
Population Structure of Freshwater Fishes I. Genetic Variation of Bluegill (Lepomis
macrochirus) Populations in Man-Made Reservoirs
Author(s): John C. Avise and James Felley
Source: Evolution, Vol. 33, No. 1, Part 1 (Mar., 1979), pp. 15-26
Published by: Society for the Study of Evolution
Stable URL: http://www.jstor.org/stable/2407361
Accessed: 24/11/2008 19:02

Your use of the JSTOR archive indicates your acceptance of JSTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher?publisherCode=ssevol.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is a not-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the
scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that
promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

Society for the Study of Evolution is collaborating with JSTOR to digitize, preserve and extend access to
Evolution.

http://www.jstor.org

http://www.jstor.org/stable/2407361?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=ssevol


Evolution, 33(1), 1979, pp. 15-26 

POPULATION STRUCTURE OF FRESHWATER FISHES I. GENETIC 
VARIATION OF BLUEGILL (LEPOMIS MACROCHIRUS) 

POPULATIONS IN MAN-MADE RESERVOIRS 

JOHN C. AVISE 
Department of Zoology, University of Georgia, Athens, Georgia 30602 

AND 

JAMES FELLEY 

Department of Zoology, University of Oklahoma, Norman, Oklahoma 73037 

Received October 12, 1977. Revised March 14, 1978. 

A recent resurgence of interest in the 
"genetic structure" of animal and plant 
populations is attributable to the strong 
theoretical foundations earlier laid by 
Wright, Malecot, Nei, Kimura, and oth- 
ers, coupled with the advent of empirical 
techniques (primarily electrophoresis) for 
monitoring population structure through 
time and space. Any population subdivi- 
sion due to departures from panmixia may 
be termed "population structuring." De- 
viations from panmixia may result from 
inbreeding, selection, or assortative mat- 
ing due to behaviorally or environmental- 
ly imposed restrictions on migration or 
mating success. Significant structuring of 
local populations resulting from one or 
more of these factors has been demon- 
strated in herbaceous plants (Hamrick and 
Allard, 1972; Levin, 1975; Schaal, 1975; 
Schaal and Levin, 1976) and in a variety 
of animals ranging from snails (Selander 
and Kaufman, 1975) to insects (Mc- 
Kechnie et al., 1975; Taylor and Powell, 
1977) to mammals (Kidd and Cavalli- 
Sforza, 1974; Selander, 1970), including 
extensive works on man (Neel and Ward, 
1972; Nei and Imaizumi, 1966; Workman 
and Niswander, 1970). 

Nonetheless, the relative importance of 
potential extrinsic barriers to migration in 
determining population structure, partic- 
ularly in species with large numbers of 
mobile individuals, remains debatable 
(Ehrlich and Raven, 1969; Mayr, 1970). 
It seems ironic that a particularly suitable 

setting for analysis of population struc- 
ture, the freshwater environment, has 
been almost totally ignored. Darlington 
(1957) and other zoogeographers clearly 
recognize analogies between drainage ba- 
sins and terrestrial islands in effects on 
dispersal of their respective biotas. Even 
within drainage basins, well-defined hab- 
itats such as lakes are usually interspaced 
with alternative habitats which may be 
less favorable to particular species. The 
patchwork nature of freshwater habitats 
may have important consequences for the 
genetic structure and evolution of many 
species. 

Retreating Pleistocene glaciers left a 
pockmarked northern landscape and 
thousands of natural lakes. In the south- 
ern and central United States, beyond the 
glacial advance, the great majority of 
standing bodies of water are of man-made 
origin. Virtually every major river drain- 
ing into the Atlantic Ocean or Gulf of 
Mexico has been dammed, often repeat- 
edly, to form reservoirs primarily for pur- 
poses of flood control, power production, 
and recreation. This practice has pro- 
foundly influenced the faunal composi- 
tions of southern drainages by direct and 
indirect effects of alterations in the rela- 
tive proportions of standing and running 
waters. Furthermore, the dams them- 
selves may be formidable barriers to dis- 
persal of many freshwater organisms. In 
this study we analyze the microgeographic 
genetic structure of bluegill sunfish (Le- 
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FIG. 1. Sample localities of bluegill in eight reservoirs. Localities are numbered clockwise around the 
perimeter of a reservoir, beginning with the starred sample (locality 1). 
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pomis macrochirus) populations in a series 
of reservoirs in two large Atlantic drain- 
age systems. 

