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Abstract Allelic variation at eight nuclear-encoded mi-
crosatellites was assayed among 967 red drum (Sciaen-
ops ocellatus) sampled from four consecutive cohorts at
seven geographic localities (=28 samples total) in the
northern Gulf of Mexico (Gulf). Number of alleles per
microsatellite ranged from 6 to 21; average direct-count
heterozygosity values per sample (±SE) ranged from
0.560±0.018 to 0.903±0.009. Tests of Hardy-Weinberg
equilibrium revealed significant departures from ex-
pected genotype proportions at one microsatellite, which
was omitted from further analysis. Tests of genotypic
equilibrium indicated that genotypes between pairs of
microsatellites were randomly associated. Homogeneity
tests of allele distributions across cohorts within locali-
ties were non-significant following correction for multi-
ple tests executed simultaneously, and results from
molecular analysis of variance indicated that the genetic
variance component attributable to variation among
cohorts did not differ significantly from zero. Homoge-
neity tests of allele distributions among localities (co-
horts pooled) revealed significant differences both before
and after correction for multiple tests. Neighbor-joining
clustering of a pairwise matrix of h values (an unbiased
estimator of FST), spatial autocorrelations, and regres-
sion analysis revealed a pattern of isolation by distance,
where genetic divergence among geographic samples
increases with geographic distance between sample lo-
calities. The pattern and degree of temporal and spatial
divergence in the nuclear-encoded microsatellites paral-

leled almost exactly those of mitochondrial (mt) DNA,
as determined in a prior study. Stability of both micro-
satellite and mtDNA allele distributions within localities
indicates that the small but significant genetic divergence
among geographic samples represents true signal and
that overlapping populations of red drum in the north-
ern Gulf may be influenced by independent population
dynamics. The degree of genetic divergence in micro-
satellites and mtDNA is virtually identical, indicating
that genetic effective size of microsatellites and mtDNA
in red drum are the same. This, in turn, suggests either
that gene flow in red drum in the northern Gulf could be
biased sexually or that red drum populations may not be
in equilibrium between genetic drift and migration. If a
sexual bias exists, the observation that divergence in
mtDNA is considerably less than 4 times that of mi-
crosatellites could suggest female-mediated dispersal
and/or male philopatry. The observed isolation-by-
distance effect indicates a practical limit to dispersal.
Approximate estimates of geographic neighborhood size
suggest the limit is in the range 700–900 km. Although
the genetic studies of red drum indicate significant ge-
netic divergence across the northern Gulf, the genetic
differences do not delimit specific populations or stocks
with fixed geographic boundaries.

Introduction

Studies over the past decade of patterns of genetic
variation and divergence in a variety of pelagic marine
organisms have demonstrated that high dispersal po-
tential at any of several life-history stages does not
necessarily indicate high levels of actual gene flow and
uniformity in population structure (Avise 1998). Exam-
ples among vertebrates include several fishes (Zwanen-
burg et al. 1992; Bentzen et al. 1996; O’Connell et al.
1998), turtles (Bowen et al. 1992; FitzSimmons et al.
1997), iguanas (Rassman et al. 1997), and whales
(Palumbi and Baker 1994; Larsen et al. 1996; Brown
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Gladden et al. 1999); examples among invertebrates
include corals (Hellberg 1994), sea urchins (Palumbi
et al. 1997), and squid (Shaw et al. 1999). The demon-
stration that gene flow has limits in these species is of
considerable interest, in part because the physical and
biological parameters that impact gene flow in pelagic
marine organisms are poorly understood (Palumbi 1994,
1996), and in part because studies of population struc-
ture generally contribute to the understanding of how
migration, genetic drift, and selection shape divergence
among populations (Avise 1994). In addition, many
pelagic marine species are of importance economically
or in terms of conservation, and an understanding of
population structure and gene flow in these species can
enhance conservation and wise use of these resources
(Avise 1998; Graves 1998). Mechanisms or factors that
potentially could impede gene flow in pelagic marine
species were discussed by Palumbi (1994, 1996) and
Palumbi et al. (1997) and include physical processes
(e.g., oceanic currents and/or circulation), natural se-
lection, larval and/or adult behavior (e.g., natal
philopatry), isolation by distance, stable migration
routes, and recent history.
A significant component to the demonstration that

gene flow is often limited in pelagic marine species has
been advances in molecular technology and the increase
in the number and type of genetic markers, particular at
the DNA level, available for use (Ward 1989; Park and
Moran 1994; Carvalho and Hauser 1995). Nuclear-en-
coded microsatellites (Weber 1990; Wright and Bentzen
1994) have proven perhaps the most informative, in that
reduced gene flow and subtle population structure have
been demonstrated with microsatellites when other ge-
netic markers, e.g., mitochondrial DNA and/or protein
polymorphisms, failed to detect genetic heterogeneity
among geographic samples (Bentzen et al. 1996; Brunner
et al. 1998; O’Connell et al. 1998; Shaw et al. 1999). The
primary reason for the discriminating power of micro-
satellites in detecting population structure appears to be
their generally high allelic diversity, which affords con-
siderable statistical power to exact and other tests of
allele-distribution homogeneity (Estoup et al. 1998; Ross
et al. 1999). In addition, because microsatellites are
diploid and biparentally inherited, they are less sensitive
than haploid, uniparentally inherited mitochondrial
(mt)DNA to reductions in effective population size
(Birky et al. 1989). This means that microsatellites would
be especially useful in detecting population structure
when transitory bottlenecks (reductions in effective
population size) occur prior to periods of genetic di-
vergence. Examples of the latter are populations of charr
in the salmonid genus Salvelinus (Angers and Bernatchez
1998; Brunner et al. 1998).
In situations where both microsatellites or other nu-

clear-encoded loci and mtDNA are sufficiently variable,
the use of bi- and uniparentally inherited genetic
markers has often revealed sex-biased patterns of genetic
divergence that have been interpreted to indicate sex-
biased differences in rates of gene flow. Generally, the

degree of divergence in mtDNA has been greater than
that in nuclear-encoded DNA, leading the authors to
hypothesize that underlying mechanisms were behav-
ioral and involved male-mediated dispersal, female
philopatry, or both. Noteworthy examples among ma-
rine species include humpback (Palumbi and Baker
1994; Larsen et al. 1996) and beluga (Brown Gladden
et al. 1999) whales, green turtles (Bowen et al. 1992;
FitzSimmons et al. 1997), marine iguanas (Rassmann
et al. 1997), blue marlin (Buonaccorsi et al. 1999), and
sea trout (Ferguson et al. 1995). In theory, when pop-
ulations are in equilibrium between genetic drift and
migration, and migration rates of males and females are
equal, the degree of divergence in mtDNA is expected to
be 4 times that of divergence in analogous nuclear-en-
coded DNA (Birky et al. 1989). This suggests that for
equilibrium populations, the magnitude of estimates of
population divergence (e.g., FST) based on mtDNA
should be significantly greater than 4 times the magni-
tude of estimates based on nuclear-encoded sequences
when there is male-mediated dispersal and/or female
philopatry. Conversely, the magnitude of divergence in
mtDNA should be less than 4 times the magnitude of
divergence in nuclear-encoded sequences if there is fe-
male-mediated dispersal and/or male philopatry (Birky
et al. 1989). To our knowledge, the latter only has been
documented in a study of two populations of broad
whitefish (Coregonus nasus) from northern Alaska
(Patton et al. 1997).
In this study, we employed microsatellites to assess

population structure and gene flow among red drum
(Sciaenops ocellatus) from the northern Gulf of Mexico
(Gulf). Briefly, red drum is a widely distributed, eco-
nomically important, sciaenid fish found in the western
Atlantic Ocean, primarily in the northern Gulf and
along the east coast of the United States (Pattillo et al.
1997). Juveniles are estuarine-dependent, spending the
sexually immature part of their life cycle in bays and
estuaries (Overstreet 1983; Wilson and Nieland 1994).
At sexual maturity, individuals move offshore into the
open ocean, where they often form large schools that
can migrate extensively over time (Overstreet 1983;
Matlock 1987; Pattillo et al. 1997). There also is indirect
evidence that limited movement of individuals between
adjacent bays or estuaries can occur at the egg, larval,
and juvenile stages (Osborn et al. 1982; Lyczkowski-
Schultz et al. 1988; C. Wenner, personal communica-
tion). The species once supported an important com-
mercial fishery (Swingle 1987), which because of reduced
landings stemming from overfishing and habitat decline
(Heffernan and Kemp 1982; Swingle et al. 1984), was
closed entirely in the northern Gulf by 1990 (GMFMC
1996). Red drum still support an important recreational
fishery in bays and estuaries (Swingle 1987; Van Voo-
rhees et al. 1992), and it is anticipated that offshore
spawning stocks will be restored if escapement measures
enacted to protect juveniles in bays and estuaries are
effective (Swingle 1987; Pattillo et al. 1997). Because
knowledge and geographic definition of discrete sub-
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populations (stocks), if they exist, is an integral part of
conservation and management of aquatic resources
(Ryman 1991), a central issue addressed by our long-
term research on red drum is whether population
structure exists in the northern Gulf.
Our previous genetic studies utilized allozyme and

