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Abstract. Variation in mitochondrial (mt)DNA was ex- 
amined among 473 red drum (Sciaenops oceIlatus) sam- 
pled in 1988 and 1989 from nearshore localities in the 
northern Gulf of Mexico (Gulf) and the Atlantic coast of 
the southeastern United States (Atlantic). Data were 
combined with those from a previous study to generate a 
total of 871 individuals sampled from 11 localities in the 
Gulf and 5 localities in the Atlantic. Individuals assayed 
were from the 1986 and 1987 year-classes. A total of 118 
composite mtDNA genotypes (haplotypes) was found. 
The percentage nucleotide sequence divergence among 
the 118 haplotypes ranged from 0.184 to 1.913, with a 
mean (_+ SE) of 0.878 _+ 0.004. MtDNA nucleon diversi- 
ties and intrapopulational nucleotide-sequence diver- 
gence values were similar over all Gulf and Atlantic local- 
ities, and were high relative to most fish species surveyed 
to date. These data indicate that the perceived decline in 
red drum abundance appears not to have affected the 
genetic variability base of the species. Significant hetero- 
geneity in the frequencies of at least four haplotypes was 
detected between pooled samples from the Gulfvs pooled 
samples from the Atlantic. No heterogeneity was found 
among localities from the Gulf or localities from the At- 
lantic. High levels of gene flow among all localities were 
inferred from Fsr values (a measure of the variance in 
mtDNA haplotype frequencies) and from Slatkin's qual- 
itative and quantitative analyses. Parsimony and phenet- 
ic analyses revealed no strong evidence for phylogeo- 
graphic cohesion of localities, although there was weak 
support for cohesion of four of five localities from the 
Atlantic. These data indicate that the red drum popula- 
tion is subdivided, with weakly differentiated subpopula- 
tions (stocks) occurring in the northern Gulf and along 
the Atlantic coast of southeastern USA. Spatial autocor- 
relation analysis and heterogeneity tests of haplotype fre- 
quencies among regions within the Gulf supported the 
hypothesis of increased gene flow among neighboring 
localities; i.e., migration of individuals within the Gulf 
may be inversely related to geographic distance from an 
estuary or bay of natal origin. Estimates of evolutionary 
effective female-population size indicate that the red 
drum subpopulations may be large. 

Introduction 

The red drum (Sciaenops oeellatus) is an estuarine-depen- 
dent sciaenid fish distributed throughout the northern 
Gulf of Mexico (Gulf) and along the Atlantic coast (At -~ 
lantic) of the southeastern United States (Lux and Ma- 
honey 1969, Matlock 1984, Reagan 1985). The species 
supports an important fishery along coastal areas of the 
southeastern U.S. (Matlock 1984, Mercer 1984, Swingle 
1987), and considerable effort has been expended recent- 
ly to domesticate the species for aquaculture (Chamber- 
lain et al. 1987). Declines in red drum abundance and 
recruitment (Matlock 1984, Reagan 1985, Goodyear 
1989) and apparently high rates of annual mortality of 
individuals in the younger age classes (Murphy and Tay- 
lor 1990) have led to relatively strict management mea- 
sures designed to reduce red drum growth and recruit- 
ment-overfishing (Swingle et al. 1984, Goodyear 1989). 
Two questions of importance to present and future man- 
agement of red drum are: (i) do discrete subpopulations 
(stocks) exist either within the Gulf or between the Gulf 
and Atlantic? and (ii) have declines in abundance and 
recruitment affected the genetic diversity of the species 
(McIlwain et al. 1986)? Benefits of obtaining answers to 
these questions relate, in part, to whether the red drum 
fishery could (or should) be managed on subregional 
bases and whether subregions are differentially impacted. 

Genetic studies utilizing nuclear-gene (allozyme) loci 
have indicated the possible existence of population subdi- 
vision among red drum from the Gulf. Ramsey and 
Wakeman (1987) and Bohlmeyer and Gold (1991) found 
significant heterogeneity in nuclear-gene allele frequen- 
cies among red drum taken from different localities in the 
Gulf, and allelic variation at a locus for adenosine deam- 
inase appeared to follow a clinal or geographic pattern 
(Bohlmeyer and Gold 1991). Gold and Richardson 
(1991), however, found no heterogeneity in mtDNA hap- 
lotype frequencies among the red drum from the Gulf 
examined by Bohlmeyer and Gold. Gold et al. (1993), 
using the same polymorphic (allozyme) loci as Bohlmeyer 
and Gold, examined an additional 456 red drum from the 
Gulf and found no heterogeneity in allele frequency at 
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any locus. They suggested that the heterogeneity among 
red drum from the Gulf detected by Bohlmeyer and Gold 
was possibly due to insufficient numbers sampled or sam- 
pling error. Both allozyme and mtDNA data indicate 
genetic heterogeneity between red drum from the Gulf 
and red drum from the Atlantic (Bohlmeyer and Gold 
1991, Gold and Richardson 1991, Gold et al. 1993). 

