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Mitochondrial DNA Diversification and
Population Structure in Fishes From the
Gulf of Mexico and Western Atlantic
J. R. Gold and L. R. Richardson

We examined variation in mitochondrial DNA (mtDNA) among geographic samples
of seven species of marine fish sampled from the Gulf of Mexico (Gulf) and along
the southeastern Atlantic coast of the United States (western Atlantic). Species
included three sciaenids that are estuarine dependent during larval and juvenile
stages, three reef-associated species that are typically found as adults on reefs,
hard bottoms, or submerged structures, and one scombrid that is pelagic through-
out its life history. All seven species are significant components of recreational
and/or commercial fisheries, and the issue of population structure/gene flow is
critical to their conservation and management. MtDNA variation in the three sciaen-
ids is consistent with the hypothesis that dispersal/gene flow in all three species
follows an isolation-by-distance model, and that dispersal potential is consistent
with expectations based on life history. No evidence of population structuring was
observed in the three reef-associated species, in contrast to what might be ex-
pected on the basis of their adult life history. Low levels of mtDNA variation in two
of the reef-associated species is consistent with the occurrence of past or present-
day bottleneck events. MtDNA variation in the scombrid was not structured geo-
graphically, consistent with expectations for a highly pelagic species, but was dis-
cordant with variation observed at an allozyme locus (PEPA-2). However, variation
in mtDNA was independent of sex or age of individuals, whereas variation at the
allozyme locus was not. Genotypes at the allozyme locus thus appear to vary in
part as a function of the sex and age composition of samples. This finding serves
as a warning that genetic markers may not necessarily be independent with respect
to life-history parameters such as sex and age.

A major topic of discussion at this sym-
posium is that marine species with signif-
icant pelagic aspects to their life history
tend to exhibit limited, if any, genetic di-
vergence over large spatial scales. This is
especially true for species that possess
high fecundity or very large population
sizes in addition to long-distance dispersal
potential of eggs, larvae, or adults (Pal-
umbi 1994). Nonetheless, population
structure often does (or is hypothesized
to) exist in such species, in many cases on
the basis of genetically derived evidence
(Avise 1998). Knowledge of population
structure in these species is clearly criti-
cal for their conservation and manage-
ment for at least two reasons. The first
and most widely acknowledged (e.g., Ste-
pien 1995) is that subpopulations (stocks)
may possess novel genetic, physiological,
behavioral, and/or other characters that
promote distinct differences in life- history
traits such as growth rates, fecundity, dis-
ease resistance, abundance, etc. These dif-

ferences in theory contribute at the me-
tapopulation or species level to long-term
adaptability, survival, and resistance to
human-induced or other environmental
perturbations. The second and less fre-
quently mentioned reason is the need for
accurate geographic definition when con-
ducting stock assessments for economi-
cally important species (Hilborn 1985; Sin-
clair et al. 1985). This is especially critical
in situations where resource allocation de-
cisions involve politically charged species.
To quote the organizer of this symposium,
‘‘The classical and most frequently en-
countered problem in fisheries manage-
ment is the identification of genetically
meaningful management units’’ (Allendorf
et al. 1987, p. 7).

Palumbi (1994), in a review of genetic
divergence and speciation in marine or-
ganisms, discussed mechanisms that could
result in population structuring in a ma-
rine species where dispersal potential ap-
peared large but where actual dispersal
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was limited. His concept was that such
mechanisms generated varying spatial, di-
rectional, or temporal limits to dispersal,
resulting in populations that become par-
tially isolated over time. Among these lim-
its are (1) invisible barriers such as cur-
rent patterns, oceanic circulation, or tec-
tonic plate effects; (2) diffusion effects
where density of dispersing propagules
(e.g., eggs, larvae, adults) decreases with
increasing distance from the source of or-
igin; (3) behavioral characteristics (e.g.,
philopatry); (4) selection; and (5) history.
The last is typified by a situation where
previously isolated (and genetically di-
verged) subpopulations may currently be
in contact and exchanging genes but have
yet to come to genetic equilibrium with re-
spect to drift and migration.

In the following, we synopsize our stud-
ies of spatial and temporal variation in re-
striction sites of mitochondrial DNA
(mtDNA) among seven economically im-
portant marine fish species from the
northern Gulf of Mexico (Gulf ) and the
southeast U.S. Atlantic (western Atlantic).
The species include three sciaenids [red
drum (Sciaenops ocellatus), black drum
(Pogonias cromis), and spotted seatrout
(Cynoscion nebulosus)], a carangid [great-
er amberjack (Seriola dumerili)], a lutjanid
[red snapper (Lutjanus campechanus)], a
serranid [red grouper (Epinephelus mo-
rio)], and a scombrid [king mackerel
(Scomberomorus cavalla)]. We divided the
seven species into three groups (below)
based on broad aspects of life history that
would be expected to impact dispersal.
Our intent is to present case histories that
examine whether population structure ex-
ists in species whose dispersal potential
appears large, and to examine whether de-
gree of population structuring is commen-
surate with predictions that might be
made on the basis of known life history.
The latter is of interest to conservation of
marine species in the general sense, in
that considerably more information on life
history (as compared to genetic data) is
available for most marine species. Predict-
able relationships between life history and
population structure would facilitate con-
servation efforts for those situations
where genetic data for whatever reason
are difficult to acquire.