mtDNA markers and demonstrated that red drum in the
northern Gulf differ significantly from red drum along
the east coast of the United States (Bohlmeyer and Gold
1991; Gold and Richardson 1991; Gold et al. 1993). A
more recent study (Gold et al. 1999) that utilized
mtDNA revealed that divergence followed a pattern of
isolation-by-distance: mtDNA haplotype frequencies
were positively autocorrelated among samples from
proximate geographic localities and negatively autocor-
related among samples from distal geographic localities.
The regression of pairwise FST values (a measure of
population subdivision) with pairwise geographic dis-
tance among samples also was significant. We hypoth-
esized that this pattern of genetic divergence likely was a
function of (adult) female behavior, and could stem
from philopatry to natal bays or estuaries, restricted
coastwise movement relative to natal bays or estuaries,
or both. We employed microsatellites in the present
study to ask whether more subtle population structure
exists than was revealed by mtDNA, given that micro-
satellites often reveal significant genetic divergence when
mtDNA does not (Bentzen et al. 1996; Ruzzante et al.
1996a; Ball et al. 2000).
A second issue addressed in the research is temporal

stability of allele diversity. Most population-genetic
studies of pelagic marine organisms typically represent a
single ‘‘snapshot’’ in time, in that individuals, often of
mixed ages, are sampled only once from a given geo-
graphic locality. Targeted studies of genetic variation in
different cohorts (age groups or year classes) or among
samples taken in different years but at the same locality
are few in number; some (Graves et al. 1992; Ruzzante
et al. 1996b, 1997; Nielsen et al. 1999) have documented
genetic stability over time, whereas others (Smolenski
et al. 1993; Purcell et al. 1996) have not. Demonstrating
temporal stability in patterns of genetic heterogeneity is
important relative to inferring that different subpopu-
lations are exposed to independent population dynamics
and evolutionary forces (Ruzzante et al. 1997) and for
discerning genetic signal from genetic noise (Waples
1998). The absence of temporal stability in patterns of
genetic divergence, alternatively, may signal that sub-
populations have experienced severe reductions in ef-
fective population size. Hedgecock (1994) described a
‘‘sweepstakes’’ hypothesis for marine organisms with
high fecundity where chance events (e.g., oceanic cur-
rents, fortuitous absence of predators) could lead to a
high variance in offspring survival that would result in a
reduction in effective population size. Red drum fit well
the model proposed by Hedgecock (1994), as they are
highly fecund, broadcast spawners whose eggs and lar-
vae are transported by oceanic currents into bays and
estuaries (Matlock 1987; Lyczkowski-Schultz et al. 1988;

Wilson and Nieland 1994). Based on variation at a single
microsatellite, Chapman et al. (1999) felt the ‘‘sweep-
stakes’’ hypothesis was provisionally supported for
subpopulations of red drum along the Atlantic coast of
the southeastern United States. We found no statistically
significant temporal variability of mtDNA variation in
our studies of red drum in the northern Gulf (Gold et al.
1999). However, estimates of genetic effective size were
three orders of magnitude lower than estimates of census
size of red drum in the northern Gulf (Turner et al.
1999). A low effective size to census size ratio is expected
under the ‘‘sweepstakes’’ hypothesis.
The last issue addressed in the research is whether

genetic divergence and gene flow in red drum is biased
sexually. Our hypothesis of philopatry and/or restricted
coastwise movement of red drum females was predicated
on geographic patterns of variation in maternally in-
herited mtDNA. The issue is of interest biologically,
given the accumulating evidence of sex-biased genetic
divergence and gene flow in marine species. It also is of
concern relative to ongoing stock-enhancement pro-
grams, primarily in Texas, where the ‘‘wild’’ red drum
fishery is augmented through the annual release of mil-
lions of hatchery-produced fingerlings (McEachron et al.
1995). The ‘‘genetic’’ issues of stock-enhancement pro-
grams are reviewed elsewhere (Blankenship and Leber
1995; Tringali and Bert 1998), and include the need for
information regarding the population biology and spa-
tial demography of an augmented species relative to
selection of broodstock individuals and of localities
where augmentation might occur.

Materials and methods

A total of 967 red drum, representing cohorts from 1986 to 1989,
were sampled between 1987 and 1991 from seven bays or estuaries
in the northern Gulf. Collection localities are shown in Fig. 1; the
number of individuals by cohort sampled at each locality is given in
Table 1. Details of tissue type, procurement, and storage are given
in Gold et al. (1999). Almost all fish were age 0 (yearlings,
<300 mm in total length). Ages of individuals >300 mm in total
length were determined from annuli on otoliths, as described in
Bumguardner (1991). All fish assayed were assigned to one of four
cohorts (1986–1989).

Fig. 1 Sampling localities for red drum (Sciaenops ocellatus)
examined in the present study (TX Texas; LA Louisiana; MS
Mississippi; AL Alabama; FL Florida)
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Polymerase chain reaction (PCR) primer sequences, length, and
annealing temperature(s) for the eight microsatellites employed in
the study may be found in Turner et al. (1998). For assay of in-
dividual fish, genomic DNA was isolated from frozen tissues as
described in Gold and Richardson (1991); genotypes at each mi-
crosatellite were determined by PCR amplification and gel elec-
trophoresis. Prior to amplification, one of the primers was kinase-
labeled with c32P-ATP by T4 polynucleotide ligase (30 min, 37�C).
PCR reactions contained approximately 5 ng of genomic DNA, 0.1
units of Taq DNA polymerase, 0.5 lM of each primer, 800 lM
dNTPs, 1–2 mM MgCl2, 1·Taq buffer at pH 9.0 (Promega), and
sterile deionized water in a total volume of 10 ll. Thermal cycling
was carried out in 96-well plates as follows: denaturation (45 s,
95�C), annealing (30 s), and polymerization (30 s, 72�C) for 30
cycles. Upon completion of thermal cycling, 5 ll of ‘‘stop’’ solution
(Promega) was added to each sample. Aliquots (3 ll) of each PCR
reaction were then electrophoresed in 6% denaturing polyacryla-
mide ‘‘sequencing’’ gels. Gels were dried and exposed to X-ray film.
Alleles at individual microsatellites were scored as the size in base
pairs of the fragment amplified by PCR. Genotypes at each mi-
crosatellite for each individual were scored and entered into a
database.
Allele frequencies and direct-count heterozygosities were ob-

tained with BIOSYS-1.7 (Swofford and Selander 1981). Significance
testing of Hardy-Weinberg (HW) equilibrium proportions involved
exact tests performed with Markov-chain randomization (Guo and
Thompson 1992); probability (P) values for tests at each micro-
satellite within each sample were estimated via permutation
(bootstrapping) with 1,000 resamplings (Manly 1991). Significance
levels for simultaneous tests were adjusted with the sequential
Bonferroni approach (Rice 1989). Tests of genotypic equilibrium at
pairs of microsatellites were carried out as a surrogate to assess
whether any microsatellites were genetically linked. Probability
values for exact tests of genotypic equilibrium were generated by
1,000 resamplings, and significance levels for simultaneous tests
were adjusted with the sequential Bonferroni approach. Tests of
HW equilibrium and genotypic equilibrium employed the package
GENEPOP (Raymond and Rousset 1995).
Tests of genetic homogeneity of allele distributions included (1)

the Monte Carlo procedure of Roff and Bentzen (1989), as imple-
mented in the Restriction Enzyme Analysis Package (REAP) of
McElroy et al. (1992), (2) exact tests, as implemented in GENEPOP,
and (3) the molecular analysis of variance (AMOVA) of Excoffier
et al. (1992). AMOVA generates F statistics, a set of hierarchical F-
statistic analogs that measure the proportion of molecular genetic
variation attributable to different hierarchical levels and take into
account the evolutionary distance among alleles. We employed all
three approaches to test both temporal (among cohorts within lo-
calities) and spatial (among localities) genetic homogeneity at each
microsatellite. Temporal comparisons with AMOVA assessed the
proportion of the genetic variance within localities due to cohort
and whether the associated F statistic (FSC) differed significantly
from zero. Spatial comparisons employed regional groupings of
samples (eastern, central, and western Gulf) and assessed the pro-
portion of the genetic variance among regions and among localities
within regions and whether the associated F statistics (FCT and
FSC, respectively) differed significantly from zero. Significance of

tests of genetic homogeneity, and of whether F statistics differed
significantly from zero, employed permutation with 1,000 resam-
plings per individual comparison; significance levels for simulta-
neous tests were adjusted by using the sequential Bonferroni
approach. Finally, RST-CALC (Goodman 1997) was used to es-
timate rho, the proportion of the genetic variance among regions
over all microsatellites.
In addition to homogeneity testing, clustering of genetic di-