MATERIALS AND METHODS 

Sampling Strategy 
A total of 2,560 bluegill were collected 

by seine from eight reservoirs of the Sa- 
vannah and Santee-Cooper drainages in 
Georgia and South Carolina (Fig. 1). The 
sampling procedure yielded three hierarch- 
ial levels for analysis of potential genetic 
structuring, as follows: 

1) "Locality"-This refers to a sample 
of 40 fish (80 genomes) taken from a small 
stretch of shoreline (always less than 300 
meters). The first 40 bluegill encountered 
were taken for analysis, regardless of size, 
sex, or apparent age of fish. In a few for- 
tunate instances, the entire sample was 
obtained with a single seine haul, while in 
other cases considerable time and effort 
were necessary to complete the collection. 

2) "Reservoir" From each reservoir, 
eight localities were sampled. A strong ef- 
fort was made to sample localities evenly 
distributed around the entire perimeter of 
each reservoir (Fig. 1), although the final 
distribution of collections was partially 
affected by accessibility of shoreline and 
abundance of fish. The reservoirs range in 
size from Par Pond (2,500 acres, 30 miles 
of shoreline) to Clark Hill (70,000 acres, 
1,200 miles of shoreline) and Marion 
(100,500 acres, 296 miles of shoreline). 
The larger reservoirs are truly immense, 
among the largest in the country. Physical 
characteristics of reservoirs are listed in 
Table 1. 

3) "Drainage"-Four reservoirs were 
sampled in each of the two independent 
drainage basins. 

Fish were frozen and returned to the 
laboratory where standard techniques of 
horizontal starch gel electrophoresis were 
employed to monitor patterns of genetic 
variability at approximately 20 loci encod- 
ing enzymes and other proteins. Three of 
these loci were strongly polymorphic and 
provide the data base for this report: glu- 

TABLE 1. Physical characteristics of the reservoirs 
sampled for analyses of population structure in blue- 
gill. 

Shoreline Area Age 
Reservoir (miles) (acres) (years) 

Keowee 300 18,400 6 
Hartwell 1,200 56,400 13 
Clark Hill 1,200 70,000 22 
Par 30 2,500 19 
Greenwood 212 11,450 36 
Murray 520 51,000 46 
Marion 296 100,500 35 
Moultrie 119 60,000 35 

tamate oxalate transaminase (Got-2), es- 
terase (Est-3), and mannosephosphate iso- 
merase (Mpi). The zymogram appearances 
of Got-2 and Est-3 have been pictured 
elsewhere (Avise and Smith, 1974). Man- 
nosephosphate isomerase appears to be a 
monomeric protein, since heterozygotes 
exhibit a two-banded phenotype on gels. 
Genotypes at all three loci could be scored 
unambiguously. 

Data Analysis 
The hierarchical nature of the sampled 

bluegill populations lends itself well to 
analysis by a series of F statistics devel- 
oped by Nei (1965) and Wright (1943, 
1949, 1951, 1965). For each locality i, ob- 
served genotype frequencies were deter- 
mined, and compared to proportions ex- 
pected under Hardy-Weinberg equilibrium 
calculated using Levene's (1949) correc- 
tions for small sample size. The genotypic 
fixation index of the ith locality (Fi = 

1 - Hi observed/Hi expected, where Hi 
is the proportion of heterozygotes) will as- 

.sume negative values for excess observed 
heterozygotes at a locus. The mean fixa- 
tion index per locus within subpopulations 
(localities) for each reservoir was obtained 
according to the procedure of Kirby 
(1975): 

Fjs= YpiqiFilYpiqi 

where pi and qi are the mean allele fre- 
quencies in the reservoir (corrections for 
weighting by sample size were unneces- 
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sary since all localities were equal in size). 
Fixation indices denote the joint effect of 
any forces (nonrandom mating, mutation, 
selection, inbreeding) acting to cause a net 
deviation from Hardy-Weinberg propor- 
tions. 

Similarly, a total fixation index, FIT, 
can be obtained for each locus and reser- 
voir, and represents the deviation from 
Hardy-Weinberg proportions of the pooled 
localities within a reservoir. 

Heterogeneity among localities can be 
expressed by the standardized genetic 
variance (FST) which represents the ratio 
of actual variance in allele frequency to 
the limiting value expected if the localities 
were completely isolated and fixed: 

FST =p2/N . 

If differentiation is random among sub- 
populations, the three F statistics (FIS, 
FIT, and FST) become interdependent and 
FST can be obtained a second way: 

FST = FIT - Fs(1 -IS) 

Unfortunately, there appears to be no sta- 
tistical test for the significance of differ- 
ences in FST calculated by the two meth- 
ods (Workman and Niswander, 1970). 