Estuarine-Dependent Species

This group includes the three sciaenid
species. All three spawn offshore near
passes, inlets, or bays where their pelagic
eggs and larvae drift inshore to estuarine

nursery grounds (Matlock 1987; Murphy
and Taylor 1989; Saucier and Baltz 1993).
All three remain in estuaries as juveniles
(3–4 years in red drum, 4–5 years in black
drum, and 1–2 years in spotted seatrout),
and mark-recapture experiments in each
species indicate very little to no move-
ment of juveniles between bays or estu-
aries (Matlock and Weaver 1979; Murphy
and Taylor 1989; Osburn and Matlock
1984; Osburn et al. 1982). All three move
offshore at sexual maturity, and both red
and black drum form large, offshore
schools that can migrate extensively (Mat-
lock 1987; Murphy and Taylor 1990; Sim-
mons and Breuer 1962). Although no di-
rect data exist on whether adults return to
their natal estuary to spawn, adult black
drum in the Gulf are perceived as less mi-
gratory than adult red drum (Cornelius
1984; Osburn and Matlock 1984; Pattillo et
al. 1997; Simmons and Breuer 1962; Stan-
ley 1989), and adult spotted seatrout are
perceived as more or less ‘‘resident’’ to in-
dividual bays and estuaries ( Iverson and
Tabb 1962; Pattillo et al. 1997; Ramsey and
Wakeman 1987; Saucier and Baltz 1993).
Both red and black drum are considerably
longer-lived (.30 years) than spotted sea-
trout (7–10 years) (Murphy and Taylor
1989; Ramsey and Wakeman 1987). Based
on the above, one might expect dispersal
potential (gene flow) in these ‘‘estuarine-
dependent’’ species to be {red drum .
black drum . spotted seatrout}.

Studies of allozyme variation in red
drum (Ramsey and Wakeman 1987) are
consistent with the hypothesis of a single
population of red drum in the Gulf and
western Atlantic; whereas Stanley (1989)
found significant heterogeneity in frequen-
cies of alleles at the L-iditol dehydroge-
nase locus between samples of black
drum from Texas and elsewhere in the
Gulf. Studies of variation in general pro-
teins (Weinstein and Yerger 1976) and al-
lozymes (King and Pate 1992; Ramsey and
Wakeman 1987) among samples of spotted
seatrout in both the Gulf and western At-
lantic revealed significant heterogeneity in
one of more (presumed) loci and/or spa-
tial clustering of rare or low-frequency al-
leles. In the allozyme studies (King and
Pate 1992; Ramsey and Wakeman 1987),
FST values differed significantly from zero,
and patterns of autocorrelation indicated
an ‘‘isolation by distance’’ effect where al-
lele frequencies were positively correlated
over short distances and negatively cor-
related over long distances. Thus these ge-
netic studies are consistent with the ex-
pectation that dispersal (gene flow) in

these ‘‘estuarine-dependent’’ species is
{red drum . black drum . spotted sea-
trout}.

Reef-Associated Species

We placed greater amberjack, red snapper,
and red grouper into a second group. All
three are managed as ‘‘reef fish’’ (GMFMC
1989, 1991), as each is associated typically
with high- or low-relief bottom, including
reefs, rock outcrops, ledges, caves, and
shipwrecks (Bradley and Bryan 1975;
Manooch 1988; Moe 1969; Shipp 1986).
Greater amberjack are thought to spawn
(presumably) pelagic eggs at offshore lo-
calities and to become sexually mature at
4–5 years (Thompson B, personal com-
munication). Greater amberjack are large,
strong swimmers but are not believed to
be prone to open water travel. Mark-recap-
ture experiments indicate limited mixing
between perceived (Gulf and western At-
lantic) stocks on the east and west coasts
of Florida but not among localities along
the Atlantic coast or along the northern
Gulf (Cummings and McClellan 1996). Red
snapper attain sexual maturity at age 1
year, spawn offshore, and release highly
pelagic eggs and larvae that settle after
28–30 days (Leis 1987). Mark-recapture
and sonic-tracking experiments indicate
that juvenile, subadult, and adult red
snapper are sedentary, nonmigratory, and
generally associated with specific sub-
strates or structures (Bradley and Bryan
1975; Fable 1980; Szedlmayer 1997). Move-
ment of individual adult red snapper
across considerable distances, however, is
documented (Beaumariage 1969; Bradley
and Bryan 1975). Studies on the biology of
red grouper are few, but observations
from divers indicate that juveniles are sed-
entary, preferring to hide in crevices or
shells, and that adults are important mem-
bers of the benthic community occupying
crevices, ledges, and caverns formed by
limestone reefs (Moe 1969). Based on ob-
servations of related species of Epinephe-
lus (Mito et al. 1967), the pelagic larval
stage of red grouper could be 30–40 days.
The general perception of these three reef-
fish species is that dispersal potential
(gene flow) in adults might be greatest in
greater amberjack and least in red grou-
per. Unpublished studies of allozyme vari-
ation among samples of red snapper
(Johnson 1987) and greater amberjack
(Johnson 1990) are consistent with the ex-
istence of a single population in each spe-
cies in the Gulf and western Atlantic.
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Figure 1. Collection localities of three sciaenid spe-
cies in the Gulf of Mexico and western Atlantic. Sample
sizes are indicated within the squares (red drum), cir-
cles (black drum), and triangles (spotted seatrout).

Figure 2. Collection localities of three reef-associat-
ed species in the Gulf of Mexico and western Atlantic.
Samples sizes are indicated within the squares (greater
amberjack), circles (red snapper), and triangles (red
grouper).

Figure 3. Collection localities and sample sizes of
king mackerel in the Gulf of Mexico and western Atlan-
tic.Pelagic Species

We placed king mackerel into a third
group. King mackerel have pelagic eggs
and larvae, and adults are well known for
their extensive, seasonal migration along
both the northern Gulf and southeastern
(U.S.) Atlantic coasts (Collins and Stender
1987; Grimes et al. 1990). Mark-recapture
data (Schaefer and Fable 1994; Sutter et al.
1991; Williams and Godcharles 1984) indi-
cate limited movement of king mackerel
between the Gulf and western Atlantic and
form the basis for the present ‘‘manage-
ment’’ hypothesis of two stocks (Gulf of
Mexico and Atlantic migratory units, re-
spectively). Genetic evidence in the form
of allelic variation at a dipeptidase (allo-
zyme) locus (PEPA-2), however, is consis-
tent with the existence of two subpopula-
tions (stocks) of king mackerel in the Gulf,
one in the western Gulf (from Mexican wa-
ters to just east of the Mississippi River
outflow), and one in the northeastern Gulf
(AG Johnson et al. 1993). The latter
(northeastern Gulf stock) also includes
king mackerel from the southeastern
(U.S.) Atlantic coast (AG Johnson et al.
1993). The pelagic lifestyle of king mack-
erel at virtually all life-history stages leads
to the general expectation that dispersal
(gene flow) potential should be highest in
king mackerel (pelagic species) as com-
pared to the estuarine-dependent and reef-
associated species. Expectations between
the estuarine-dependent and reef-associ-
ated species are less straightforward, as
the estuarine-dependent species (at least
red and black drum) are capable of exten-
sive movement as adults; whereas the
buoyant eggs and larvae of the reef-asso-
ciated species could be dispersed hydro-
dynamically over considerable distances
(Goodyear 1992).