vergence matrices between pairs of samples and two approaches
(spatial autocorrelation and regression) were employed to examine
whether genetic divergence was correlated with geographic distance
between sample localities. Genetic divergence metrics included the
h measure of FST (Weir and Cockerham 1984), obtained with
ARLEQUIN (Schneider et al. 1997), and the dl2 distance statistic of
Goldstein et al. (1995), obtained with RST-CALC. The former is
based on the infinite alleles model (IAM) of microsatellite evolu-
tion, whereas the latter is based on the step-wise mutation model
(SMM). Each genetic divergence matrix was clustered by neighbor
joining (Saitou and Nei 1987) with the NEIGHBOR program in
PHYLIP (Felsenstein 1992). Spatial autocorrelation analysis was
used to determine whether allele distributions at each microsatellite
at a sample locality were independent of those at adjacent sample
localities. Correlograms that plotted autocorrelation coefficients
(Moran’s I values) as a function of geographic distance between
pairs of sample localities were employed to summarize patterns of
geographic variation of allele distributions. We used the Spatial
Autocorrelation Analysis Program (SAAP) of Wartenberg (1989)
and followed procedures outlined in Sokal and Oden (1978a, b).
‘‘Noise’’ was minimized by including only alleles found in ‡20 in-
dividuals. Microsatellites (number of alleles used in SAAP runs)
were Soc 11 (7), Soc 19 (15), Soc 35 (8), Soc 60 (5), Soc 156 (5), Soc
204 (8), and Soc 243 (6). The first of two SAAP runs employed
equal geographic distances between geographic distance classes; the
second employed (approximately) equal numbers of pairwise
comparisons in each distance class. The number of pairwise com-
parisons in the former was 4, 6, 5, and 6; the number of pairwise
comparisons in the latter was 5, 5, 5, and 6. Distance classes in both
runs were generated by SAAP from input longitude and latitude of
each sample locality. The correlation between genetic and geo-
graphic distance was evaluated by using a linear stepping-stone
model of migration (Rousset 1997). Pairwise genetic distances were
converted to n/(1-n), where n represented pairwise h values (Weir
and Cockerham 1984), and plotted against pairwise geographic
distances (in kilometers), measured as the distance between sample
localities following the coastline. The regression extension of
Mantel’s test (Smouse et al. 1986) was employed to test significance
of the slope of the regression, adjusted for non-independence.

Results

Summary statistics, including direct-count heterozyg-
osity and results of tests of genotype conformance to
expectations of HW equilibrium, for each of the eight
microsatellites by cohort among the seven geographic

Table 1 Localities (acronyms),
cohorts, and number of indi-
viduals assayed for allelic vari-
ation at eight microsatellites
among red drum (Sciaenops
ocellatus) sampled from the
northern Gulf of Mexico. State
abbreviations are as in legend to
Fig. 1

Locality Number of individuals assayed

1986 1987 1988 1989 Total

Tampa Bay, FL (TBY) 24 42 44 39 149
Apalachicola Bay, FL (APA) 24 37 46 42 149
Biloxi Bay, MS (OSP) 94 36 19 27 176
Grand Isle, LA (GIL) 43 47 31 27 148
West Bay, TX (GVB) 32 29 29 20 110
Pass Cavallo, TX (PCV) 13 18 30 29 90
Laguna Madre, TX (LMA) 18 19 58 50 145
Totals 248 228 257 234 967
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sample localities, are given in Appendix A. The distri-
bution of alleles at each microsatellite by locality is
given in Appendix B. Descriptive statistics are pre-
sented in Table 2 and include (1) the repeat sequence of
the cloned allele, (2) the number of alleles detected, (3)
the average (direct-count) heterozygosity (±SE) ob-
served among sample localities, and (4) summarized
results of tests of HW equilibrium. The eight micro-
satellites comprised a variety of di-, tri-, and tetranu-
cleotide motifs, with the number of alleles per
microsatellite ranging from six (Soc 60 and Soc 243) to
21 (Soc 19). Average direct-count heterozygosity ran-
ged from 0.560±0.018 (Soc 60) to 0.903±0.009 (Soc
19), typical of heterozygosity values reported for mi-
crosatellites in other vertebrates, including fish (Turner
et al. 1998; DeWoody and Avise 2000). Following
Bonferroni correction (Rice 1989), genotype propor-
tions at 5 of the microsatellites in all 28 samples (4
cohorts · 7 localities) were non-significant. Two sig-
nificant HW tests (one involving the 1986 and one in-
volving the 1987 cohorts at West Bay, Tex.) were found
at Soc 35, and two significant HW tests (one involving
the 1988 cohort at Grand Isle, La. and one involving
the 1989 cohort at Pass Cavallo, Tex.) were found at
Soc 204. The non-significance of the remaining 26 tests
at both Soc 35 and Soc 204 suggests the significant
departures from HW equilibrium are not meaningful
biologically. Fifteen of 28 tests at Soc 252 were sig-
nificant. In all 15 significant tests, there was a deficit of
heterozygotes, suggesting the presence of null alleles.
The possible presence of null alleles means that per-
ceived allele distributions at Soc 252 may be erroneous,
as some number of heterozygous genotypes may have
been scored as homozygotes. For this reason, Soc 252
was omitted from all further analyses.

Initial tests of genotypic equilibrium between pairs of
microsatellites were carried out with all samples pooled.
Significant genotypic disequilibrium following Bonfer-
roni correction was found only in the pairwise com-
parison of Soc 19 versus Soc 204 (Table 3). Tests of
genotypic equilibrium within individual localities (co-
horts pooled) were non-significant except for the com-
parison of Soc 19 versus Soc 204 (P=0.000) in the
pooled samples from Biloxi Bay, Miss. Probability val-
ues of tests of genotypic equilibrium between Soc 19 and
Soc 204 at the remaining six localities ranged from
0.153 at Pass Cavallo, to 0.918 at West Bay, and av-
eraged 0.464. The significant genotypic disequilibrium
between Soc 19 and Soc 204 at Biloxi Bay appears to be
due to a non-random distribution of genotypes only
within the sample from the 1986 cohort (P=0.000), as
probability values for genotypic disequilibrium in the
1987, 1988, and 1989 cohorts at Biloxi Bay were 0.733,
1.000, and 1.000, respectively. Taken together, these
results indicate that genotypes at pairs of the seven mi-
crosatellites are randomly associated and that all seven
are inherited independently.
Significant heterogeneity in allele distributions among

cohorts within sampling localities was detected prior to
Bonferroni correction at six of the seven localities for
one (five localities) or two (one locality) of the micro-
satellites (Table 4). None of the probability values were
significant following Bonferroni correction. The FSC
statistic (an estimate of the proportion of the genetic
variance due to among cohorts) and the probability that
it differed significantly from zero for each of the seven
microsatellites were: Soc 11 (FSC=0.001, P=0.342), Soc
19 (FSC=–0.001, P=0.601), Soc 35 (FSC=0.004,
P=0.175), Soc 60 (FSC=0.001, P=0.323), Soc 156
(FSC=0.008, P=0.070), Soc 204 (FSC=0.006,

Table 2 Variation at eight mi-
crosatellites among red drum
sampled from seven localities in
the northern Gulf of Mexico

Microsatellite Repeat sequencea No. of
alleles

Average
heterozygosity±SE

PHW
b

Soc 11 [GA]12 14 0.651±0.015 0/28
Soc 19 [GATA]16 21 0.903±0.009 0/28
Soc 35 [CT]5/[CA]9 19 0.632±0.020 2/28
Soc 60 [AGG]8 6 0.560±0.018 0/28
Soc 156 [CCT]6/[TCC]4 12 0.580±0.023 0/28
Soc 204 [CTG]12 14 0.623±0.014 2/28
Soc 243 [CCT]9 6 0.708±0.014 0/28
Soc 252 [CA]10 19 0.606±0.022 15/28

a Sequence of the cloned allele (Turner et al. 1998)
b Proportion of samples where P< 0.05 following Bonferroni correction for simultaneous tests

Table 3 Probability of geno-
typic equilibrium (pairwise
comparisons) at seven micro-
satellites among red drum sam-
pled from the northern Gulf of
Mexico. Probability values are
based on exact tests (1,000 per-
mutations); corrected a (for
initial test)=0.002

Locus Soc 11 Soc 19 Soc 35 Soc 60 Soc 156 Soc 204 Soc 243

Soc 11 – 0.161 0.681 0.294 0.015 0.608 0.512
Soc 19 – 0.373 0.694 0.799 0.000* 0.082
Soc 35 – 0.929 0.141 0.931 0.331
Soc 60 – 0.155 0.782 0.735
Soc 156 – 0.324 0.284
Soc 204 – 0.363
Soc 243 –