Data were also analyzed by chi-square 
statistics to test for significance of various 
patterns of population structuring. With- 
in-locality comparisons with Hardy-Wein- 
berg expectations were tested by 

x2 = Fi2N 

where N is the sample size (Li and Horv- 
itz, 1953). As discussed by Neel and Ward 
(1972), Lewontin and Cockerham (1959), 
Ward and Sing (1970), and Workman 
(1969), this x2 test is relatively insensitive 
to some factors acting to cause deviations, 
and furthermore strong forces may oper- 
ate in opposite directions leaving Fi, and 
hence x2, small. Among the forces causing 
an increase in F are inbreeding, subdivi- 
sion, and positive assortative mating; neg- 
ative assortative mating and intermixture 
may decrease F, and different types of 
natural selection may increase, decrease 
or leave F unchanged (Workman, 1969). 
These reservations must be borne in mind 

when evaluating the biological meaning of 
these x2 statistics. 

The significance of interlocality hetero- 
geneity in allele frequencies was tested by 
heterogeneity x2, which can be shown to 
equal 

k 2 

X = 2N E , 
j=1 pj 

where p j and up,2 are the mean and vari- 
ance of the frequencies of the jth allele and 
N is the total number of individuals 
(Workman and Niswander, 1970). Signif- 
icant heterogeneity may result either from 
heterogeneous selection across localities or 
from drift of selectively neutral alleles in 
isolated populations. 

RESULTS 

Within-locality Comparisons with 
Hardy-Weinberg Expectations 

Observed distributions of genotypes 
within individual localities do not differ 
demonstrably from those expected on the 
basis of random mating expectations. Of 
192 attempted comparisons, only five 
were statistically significant: locality 4, 
Lake Murray, Got (P < 0.05); locality 7, 
Clark Hill, Got (P < 0.05); locality 1, 
Lake Murray, Mpi (P < 0.01); locality 4, 
Keowee, Mpi (P < 0.005); locality 6, 
Clark Hill, Est (P < 0.05). Furthermore, 
two of these significant comparisons en- 
tailed an excess of heterozygotes. Thus 
there are no evolutionary forces operating 
with sufficient net effect to disturb geno- 
typic proportions from Hardy-Weinberg 
probabilities for individual samples of 
bluegill taken along short sections of 
shoreline. It appears that localities repre- 
sent either (1) random samples from a 
larger random mating population or (2) 
independent and isolated subpopulations 
within which mating is random. All as- 
sayed loci are consistent in this conclusion. 

Between-locality Heterogeneity in 
Allele Frequencies 

Raw allele frequencies for the 64 local- 
ities are given in Table 2. Got and Mpi 
are predominantly diallelic loci in these 
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TABLE 2. Frequencies of common alleles at three polymorphic loci in bluegill populations from southern 
reservoirs. 

Savannah Drainage Santee-Cooper Drainage 

Lo- Allele frequency Lo- Allele frequency 
cality cality 

Reservoir # GotF Mpis EstM Reservoir # GotF Mpis EstM 

Keowee 1 0.900 0.962 0.638 Greenwood 1 0.638 0.825 0.512 
2 0.862 0.962 0.738 2 0.700 0.700 0.525 
3 0.838 0.925 0.725 3 0.672 0.825 0.525 
4 0.850 0.962 0.850 4 0.803 0.862 0.700 
5 0.812 0.962 0.725 5 0.812 0.900 0.625 
6 0.900 0.975 0.750 6 0.750 0.900 0.625 
7 0.875 1.000 0.850 7 0.800 0.812 0.550 
8 0.900 0.962 0.812 8 0.575 0.838 0.525 

Hartwell 1 1.000 0.988 0.762 Murray 1 0.450 0.850 0.390 
2 0.962 0.950 0.775 2 0.625 0.938 0.500 
3 1.000 0.975 0.750 3 0.750 0.938 0.575 
4 0.912 0.988 0.775 4 0.750 0.938 0.588 
5 0.900 0.950 0.788 5 0.650 0.862 0.650 
6 0.962 0.975 0.800 6 0.638 0.938 0.575 
7 0.988 0.988 0.762 7 0.575 0.938 0.612 
8 0.950 0.988 0.725 8 0.425 0.888 0.438 

Clark Hill 1 0.925 0.962 0.725 Marion 1 0.250 0.762 0.238 
2 0.912 0.988 0.650 2 0.300 0.862 0.262 
3 0.900 0.925 0.662 3 0.438 0.938 0.412 
4 0.938 0.925 0.725 4 0.488 0.838 0.375 
5 0.950 0.988 0.712 5 0.650 0.888 0.412 
6 0.975 1.000 0.737 6 0.425 0.875 0.438 
7 0.938 0.925 0.675 7 0.275 0.712 0.250 
8 0.950 0.988 0.788 8 0.200 0.791 0.200 