Materials and Methods

Samples of the species were procured
from numerous localities in the Gulf and

western Atlantic (Figures 1–3). Specific lo-
calities, numbers of individuals sampled
at each locality, and methods of capture
are described in the primary articles [red
drum (Gold and Richardson 1991; Gold et
al. 1993); black drum (Gold et al. 1994);
greater amberjack (Gold and Richardson
in press; Richardson and Gold 1993); red
snapper (Camper et al. 1993; Gold et al.
1997b); red grouper (Richardson and Gold
1993, 1997); king mackerel (Gold et al.
1997a)]. Details of localities and samples
of spotted seatrout may be obtained from
J. R. Gold. Samples of spotted seatrout
were procured almost exclusively by an-
gling. Ages of all but yearling (age 0) red
drum and king mackerel were determined
from otolith increment analysis. Ages for
samples of the remaining species were not
obtained.

Details of the assay of mtDNA restric-
tion sites are in the primary articles. Our
methods generally follow those outlined in
Gold and Richardson (1991): extraction of
genomic DNA, single digestions with (six-
base) restriction endonucleases, electro-
phoresis in 0.8% agarose gels, Southern
transfer to nylon membranes, hybridiza-
tion with 32P-dCTP- or 32P-dATP-labeled
mtDNA probes by random priming, and
autoradiography. Except for the three
sciaenids (where a red drum mtDNA probe
was used), probes were complete or near-
ly complete mtDNA molecules of each spe-
cies cloned either into bacterial plasmids
or bacteriophage lambda. MtDNA restric-
tion sites in each species were either
mapped (Kristmundsdóttir et al. 1996;
Schmidt et al. 1991; Schmidt and Gold
1992) or inferred from restriction fragment
patterns.

Analysis of mtDNA data was facilitated
by the Restriction Enzyme Analysis Pack-
age (REAP) of McElroy et al. (1992). Ge-
notypic (nucleon) diversity, the probabili-

ty that any two individuals drawn at ran-
dom from a sample will differ in mtDNA
haplotype, and intrapopulational nucleotide
sequence (mtDNA) diversity, the average
nucleotide sequence difference between
any two individuals drawn at random from
a sample, were estimated following Nei
and Tajima (1981). Homogeneity of mtDNA
haplotype frequencies among samples
was tested by using a randomization
(bootstrap) procedure developed by Roff
and Bentzen (1989). Additional approach-
es may be found in the primary articles.
FST (u) values were calculated after Weir
and Cockerham (1984). Homogeneity of
frequencies of single haplotypes (found in
four or more individuals) was examined
via the V test which employs arcsine,
square-root transformed haplotype fre-
quencies (DeSalle et al. 1987). Analysis of
molecular variance (AMOVA; Excoffier et
al. 1992) was used to generate estimates
of (genetic) variance components and F
statistics (F statistic analogs). Pattern
analysis of individual mtDNA haplotypes
was examined by (1) constructing mini-
mum-length parsimony networks or (2)
maximum-parsimony analysis of restric-
tion site presence/absence matrices. The
former were done by connecting haploty-
pes in increments of (inferred) single re-
striction-site gains and/or losses; the lat-
ter employed MULPARS and CONTREE op-
tions in version 3.1 of the Phylogenetic
Analysis Using Parsimony (PAUP) pro-
gram of Swofford (1991). We used neigh-
bor joining (Saitou and Nei 1987) of pair-
wise, nucleotide sequence divergence es-
timates [generated following Nei and Mil-
ler (1990) and Nei and Tajima (1981)] to
assess mtDNA-based similarity among
sample localities (within a species). The
NEIGHBOR program in the Phylogenetic
Inference Package (PHYLIP, version 3.4) of
Felsenstein (1992) was employed for
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Table 1. Summary of mitochondrial DNA
variation: estuarine-dependent species

Parameter
Red
drum

Black
drum

Spotted
seatrout

Number of individuals 869 300 470
Number of mtDNA restric-
tion sites 104 85 83
Number of mtDNA haplo-
types 118 37 81
Nucleon diversity 0.95 0.78 0.86
Nucleotide sequence diver-
sity (%) 0.57 0.48 0.45

Table 2. Tests of spatial homogeneity in
mitochondrial DNA haplotype frequencies:
estuarine-dependent species

Test group

Num-
ber of
local-
ities

Num-
ber of
haplo-
types PRB

a FST

Red drum
Gulf and Atlantic 16 118 .000 0.007
Gulf only 11 99 .006 0.002

Black drum
Gulf only 8 37 .161 0.011

Spotted seatrout
Gulf and Atlantic 11 81 .000 0.027
Gulf only 9 73 .020 0.042

a PRB is the probability from randomization (bootstrap)
approach of Roff and Bentzen (1989).

neighbor joining. The spatial distribution
of mtDNA haplotypes was assessed via
spatial autocorrelation analysis (SAAP;
Wartenberg 1989) to determine whether
haplotype frequencies at a locality were
independent of haplotype frequencies at
neighboring localities. Low-frequency hap-
lotypes were removed to minimize
‘‘noise.’’ Haplotypes used in SAAP runs
(spotted seatrout excepted) are listed in
the primary articles. Those used in SAAP
runs of spotted seatrout are available from
J. R. Gold.