Non-genetic data bearing on red drum population 
structure in the Gulf are contradictory. Several aspects of 
red drum biology and life-history suggest that individual 
dispersal could be extensive, thereby minimizing spatial 
differentiation. Red drum spawn near the mouths of bays 
or estuaries (Matlock 1984, 1987) and eggs, larvae, or 
juveniles could be transported to adjacent bay or estuar- 
ine localities by oceanic currents (Lyczkoski-Schultz et al. 
1988). Moreover, although larvae and juveniles appear to 
remain in the bays and estuaries, sexually-mature adults 
move into deeper waters prior to spawning and are capa- 
ble of forming large, offshore schools that can migrate 
extensively (Overstreet 1983, Matlock 1984, 1987, 
Swingle et al. 1984). Tagging studies of subadult red 
drum, however, have indicated that movement among 
nearshore localities is limited (Adkins et al. 1979, Mat- 
lock and Weaver 1979, Osburn et al. 1982). 

The purposes of the present study were to (i) further 
test the hypothesis that red drum in the Gulf are spatially 
subdivided, (ii) test for temporal heterogeneity in mtDNA 
haplotype frequencies between samples from different 
year-classes, and Oii) estimate levels of genetic variation 
within and among localities from both the Gulf and the 
Atlantic. Data on restriction-site variation in the mtDNA 
molecules of a total of 871 red drum from two year- 
classes in the Gulf and Atlantic are presented. Most of the 
red drum samples were from the Gulf and included three 
localities from the northwestern Gulf not surveyed by 
Gold and Richardson (1991). Estimates of evolutionary 
effective female-population sizes for red drum from the 
Gulf and Atlantic are also presented. 

Materials and methods 

White muscle, kidney, and heart tissues were removed in 1988 and 
1989 from 437 and 36 specimens of Seiaenops ocellatus from the 
Gulf and Atlantic, respectively, and placed in liquid nitrogen for 
transport to the laboratory, where they were stored at - 8 0 ~  
Specimens were obtained by gill nets, trammel nets, haul seines, and 
hook and line. Collection localities and the number of individuals 
taken at each locality by year-class are given in Fig. 1 and Table I. 
Ages of all but yearling (Age zero) individuals (i.e., specimens 
< 300 mm total length) were determined from annuli on otoliths 
using methods described in Bumguardner (1991). The first annulus 
was considered to have formed 14 to 15 mo after hatching (Bum- 
guardner 1991). 

Details regarding the assay of mtDNAs of individual fish may 
be found in Gold and Richardson (1991). Thirteen restriction en- 
donucleases were used to digest mtDNA molecules: BamHI, BelI, 
EcoRV, HindlII, NcoI, NsiI, PstI, PvuII, ScaI, SpeI, StuI, XbaI, and 
XmnI. Lambda DNA digested with HindIlI was used as a molecular 
weight marker on each gel. MtDNA fragments were sized by fitting 
migration distances to a least-squares regression line of lambda 
DNA-HindIII fragment migration distances. 

All restriction sites detected in red drum mtDNA have been 
mapped using single- and double-digestions (Schmidt and Gold 
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Fig. 1. Sample localities of Seiaenops oeellatus examined in present 
study. Acronyms for localities and site descriptions are given in 
Table 1. State abbreviations = TX, Texas; LA, Louisiana; MS, Mis- 
sissippi; AL, Alabama; GA, Georgia; FL, Florida; SC, South 
Carolina; NC, North Carolina 

1992). The total number of mtDNA restriction sites surveyed in this 
study was 104. The numbers of restriction sites surveyed per restric- 
tion enzyme were: BamHI (2), BclI (8), EcoRV (7), HindIII (6), NcoI 
(11), NsiI (5), PstI (6), PvuII (7), ScaI (13), SpeI (11), StuI (10), XbaI 
(9), and XmnI (9). Homology of fragment patterns from single di- 
gestions of mtDNA molecules was tested by multiple side-by-side 
comparisons of all variant patterns produced by each enzyme. Ex- 
cept for fragment patterns where only a single band of greater than 
15 kilobases (kb) was observed, homology was assumed if frag- 
ments were the same size in side-by-side comparisons. All variant 
patterns exhibiting only a single band of > 15 kb were tested for 
homology using double digestions with the enzyme BamHI as de- 
scribed by Gold and Richardson (1991). Restriction sites for the 
enzyme PstI were inferred from double digestions with BamHI as 
described by Gold and Richardson. 