* Significant values after Bonferroni correction for simultaneous tests
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P=0.053), and Soc 243 (FSC=–0.004, P=0.845). These
results indicate that from zero to roughly 0.80% of the
genetic variance over all localities is due to variation
among cohorts but that the variance component attrib-
utable to variation among cohorts within localities does
not differ significantly from zero. Because of this, cohort
samples at each locality were pooled for subsequent in-
vestigation of spatial variation (among localities) at each
microsatellite.
Results of homogeneity tests (Table 5) revealed sig-

nificant differences in allele distributions among local-
ities at five of the seven microsatellites, both before and
after Bonferroni correction. At two of the microsatel-
lites (Soc 19 and Soc 204), significant heterogeneity
following Bonferroni correction was found in all three
approaches employed (viz., the Roff-Bentzen proce-
dure, exact test, and AMOVA), while two of the three
approaches yielded significant heterogeneity at Soc 35
and Soc 156. FST values (the proportion of the genetic
variance among localities) derived from AMOVA ran-
ged from 0.000 to 0.005 (Table 5), and averaged 0.003

over all seven microsatellites. The latter conformed
closely to an estimate of 0.003 for all seven microsat-
ellites combined.
We examined further the spatial distribution of the

genetic heterogeneity by subdividing the samples into
regional groups. The subgroup localities were: eastern
Gulf (Tampa Bay and Apalachicola Bay), central Gulf
(Biloxi Bay and Grand Isle), and western Gulf (West
Bay, Pass Cavallo, and Laguna Madre). Results of ho-
mogeneity tests among the three regional subgroups (not
shown) paralleled the tests carried out among localities
(Table 5), in that significant heterogeneity was detected
at the same five microsatellites. Alternatively, the hier-
archical AMOVA revealed that the proportion of the
variance attributable to ‘‘between/among localities
within regional subgroups’’ (reflected as FSC statistics)
was non-significant at all seven microsatellites. Proba-
bility values for the test of the null hypothesis that
FSC=0 for each microsatellite were Soc 11 (P=0.342),
Soc 19 (P=0.601), Soc 35 (P=0.175), Soc 60
(P=0.323), Soc 156 (P=0.070), Soc 204 (P=0.053), and
Soc 243 (P=0.845). This pattern indicates that diver-
gence in microsatellite allele frequency is at least par-
tially a function of geographic distance, as significant
heterogeneity occurs among subregional groupings but
not between spatially contiguous localities within
groupings. This was confirmed by pairwise exact tests,
where samples from geographically adjacent localities in
different subregional groupings (i.e., Apalachicola Bay,
Fla. vs Biloxi Bay, and Grand Isle vs West Bay) gener-
ally did not differ significantly from one another. A
similar pattern where genetic divergence was attribut-
able at least in part to geographic distance was indicated
by estimates of genetic distance between pairs of sample
localities. Both the h measure of FST and the dl2 dis-
tance statistic increased with increasing geographic dis-
tance between localities (data not shown), and the two
were correlated significantly (r=0.59, t[19]=3.193,
P< 0.01). The neighbor-joining topology (Fig. 2)
derived from the pairwise matrix of h values clearly

Table 4 Probability values of
tests for homogeneity in allele
distributions at seven microsat-
ellites among four consecutive
cohorts of red drum sampled at
each of seven geographic local-
ities in the northern Gulf of
Mexico. Upper value is proba-
bility based on 1,000 bootstrap
pseudoreplicates (Roff and
Bentzen 1989); lower value is
probability based on exact test,
with 1,000 permutations. Cor-
rected a for initial test=0.001

Locus Soc 11 Soc 19 Soc 35 Soc 60 Soc 156 Soc 204 Soc 243

Locality
Tampa Bay, FL 0.424 0.830 0.487 0.098 0.755 0.069 0.441

0.334 0.909 0.325 0.303 0.873 0.035* 0.507
Apalachicola Bay, FL 0.487 0.751 0.192 0.803 0.758 0.010* 0.567

0.563 0.807 0.345 0.744 0.514 0.010* 0.460
Biloxi Bay, MS 0.402 0.201 0.853 0.056 0.403 0.263 0.773

0.476 0.144 0.784 0.029* 0.566 0.061 0.865
Grand Isle, LA 0.231 0.413 0.554 0.212 0.892 0.747 0.603

0.266 0.513 0.504 0.229 0.755 0.877 0.497
West Bay, TX 0.333 0.488 0.208 0.256 0.109 0.036* 0.864

0.406 0.584 0.305 0.222 0.093 0.088 0.710
Pass Cavallo, TX 0.179 0.740 0.082 0.346 0.083 0.138 0.413

0.065 0.608 0.042* 0.314 0.044* 0.099 0.437
Laguna Madre, TX 0.972 0.039* 0.789 0.661 0.053 0.865 0.974

0.983 0.118 0.671 0.470 0.097 0.832 0.976

* Significant values before Bonferroni correction for simultaneous tests; none of the probability values
were significant after correction

Table 5 Results of tests for (spatial) homogeneity in allele distri-
butions at seven microsatellites among geographic samples of red
drum from the northern Gulf of Mexico. Prb Probability of allele-
frequency homogeneity based on 1000 bootstrapped pseudorepli-
cates (after Roff and Bentzen 1989). Pexact Probability of allele-
frequency homogeneity based on exact test, with 1000 permuta-
tions. FST Hierarchical FST analogue derived from AMOVA
(Excoffier et al. 1992); P is the probability of finding a more
extreme variance component by chance alone (5,000 permutations)

Microsatellite Prb Pexact FST P

Soc 11 0.087 0.020 0.005 0.001*
Soc 19 0.000* 0.000* 0.003 0.000*
Soc 35 0.000* 0.000* 0.003 0.016
Soc 60 0.180 0.160 0.003 0.025
Soc 156 0.015 0.004* 0.005 0.009*
Soc 204 0.000* 0.000* 0.003 0.011*
Soc 243 0.644 0.659 0.000 0.540

*Significant probability values (P<0.05) following Bonferroni
correction for simultaneous tests
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demonstrated a relationship between genetic and geo-
graphic distance, as geographically proximate sample
localities clustered successively.
Results of spatial autocorrelation analysis also indi-

cated a distance effect relative to genetic divergence
among geographic samples. SAAP runs that employed
alleles found in ‡20 individuals generated 216 Moran’s I
values (54 alleles over 7 microsatellites · 4 distance
classes). When equal distance between distances classes
were used, 23 significant (P< 0.05) and eight highly
significant (P< 0.01) Moran’s I values were obtained.
Of the 31 significant or highly significant values, 14 (12
positive) occurred in the first distance class, three (all
positive) occurred in the second distance class, six (four
negative) occurred in the third distance class, and eight
(seven negative) occurred in the last distance class. Five
of the positive values occurring in the first distance class
were highly significant, as were three negative values
occurring in the last distance class. Nearly identical re-
sults were obtained in SAAP runs that used equal
numbers of pairwise comparisons in each distance-class.
There were 24 significant and 5 highly significant
Moran’s I values, with the distribution of positive and
negative scores virtually the same as SAAP runs with
equal distances between distance-classes. Graphical
representation of these results is shown in Fig. 3, where
the mean (±2SE) Moran’s I values for SAAP runs that
employed equal numbers of pairwise comparisons are
plotted by distance class for each microsatellite. For
comparison, a plot of mean Moran’s I values (±2SE),
based on mtDNA haplotypes where significant Moran’s
I values were found in our prior study (Gold et al. 1999),
is also shown in Fig. 3. For nearly all of the microsat-
ellites, and for mtDNA, autocorrelations (mean Mo-
ran’s I values) are generally positive in the first distance
class, near zero in the second distance class, near zero or
negative in the third distance class, and negative in the
fourth distance class. The autocorrelation profiles are
consistent with the hypothesis that genetic divergence
among red drum in the northern Gulf is at least in part a
function of geographic distance between the bays and

estuaries from which individuals were sampled and fol-
lows a classical isolation-by-distance model (Sokal and
Oden 1972a, b). Of interest are the similarities in
autocorrelation profiles among microsatellites and
mtDNA and that the geographic distance between lo-
calities at which spatial autocorrelations become effec-
tively zero is in the proximity of 700–900 km.
An isolation-by-distance effect also was indicated by

a significant regression (r=0.772, adjusted r2=0.575,
P=0.001, df=1,7) in the plot of linear pairwise geo-
graphic distances between sample localities and pairwise
estimates of genetic divergence (the h measure of FST)
among microsatellites (Fig. 4). As indicated, genetic di-
vergence increases in an approximately linear fashion
with increasing geographic distance, with the slope of
the regression line (3.15·10–6) also differing significantly
from zero (95% CI=1.90·10–6 and 4.39·10–6). Inter-
estingly, the FST value (0.003) for the three microsatel-
lites (Soc 19, Soc 35, and Soc 204), where significant
heterogeneity in allele distributions was revealed by both
homogeneity tests (Table 5), corresponds to approxi-
mately 900 km, roughly the same geographic distance
where spatial autocorrelations become effectively zero.
For comparison, we also regressed pairwise genetic dis-
tances between the same sample localities and pairwise
estimates of genetic divergence (FST) based on mtDNA
haplotypes (data from Gold et al. 1999). The regression
for mtDNA also was significant (r=0.548, adjusted
r2=0.263 P=0.024), as was the slope of the regression
line (4.10·10–6, 95% CI=1.09·10–6 and 7.10·10–6). The
slopes of the two regression lines fell well within the 95%
confidence intervals of one another.