Results and Discussion

Estuarine-Dependent Species
Summary mtDNA data for the three estu-
arine-dependent species are given in Table
1. On average, red drum are the most vari-
able in mtDNA in terms of the probability
that any two individuals will differ in hap-
lotype (95%). Individual haplotypes in red
drum also appear more divergent from
one another in nucleotide sequence
(0.57%) than do haplotypes in black drum
(0.48%) and spotted seatrout (0.45%). As
the latter values (i.e., nucleotide sequence
diversities) are correlated with long-term
or evolutionary effective (female) popula-
tion size (Avise et al. 1988), we infer that
evolutionary effective (female) population
sizes are largest in red drum.

Significant heterogeneity in mtDNA hap-
lotype frequencies was found among all lo-
calities (Gulf and western Atlantic) and
among Gulf localities in red drum (year
classes pooled) and spotted seatrout (Ta-
ble 2). Black drum were sampled only
from the Gulf (Figure 1), and haplotype
frequencies were not significantly hetero-
geneous across localities (Table 2). FST val-
ues (Table 2) generally corroborated ho-
mogeneity tests except that the FST value
of 0.011 for black drum was larger than the
FST values for red drum. V tests of individ-
ual haplotypes yielded two significant (P
, .05, no correction for multiple tests) re-
sults in red drum, three significant results
in black drum, and three significant results
in spotted seatrout. Geographic trends,
that is, obvious spatial discontinuities or
clines, were apparent for one of the hap-
lotypes in red drum, two of the haplotypes
in black drum, and all three haplotypes in
spotted seatrout (Figure 4). In red drum,
haplotype 9 shows a marked difference in
frequency between Gulf and Atlantic lo-
calities, as do haplotypes 1 and 3 in spot-
ted seatrout. Haplotypes 3 and 18 in black
drum and haplotypes 1 and 3 in spotted
seatrout exhibit east-west clines in fre-

quency across the Gulf. All three haplo-
types in spotted seatrout show a discon-
tinuity between the western- most sample
from the Gulf (Laguna Madre, Texas) and
the next-most geographically proximal
sample from San Antonio Bay (Figure 1).
Collectively these results indicate (1) ex-
istence of discrete subpopulations (stocks)
of both red drum and spotted seatrout in
the Gulf and western Atlantic; (2) signifi-
cant clinal variation in mtDNA haplotype
frequencies in both black drum and spot-
ted seatrout from the Gulf; and (3) exis-
tence of a unique subpopulation of spot-
ted seatrout in the Laguna Madre. The ex-
istence of subpopulations of red drum and
spotted seatrout in the Gulf and Atlantic,
and of significant substructure among
spotted seatrout in the Gulf, was corrob-
orated further by results from AMOVA
where in both species the between-region
component of the molecular variance
(FCT) was significant, and where in spot-
ted seatrout the among-samples-within-
regions component (FSC) was highly sig-
nificant (Table 3).

Pattern analyses of individual mtDNA
haplotypes, including both minimum-
length parsimony networks and (unroot-
ed) maximum-parsimony topologies, re-
vealed no strong evidence of phylogeo-
graphic structure of individual haplotypes
in all three species. Similar results were
obtained from neighbor-joining analysis of
intersample genetic distance matrices, ex-
cept for spotted seatrout where samples
from the western Atlantic were more sim-
ilar to one another than to samples from
the northern Gulf (Figure 5). Because inter-
sample nucleotide sequence divergence
(distance) values were not corrected for
within-sample variation, degrees of genet-
ic divergence between clusters were even
smaller than they appear in Figure 5.

Correlograms (Gulf samples only) of
mean (6SE) Moran’s I values in all three
sciaenid species (Figure 6) indicate auto-
correlation among haplotype frequencies

as a function of distance between pairs of
localities, that is, samples from geograph-
ically proximal or neighboring localities
are more similar genetically than are sam-
ples from more geographically distant lo-
calities. This pattern is consistent with an
isolation-by-distance model where migra-
tion of genes (mtDNA in this case) is in-
versely related to geographic distance
(Sokal and Oden 1978). Because move-
ment of juveniles or subadults between es-
tuaries and bays appears to be limited in
all three species (Matlock and Weaver
1979; Murphy and Taylor 1989; Osburn
and Matlock 1984; Osburn et al. 1982), we
interpret the pattern of haplotype auto-
correlation to indicate that migration of
adult females is inversely related to geo-
graphic distance from the estuary or bay
of natal origin and/or that adult females
exhibit a degree of philopatry greater than
random.

The foregoing is consistent with the pre-
diction based on life history that dispersal
potential (gene flow) in these estuarine-
dependent species is {red drum . black
drum . spotted seatrout}. Spotted sea-
trout sampled across the northern Gulf
differ significantly in frequency of three
haplotypes, two of which exhibit a strong
east-west clinal pattern. East-west clinal
variation across the northern Gulf was
also found in two haplotypes of black
drum. Weak phylogeographic structure
was observed only among samples of
spotted seatrout, and one sample (from
Laguna Madre on the south Texas coast)
exhibited considerable genetic divergence
from other samples. The isolation-by- dis-
tance effect revealed by spatial autocor-
relation analysis suggests that behavioral
characteristics (e.g., female philopatry)
may play an important role in limiting dis-
persal in all three species.
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Figure 4. Frequencies (%) of mitochondrial haplotypes in red drum (a), black drum (b,c), and spotted seatrout (d–f) in the Gulf of Mexico and western Atlantic. Black
drum were sampled only from the Gulf of Mexico. Abscissa: geographic localities range ( left to right) from North Carolina to the Florida Keys in the western Atlantic and in
the Gulf of Mexico from the Florida Keys to the Lower Laguna Madre in south Texas.

Table 3. Hierarchical AMOVA among mtDNA haplotypes of red drum and spotted seatrout from Gulf of
Mexico

Variance
component

Observed partition

Variance % total Pa F values

Red drum
Between regions 0.00854 1.78 ,.001 FCT 5 0.018
Among samples within regions 20.00002 0.00 .477 FSC 5 0.000
Within samples 0.47093 98.22 nc nc

Spotted seatrout
Between regions 0.02269 5.10 .034 FCT 5 0.051
Among samples within regions 0.01021 2.29 ,.001 FSC 5 0.024
Within samples 0.41239 92.61 nc nc

a Probability of finding a more extreme variance component by chance alone (5,000 permutations).