Nucleon diversity values within geographic localities and among 
all red drum examined were calculated following Nei and Tajima 

(1981). Significance testing of haplotype frequencies among locali- 
ties (spatial) and among age classes (temporal) was carried out using 
(i) the V-statistic on arcsine square-root-transformed haplotype fre- 
quencies (DeSalle et al. 1987), (ii) a randomization (bootstrap) pro- 
cedure developed by Roff and Bentzen (1989), and (iii) the G-statis- 
tic (Sokal and Rohlf 1969) employing BIOM-PC (Rohlf 1983). 
Bootstrapping employed the MONTE program in REAP ("restric- 
tion enzyme analysis package"), a statistical package for analyses of 
mtDNA data (McElroy et al. 1992). Significance levels for multiple 
tests performed simultaneously were adjusted to P/n, where P was 
the significance probability associated with a specific test and n was 
the number of independent tests performed simultaneously (Cooper 
1968). Fsr values were calculated using formulae in Weir and Cock- 
erham (1984) and computer programs described in Weir (1990). 
Estimates of gene flow (N e mi), the effective number of female mi- 
grants per generation, were calculated using Wright's (1943) island 
model modified for mtDNA, where Fsr ~" 1/(2NemI+ 1). Average 
levels of gene flow and Are m s values among geographic localities 
were also estimated using Slatkin's (1981, 1985) qualitative and 
quantitative methods, respectively. For Slatkin's quantitative meth- 
od, average sample sizes were calculated as harmonic means. 

A restriction-site presence/absence (binary) matrix of mtDNA 
haplotypes for estimation of nucleotide-sequence divergence values 
and for parsimony analyses was constructed using the GENERATE 
program in REAP (McElroy et al. 1992). Restriction-site matrices 
of geographic localities were constructed using the mtDNA haplo- 
type matrix. For each locality, a restriction site was coded as present 
(Code I) if it occurred in the locality, or absent (Code 0) if it did not. 
Nucleotide-sequence divergence values among mtDNA haplotypes 
were estimated using the site approach of Nei and Li (1979) and the 
DSE program in REAP (McElroy et al. 1992). Nucleotide-sequence 
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Table 1. Sciaenops ocellatus. Acronyms of collection localities used 
throughout paper, and number of red drum collected in present 
study; "total" column shows present material plus that studied by 
Gold and Richardson (1991) 

Locality Year- No. of individuals 
class 

present total 
study 

Gulf of Mexico 1986 134 392 
1987 303 303 

LLM: Lower Laguna Madre, 1986 18 18 
Texas 1987 21 21 

ULM: Upper Laguna Madre, 1986 0 0 
Texas 1987 2 2 

PAR: Redfish Bay, 1986 8 17 
Texas 1987 21 21 

PCV: Pass Cavallo, 1986 13 13 
Texas 1987 18 18 

GVB: West Bay, 1986 0 32 
Texas 1987 36 36 

SAB: Sabine Pass, 1986 25 25 
Texas 1987 18 18 

GIL: Grand Isle, 1986 0 43 
Louisiana 1987 47 47 

HOD: Black Bay, 1986 0 20 
Louisiana 

OSP: Biloxi Bay, 1986 26 83 
Mississippi 1987 34 34 

APP: Apalachicola Bay, 1986 6 30 
Florida 1987 37 37 

RIV: Rivera Bay, 1986 0 24 
Florida 1987 45 45 

SAR: Sarasota Bay, 1986 38 87 
Florida 1987 24 24 

Atlantic Ocean 1986 0 140 
1987 36 36 

HIH: Calibogue Sound, 1986 0 50 
South Carolina 

CHS: Charleston Bay, 1986 0 34 
South Carolina 1987 32 32 

GTN: North Inlet, 1986 0 18 
South Carolina 

BTH: Palmico River, 1986 0 23 
North Carolina 1987 4 4 

MNC: Oregon Inlet, 1986 0 15 
North Carolina 

divergence values within and among localities were generated using 
the intrapopulational and uncorrected interpopulational nucle- 
otide-sequence diversity indices of Nei and Tajima (1981), respec- 
tively. 

Parsimony analysis of the restriction-site presence/absence ma- 
trix ofmtDNA haplotypes was used to produce a "gene tree" (Avise 
1989) and employed the MULPARS option in Version 3.0 of the 
"phylogenetic analysis using parsimony" (PAUP) program of Swof- 
ford (1990). Parsimony analyses of the binary matrices representing 
localities employed both PAUP and the BOOT program in Version 
2.9 of the "phylogeny inference package" (PHYLIP) of Felsenstein 
(1987). For bootstrapping, two different random-number seeds 

were used and each was run with 50 replacements. Estimates of 
confidence for individual branches were summed from the two 
BOOT runs. All autapomorphies and symplesiomorphies were re- 
moved from binary matrices using the REDUCE program in REAP 
(McElroy et al. 1992). Phenetic analysis of the matrix of nucleotide- 
sequence divergence values among haplotypes and of the matrices 
of interpopulational nucleotide diversities among localities was car- 
ried out using UPGMA (unweighted pair-group method using 
arithmetic averages) clustering (Sheath and Sokal 1973). The pro- 
gram used for UPGMA clustering also computed a standard error 
for each node in the phenogram using equations in Nei et al. (1985). 