Discussion

As part of a continuing analysis of genetic population
structure in red drum, we addressed three issues in this
study. The first was whether microsatellites would reveal
more subtle population structure than had been detected
previously with mtDNA. Studies in other marine species
such as Atlantic cod (Bentzen et al. 1996; Ruzzante et al.
1996a), Pacific herring (O’Connell et al. 1998), European
hake (Lundy et al. 1999), squid (Shaw et al. 1999), and
wreckfish (Ball et al. 2000) have shown that microsat-
ellites often reveal population structure undetected by
other genetic markers. The latter includes mtDNA, even
in situations where there was sufficient variation such
that significant heterogeneity could have been detected
should it have existed. This distinction, that there be
sufficient variation in a genetic marker, is necessary as
several studies have demonstrated significant heteroge-
neity in nuclear markers (including microsatellites) in
situations where variation in mtDNA was minimal to
nil, presumably as a consequence of a severe, recent
bottleneck in female effective size (Ovenden and White
1990; Angers et al. 1995; Jones et al. 1996; Brunner et al.
1998). In general, microsatellites are expected to have
better resolving power than many genetic markers be-

Fig. 2 Neighbor-joining topology generated from a matrix of
pairwise genetic distances (the h measure of FST) between samples
of red drum
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cause of higher mutation rates leading to higher allelic
diversity (Angers and Bernatchez 1998; Estoup et al.
1998; Ross et al. 1999).
In this study, we detected significant genetic hetero-

geneity among geographic samples of red drum at four
to five of the seven microsatellites assayed. The pro-
portion of genetic variance due to among samples,
measured as the average of FST values for each micro-
satellite, was approximately 0.003, as was an overall FST
(rho). The genetic heterogeneity followed a pattern of
isolation-by-distance, where genetic divergence in-
creased with increasing geographic distance between
sample localities. Interestingly, both spatial autocorre-
lation analysis and regression of genetic distance on
geographic distance between pairs of geographic sam-
ples suggest that significant genetic divergence becomes
apparent when sample localities are separated by 700–
900 km; we refer to this as the geographic neighborhood
size as a means to define geographic boundaries between

overlapping subpopulations. Virtually identical results
were obtained in our previous studies of mtDNA (Gold
et al. 1999): homogeneity testing and AMOVA detected
significant heterogeneity among localities, and the FST
value for mtDNA was 0.002. The spatial pattern of
mtDNA divergence also followed a pattern of isolation-
by-distance and the geographic neighborhood size was
estimated to be 500–700 km. Microsatellites in red drum
thus paralleled and strongly reinforced earlier findings
based on analysis of mtDNA, but did not reveal more
subtle population structure.
The second issue addressed by this study was whether

spatially divergent genetic patterns were stable tempo-
rally. Previous studies in other marine fishes have not
necessarily addressed this issue fully, as most (e.g.,
Bembo et al. 1995; Tringali and Bert 1995; Gold and
Richardson 1998) are essentially single ‘‘snapshots’’ in
time. However, although there are exceptions (Smolenski
et al. 1993; Purcell et al. 1996), temporal stability gen-

Fig. 3 Correlograms based on
frequencies of alleles found in
‡20 individuals at each of seven
microsatellites (a–g) and on
frequencies of mtDNA haplo-
types (h) found in ‡10 individ-
uals. Abscissas Distance classes
(left to right) based on equal
frequencies per distance class;
ordinates: mean autocorrela-
tion coefficients (Moran’s I
values) for each distance class.
Bars about each mean represent
two standard errors on either
side of a mean; dashed lines are
expected Moran’s I values when
no correlation exists
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erally has been observed in those studies where sampling
occurred over time (Graves et al. 1992; Brown et al.
1996; Ruzzante et al. 1997; Beacham and Dempson
1998), in one instance (Nielsen et al. 1999) over a time
span of several decades. It is worth noting that ‘‘tem-
poral sampling’’ in these studies did not necessarily
mean sampling consecutive cohorts.
The issue of temporal stability is of interest for at least

two reasons. First, temporal sampling permits discrimi-
nation of genetic signal from genetic noise that poten-
tially could arise from non-random sampling or some
form of lineage sorting (Waples 1998). This is particu-
larly critical in marine species where degree of genetic
divergence among samples (generally measured by some
analog of Wright’s FST statistic) is substantially less than
that typically observed among freshwater or terrestrial
species (Ward 2000). The importance of temporal sta-
bility relates to inferences that spatially divergent sub-
populations actually exist and potentially exhibit
different or independent population dynamics (Ruzzante
et al. 1997). The second reason is that temporal insta-
bility could signal a ‘‘sweepstakes’’ type situation (sensu
Hedgecock 1994), where temporal genetic change occurs
because of small effective population size (Ne) and ran-
dom genetic drift. This is of considerable interest in re-
cruitment and other issues related to conservation and
management and has been implicated as an explanation
for patterns of microsatellite variation in red drum along
the Atlantic coast of the southeastern United States
(Chapman et al. 1999). Briefly, Chapman et al. (1999)
surveyed variation in a single microsatellite among both
temporal and spatial samples of red drum from the coasts
of Virginia, South Carolina, and Georgia and found that
genotypes at 6 of 11 sample localities exhibited hetero-
zygote deficiencies and were not in HW equilibrium.
Although no differences in allele frequencies were found

among cohorts, there were significant differences in allele
frequencies among samples from different localities.
Based on comparisons with microsatellite variation/
divergence in the related species Cynoscion nebulosus,
Chapman et al. (1999) hypothesized that the differences
in allele frequencies in red drum likely stemmed from
reductions in effective population size.
In our study of microsatellite variation among red

drum from the Gulf, genotype proportions in all sam-
ples were in HW equilibrium and genotypes at different
microsatellites were independent of one another indi-
cating the absence of linkage disequilibrium. In addi-
tion, allele frequencies among cohorts at each sample
locality were homogeneous and the variance compo-
nent (derived from AMOVA) attributable to variation
among cohorts within localities did not differ signifi-
cantly from zero. The temporal stability observed over
the four cohorts of red drum reinforces inferences
drawn from patterns of spatial genetic heterogeneity
(i.e., genetic divergence in red drum in the Gulf follows
an isolation-by-distance effect), and indicates that (1)
the small but significant genetic divergence among
spatial localities represents true signal, and (2) over-
lapping subpopulations may be influenced by different
or independent population dynamics. The microsatellite
data also indicate that red drum in the Gulf may not be
experiencing a ‘‘sweepstakes effect’’ (Hedgecock 1994)
that is of sufficient magnitude to cause significant
changes in allele frequencies across cohorts or to lower
genetic diversity of cohorts with respect to breeding
adults. Populations undergoing a ‘‘sweepstakes effect’’
are predicted to exhibit (1) significant and random
gene-frequency shifts between cohorts, (2) less genetic
diversity in new recruits than in the adult population
from which they came, and (3) linkage disequilibrium
(non-independence) at multiple loci (Hedgecock 1994;
Chapman et al. 1999). We observed none of these ef-
fects in either mtDNA (Gold et al. 1999) or microsat-
ellites (this study). Turner et al. (1999), however,
showed that the effective number (Nef) of red drum
females (14,308) in the northern Gulf was much lower
than the estimated adult female census size (Nf) of
approximately 3.5 million, suggesting that red drum
could experience a ‘‘sweepstakes’’ effect.
The third issue addressed was whether genetic diver-

gence and gene flow in red drum were biased sexually. In
theory, the degree of divergence in mtDNA, under
equilibrium conditions, is expected to be 4 times that of
divergence in analogous nuclear-encoded DNA (Birky
et al. 1989). In some marine species, observed divergence
of mtDNA relative to nuclear genes or sequences ex-
ceeded that expected under equilibrium conditions,
leading the authors to hypothesize the existence of male-
mediated dispersal, female philopatry, or both (Palumbi
and Baker 1994; FitzSimmons et al. 1997; Rassman et al.
1997; Brown Gladden et al. 1999). The same was hy-
pothesized in studies of sea trout (Ferguson et al. 1995)
and blue marlin (Buonaccorsi et al. 1999), although in
both cases the degree of divergence in mtDNA was only