Distinct subpopulations (stocks) of
both red drum and spotted seatrout occur
in the Gulf and western Atlantic. The same
is also true for black drum, in that 50 in-
dividuals sampled from Chesapeake Bay
possessed no haplotypes in common with
samples from the Gulf (Furman C and
Gold JR, unpublished data). Genetic diver-
gence between Gulf and western Atlantic
subpopulations has been documented for
several other marine species, including
greater amberjack and king mackerel (see
below), American oysters, toadfish, black
sea bass, and to a lesser extent, horseshoe
crabs (Avise 1992). Avise (1992) hypothe-
sized that the common patterns shared
among species may have stemmed from
episodic changes in environmental condi-

tions during the Pleistocene. Results from
our studies suggest that in the three
sciaenids diffusion effects (sensu Palumbi
1994) and behavior also may play a role.
Other possibilities, at least for the three
sciaenids, include absence of suitable hab-
itat in a region that partitions the two sub-
populations, and current patterns that are
not conducive to unrestricted movement
between the Gulf and western Atlantic.
Briefly, the continental shelf along the
southeastern coast of Florida is extremely
narrow, providing limited habitat typically
associated with adult sciaenids (Jones et
al. 1985). For example, relatively few red
drum are found from Ft. Pierce, Florida,
southward to the northern part of the Flor-
ida Keys, a region that includes the Bis-

cayne Bay system, where until recently
(following introductions of hatchery-
raised fish) red drum had not been ob-
served for over 50 years (Taylor R, per-
sonal communication). This is consistent
with the notion that habitat unsuitability
may provide a barrier that limits dispersal
between subpopulations. Finally, mean
current velocities below and on the sur-
face are 75 cm/s or greater eastward from
the Florida Keys through the Florida
Straits and are 95 cm/s or greater north-
ward along the east coast of Florida (SAIC
1992). While the three sciaenids (especial-
ly red drum) are strong swimmers, one
would expect passive movement of adults
from the Gulf into the Atlantic to be great-
er than the reverse. To summarize, in the
three sciaenids, it is possible that several
of the mechanisms listed by Palumbi
(1994) may contribute to limits on actual
dispersal.

Reef-Associated Species
Summary mtDNA data for the three reef-
associated species are given in Table 4.
MtDNA diversity differs trenchantly among
the species. Nucleon and nucleotide se-
quence diversities in greater amberjack
are similar to those in red drum (Table 1)
and substantially higher than those in red
snapper and especially red grouper. Low
mtDNA diversity values in the latter two
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Figure 5. Neighbor-joining topology generated from a matrix of interpopulational (mtDNA) nucleotide sequence
divergence values among samples of spotted seatrout from the Gulf of Mexico and western Atlantic. Asterisks
denote samples from the western Atlantic.

Table 4. Summary of mtDNA variation: reef fish
species

Parameter

Greater
amber-
jack

Red
snapper

Red
grouper

Number of individuals 444 707 100
Number of mtDNA re-
striction sites 72 93 93
Number of mtDNA hap-
lotypes 49 92 16
Nucleon diversity 0.91 0.74 0.39
Nucleotide sequence di-
versity (%) 0.55 0.22 0.06

Table 5. Tests of spatial homogeneity in mtDNA
haplotype frequencies: reef fish species

Test group

Num-
ber of
local-
ities

Num-
ber of
haplo-
types PRB

a FST

Greater amberjack
Gulf and Atlantic 11 49 .158 0.005
Gulf and Atlantic
(pooled) 2 49 .042 0.009
Gulf only 8 45 .250 0.003

Red snapper
Gulf only 9 92 .021 20.001

Red grouper
Gulf only 2 16 .550 20.007

a PRB is probability from randomization (bootstrap) ap-
proach of Roff and Bentzen (1989).

Figure 6. Correlograms based on spatial autocorre-
lation analysis of mtDNA haplotype frequencies in red
drum (a), black drum (b), and spotted seatrout (c).
Abscissas: distance classes ( left to right) based on
equal frequencies per distance class. Ordinates: mean
autocorrelation coefficients (Moran’s I values) for each
distance class. Bars about each mean represent one
standard error on either side of a mean. Dashed line
represents expected values when no correlation exists.

species are consistent with the hypothesis
of evolutionarily recent bottleneck events
that reduced effective (female) population
size (Bowen and Avise 1990; O’Brien et al.
1987). It is worth noting, in passing, that
marine fishes with extremely low mtDNA
diversities (black sea bass, common
snook, and red grouper) are all asynchro-
nous hermaphrodites (Bowen and Avise
1990; Tringali and Bert 1996; Richardson
and Gold 1997).

Significant heterogeneity in mtDNA hap-
lotype frequencies was found between a
comparison of pooled samples of greater
amberjack from the Atlantic (including the
Florida Keys) versus pooled samples from
the Gulf, and among samples of red snap-
per from the Gulf (Table 5). Red grouper
sampled from the Florida Middle Grounds
and off the Campeche Banks ( Yucatan
Peninsula) in Mexico (Figure 2) did not
differ in mtDNA haplotype frequency. FST

values generally corroborated homogene-
ity tests: the FST value of 0.009 in the
pooled comparison of samples of greater
amberjack from the Atlantic versus those
from the Gulf differed significantly from
zero, whereas the other FST values did not.
The latter included the FST value of 20.001
for red snapper. The samples of red snap-
per were taken in different years, and ho-
mogeneity tests between or among sam-
ples taken in different years at the same
locality and among samples at different lo-
calities taken in the same year were all
nonsignificant (Gold et al. 1997b). This, co-
incident with nonsignificant V tests of all
haplotypes found in four or more individ-
uals (Gold et al. 1997b) and the nonsignif-
icant FST value, indicates that the result in
the homogeneity test involving red snap-

per from the Gulf (Table 5) is likely due to
‘‘chaotic temporal variation’’ (Bentzen
1997) and does not reflect population
structuring. Analysis of molecular vari-
ance also revealed a significant between-
region (Atlantic versus Gulf ) difference in
haplotype variation in greater amberjack
(0.9% of total variance, FCT 5 0.009, P ,
.001).