Par 1 0.138 0.288 0.038 Moultrie 1 0.162 0.788 0.075 
2 0.188 0.288 0.138 2 0.138 0.762 0.188 
3 0.150 0.362 0.213 3 0.162 0.775 0.138 
4 0.125 0.288 0.050 4 0.062 0.788 0.088 
5 0.125 0.288 0.038 5 0.012 0.725 0.125 
6 0.150 0.362 0.150 6 0.100 0.575 0.050 
7 0.175 0.288 0.088 7 0.075 0.738 0.125 
8 0.188 0.362 0.062 8 0.050 0.738 0.075 

samples, and Est exhibits a third allele 
which reaches frequencies as high as 
0.275, but is usually much less common. 
F-statistics and heterogeneity x2 statistics 
for the three loci in all reservoirs are pre- 
sented in Tables 3-5. 

There is significant interlocality heter- 
ogeneity in allele frequencies in five of 
eight reservoirs for Got, in three of eight 
reservoirs for Mpi, and in seven of eight 
reservoirs for Est. Standardized variance 
(FST) values within reservoirs range from 
a low of 0.005 (Got, Par) to a high of 0.095 
(Got, Marion) with mean values of 0.036 
(Got), 0.021 (Mpi), and 0.029 (Est). Al- 
though the heterogeneity among localities 

within most reservoirs is significant, it is 
not large; mean FST values are compara- 
ble to those of snail (Helix aspersa) colo- 
nies within city blocks, intrafarm popu- 
lations of house mice (Mus musculus), or 
districts on Papago Indian reservations 
(see review of FST values in Selander and 
Kaufman, 1975). Mean FST values are far 
smaller than for snail populations within 
cities, house mice populations on adjacent 
farms, or human populations worldwide. 

Since the FST values are generally 
small, a considerable proportion of the 
within-reservoir variance in allele fre- 
quency is attributable to sampling vari- 
ance. Mean sampling variance of an allele 
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TABLE 3. F statistics and x2 statistics for the Got-2 locus of bluegill populations within reservoirs, between 
reservoirs, and between drainages. 

Location P" FST' FST2 het. X2 df P FIT 

Reservoirs 
Keowee -0.013 0.009 -0.003 5.2 7 N.S. -0.016 
Hartwell -0.064 0.036 0.022 20.4 7 <0.01 -0.041 
Clark Hill 0.139 0.009 0.003 5.2 7 N.S. 0.142 
Par -0.008 0.005 -0.006 2.9 7 N.S. -0.014 
Greenwood -0.054 0.037 -0.015 21.0 7 <0.005 -0.069 
Murray 0.002 0.062 0.020 34.5 7 <0.005 0.022 
Marion -0.002 0.095 0.072 53.3 7 <0.005 0.070 
Moultrie 0.020 0.035 0.016 19.7 7 <0.010 0.036 

(Totals) 0.002 0.036 0.014 162.2 56 <0.005 0.016 

Drainages 
Savannah 0.010 0.776 0.563 1,489.5 3 <0.005 0.567 
Santee-Cooper 0.014 0.307 0.231 589.6 3 <0.005 0.242 

(Totals) 0.012 0.542 0.397 2,079.1 6 <0.005 0.404 

Both Drainages 0.386 0.078 0.081 412.7 1 <0.005 0.436 

I FST = S42L(1 - P)] 
2 FST = (FIT - Ps)I(1 - Fis); occasional small negative values of FST lack biological meaning and may best be interpreted as not significantly 

different from zero. 

frequency is approximated by Pj/2N 
(Cavalli-Sforza and Bodmer, 1971; Wright, 
195 1), and for population sizes of 40 in- 
dividuals can assume a maximum value 
of about 0.003. The sampling variance 
averages 54 percent of the actual variance 
within reservoirs at both the Got and Est 
loci, and 67 percent of the actual variance 
at Mpi. 

Significant interlocality heterogeneity in 
allele frequencies should also be refl&cted 

in a deficit of heterozygotes (a positive FIT) 

for pooled localities within reservoirs 
(Wahlund Effect). However, in 12 of 24 
cases, pooled samples actually exhibited 
an excess of heterozygotes over expecta- 
tions based on random mating and mean 
allele frequencies within a reservoir. A 
reexamination of within-locality hetero- 
zygote frequencies indicates why this is so. 
Despite the fact that the vast majority of 
individual x2 values within localities are 

TABLE 4. F statistics and x2 statistics for the Mpi locus of bluegill populations as in Table 3. 