Fig. 4 Relationship between genetic distance (FST/(1-FST), where
FST is the hmeasure of Weir and Cockerham (1984) and geographic
distance (km) for samples of red drum. Geographic distance
between sample localities followed the coastline of the northern
Gulf of Mexico
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3–5 times that of divergence in nuclear-encoded DNA.
The converse situation, where the magnitude of diver-
gence in mtDNA is significantly less than 4 times the
magnitude of divergence in nuclear-encoded sequences,
would be predicted under female-mediated dispersal
and/or male philopatry. To our knowledge, this has been
documented only in broad whitefish (Coregonus nasus)
sampled from two populations in northern Alaska
(Patton et al. 1997).
Based on FST values derived from AMOVA, the

degree of genetic divergence in red drum mtDNA
(FST=0.002; Gold et al. 1999) appears to be approxi-
mately the same (or less) than that of microsatellites,
where FST values for six of the seven microsatellites
assayed were 0.003 or greater. It is important to note
that FST values for mtDNA and for most of the mi-
crosatellites differed significantly from zero, i.e., the ge-
netic divergence for both genetic markers is real. The
near identity of microsatellite and mtDNA divergence
also can be inferred from the observation that the slopes
of the regression of divergence in each marker on geo-
graphic distance did not differ significantly from one
another. We interpret this finding to indicate that the
genetic effective size of both microsatellites and mtDNA
in red drum are the same, as the inverse of this slope is
hypothesized (Rousset 1997), under equilibrium condi-
tions, to represent an estimate of effective size. Given
that allele frequencies at microsatellites and mtDNA
differ significantly across the northern Gulf, the identity
in degree and pattern of genetic divergence at the two
classes of genetic markers suggests either that gene flow
in red drum could be biased sexually or that red drum
populations may not be in equilibrium between genetic
drift and migration. If a sexual bias exists, the fact that
mtDNA divergence is considerably less than 4 times that
of microsatellites would suggest female-mediated dis-
persal and/or male philopatry.
Our studies over the last several years, along with

those of Seyoum et al. (2000), have generally demon-
strated genetic divergence among geographic, but not
temporal, samples of red drum. Collectively, these
findings are in contrast with expectations based pri-
marily on adult life history, where sexually mature red
drum are known to form large offshore schools that can
migrate considerable distances (Overstreet 1983;
Matlock 1987; Patillo et al. 1997). Red drum thus
provide another example of the general pattern (Avise
1998) that pelagic marine organisms with high dispersal
potential may not necessarily exhibit high levels of
actual gene flow and uniformity in population structure.
Based on the studies of red drum mtDNA, Gold et al.

(1999) offered the suggestion that older females might
not spawn as frequently as younger females that had not
yet joined large offshore schools. However, Wilson and
Nieland (1994) examined ovaries in large, mature red
drum females sampled offshore during the spawning
season and found no evidence of mid-spawning-season
atresia, sterility, or females that were not in spawning
condition. Ross et al. (1995) did find two senescent fe-

males (aged as 49 and 51 years) that had atrophied
ovaries, but five other females (aged as 40–52 years)
were spent or resting. Because these observations indi-
cated that older, presumably migratory females do
spawn annually, Gold et al. (1999) suggested that the
isolation-by-distance effect observed with mtDNA could
stem from natal-site philopatry (i.e., homing), limited
coastwise movement relative to natal bays or estuaries,
or both.
The similarity in pattern and degree of genetic di-

vergence in both microsatellites and mtDNA of red
drum suggests that the same general factors that impact
genetic divergence/gene flow in red drum are operative
in both sexes and, moreover, lead to an isolation-by-
distance effect where genetic divergence and gene flow
are related directly and inversely, respectively, to
geographic distance from a natal bay or estuary. In
general, the very limited data from zooplankton sam-
pling, mark-and-recapture of juveniles, and sonic
tracking of adults are consistent with this hypothesis.
Briefly, Lyczkowski-Schultz et al. (1998), based on
extensive ichthyoplankton sampling in the north-cen-
tral Gulf, hypothesized that oceanic currents could
transport larval red drum during their 12- to 16-day
planktonic existence to adjacent localities. In addition,
although mark-and-recapture studies in both the Gulf
(Osborn et al. 1982) and along the southeastern At-
lantic coast (Pafford et al. 1990 and Pugliese 1990, cited
from Nicholson and Jordan 1994), have shown that
juvenile red drum generally exhibit strong fidelity to a
local bay or estuary, limited movement to adjacent
bays or estuaries does occur and in a distribution
consistent with an isolation-by-distance effect. Osborn
et al. (1982), for example, found that 78–97% of fish
tagged along the Texas coast were recaptured in the
same bay or estuary in which they were tagged initially
and that the majority of inter-bay movement was to an
adjacent bay. Similarly, in a recent study by C. Wenner
and colleagues, 4,215 red drum were recovered from a
release of slightly over 17,000 yearlings tagged in
Charleston harbor: of 4,215 recaptures, 4,107 (97.4%)
were recovered within 10 nautical miles (18 km) of the
release site, 78 (1.9%) were recovered in the range 10–
70 nautical miles (18–126 km), and 30 (0.7%) were
recovered in the range 70–170 nautical miles (126–
306 km) (C. Wenner, personal communication). Final-
ly, Nicholson and Jordan (1994) were able to follow
the movements of 50 of 75 adult red drum implanted
with ultrasonic transmitters and found that fish tagged
in the fall along shoals and beaches in Georgia over-
wintered offshore then relocated the following spring
and fall to the same shoal where they were tagged
initially. Although how strong or widespread such site
fidelity of adults may be is not known, it is noteworthy
that two-thirds (50 of 75) of the fish implanted exhib-
ited site-fidelity. Taken together, these data at various
life-history stages are fully consistent with the hypoth-
esis that gene flow in red drum is inversely related to
geographic distance from a natal bay or estuary.
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The possibility that gene flow in red drum might be
biased sexually would seem to argue against the notion
of extensive gene flow at the larval and possibly juve-
nile stages, as coastwise currents (implicated in larval
transport) would not be expected to affect sexes dif-
ferently and sex-related behavioral patterns might not
be fully developed in juveniles. In addition, our esti-
mates of geographic neighborhood size (700–900 km)
are greater than the average distance between adjacent
bays or estuaries, suggesting that gene flow in the Gulf
occurs beyond adjacent estuaries, further implicating
migratory adults. However, even assuming the majority
of gene flow in red drum stems from migrating adults,
the observed isolation-by-distance effect relative to ge-
netic divergence indicates a practical limit to dispersal
that is less than the range of the species (Slatkin 1993;
Chambers 1995; Palumbi et al. 1997) and that long-
distance dispersal in red drum is insufficient to preclude
genetic divergence.
In closing, we note that conservation andmanagement

of red drum in the Gulf relative to assessment and alloca-
tion currently occurs on a state-by-state basis. Although
our genetic studies indicate significant genetic divergence
across the northern Gulf, the genetic differences per se do
not delimit specific stocks with fixed geographic bound-
aries.Theestimatesofgeneticneighborhoodsize represent
an attempt to generate a spatial framework that might be
useful in management planning, but it should be realized
that the spatial framework is overlapping and ostensibly
moves in both directions from any specific geographic lo-
cality. This may indicate that management planning
should be carried out on a regional basis involving coop-
eration of independent state management agencies. The

region in this context, however, is likely not the entire
northern Gulf of Mexico, and the isolation-by-distance
effect (and assuming dispersal distances are distributed
normally) means that the effective neighborhood size
(sensuWright 1946) will be smaller than the range of the
population (Chambers 1995).
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Appendix A

Summary statistics for each of eight microsatellites in
seven geographic samples of red drum (Sciaenops
ocellatus) from the northern Gulf of Mexico. Acronyms
refer to collection localities (Table 1); individual co-
horts (year classes) are designated by year, i.e., 86–89
represents 1986–1989. n Number of individuals scored;

Sample Microsatellite locus

Soc 11 Soc 19 Soc 35 Soc 60 Soc 156 Soc 204 Soc 243 Soc 252

TBY-86
n 24 24 24 24 24 24 24 24
HDC 0.625 0.917 0.750 0.708 0.708 0.625 0.792 0.833
PHW 0.211 0.091 0.431 0.145 0.472 0.143 0.010 0.190

TBY-87
n 42 42 42 42 42 42 42 42
HDC 0.690 0.857 0.714 0.476 0.714 0.619 0.714 0.690
PHW 0.951 0.682 0.328 0.237 0.107 0.009 0.312 0.050

TBY-88
n 44 44 44 44 44 44 44 43
HDC 0.523 0.841 0.750 0.636 0.705 0.614 0.773 0.791
PHW 0.381 0.622 0.074 0.897 0.134 0.021 0.175 0.399

TBY-89
n 39 39 38 38 39 38 39 39
HDC 0.641 0.872 0.816 0.500 0.641 0.711 0.744 0.846
PHW 0.346 0.348 0.760 0.239 0.270 0.502 0.992 0.205

APA-86
n 24 22 24 24 22 24 24 24
HDC 0.625 1.000 0.625 0.583 0.500 0.583 0.667 0.417
PHW 0.733 0.863 0.047 0.962 0.493 0.058 0.375 0.000*

APA-87
n 37 37 37 37 37 37 37 37
HDC 0.541 0.865 0.676 0.595 0.514 0.703 0.676 0.622
PHW 0.424 0.085 0.922 0.220 0.754 0.394 0.704 0.001*
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Sample Microsatellite locus