Pattern analysis of individual haplo-
types (e.g., Figure 7) revealed no evidence
of phylogeographic structure of individual
haplotypes or haplotype lineages in any of
the three species. Common haplotypes
were found at all or nearly all sample lo-
calities, and haplotype groupings (‘‘hubs’’)
inferred from minimum-length parsimony
networks were not restricted geographi-
cally (Gold and Richardson, in press; Gold
et al. 1997b; Richardson and Gold 1997).
The absence of geographic cohesion of re-
lated haplotypes is best exemplified in red
snapper where virtually all of the low-fre-
quency haplotypes occur in two or more
localities and are not restricted to two or
three geographically contiguous localities
(Table 6). Neighbor joining of intersample
distance matrices also did not reveal evi-
dence of association of geographically
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Figure 7. Minimum-length parsimony network of mtDNA haplotypes in red grouper. Numbers refer to haplotypes
listed in the accompanying table. Lines connecting haplotypes are drawn proportional to the number of (inferred)
restriction site changes (either one or two). The ‘‘?’’ refers to a haplotype assumed to exist but not uncovered in
this study.

Table 6. Spatial distribution of low-frequency mtDNA haplotypes in red snapper from the Gulf of
Mexico

Locality

mtDNA haplotype number

4 6 7 13 14 15 17 19 27 29 30 38 55 68

Merida, Mexico 1 — 2 1 — — — — 1 — 1 — — —
Port Isabel, TX — 3 1 3 1 1 — 1 3 — 1 1 — —
Port Aransas, TX 1 — 1 3 2 1 — 1 2 2 — 1 4 1
Galveston, TX — 4 1 — — 1 1 — 4 1 2 — — 1
W. Cameron, LA 3 — — 1 — — 2 — 1 1 — — — 2
Grand Isle, LA — — — — — 1 5 1 1 1 1 — — —
Mobile, AL 1 — 2 3 — 1 3 — 1 — — 1 1 —
Pensacola, FL 1 1 1 1 1 — — — — — — — — —
Panama City, FL 3 1 3 1 1 1 6 1 — 1 — 1 1 1

contiguous localities. Finally, spatial auto-
correlation analysis did not reveal a pat-
tern of haplotype frequency correlation as
a function of geographic distance in either
red snapper or greater amberjack (Figure
8).

Patterns of mtDNA haplotype variation
in all three reef fish species are consistent
with the hypothesis that each is com-
prised of a single breeding population
(stock) in the Gulf. Based on our sampling,
these populations minimally extend off-
shore from Sarasota, Florida, to Port Aran-
sas, Texas (greater amberjack), from Pan-
ama City, Florida, to the Campeche Banks,
Mexico (red snapper), and between the
Florida Middle Grounds on the west Flor-
ida shelf and the Campeche Banks (red
grouper). While genetic homogeneity and
absence of spatial patterns in allele distri-
butions in marine fishes is generally inter-
preted to indicate existence of a single
population (Baker et al. 1995; Graves et al.
1992; Smolenski et al. 1993), most authors

(e.g., Camper et al. 1993) acknowledge the
caveats that one cannot prove a null hy-
pothesis, and observed homogeneity may
reflect historical rather than present-day
gene flow, that is, recently diverged sub-
populations have yet to reach drift/migra-
tion equilibrium.

Existence of a single, Gulfwide popula-
tion in each species is inconsistent with
our expectation, based largely on per-
ceived life histories, that gene flow (dis-
persal potential) might differ among the
three. Postlarval red snapper and red
grouper are perceived as relatively sed-
entary and nonmigratory (Fable 1980;
Moe 1969; Szedlmayer 1997), and it is gen-
erally presumed that adults of both spe-
cies do not undergo large-scale offshore
movements. Movement of postlarval red
grouper between the Florida Middle
Grounds and the Campeche Banks in Mex-
ico seems especially unlikely because pas-
sage across the Florida Straits would ne-
cessitate that a bottom-dwelling fish cross

100–2,000 fathom depths (Rezak et al.
1985), and red grouper are rare to nonex-
istent in the northwestern Gulf (Campbell
1993; Osburn 1988; Springer and Bullis
1956), the other possible route of migra-
tion. At first blush, this would appear to
suggest that present-day gene flow in both
species likely occurs via hydrodynamic
(i.e., ocean current) transport of eggs and
larvae, a hypothesis generally invoked for
species with sedentary or demersal adult
phases and when genetic homogeneity
has been found (Elliot et al. 1994; MS
Johnson et al. 1993; Shaklee and Samollow
1984). However, we are hesitant to em-
brace this interpretation unequivocally for
at least three reasons. First, Palumbi’s
(1994) concept that actual dispersal in
such species may be more limited that
previously thought now has supporting
evidence (this symposium). Second, nei-
ther egg type nor length of larval stage,
both of which are integrally related to hy-
drodynamic transport of eggs or larvae,
appear to be an accurate predictor of pop-
ulation structuring in reef-associated fish-
es (Shulman and Bermingham 1995). And
finally, the absence of an isolation-by-dis-
tance effect (in concert with genetic ho-
mogeneity) in our samples of red snapper
would appear to suggest the seemingly un-
likely notion that dispersal (gene flow) be-
tween geographically extreme localities
(i.e., northwestern Florida and the Cam-
peche Banks of the Yucatan Peninsula) is
as likely as dispersal between any two
geographically contiguous localities.