Location FIS FST' FST2 het. X2 df P FIT 

Reservoirs 
Keowee 0.054 0.012 0.000 6.8 7 N.S. 0.054 
Hartwell -0.034 0.011 0.010 6.4 7 N.S. -0.024 
Clark Hill 0.122 0.030 0.016 16.8 7 <0.05 0.136 
Par -0.020 0.007 -0.006 3.8 7 N.S. -0.026 
Greenwood 0.154 0.029 0.008 16.2 7 <0.05 0.161 
Murray 0.130 0.018 0.003 10.2 7 N.S. 0.133 
Marion 0.016 0.039 0.018 22.0 7 <0.005 0.034 
Moultrie 0.117 0.025 0.007 13.9 7 N.S. 0.123 

(Totals) 0.067 0.021 0.007 96.1 56 <0.005 0.074 

Drainages 
Savannah 0.002 0.676 0.506 1,297.7 3 <0.005 0.507 
Santee-Cooper 0.112 0.036 0.022 69.2 3 <0.005 0.132 

(Totals) 0.057 0.356 0.264 1,366.9 6 <0.005 0.320 

Both Drainages 0.329 0.001 0.003 0.001 1 N.S. 0.331 
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TABLE 5. F statistics and x2 statistics for the Est locus of bluegill populations as in Table 3. 

Location FIS FST1'3 FST2 het. X2 df P FIT 

Reservoirs 
Keowee 0.026 0.027 0.011 33.9 14 <0.005 0.037 
Hartwell -0.067 0.008 -0.012 12.5 14 N.S. -0.080 
Clark Hill -0.037 0.018 0.012 26.9 14 <0.025 -0.025 
Par -0.037 0.042 0.029 43.9 14 <0.005 -0.007 
Greenwood -0.046 0.028 -0.002 37.8 14 <0.005 -0.048 
Murray -0.064 0.035 0.019 45.4 14 <0.005 -0.044 
Marion -0.007 0.056 0.042 66.5 14 <0.005 0.035 
Moultrie -0.038 0.021 0.021 27.6 14 <0.025 -0.016 

(Totals) -0.034 0.029 0.015 294.5 112 <0.005 -0.018 

Drainages 
Savannah -0.019 0.450 0.375 1,648.1 6 <0.005 0.363 
Santee-Cooper -0.018 0.108 0.131 434.3 6 <0.005 0.115 

(Totals) -0.018 0.279 0.253 2,802.1 12 <0.005 0.239 

Both Drainages 0.239 0.038 0.043 343.8 2 <0.005 0.272 

3Determined as the mean of three FST values, one for each allele at the Est locus. (FST values were also calculated from the covariances of 
allele pairs (Nei, 1965), and in most cases show fairly close agreement with the values given above.) 

not significant, there is a consistent trend 
toward excess heterozygosities at the Got 
and Est loci. A total of 39 of 64 localities 
exhibited excess heterozygosity at the Got 
locus, while 22 localities showed a hetero- 
zygote deficit and three localities were ex- 
actly on expectations. At the Est locus, 43 
localities showed excess heterozygosity 
and only 21 showed a deficit. In samples 
drawn from a series of large, random mat- 
ing populations, in the absence of disturb- 
ing evolutionary forces, heterozygosity 
should deviate above (and below) expec- 
tations 50 percent of the time. Heterozy- 
gosities at the Got and Est loci are above 
expectations in a significant proportion of 
localities (contingency x2 = 7.56, P < 
0.01 for Est; X2 = 4.74, P < 0.05 for 
Got). (At the Mpi locus, there is no such 
trend toward excess heterozygosity-at 28 
localities, Hobs > Hexp, at 27 localities 
Hobs < Hexp, and at nine localities Hobs 
= Hexp.) 

Thus the small or negative FIT values 
for reservoirs (particularly at the Got and 
Est loci) are attributable to low levels of 
gene frequency heterogeneity within res- 
ervoirs, coupled with a significant trend 
toward excess heterozygosity within local- 
ities. This analysis by itself does not in- 
dicate the evolutionary cause of the trend 

for heterozygote surplus within the local- 
ities, or the reason for interlocality allele 
frequency heterogeneity. 

Between Reservoir Heterogeneity in 
Allele Frequencies 

For examining population structure 
within drainages by F and x2 statistics, 
the pooled samples from within each res- 
ervoir may be considered the basic sub- 
population unit of analysis. When this is 
done, tremendous allele frequency heter- 
ogeneity among reservoirs is apparent; 
mean FST values are equal to 0.542, 0.356, 
and 0.279 for Got, Mpi, and Est, respec- 
tively (Tables 3-5). As expected, these FST 
values are by far the predominant con- 
tributors to the overall deficiency of het- 
erozygotes within drainages (large FIT val- 
ues), since each reservoir is near Hardy- 
Weinberg equilibrium (low F1s values). 