Spatial autocorrelation analysis of frequencies of common 
haplotypes was carried out using the "spatial autocorrelation analy- 
sis program" (SAAP) of Wartenberg (1989) following recommenda- 
tions in Sokal and Oden (1978 a, b). These analyses involve compu- 
tation of autocorrelation coefficients (Moran's I values) as a func- 
tion of geographic distance between pairs of localities, and summa- 
rize (through correlograms) the patterns of geographic variation 
exhibited by the response surface (geographic distance) of any given 
variable (haplotype frequencies). The autocorrelation analyses were 
restricted to the 11 geographic localities sampled from the Gulf, 
with individuals from both year classes (1986 and 1987) pooled at 
each locality. In order to minimize "noise" generated by low-fre- 
quency haplotypes, autocorrelation coefficients were generated 
from each of two data sets: the first included only haplotypes that 
were found in 4 or more individuals (33 haplotypes total); the 
second included only haplotypes that were found in 10 or more 
individuals (17 haplotypes total). Five distance classes were used in 
each of two SAAP runs for both data sets: the first SAAP run 
employed equal numbers of pairwise comparisons (11 each) in each 
distance class; the second employed equal geographic distances be- 
tween distance classes. The number of pairwise comparisons by 
distance class (1 to 5) in the latter was 8, 17, 4, 7, and 9. 

Results 

P o p u l a t i o n  subdiv i s ion  

M t D N A  f r agmen t  pa t t e rns  f rom single d iges t ions  wi th  
the 13 res t r ic t ion  enzymes  genera ted  118 compos i t e  geno-  
types  ( m t D N A  hap lo types )  a m o n g  the 871 specimens  o f  
Sciaenops ocelIatus surveyed.  N o  evidence for  m t D N A  
size va r i a t ion  was observed.  Two ind iv idua l s  [one f rom 
the 1986 year-c lass  f rom the Paml ico  River ,  N C  (BTH)  
and  one f rom the 1987 year-c lass  f rom Char l e s ton  Bay, 
SC (CHS)] were f o u n d  to be he t e rop la smic  for  singte 
res t r i c t ion-enzyme sites (Go ld  and  R i c h a r d s o n  1990). 
The  two he t e rop la smic  ind iv idua l s  were exc luded  f rom 
all fur ther  analyses .  (A l is t ing o f  the  118 m t D N A  hap lo -  
types,  inc luding  f r agmen t  pa t t e rns  o f  the 13 enzymes  for  
each h a p l o t y p e  and  the geograph ic  d i s t r ibu t ion  o f  indi-  
v idua l  hap lo types ,  m a y  be ob t a ined  u p o n  reques t  f r om 
the first  au thor . )  Nuc leo t ide - sequence  d ivergence  (in per-  
centage)  a m o n g  the 118 hap lo types  r anged  f rom 0.184 to 
1.913, wi th  a m e a n  (_+ SE) o f  0.878 ___0.004. 

M t D N A  nuc leon  and  i n t r a p o p u l a t i o n a l  nuc leo t ide-  
sequence diversi t ies  are  shown in Table 2 for  (i) all  G u l f  
local i t ies  by  year-class ,  (ii) the  1986 and  1987 year-c lasses  
in the G u l l  and  (iii) by  region  (i.e., G u l f  and  At lant ic ) .  
N uc l e on  diversi t ies  a m o n g  local i t ies  in the  G u l f  r anged  
f rom 0.922 to 0.987, wi th  values  for  the two year-classes  
being essent ia l ly  ident ical .  N u c l e o n  diversi t ies  a m o n g  lo- 
cali t ies in the  A t l an t i c  were s l ight ly  lower  ( G o l d  and  
R i c h a r d s o n  1991), a difference ind ica ted  by  overa l l  nu-  
c leon diversi t ies  a m o n g  ind iv idua ls  f rom the G u l f  versus  
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Table 2. Sciaenops ocellatus. Mitochondrial DNA nucleon and in- 
trapopulational nucleotide-sequence diversities among localities 
from Gulf of Mexico. Locality acronyms as in Table 1. Standard 
deviations are used instead of standard errors because of large 
number of pairwise comparisons used to generate mean values 

Year-class No. of No. of Nucleon Nucleotide 
individuals haplotypes diversity sequence 

diversity 
(%_+SD) 

LLM-86 18 16 0.987 0.632-+ 0.282 
LLM-87 21 14 0.952 0.590-1-0.270 
PAR-86 17 13 0.971 0.650_+0.312 
PAR-87 21 14 0.948 0.658 + 0.335 
PCV-86 13 11 0.974 0.661 -I- 0.289 
PCV-87 18 14 0.961 0.704_+0.363 
GVB-86 32 19 0.948 0.526+_0.273 
GVB-87 36 21 0.960 0.559_+ 0.308 
SAB-86 25 17 0.953 0.638_+0.315 
SAB-87 18 12 0.941 0.470 _+ 0.265 
GIL-86 43 24 0.966 0.620-+0.318 
GIL-87 47 22 0.922 0.608 -+ 0.341 
OSP-86 83 29 0.936 0.493 -+ 0.278 
OSP-87 34 21 0.948 0.592 _ 0.294 
HOD-86 20 17 0.984 0.588 _+ 0.274 
APP-86 30 20 0.940 0.590_+ 0.303 
APP-87 37 19 0.947 0.584_+0.333 
RIV-86 24 15 0.953 0.552_+0.306 
RIV-87 45 18 0.931 0.443_+0.254 
SAR-86 87 28 0.953 0.558_+ 0.288 
SAR-87 24 17 0.953 0.689 _+ 0.295 

