Emigration/immigration ratios for redbreast sunfish
populations collected from contaminated (PRK 89, PRK 27) and
reference sites in the Pigeon River and other rivers. The direction
of probable historic migration events (immigration vs emigration)
was inferred from the amplitype neighbor-joining dendrogram. (B)
Percentage misassigned (cross-assigned) individuals for redbreast
sunfish populations collected from contaminated (PRK 89, PRK 27)
and reference sites in the Pigeon River and other rivers, and
percentage of individuals representing possible recent immigrants,
as determined by the assignment test. (C) Immigration/emigration
ratios calculated on the basis of a maximum likelihood estimator
of asymmetric 4Nem, where m, the migration rate from population
B to population A, is calculated separately from migration from A
to B. Data are presented for 4Nem and for 4Nem/ACUE. ACUE )
4CUEfCUEm/(CUEf + CUEm), where CUEf and CUEm is the catch per
unit effort (CUE) of females and males, respectively. In all cases,
bars labeled with different letters were not significantly different
(p < 0.05, χ2 test).

FIGURE 9. Genetic diversity for redbreast sunfish populations
collected from contaminated (PRK 89, PRK 27) and reference sites
in the Pigeon River and other rivers. Bars and error bars represent
the average RAPD dissimilarity index with 95% confidence intervals,
respectively.
because the CUE and size distribution data (Figures 2 and
7) indicate that these populations are not larger or more
rapidly growing than the others. In addition, Adams et al.
(35) argued that there was evidence of reduced recruitment
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into the contaminated Pigeon River sites. It could also be
that the contaminated Pigeon River sites have more genetic
diversity than the other sites due to past population
bottlenecks in the reference populations, but there is no
reason to suspect bottlenecks in the Little Pigeon and Little
Rivers. Finally, population genetic diversity can be a function
of population size, but the catch per unit effort data and the
ACUE (assumed to be reflections of population density and
effective population size, respectively; Figure 2) are not
concordant with this explanation.
The fact that there was a greater amount of genetic
variation in the contaminated than in the noncontaminated
sites is contrary to what has been found in other studies with
RAPDs (13-16). However, an increased genetic diversity has
been found with RAPD markers in other species exposed to
environmental contaminants (17, 38). Increased genetic
diversity in contaminated populations has also been found
using other markers as well (18-26). For the present study,
if the increased genetic diversity in contaminated sites is
indeed due to contaminant effects, then there can be two
(not mutually exclusive) explanations. The first is that
asymmetric gene flow, with greater gene flow into contaminated populations than reference populations, may lead to
greater genetic diversity because of immigrants with novel
alleles. The second may have to do with creation of novel
genotypes in the contaminated habitats. This may include
processes related to genomic instability (point mutations,
chromosomal rearrangements, gene amplifications). The
RAPD technique has been used as a tool for inferring genomic
instability or other forms of DNA damage (61-63).
Conclusions. In general, this study provides evidence of
increased mutation rate and an increased immigration/
emigration ratio (i.e., the more highly contaminated populations are now or have been in the past, more “sinklike” than
the less contaminated populations) as a result of pulp mill
effluent. In addition, the increased genetic diversity in the
contaminated populations may be due to increased mutation
rate and gene flow, and increased mutation rate may have
more of an influence in PRK 89-103, while gene flow may
have more of an influence in PRK 27. Note that these patterns
are probably not due (at least exclusively) to a natural
upstream-downstream gradient, because PRK 42 (less
contaminated than the other Pigeon River sites) is upstream
of PRK 27 but downstream of PRK 89-103. Also, bioindicator
data suggest that there has been recovery of PRK 42 after
diversion of the main river channel away from this site (3436), and this recovery is reflected in population genetic data
presented above as well.
There are several other conclusions from this study that
are worthy of mention. The first is that there is a high level
of gene flow in this species for the river systems in question,
even though there are several potential dispersal barriers
(i.e., dams). There may be two different explanations for this.
First, the genetic indicators of gene flow may reflect historic
processes that occurred before the dams were built. This
does not preclude effects of contamination on gene flow,
because the Champion Paper Mill began operations near
the turn of the 20th century, while the dams were not built
before 1935. Undoubtedly, the amount of contaminants that
were released at this time were greater than that in the later
half of that century, when environmental regulations were
enacted. Thus, unrestricted gene flow was possible among
populations in the Pigeon River and between the Pigeon River
and other rivers within the Tennessee Valley, for at least
several dozen generations, at the same time when populations
of the Pigeon River were exposed to high levels of contamination. The second general conclusion is that the RAPD
technique may be more sensitive to the effects of contaminant-induced mutations/genomic rearrangements than other
molecular markers. Third, having population census data

that provides information on metrics that affect effective
population size (population density, sex ratios, age/size
structure) can provide additional information useful in
interpreting genetic metrics. Fourth, genetic diversity is not
always reduced as a result of contaminant exposure, especially for RAPD markers. Finally, implicating contamination
as the cause of population genetic effects may require a weight
of evidence approach, employing several different genetic
techniques and alternative analyses along with indicators of
exposure and effects such as biomarkers (29). This is because
any genetic-based estimator of population processes or
population history may be biased, so that conclusions must
be made on the basis of the overall pattern of all indicators.
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