Observed patterns of mtDNA variation
in both red grouper and red snapper may
reflect historical rather than present-day
patterns of gene flow. The extremely low
haplotype diversity in red grouper is con-
sistent with a model (O’Brien et al. 1987)
where isolated populations (or subpopu-
lations) of small effective size diverged re-
cently from a population that (also) pos-
sessed low levels of genetic variation. We
have suggested elsewhere (Richardson
and Gold 1997) that historical bottlenecks
occurring during the Pleistocene could
have reduced significantly the levels of
mtDNA variation in red grouper, and that
more recent and recurring bottlenecks,
perhaps as a partial function of the mating
system, might continue to generate high
frequencies of the same haplotype. Alter-
natively, red snapper have higher levels of
mtDNA diversity, yet also could have been
impacted by environmental perturbations
during the Pleistocene. Gold et al. (1997b)
suggested that populations of red snapper
(re)colonizing suitable habitat on the ex-
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Figure 8. Correlograms based on spatial autocorrelation analysis of mtDNA haplotype frequencies in red snapper
(a) and greater amberjack (b). Details are the same as in Figure 6.

Table 7. Tests of spatial homogeneity in mtDNA
haplotype frequencies: king mackerel

Test group

Num-
ber of
local-
ities PRB

a FST

Gulf and Atlantic 13 .021 20.013
Gulf only 9 .096 20.012

Pooled comparisons
Atlantic 1 East Gulf
vs. West Gulf 2 .084 20.001
Atlantic vs. Gulf 2 .048 0.000

a PRB is probability from randomization (bootstrap) ap-
proach of Roff and Bentzen (1989).

panding continental shelf in the northern
Gulf following the last glacial retreat (Re-
zak et al. 1985) may have had insufficient
time to accumulate haplotype frequency
differences. In either case, the compara-
tively low levels of within-sample mtDNA
variability in present-day populations in-
dicate past or present fluctuations in ef-
fective (female) population sizes. The con-
cept that patterns of mtDNA diversifica-
tion in both species reflect historical rath-
er than contemporaneous events needs to
be investigated further, perhaps by em-
ploying more rapidly evolving nuclear
DNA markers that are expected to equili-
brate more rapidly.

Distinct subpopulations of greater am-
berjack appear to exist in the western At-
lantic (sampled here from South Carolina
through the Florida Keys) and northern
Gulf. Interestingly, the boundary between
subpopulations appears to be the south-
western coast of Florida, as samples from
the Florida Keys belong to the subpopu-
lation from the western Atlantic (Gold and
Richardson, in press). The southwestern
coast of Florida contains relatively little
reef habitat or sharp topography (Rezak
and Bright 1981; Rezak et al. 1985). Given
the marked preference of greater amber-
jack for reefs, rock outcrops, and wrecks
(Manooch 1988; Shipp 1986), this is con-
sistent with the hypothesis that absence
of suitable habitat limits dispersal (gene
flow) between the subpopulations. Other
possibilities include both physical barri-
ers (e.g., current patterns that restrict
movement between the regions; see sec-
tion on sciaenids above) and historical
reasons (e.g., historically isolated subpo-
pulations that have come into recent con-
tact but have yet to reach a drift/migration
genetic equilibrium).

Pelagic Species
We examined a total of 678 king mackerel
sampled from 14 localities ranging from

the Yucatan Peninsula in Mexico to the
coast of North Carolina (Figure 3). The to-
tal number of mtDNA haplotypes detected
was 122, and the number of restriction
sites employed was 95. Nucleotide se-
quence diversity among samples ranged
from 0.44% to 0.55%, with an overall av-
erage of 0.47%. Homogeneity tests (Table
7) indicated significant heterogeneity (P 5
.021) among all samples and borderline
significance (P 5 .048) in comparisons be-
tween pooled samples from the western
Atlantic versus pooled samples from the
Gulf. Both comparisons are nonsignificant
if corrections are made for multiple tests
carried out simultaneously (Rice 1989).
Comparisons among samples from the
Gulf and between pooled samples from
the western Atlantic and the eastern Gulf
versus pooled samples from the western
Gulf were nonsignificant (Table 7). The lat-
ter (pooled) comparison represents a test
of the hypothesis (see below) that two
subpopulations (stocks) of king mackerel
exist in the Gulf of Mexico. FST (u) values
(Table 7) were either negative or zero,
consistent with the results of homogeneity
testing. Maximum-parsimony analysis of
individual haplotypes and neighbor join-
ing of an intersample nucleotide sequence
divergence matrix revealed no evidence of
phylogeographic (or phenetic) structure
of haplotypes or sample localities, respec-
tively. Results from spatial autocorrelation
analysis were consistent with the hypoth-
esis of continuous gene flow among sam-
ple localities in the Gulf.

Based on patterns of allelic variation at
the nuclear-encoded allozyme locus PEPA-
2, A. G. Johnson et al. (1993) suggested
there were two stocks of king mackerel in
the Gulf, one in the eastern Gulf (which
included king mackerel from the western
Atlantic) and one in the western Gulf. Brief-
ly, one allele (PEPA-2a) was found in inter-
mediate to high frequency in samples from

the western Gulf, whereas a second allele
(PEPA-2b) was found in high frequency in
samples from both the eastern Gulf and
the southeastern U.S. coast (Figure 9).
The transition between the two putative
stocks appeared to occur roughly in the
panhandle area of western Florida. How-
ever, while overall allele frequencies dis-
played the above pattern, there was con-
siderable temporal fluctuation of allele fre-
quencies among samples taken at different
times from the same locality, particularly
in the Gulf (Figure 9). We also assayed al-
lelic variation at PEPA-2 (Figure 9) and
found a geographic pattern similar to that
observed by A. G. Johnson et al. (1993).