1986 392 74 0.952 0.576_+0.304 
1987 301 67 0.949 0.574+0.310 

Gulf 693 99 0.951 0.575-+0.308 
Atlantic 174 43 0.904 0.560-+0.351 

individuals from the Atlantic. Mean intrapopulational 
nucleotide sequence diversities among localities in the 
Gulf  ranged from 0.443 to 0.704, with values for the two 
year-classes being essentially identical. Intrapopulational 
diversity values among localities from the Atlantic were 
comparable to those among localities from the Gulf. All 
estimated intrapopulational nucleotide-sequence diversi- 
ty values, representing geographic localities, year-classes, 
and regions (i.e., Gulf  and Atlantic) were within one stan- 
dard deviation, indicating that levels of  m t D N A  varia- 
tion (as measured by nucleotide-sequence diversity) are 
essentially identical throughout  the geographic area sur- 
veyed. 

Results of  V-tests (using arcsine square-root-trans- 
formed haplotype frequencies), bootstrap analyses (after 
Roff  and Bentzen 1989), and G-tests for spatial hetero- 
geneity in haplotype frequencies are shown in Table 3. 
Tests were carried out (i) among Gul f  localities within 
each year-class, (ii) among Gul f  localities with year-class- 
es at each locality pooled, (iii) among Gulf  and Atlantic 
localities with year-classes at each locality pooled, and 
(iv) between pooled samples (1986 and 1987 year-classes) 
from the Gul f  versus those from the Atlantic. As in Gold 
and Richardson (1991), all V-tests were carried out only 
on haplotypes that were found in four or more individu- 
als in any spatial comparison grouping. Following cor- 
rections for multiple tests, no significant V-tests were 

found in comparisons of  Gulf  localities by year-class or 
with the 1986 and 1987 year-classes pooled, one signifi- 
cant V-test (for Haplotype 9) was found in the compari- 
son of  Gulf  and Atlantic localities with the 1986 and 1987 
year-classes pooled, and four significant V-tests (for 
Haplotypes 9, 12, 14, 19) were found in the comparison 
of  pooled samples from the Gulf  versus those from the 
Atlantic. Bootstrap probabilities indicated significant 
heterogeneity (P < 0.05) among Gul f  localities in the 1986 
year-class, among Gulf  localities with the 1986 and 1987 
year-classes pooled, and in both comparisons of  Gul f  red 
drum versus those in the Atlantic. Significant G-tests 
(P<0.05)  were found among Gul f  localities in the 1987 
year-class, among Gul f  localities with the 1986 and 1987 
year-classes pooled, and in both comparisons of  Gulf  red 
drum versus those in the Atlantic. 

The haplotype-frequency heterogeneity within the 
Gul f  detected in bootstrap analyses and G-tests appears 
to be due to Haplotypes 8 (1986 year-class), 11 (1987 
year-class), and 10 and 31 (1986 and 1987 year-classes 
pooled). This follows from significant V-tests found for 
these four haplotypes in their respective groupings prior 
to correction for multiple tests. No consistent geographic 
trends (e.g. east to west clines) in frequency were appar- 
ent for three of  the haplotypes (8, 10, and 11), suggesting 
that the heterogeneity detected was due simply to random 
frequency variations at different localities. A geographic 
trend across the Gulf  was observed for Haplotype 31: 
frequencies of  this haplotype were low in localities from 
the eastern Gul f  and elevated in localities from the west- 
ern Gulf. The clinal variation observed, however, may be 
anomalous given the low frequency (1.7%) of  Haplotype 
31 among all individuals sampled. 

Heterogeneity ofhaplotype frequencies between pooled 
samples from the Gul f  and those from the Atlantic ap- 
pears to be real. The frequencies of  Haplotype 9 at each 
Gulf  and Atlantic locality (1986 and 1987 year-classes 
pooled) are shown in Fig. 2. With the exception of the 
sample from Nor th  Inlet, South Carolina (GTN), where 
only 18 individuals were assayed, frequencies of  Haplo- 
type 9 in Atlantic localities were approximately two-fold 
greater than those in Gul f  localities. Haplotype 9 was the 
second most frequent haplotype found in the study, oc- 
curring in 97 (11.2%) of  the 869 individuals surveyed. 
The remaining three haplotypes (12, 14, and 19) found to 
be significantly heterogeneous in V-tests (corrected for 
multiple tests) between pooled samples from the Gulf  and 
pooled samples from the Atlantic, occurred in low fre- 
quency (i.e., 0.5 to 0.7%). All three haplotypes were 
found only in localities from the Atlantic. The low inci- 
dence of  these three haplotypes suggests that the ob- 
served heterogeneity could be due to sampling error or to 
the possibility that full siblings (which would have identi- 
cal m tD N A  molecules) might have been accidentally 
sampled. Alternatively, ten significant V-tests were found 
in the comparison of  pooled Gulf  versus pooled Atlantic 
samples prior to correction for multiple tests. 