Soc 11 Soc 19 Soc 35 Soc 60 Soc 156 Soc 204 Soc 243 Soc 252

APA-88
n 46 45 46 46 45 46 46 45
HDC 0.587 0.889 0.565 0.609 0.556 0.609 0.739 0.578
PHW 0.631 0.438 0.700 0.106 0.923 0.131 0.042 0.000*

APA-89
n 42 42 42 42 42 42 42 42
HDC 0.595 0.929 0.667 0.595 0.595 0.643 0.595 0.524
PHW 0.870 0.047 0.903 0.673 0.009 0.215 0.171 0.000*

OSP-86
n 94 94 94 94 94 94 94 94
HDC 0.691 0.851 0.745 0.479 0.574 0.670 0.681 0.649
PHW 0.333 0.148 0.026 0.004 0.094 0.213 0.402 0.000*

OSP-87
n 36 35 36 36 36 36 36 36
HDC 0.806 0.886 0.722 0.556 0.528 0.611 0.639 0.694
PHW 0.203 0.109 0.730 0.076 0.942 0.141 0.413 0.001*

OSP-88
n 19 18 19 19 19 19 19 19
HDC 0.526 0.889 0.474 0.737 0.684 0.632 0.737 0.421
PHW 0.369 0.533 0.487 0.156 0.828 0.184 0.537 0.000*

OSP-89
n 27 27 27 27 27 26 27 27
HDC 0.630 0.852 0.519 0.556 0.630 0.692 0.519 0.481
PHW 0.200 0.228 0.009 0.675 0.346 0.801 0.128 0.000*

GIL-86
n 43 43 43 43 43 43 43 43
HDC 0.628 0.884 0.674 0.605 0.535 0.605 0.674 0.465
PHW 0.482 0.570 0.925 0.837 0.579 0.058 0.128 0.000*

GIL-87
n 47 47 47 47 47 47 47 47
HDC 0.574 0.915 0.660 0.766 0.426 0.681 0.702 0.489
PHW 0.121 0.666 0.008 0.135 0.174 0.381 0.860 0.000*

GIL-88
n 31 31 31 31 31 31 31 31
HDC 0.645 0.935 0.613 0.613 0.645 0.484 0.710 0.484
PHW 0.733 0.877 0.676 0.591 0.739 0.000* 0.261 0.000*

GIL-89
n 27 26 27 27 26 26 27 26
HDC 0.667 1.000 0.704 0.519 0.654 0.577 0.741 0.500
PHW 0.261 0.942 0.725 0.587 0.896 0.077 0.103 0.000*

GVB-86
n 32 32 32 31 31 32 32 32
HDC 0.750 0.969 0.469 0.484 0.742 0.656 0.719 0.656
PHW 0.140 0.845 0.000* 0.455 0.292 0.178 0.864 0.018

GVB-87
n 29 29 29 29 29 29 29 29
HDC 0.690 0.828 0.448 0.655 0.655 0.690 0.793 0.621
PHW 0.790 0.117 0.000* 0.233 0.284 0.258 0.029 0.009

GVB-88
n 29 27 29 29 28 29 29 29
HDC 0.724 0.852 0.655 0.586 0.679 0.483 0.655 0.621
PHW 0.031 0.161 0.568 0.806 0.523 0.021 0.824 0.008

GBV-89
n 20 20 20 20 20 19 20 20
HDC 0.700 0.850 0.600 0.550 0.700 0.632 0.650 0.750
PHW 0.073 0.550 0.375 0.738 0.339 0.009 0.166 0.053

PCV-86
n 13 10 13 13 12 13 13 13
HDC 0.538 0.900 0.769 0.538 0.417 0.615 0.538 0.692
PHW 0.486 0.338 0.602 0.186 0.132 0.309 0.083 0.051

PCV-87
n 18 17 18 18 15 18 18 18
HDC 0.778 0.941 0.500 0.444 0.267 0.444 0.833 0.556
PHW 0.192 0.575 0.608 0.074 0.083 0.006 0.887 0.002*

PCV-88
n 30 29 30 30 29 30 30 30
HDC 0.633 0.931 0.600 0.633 0.655 0.733 0.700 0.567
PHW 0.116 0.912 0.156 0.636 0.830 0.046 0.927 0.000*
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HDC observed heterozygosity (direct counts); PHW
probability of conforming to expected Hardy-Weinberg
proportions, based on exact tests (1,000 permutations).
* Significant PHW values after correction for multiple
tests.

Appendix B

Distribution of alleles at eight microsatellite loci in seven
geographic samples of red drum from the northern Gulf

Sample Microsatellite locus

Soc 11 Soc 19 Soc 35 Soc 60 Soc 156 Soc 204 Soc 243 Soc 252

PCV-89
n 29 29 29 29 29 29 29 29
HDC 0.793 0.966 0.483 0.448 0.414 0.552 0.724 0.690
PHW 0.757 0.839 0.035 0.060 0.725 0.001* 0.413 0.234

LMA-86
n 18 18 18 18 18 17 18 18
HDC 0.611 0.889 0.667 0.500 0.611 0.529 0.833 0.500
PHW 1.000 0.298 0.128 0.808 0.476 0.084 0.977 0.021

LMA-87
n 19 19 19 19 19 19 19 19
HDC 0.632 0.895 0.789 0.316 0.316 0.737 0.789 0.632
PHW 0.209 0.309 0.573 0.004 0.054 0.709 0.795 0.036

LMA-88
n 58 57 58 57 55 57 58 58
HDC 0.724 0.930 0.552 0.456 0.527 0.702 0.707 0.603
PHW 0.727 0.932 0.000* 0.013 0.921 0.159 0.196 0.000*

LMA-89
n 50 50 50 50 50 50 50 50
HDC 0.660 0.940 0.500 0.540 0.640 0.600 0.780 0.600
PHW 0.591 0.506 0.128 0.471 0.698 0.103 0.782 0.000*

Locus (allele)* Sample locality

TBY APA OSP GIL GVB PCV LMA

Soc 11
213 0 0 0 0 1 0 2
217 0 0 0 0 0 0 1
219 174 190 194 173 99 82 156
221 46 36 47 33 33 32 38
223 0 0 2 1 2 0 2
225 0 0 1 2 3 0 2
226 37 41 59 43 38 32 49
229 17 12 19 24 19 12 15
231 17 9 18 11 12 9 11
233 3 2 6 4 1 5 6
235 2 1 2 1 3 1 1
237 1 7 3 4 8 6 6
239 1 0 0 0 1 1 1
241 0 0 1 0 0 0 0

Soc 19
193 0 0 0 1 0 0 1
197 0 0 1 0 0 0 0
201 22 21 9 8 5 1 8
205 0 3 2 1 0 1 1
209 0 1 0 0 0 0 0
213 0 4 6 7 1 0 7
217 4 2 8 1 6 5 1
221 13 17 34 30 22 19 30
225 30 15 30 19 20 16 19
229 41 28 43 44 21 24 44
233 30 33 56 29 37 24 29
237 41 44 44 40 19 18 40
241 37 34 39 36 28 16 36
245 23 25 20 18 20 19 18
249 14 24 16 17 12 10 17
253 18 16 14 22 11 5 22
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Locus (allele)* Sample locality

TBY APA OSP GIL GVB PCV LMA

257 12 11 11 5 6 5 5
261 2 11 7 6 6 5 6
265 10 2 3 6 0 2 6
269 0 1 3 3 2 0 3
273 1 0 2 1 0 0 1

Soc 35
244 103 113 143 96 69 55 106
246 0 1 0 0 2 0 0
248 0 0 1 0 1 3 2
250 0 3 0 0 1 0 0
252 112 116 157 140 105 94 125
254 12 17 7 7 3 2 3
256 7 10 14 11 7 4 17
258 4 1 0 2 0 4 1
260 15 12 8 7 8 5 10
262 18 12 7 16 6 6 9
264 6 1 4 5 4 1 5
266 7 4 5 5 7 3 7
268 1 2 1 1 0 0 1
270 0 3 2 1 2 0 2
272 7 2 2 1 2 2 2
274 0 0 1 0 2 0 0
276 1 0 0 3 0 1 0
278 3 0 0 0 0 0 0
280 0 1 0 1 1 0 0

Soc 60
147 0 0 0 0 0 0 1
153 11 15 13 12 9 6 4
156 13 14 14 17 8 10 7
159 136 138 154 142 121 84 164
162 126 121 165 116 79 76 105
165 10 10 6 9 3 4 7

Soc 156
167 0 1 0 0 0 0 0
170 27 28 26 27 26 13 28
176 2 1 4 4 5 1 3
182 0 0 0 1 0 0 0
185 4 2 3 0 4 4 4
188 149 156 197 175 109 108 178
194 108 98 120 86 71 44 71
200 8 2 2 1 1 0 0
248 0 1 0 0 0 0 0
260 0 1 0 0 0 0 0
266 0 1 0 0 0 0 0
314 0 1 0 0 0 0 0