The analysis may be extended one ad- 
ditional level to examine allele frequency 
heterogeneity across drainages, although 
this analysis is not particularly meaningful 
since only two drainages were examined, 
they both contained intergrade bluegill 
(see discussion), and they are adjacent to 
one another. Standardized allele frequen- 
cy variances across drainages were small 
at all three loci (Tables 3-5). They con- 
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TABLE 6. Nested analysis of variance of arcsin transformedfrequencies of common alleles (GotF, MpiF, EstF) 
at three polymorphic loci in Lepomis macrochirus. 

Percent 
of total 

Locus Source of variation df SS MS F variance 

among drainages 1 6,945.1 6,945.1 1.7ns 14.2 
among reservoirs 

Got within drainages 6 24,487.9 4,081.3 121.1** 80.4 
within reservoirs 56 1,886.2 33.7 5.4 

total 63 33,319.2 

among drainages 1 121.5 121.5 0.lns 0.0 
among reservoirs 

Mpi within drainages 6 13,647.5 2,274.6 115.5** 93.5 
within reservoirs 56 1,105.8 19.7 6.5 

total 63 14,874.8 

among drainages 1 5,475.6 5,475.6 1.3ns 5.5 
among reservoirs 

Est within drainages 6 24,437.8 4,073.0 129.7** 87.0 
within reservoirs 56 1,757.7 31.4 7.5 

total 63 31,671.1 

** p < 0.01. 

tribute little to the large pooled-drainage 
FIT'S, which result largely from the great 
deficit of heterozygotes within each drain- 
age as a whole. 

Finally, a simple but useful overall 
summary of the pattern of distribution of 
allele frequencies may be obtained from 
a nested analysis of variance (Table 6). 
Averaged across three loci, only 6.4 per- 
cent of the variance in allele frequencies 
occurs between localities within reser- 
voirs, while a huge 87 percent of the total 
variance occurs between reservoirs of a 
drainage. 

DISCUSSION 

Although significant interlocality vari- 
ances in allele frequencies were demon- 
strated in several reservoirs, all alleles 
were distributed throughout a reservoir 
and the degree of interlocality differentia- 
tion appears remarkably small. The ap- 
proach to expected random mating geno- 
type proportions in pooled localities 
within a reservoir was further facilitated 
by a small but consistent trend toward ex- 
cess heterozygosity (at two loci) in individ- 
ual localities. In contrast to the relatively 
slight degree of differentiation within res- 
ervoirs, there are large allele frequency 

differences between bluegill populations 
inhabiting different reservoirs belonging 
to the same or to distinct drainages. To 
what extent might these results have been 
predicted on the basis of current knowl- 
edge about bluegill biology and move- 
ment, and the effectiveness of various 
physical barriers to dispersal? 

Among freshwater fishes, bluegill may 
exhibit a life history strategy particularly 
conducive to the formation of large, out- 
breeding, nearly panmictic populations. 
Bluegill are probably the most abundant 
fish in most ponds and reservoirs of the 
South. Not infrequently we have netted 
more than 100 fish while seining just a few 
feet of shoreline, and we can estimate by 
extrapolation that the total summer pop- 
ulation (including juveniles) of some of the 
larger reservoirs would likely reach tens 
of millions of individuals. The standing 
crops of breeding bluegill, which may be 
more relevant to estimates of effective 
population size, are of course much small- 
er than this, but must remain very large. 

Males excavate shallow nests, usually 
in colonies, to which females are attracted 
to spawn. Individual females may spawn 
in several nests, and several females may 
use a single nest (Morgan, 1951; Snow et 
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al., 1960). At many localities a collection 
consisted entirely of young-of-the-year fry. 
If such cohorts of fry resulted from single 
pair spawns, only a very limited distri- 
bution of allele and genotype frequencies 
could have been observed (suppose, for 
example, that the mating pair was homo- 
zygous d x heterozygous Y-then one- 
half of the fry should have been homozy- 
gotes and one-half heterozygotes). The 
fact that observed genotype distributions 
were invariably close to Hardy-Weinberg 
expectations for all allele frequencies 
strongly suggests that even first summer 
fry within localities are the product of 
multiple matings and/or are extensively 
mixed. It is probably realistic to regard 
each locality of bluegill as a sample from 
a panmictic unit without significant in- 
breeding. 

The degree of bluegill movement within 
a lake or reservoir is poorly known. Some 
authors subscribe to the proposition that 
bluegill are relatively sedentary (Ball, 
1947; Kudrna, 1965; Ney and Smith, 
1976), but evidence is gradually accumu- 
lating that long-distance dispersal (several 
kilometers and more) among freshwater 
fish, including bluegill, is not unusual 
(Berra and Gunning, 1970; Fisher, 1953; 
Humphries, 1965; Munther, 1970; Olm- 
sted and Cloutman, 1974; Werner, 1967). 