Results of  V-tests, bootstrap analyses, and G-tests for 
temporal heterogeneity in haplotype frequencies are 
shown in Table 4. Tests were carried out  (i) between sam- 
ples from the 1986 and 1987 year-classes at each locality 
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Table 3. Sciaenops ocellatus. Results of tests for spatial heterogeneity in mtDNA haplotype frequencies among localities from Gulf of Mexico 
and Atlantic Ocean. Fsr: measure of variance in mtDNA haplotype frequencies; Nemf: effective number of female migrants per generation 

Test group No. of No. of No. of pa Results of Fsr Nem f 
localities haplotypes significant G-tests 

tested "V" tests 

Gulf of Mexico 
1986 year-class 11 24 1 b 0.032 P>  0.05 -0.002 >10 
1987 year-class 10 20 1 b 0.408 P~-- 0.01 0.008 > 10 
1986+1987 year-classes 11 31 2 b 0.006 P--~0.01 0.002 >10 

Gulf vs Atlantic 
1986 + 1987 year-classes 16 39 1 0.000 P-~ 0.02 0.007 > 10 
Pooled 2 41 10 c 0.000 P<0.001 0.022 >10 

a p :  probability based on bootstrap analysis (after Roff and Bentzen 1989) 
b Non-significant when corrected for multiple tests 
c Six of 10 haplotypes non-significant when corrected for multiple tests 

Table 4. Sciaenops ocellatus. Results of tests for temporal heterogeneity in mtDNA haplotype frequencies among samples from Gulf of 
Mexico. Locality acronyms as in Table 1 

Test group No. of No. of No. of pa Results of Fsr Nem f 
samples haplotypes significant G-tests 

tested "V" tests 

1986 vs 1987 year-classes 
(by locality) 

LLM 2 2 0 0.836 P>0.05 --0.015 >10 
PAR 2 2 0 0.583 P>0.05 --0.013 >10 
PCV 2 0 - 0.319 - 0.003 > 10 
GVB 2 5 0 0.759 P > 0.05 0.006 > 10 
SAB 2 4 0 0.686 P>  0.05 0.002 > 10 
GIL 2 8 0 0.193 P>  0.05 0.005 > 10 
OSP 2 10 1 b 0.130 P ~  0.03 0.008 > 10 
APP 2 6 0 0.618 P>0.05 0.002 >10 
RIV 2 7 1 b 0.332 P>0.05 -0.002 >10 
SAR 2 11 1 b 0.051 P~0.04 0.009 >10 

1986 vs 1987 year-classes 
(pooled) 2 33 1 b 0.817 P>0.05 -0.001 >10 

" P:  probability based on bootstrap analysis (after Roff and Bentzen 1989) 
b Non-significant when corrected for multiple tests 
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Fig. 2. Sciaenops ocellatus. Frequencies (%) ofHaplotype 9 in 1986 
and 1987 year-classes (pooled data) at 15 localities in Gulf of Mex- 
ico and Atlantic Ocean. Ten localities in Gulf (left to right on 
abscissa) are LLM, PAR, PCV, GVB, SAB, GIL, OSP, APP, RIV, 
and SAR. Five localities in Atlantic (left to right on abscissa) are 
HIH, CHS, GTN, BTH, and MNC. Acronyms for localities are 
given in Table 1 

in the Gulf ,  and  (ii) between 1986 and  1987 year-classes 
in the G u l f  pooled over all localities. As before, all tests 
were carried ou t  only  on  haplotypes  tha t  were found  in 
four  or more  individuals  in any  tempora l  compar i son  
grouping.  Fo l lowing  correct ions for mul t iple  tests, no  
significant  V-tests were found  between the 1986 and  1987 
year-classes at indiv idual  G u l f  localities or between year- 
classes with localities pooled. Boots t rap  probabi l i t ies  
were non-s igni f icant  ( P >  0.05) for all compar isons ,  and  
significant  G-tests  were found  only  between the 1986 and  
1987 year-classes at Sarasota  Bay, F lo r ida  (SAR) and  
Biloxi Bay, Mississippi (OSP). In  bo th  cases, p robabi l i ty  
values were no t  far below the 5% level. These results 
indicate the absence of t empora l  genetic subdivis ion 
wi thin  the Gulf.  In  the Atlant ic ,  no heterogenei ty in 
haplotype frequencies was detected between samples 
f rom the 1986 and  1987 year-classes f rom Char les ton  
Bay, South Caro l ina  (CHS; data  no t  shown).  