To examine the discordance between
patterns of spatial variation in mtDNA
(very little to no difference among sam-
ples) and PEPA-2 (marked divergence in
the Gulf ) in king mackerel, we tested vari-
ation in the two genetic markers for inde-
pendence from one another and from vari-
ation in sex (sex ratio) and specimen age.
Details regarding these tests are given in
Gold et al. (1997a). Tests for independence
of mtDNA haplotypes and PEPA-2 geno-
types at individual localities and when lo-
calities were pooled by region were non-
significant. Tests for independence of
mtDNA haplotypes versus sex and age of
individuals also were nonsignificant, where-
as tests for independence of PEPA-2 geno-
types versus sex and age of individuals
were not (Table 8). Further analysis (Gold
et al. 1997a) revealed that there was a
slight but significant (P ù .036) associa-
tion of PEPA-2b homozygotes with females
and a highly significant (P ù .005) asso-
ciation of PEPA-2a homozygotes with
males. Females significantly outnumbered
males in most samples, and PEPA-2 geno-
type distributions differed between sexes
(Table 9). Finally, there were highly signif-
icant associations (P , .01) between PEPA-
2b homozygotes and younger fish and
PEPA-2a homozygotes and older fish (Gold
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Figure 9. Geographic variation at PEPA-2 in king mackerel from the Gulf of Mexico and western Atlantic. Circles
represent frequencies of allele PEPA-2a averaged over all individuals assayed between 1985 and 1990; range bars
represent range of frequencies of PEPA-2a in individual samples of more than 10 individuals. Data are from A. G.
Johnson et al. (1993). Squares represent frequencies of allele PEPA-2a reported in Gold et al. (1997a). Abscissa:
geographic localities range ( left to right) from North Carolina to the Florida Keys in the western Atlantic and from
the Florida Keys to the Yucatan Peninsula in the Gulf of Mexico.

Table 9. Sex ratios and PEPA-2 allele frequencies
by sex in king mackerel

Test group
Percent
females

Frequency of PEPA-2b

Females Males

Gulf and Atlantic 71.6a 0.738b 0.606
Gulf only 71.8a 0.711b 0.528
Atlantic only 71.3a 0.774 0.707

a P , .05, based on chi-squared goodness-of-fit tests to
expected 1:1 ratio.

b Significant (P , .05) difference between sexes in PEPA-
2 genotype distribution, based on 1,000 bootstrap rep-
licates (after Roff and Bentzen 1989).

Figure 10. Geographic variation at PEPA-2 (frequen-
cies of allele PEPA-2b) in female king mackerel aged 1–
3 years. Data are from Gold et al. (1997a). Abscissa
same as in Figure 9.

Table 8. Tests for independence of mtDNA
haplotypes and PEPA-2 genotypes versus sex and
age of individuals of king mackerel

Test group

Sex

mtDNA PEPA-2

Age

mtDNA PEPA-2

Gulf and Atlantic 0.290a 0.013 0.042 0.000
Gulf only 0.094 0.005 0.095 0.000
Atlantic only 0.510 0.525 0.899 0.000

a Probability based on 1,000 bootstrap replicates (after
Roff and Bentzen 1989).

et al. 1997a). These results indicate that
observed frequencies of PEPA-2 genotypes
in king mackerel stem in part from the sex
and age distribution of individuals within
samples, and in a general sense serve as
a cautionary warning that genetic markers
may not be neutral with respect to life-
history parameters. However, when both
sex and age group effects are removed or
minimized, allele frequencies at PEPA-2
still vary in a clinal pattern (Figure 10). We
interpreted this pattern as a historical ar-
tifact, reflecting subpopulations of king
mackerel that were separated during Pleis-
tocene times when waters on a much re-
duced continental shelf in the northern
Gulf (Rezak et al. 1985) were cooler and
presumably unsuitable for king mackerel
(Gold et al. 1997a). We also hypothesized
that the pattern of mtDNA variation better
reflected contemporaneous events, and
that the rate of approach to genetic ho-
mogeneity in mtDNA could have been ac-
celerated by large female biases in breed-
ing sex ratio, migration rate, or both. Un-

der this hypothesis, present-day dispersal
(gene flow) in king mackerel is commen-
surate with that predicted for a highly pe-
lagic species.

Summary

Our studies indicate that perceived life
history appears to be an adequate predic-
tor of population structuring in the three
estuarine-dependent sciaenids and in the
pelagic king mackerel. The three sciaenids
exhibit varying degrees of mtDNA hetero-
geneity within the Gulf, and in all three
distinct subpopulations occur in the Gulf
and western Atlantic. Divergence between
Gulf and Atlantic subpopulations likely re-
flects in part a historical component, as
divergence between Gulf and western At-
lantic representatives has been observed
in a number of marine species (Avise
1992). In the three sciaenids, absence of
suitable habitat in spatially intermediate
regions, present-day current patterns, and
behavioral characteristics (e.g., female
philopatry) also may play an important
role in restricting dispersal/gene flow be-
tween subpopulations. Within the Gulf,
clinal variation in haplotype frequencies,
combined with an isolation-by-distance ef-
fect, indicates that actual dispersal (gene
flow) beyond the natal estuary is limited
in all three species. In king mackerel, pat-
terns of mtDNA variation are consistent
with expectations for a highly pelagic spe-
cies where dispersal potential appears un-
restricted at any life stage. Spatial/tempo-

ral variation in frequencies of alleles at the
PEPA- 2 locus in king mackerel appears to
stem in part from the sex and age distri-
bution of individuals within samples, al-
though an underlying clinal pattern sug-
gests a historical component.

Patterns of mtDNA variation in the three
reef-associated species revealed no evi-
dence of population structuring within the
Gulf. As adults in all three species are per-
ceived as relatively sedentary, the sim-
plest hypothesis is that dispersal across
the Gulf occurs via hydrodynamic trans-
port of pelagic eggs and larvae. However,
egg type and length of larval stage are not
necessarily reliable predictors of popula-
tion structuring in reef fishes (Shulman
and Bermingham 1995), and given the size
of the region one might expect mtDNA
haplotype frequencies to be more similar
in geographically contiguous localities,
that is, to be spatially autocorrelated. The
lower levels of mtDNA variation, at least
in red snapper and red grouper, may sug-
gest that observed patterns of mtDNA
variation are confounded by both histori-
cal and present-day fluctuations in effec-
tive (female) population size. Further in-
vestigation along these lines is clearly
warranted.
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