Allele frequency heterogeneity within 
reservoirs is relatively small, but nonethe- 
less frequently significant. In order to ex- 
amine whether physical characteristics of 
the reservoirs might influence interlocality 
heterogeneity, correlation coefficients be- 
tween FST's and age, shoreline length, and 
surface area of reservoirs were calculated. 
In no cases do the correlations reach con- 
ventional levels of significance. 

Since collections from different locali- 
ties were not standardized with respect to 
age or sex of fish, any real allelic differ- 
ences between generations or sexes would 
contribute to an inflation of the FST values 
beyond that due to geographic structure 
alone. Despite this bias, and considering 
the immense size of several reservoirs, we 
remain particularly impressed with the 
comparatively minor nature of the differ- 

entiation among localities. Perhaps a res- 
ervoir can best be regarded as a quasi- 
panmictic assemblage of local popula- 
tions, between which differentiation is 
minimal and only weakly oriented to dis- 
tance of geographic separation. This con- 
clusion must remain qualified, however, 
because any hidden genetic variability not 
detected by conventional electrophoretic 
techniques could not decrease estimated 
heterogeneity among localities but could 
certainly increase it. 

Allele frequency heterogeneity among 
reservoirs within a drainage is striking. 
Dams constitute a formidable and perhaps 
total barrier to natural dispersal of bluegill 
and other fishes. Natural upstream gene 
flow is impossible, although it is conceiv- 
able that accidental downstream gene 
flow could occur when fish washed over 
the dam survive to reproduce. At any rate, 
these barriers to bluegill movement have 
been present at most 46 years (Table 1). 

Bluegill prefer ponds and lakes, but are 
also found at much lower densities in 
rivers and streams. Perhaps, following 
formation of a reservoir, those bluegill 
previously inhabiting the dammed section 
of river undergo a population "flush" and 
rapidly populate the new body of water. 
In this case the allele frequency hetero- 
geneity among reservoirs might reflect no 
more than preexisting heterogeneity among 
the founding populations along the linear 
river habitat. If the present allele frequen- 
cies of bluegill in reservoirs accurately re- 
flect those of their river predecessors, both 
the Savannah and Santee-Cooper drain- 
ages would formerly have exhibited par- 
allel clinal variation along their 250-mile 
courses. In each drainage, reservoirs in 
the piedmont or lower foothills (Clark 
Hill, Greenwood, Hartwell, Keowee, and 
Murray) have significantly higher fre- 
quencies of alleles GotF, EstM, and Mpis 
than do reservoirs in the upper and lower 
coastal plain (Par, Marion, Moultrie Ta- 
ble 2). 

The bluegill populations sampled in this 
report are intergrade between two mor- 
phologically and genically differentiated 
subspecies, Lepomis macrochirus purpu- 
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TABLE 7. Estimates of allele frequencies at two polymorphic loci over a five-year period in bluegill popu- 
lations inhabiting southern reservoirs. 

Got Est 

Year of het. het. 
Reservoir collection N "F" "M" FST x2 "F" "M"> "S' FSTI x2 

Keowee 1971-1972 80 0.763 0.237 0.182 0.662 0.156 
1974-1975 25 0.880 0.120 ( ) 11.2** 0.012 8.4* 

1976 320 0.867 0.133 0.104 0.761 0.134 

Hartwell 1971-1972 70 0.957 0.043 0.069 0.729 0.220 
1974-1975 40 0.988 0.012 0.003 1.7 0.005 1.5 

1976 320 0.959 0.041 0.032 0.767 0.201 

Clark Hill 1971-1972 125 0.916 0.084 0.084 0.692 0.224 
1974-1975 38 0.934 0.066 0.002 1.1 0.001 1.0 

1976 320 0.936 0.064 0.064 0.709 0.227 

Par 1971-1972 105 0.238 0.762 0.828 0.138 0.034 
1974-1975 320 0.155 0.845 0.018 7.5* 0.883 0.097 0.020 0.006 4.1 

Greenwood 1971-1972 40 0.787 0.213 0.188 0.600 0.212 
1974-1975 40 0.737 0.263 0.003 1.7 0.009 7.8 

1976 320 0.719 0.281 0.304 0.573 0.122 

Murray 1971-1972 748 0.583 0.417 0.489 0.432 0.079 
1976 320 0.608 0.392 0.001 1.2 0.385 0.541 0.074 0.013 23.4* 

Marion 1971-1972 88 0.489 0.511 0.637 0.310 0.052 
1974-1975 59 0.491 0.509 0.017 10.4* 0.003 1.0 