Est imates  of FST (a measure  of  the var iance  in m t D N A  
haplotype frequencies) and  Nem f (the effective n u m b e r  
of female migran t s  per generat ion)  are also shown in 
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Fig. 3. Sciaenops oceltatus. Qualitative profile of gene flow among 
red drum (continuous line). Values obtained by plotting condition- 
al-average allele (haplotype) frequencies (Pi) against occupancy rate 
(i/d) (see Slatkin 1981 for further details). Also shown are theoreti- 
cal profiles (from Slatkin 1981) when N~m (effective number of 
migrants per generation)= 1.250 (dashed line) and 0.025 (dotted 
line). Theoretical profiles are based on (diploid) nuclear genes 

Table 5. Sciaenops ocellatus. Results of tests of geographic subdivi- 
sion in mtDNA haplotype frequencies in Gulf of Mexico. ECW: 
east (SAR, RIV, APP), central (OSP, HOD, GIL), west (SAB, GVB, 
PCV, PAR, LLM); RG 1- i0:  random groupings of three, three, 
and five localities (see "Results", Paragraph 9) 

Test No. of No. of pb Results of 
group haplotypes significant G-tests 

tested "V"-tests a 

ECW 33 8 <0.001 P<0.001 

RG 1 33 3 0.252 P>0.050 
RG 2 33 1 0.159 P>0.050 
RG 3 33 6 0.001 P<0.001 
RG 4 33 1 0.269 P~-0.035 
RG 5 33 5 0.188 P-~0.002 
RG 6 33 2 0.014 P ~  0.003 
RG 7 33 4 <0.001 P<0.001 
RG8  33 3 0.021 P~0.004 
RG 9 33 1 0.838 P>  0.050 
RG 10 33 3 0.362 P~- 0.009 

a All were non-significant when corrected for multiple tests 
b p: probability based on bootstrap analysis (after Roff and 
Bentzen 1989) 

Tables 3 and 4. For spatial groupings (Table 3), Fsr values 
ranged from -0.002 to 0.022; for temporal groupings 
(Table 4), Fsr values ranged from -0.015 to 0.009. N e my 
values, derived from Fsr values using the island model of 
Wright (1943), were >10 for all spatial and temporal 
comparisons (Tables 3 and 4). The estimates of Fsr and 
Nero: indicate little genetic subdivision, and the occur- 
rence of significant gene flow among spatial and tempo- 
ral comparison groups, as shown in Tables 3 and 4. 

Slatkin's (1981, 1985) qualitative and quantitative 
methods were used to estimate gene flow among all geo- 
graphic localities. The qualitative method (Fig. 3.) re- 
vealed a curve typical of species with high gene flow. The 
quantitative method employed 51 "private" alleles (hap- 
lotypes) among 11 Gulf localities and 63 "private" alleles 
(haplotypes) among 16 Gulf and Atlantic localities. Esti- 
mated Nero: values were 40.50 and 24.07, respectively, 
for the Gulf and the Gulf and Atlantic. Both N~ m: values 
are considerably greater than 1, indicating high levels of 
gene flow among all localities. 

To explore the possibility of regional subdivision 
within the Gulf, samples from both the 1986 and 1987 
year-classes were pooled by locality and the localities 
pooled into three regions. The regions were: (i) eastern 
Gulf [samples from Sarasota Bay, Florida (SAR), Riv- 
iera Bay, Florida (RIV), and Apalachicola Bay, Florida 
(APP)]; (ii) central Gulf [samples from Biloxi Bay, Missis- 
sippi (OSP), Black Bay, Louisiana (HOD), and Grand 
Isle, Louisiana (GIL)]; and (iii) western Gulf [samples 
from Sabine Pass, Texas (SAB), Galveston Bay, Texas 
(GVB), Pass Cavallo, Texas (PCV), Aransas Pass, Texas 
(PAR), and Lower Laguna Madre, Texas (LLM)]. Hap- 
lotype frequencies at the three regions were tested for 
heterogeneity using V-tests, bootstrap analyses, and 
G-tests. As before, V-tests were carried out only on haplo- 
types found in four or more individuals. Eight haplotypes 
were found to differ significantly (P<0.05) in V-tests, 
although none were significant when corrections were 
made for multiple tests. The bootstrap analysis and 
G-test yielded probabilities < 0.001, indicating significant 
heterogeneity among the three regions in haplotype fre- 
quencies. Since nearly all of the haplotypes found to be 
significant in the (uncorrected) V-tests were low-frequen- 
cy haplotypes in the Gulf, the possibility that significant 
heterogeneity could be detected by chance alone was test- 
ed by bootstrapping the data set. The 11 geographic lo- 
calities were randomly assigned to 10 random groupings 
of 3, 3, and 5 localities, thus mimicking the original 
groupings in terms of the number of geographic localities 
per grouping. Haplotype frequencies among the 10 ran- 
dom groupings (designated RG 1-10) were tested for het- 
erogeneity using V-tests, bootstrap analysis, and G-tests. 
The results are shown in Table 5, along with the results 
for the original eastern-central-western Gulf grouping. 
In V-tests, from 1 to 6 haplotypes were found to differ 
significantly (P<0.05) in frequency among the 10 ran- 
dom groupings. None of the V-tests were significant 
when corrections were made for multiple tests. Signifi- 
cant heterogeneity (P<0.05) was found in 4 of the 10 
random groupings using bootstrap analysis, and in 7 of 
the 10 random groupings using G-tests. These results in- 
dicate that the heterogeneity detected among the original 
eastern-central-western grouping could be due to 
chance alone rather than geographic subdivision. It is 
worth noting, however, that the number of haplotypes 
whose frequencies differed significantly in uncorrected 
V-tests was greater in the original grouping than in any of 
the 10 random groupings. Moreover, the probability val- 
ues observed for the original grouping in both the boot- 
strap analyses and G-tests were lower than those found in 
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Fig. 4. Sciaenops ocellatus. Strict (unrooted) consensus tree pro- 
duced by parsimony analysis of a binary coded (presence/absence) 
restriction-site matrix. Numbers along branches indicate propor- 
tion of times (from 100 replicates) that a branch (clade) was distin- 
guished in bootstrap analysis. Branch lengths are not accurate rep- 
resentations of number of character-state changes between opera- 
tional units. Operational units are all Gulf and Atlantic localities 
(1986 and 1987 year-classes pooled). Acronyms for localities are 
given in Table 1 