Soc 204
172 4 0 1 2 3 0 1
175 0 1 4 2 0 0 1
178 0 0 1 0 0 0 0
181 15 13 17 8 6 13 14
184 78 94 85 79 46 35 54
187 81 84 108 94 82 56 85
190 94 92 97 81 53 61 92
193 5 4 13 16 11 12 13
196 12 1 8 4 2 0 5
199 2 3 0 1 5 2 8
202 2 1 1 0 0 0 0
205 2 3 13 7 9 1 10
208 0 0 1 0 0 0 0
211 1 2 1 0 1 0 3

Soc 243
88 4 5 10 3 3 8 6
91 86 98 114 96 61 49 95
94 55 62 64 60 43 29 56
97 93 80 118 89 77 67 84
100 55 50 42 46 34 25 46
106 5 3 4 2 2 2 3
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of Mexico. Acronyms refer to collection localities
(Table 1). * Allele number represents size in base pairs
of the fragment amplified.
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Ferguson A, Taggart JB, Prodöhl PA, McMeel O, Thompson C,
Stone C, McGinnity P, Hynes RA (1995) The application of
molecular markers to the study and conservation of fish pop-
ulations, with special reference to Salmo. J Fish Biol 47 [Suppl
A]:103–126

FitzSimmons NN, Limpus CJ, Norman JA, Goldizen AR, Miller
JD, Moritz C (1997) Philopatry of male marine turtles inferred
from mitochondrial DNA markers. Proc Natl Acad Sci USA:
94:8912–8917

GMFMC (Gulf of Mexico Fisheries Management Council) (1996)
Commercial fishing regulations for Gulf of Mexico federal
waters. June 1996. Gulf of Mexico Fish Management Council,
Tampa, Fla

Gold JR, Richardson LR (1991) Genetic studies inmarine fishes. IV.
An analysis of population structure in the red drum (Sciaenops
ocellatus) using mitochondrial DNA. Fish Res 12:213–241

Gold JR, Richardson LR (1998) Population structure in greater
amberjack, Seriola dumerili, from the Gulf of Mexico and
western Atlantic Ocean. Fish Bull US 96:767–778

Gold JR, Richardson LR, Furman C, King TL (1993) Mitochon-
drial DNA differentiation and population structure in red drum
(Sciaenops ocellatus) from the Gulf of Mexico and Atlantic
Ocean. Mar Biol 116:175–185

Gold JR, Richardson LR, Turner TF (1999) Temporal stability
and spatial divergence of mitochondrial DNA haplotype fre-
quencies in red drum (Sciaenops ocellatus) from coastal regions
of the western Atlantic Ocean and Gulf of Mexico. Mar Biol
133:593–602

Goldstein DB, Ruiz-Linares A, Cavalli-Sforza LL, Feldman MW
(1995) Genetic absolute dating based on microsatellites and the
origin ofmodernhumans. ProcNatlAcadSciUSA92:6723–6727

Goodman SJ (1997) RST CALC: a collection of computer pro-
grams for calculating estimates of genetic differentiation from
microsatellite data and determining their significance. Mol Ecol
6:881–885

Graves JE (1998) Molecular insights into the population structures
of cosmopolitan marine fish. J Hered 89:427–437

Graves JE, McDowell JR, Beardsley AM, Scoles DR (1992) Stock
structure of bluefish Pomatomus saltatrix along the mid-
Atlantic coast. Fish Bull US 90:703–710

Guo S, Thompson E (1992) Performing the exact test of Hardy-
Weinberg proportion from multiple alleles. Biometrics 48:361–
372

Hedgecock D (1994) Does variance in reproductive success limit
effective population size in marine organisms? In: Beaumont
AR (ed) The genetics and evolution of aquatic organisms.
Chapman and Hall, London, pp 122–134

Heffernan TL, Kemp RJ (1982) The conflicts and controversies
surrounding red drum and spotted seatrout. In: Stroud RH (ed)
Marine recreational fisheries, vol VII. Sport Fishing Institute,
Washington, D.C., pp 57–63

Hellberg ME (1994) Relationships between inferred levels of gene
flow and geographic distance in a philopatric coral, Balano-
phyllia elegans. Evolution 48:1829–1854

Jones MW, Clay D, Danzman RG (1996) Conservation genetics of
brook trout (Salvelinus fontinalis): population structuring in
Fundy National Park, New Brunswick and eastern Canada.
Can J Fish Aquat Sci 53:2776–2791

Larsen AH, Sigurjónsson J, Øien N, Vikingsson G, Palsbøll P
(1996) Population genetic analysis of nuclear and mitochondrial
loci in skin biopsies collected from central and northeastern
North Atlantic humpback whales (Megaptera novaeangliae):
population identity and migratory destinations. Proc R Soc
Lond B 263:1611–1618

Lundy CJ, Moran P, Rico C, Milner RS, Hewitt GM (1999)
Macrogeographic population differentiation in oceanic envi-
ronments: a case study of European hake (Merluccius merluc-
cius), a commercially important fish. Mol Ecol 8:1889–1898

Lyczkowski-Schultz J, Steen JP Jr, Comyns BH (1988) Early life
history of red drum (Sciaenops ocellatus) in the northcentral

Gulf of Mexico. Gulf Coast Research Laboratory, Ocean
Springs, Mississippi (Project R/LR-12)

Manly BJF (1991) Randomization and Monte Carlo methods in
biology. Chapman and Hall, New York

Matlock GC (1987) The life history of the red drum. In: Cham-
berlain GW, Miget RJ, Haby MG (eds) Manual of red drum
aquaculture. Texas Agricultural Extension Service and Sea
Grant College Program, Texas A&M University, College
Station, Tex., pp 1–47

McEachron LW, McCarty CE, Vega RR (1995) Beneficial uses of
marine fish hatcheries: enhancement of red drum in Texas
coastal waters. Am Fish Soc Symp 15:161–166

McElroy D, Bermingham E, Kornfield I (1992) REAP – the
restriction enzyme analysis package. J Hered 83:157–158

Neilsen EE, Hansen MM, Loeschcke V (1999) Genetic variation in
time and space: microsatellite analysis of extinct and extant
populations of Atlantic salmon. Evolution 53:261–268

Nicholson N, Jordan SR (1994) Biotelemetry study of red drum in
Georgia, November 1989–June 1993. Coastal Res Div, Georgia
Dep Nat Resources, Brunswick, GA

O’Connell M, Dillon MC, Wright JM, Bentzen P, Merkouris S,
Seeb J (1998) Genetic structuring among Alaskan Pacific her-
ring populations identified using microsatellite variation. J Fish
Biol 53:150–163

Osborn HR, Matlock GC, Green AW (1982) Red drum (Sciaenops
ocellatus) in Texas bays. Contrib Mar Sci 25:85–97

Ovenden JR, White RWG (1990) Mitochondrial and allozyme
genetics of incipient speciation in a landlocked population of
Galaxias truttaceus (Pisces: Galaxiidae). Genetics 124:701–
716

Overstreet RM (1983) Aspects of the biology of the red drum,
Sciaenops ocellatus, in Mississippi. Gulf Res Rep [Suppl 1]:5–68

Palumbi SR (1994) Reproductive isolation, genetic divergence, and
speciation in the sea. Annu Rev Ecol Syst 25:547–572

Palumbi SR (1996) Macrospatial genetic structure and speciation in
marine taxa with high dispersal abilities. In: Ferraris JF, Pa-
lumbi SR (eds) Molecular zoology: advances, strategies and
protocols. Wiley, New York, pp 101–117

Palumbi SR, Baker CS (1994) Contrasting population structure
from nuclear intron sequences and mtDNA of humpback
whales. Mol Biol Evol 11:426–435

Palumbi SR, Grabowsky G, Duda T, Geyer L, Tachino N (1997)
Speciation and population genetic structure in tropical Pacific
sea urchins. Evolution 51:1506–1517

Park LK, Moran P (1994) Developments in molecular genetic
techniques in fisheries. Rev Fish Biol Fish 4:272–299

Pattillo ME, Czapla TE, Nelson DM, Monaco ME (1997) Distri-
bution and abundance of fishes and invertebrates in Gulf of
Mexico estuaries, vol II. Species life history summaries. NOAA/
NOS Strategic Environmental Assessments Division, Silver
Springs, Maryland (ELMR Rep. No. 11)

Patton JC, Gallaway BJ, Fechhelm RG, Cronin MA (1997) Ge-
netic variation of microsatellite and mitochondrial DNA
markers in the broad whitefish (Coregonus nasus) in the Colville
and Sagavanirktok rivers in northern Alaska. Can J Fish Aquat
Sci 54:1548–1556

Purcell MK, Kornfield I, Fogarty M, Parker A (1996) Interdecadal
heterogeneity in mitochondrial DNA of Atlantic haddock
(Melanogrammus aeglefinus) from Georges Bank. Mol Mar Biol
Biotechnol 5:185–192

Rassman K, Tautz D, Trillmich F, Gliddon C (1997) The micro-
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