1976 320 0.378 0.622 0.589 0.323 0.087 

Means .009 .007 

1 See footnote to Table 5. 
* P < 0.05. 

**P < 0.005. 

rescens in Florida and southern Georgia, 
and L. m. macrochirus in western Georgia 
to Texas (Avise and Smith, 1974; Hubbs 
and Allen, 1944; Miller and Winn, 1951). 
The apparent lack of substantial inter- 
drainage variance in allele frequencies re- 
ported in this paper is attributable to the 
particular distributions of allele frequen- 
cies in the eight reservoirs (mean allele fre- 
quencies happened to be close in the two 
drainages) and the fact that both drain- 
ages are situated on the intergrade zone. 
For a more meaningful appraisal of the 
interdrainage variance of allele frequen- 
cies on a macrogeographic scale, see Avise 
and Smith (1974). 

We first sampled some of these reser- 
voirs in 1971-1972, and again in 1974- 
1975, for allele frequencies at the Est and 
Got loci. Table 7 gives the mean allele 
frequencies in each reservoir over this 
five-year period, and estimates heteroge- 
neity through time. Mean standardized 

variances of allele frequencies through 
time are very small (FST= 0.009 and 
0.007 for Got and Est, respectively). 
Nonetheless, in five of fourteen compari- 
sons, heterogeneity x2's were significant. 
Since samples were not standardized for 
age or sex of fish or for locality of collec- 
tion, and since the FST values are smaller 
than those observed for single year collec- 
tions within a reservoir, we cannot dem- 
onstrate any real allele frequency shifts 
over this five-year period. 

Although we have focused discussion on 
natural history and potential barriers to 
dispersal in explaining patterns of allelic 
diversity in bluegill, our analysis cannot 
rule out the possibility that the observed 
allele frequency distributions result wholly 
or in part from a superposed distribution 
of selection pressures. It may not be un- 
reasonable to propose that selection dif- 
ferentials between reservoirs are far great- 
er than those within, particularly since 
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roughly parallel clines of allele frequencies 
occur across these two presently isolated 
drainages. For at least two of the loci as- 
sayed (Est and Got), allele frequencies 
presumably mark the relative contribu- 
tions of L. m. macrochirus and L. m. pur- 
purescens to the gene pool of a given pop- 
ulation (Avise and Smith, 1974). Thus the 
question of the selective neutrality for 
these loci may ultimately be a question of 
the role of natural selection in the evolu- 
tion of subspecies differences during the 
Pleistocene or earlier. Contemporaneous 
processes affecting population structure, 
whether deterministic or stochastic, must 
act upon a preexisting structure derived 
from a unique set of historical develop- 
ments for any species. It is, more than 
anything else, this historical dependency 
which makes a total understanding of the 
current population structure of a species 
an extremely difficult task. 

SUMMARY 

Population structure in the freshwater 
sunfish Lepomis macrochirus was ana- 
lyzed by examining genotypes at three 
polymorphic loci in 2,560 individuals rep- 
resenting 64 localities distributed evenly 
among eight reservoirs and two drainages 
in the southeastern United States. There 
is no evidence of inbreeding within local- 
ities, but allele frequencies among locali- 
tes within a reservoir are often heteroge- 
neous; mean standardized variance (FST) 
for localities of a reservoir was 0.029, con- 
sistent across loci. This magnitude of dif- 
ferentiation is slight, far less than for snail 
populations within cities or house mice on 
adjacent farms, and occurs despite the im- 
mense sizes of the reservoirs sampled (up 
to 100,000 acres and 1,200 shoreline 
miles). It seems realistic to regard a res- 
ervoir population as a quasi-panmictic as- 
semblage of local populations between 
which differentiation is minimal and only 
weakly oriented to distance of geographic 
separation. 

Variances in allele frequencies among 
reservoirs_within a drainage are much 
greater (FST= 0.392), accounting for 
nearly 90 percent of.the total variance ob- 

served in the study. Adjacent reservoirs 
are more similar in allele frequency than 
are those farther apart. A roughly parallel 
allelic cline among reservoirs of the two 
drainages may reflect preexisting hetero- 
geneity among the founding populations 
in the linear river habitat. Allele frequen- 
cies in these reservoirs have not changed 
significantly during five years of observa- 
tion. 

The adaptive significance, if any, of the 
alternative allelic states is unknown. Fur- 
thermore, contemporaneous processes af- 
fecting population structure, whether de- 
terministic or stochastic, must act upon a 
preexisting structure derived from a 
unique set of historical developments 
which are seldom known for any species. 
Thus by hard criteria, definitive state- 
ments about the causal processes respon- 
sible for population structure are only 
rarely warranted, even in case studies 
such as the bluegill where the empirical 
results appear straightforward. 
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