any of  the 10 random groupings. This suggests that there 
may be a small, but noticeable regional effect on haplo- 
type frequencies. 

Estimates of nucleotide sequence divergence were gen- 
erated (i) among all Gulf  and Atlantic localities by year- 
class, and (ii) among all Gulf  and Atlantic localities with 
year-classes pooled. (The matrices of  nucleotide-se- 
quence divergence are not  shown, but  may be obtained 
upon request from the first author.) Cluster analysis us- 
ing the U P G M A  algorithm was used to summarize the 
nucleotide-sequence divergence matrices. In both pheno- 
grams, standard errors of  the most distant nodes were 
greater than the distance between the first and last nodes, 
effectively collapsing all of  the nodes and indicating that 
all 16 geographic samples of  red drum (by year-class or 
with year-classes combined) are not  strongly differentiat- 
ed genetically. 

Parsimony analysis of  sample restriction-site pres- 
ence/absence matrices representing (i) all haplotypes, and 
(ii) all Gulf  and Atlantic localities with year-classes 
pooled were carried out using PAUP. The strict consen- 
sus "gene tree" produced from the haplotype matrix es- 
sentially revealed a single large polytomy. The strict con- 
sensus tree produced from the matrix of  Gulf  and At- 
lantic localities is shown in Fig. 4. Results from boot- 
strapping (100 replicates) indicated very little support for 
phyletic cohesion of  geographically proximate localities 
from the Gulf. Weak support  (42 to 47% bootstrapping) 
for phyletic cohesion of  4 of  5 Atlantic localities [Pamlico 
River, Nor th  Carolina (BTH), North  Inlet, South Caroli- 
na (GTN), Charleston Bay, South Carolina (CHS), and 
Calibogue Sound, South Carolina (HIH)] paralleled re- 
sults of  heterogeneity testing, whereby samples from the 
Atlantic were found to be differentiated genetically from 
samples from the Gulf. 

Spatial autocorrelation analyses were used to determine 
whether haplotype frequencies at any Gulf  locality were 
independent of  haplotype frequencies at neighboring lo- 
calities. SAAP runs using haplotypes found in four or 
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Fig. 5. Sciaenops ocellatus. Correlograms based on frequencies of 
haplotypes found in 10 or more individuals among 11 geographic 
localities from the Gulf. Abscissas: Distance Classes 1-5 (left to 
right); ordinates: mean autocorrelation coefficients (Moran's 
/-values) for each distance class. Bars about each mean value repre- 
sent two standard errors on either side of a mean. (a) Equal frequen- 
cies/distance class; (b) equal distances between distance classes 

more individuals generated 165 Moran's  /-values (33 
haplotypes x 5 distance classes). When equal numbers of  
pairwise comparisons were used, 20 significant (P < 0.05) 
values were obtained; 28 significant values were obtained 
when equal geographic distances between distance classes 
were used. The distribution of significant values was non- 
random: positive values were found primarily in the first 
or second distance classes, whereas negative values were 
found primarily in the last distance class. Nearly identical 
results were obtained in SAAP runs using only haplo- 
types found in 10 or more individuals. Graphical repre- 
sentations of  these results are shown in Fig. 5 where the 
mean ( +  2 SE) Moran's  /-values, averaged over all haplo- 
types occurring in 10 or more individuals, are plotted by 
distance class. In both SAAP runs [i.e., using equal fre- 
quencies (Fig. 5a) or using equal distances (Fig. 5b)], 
mean Moran's  /-values are positive in the first distance 
class, near zero in the second and third distance classes, 
and negative in the last two distance classes. These results 
indicate a weak autocorrelation among haplotype fre- 
quencies as a function of  distance between pairs of  local- 
ities; i.e., red drum in geographically proximate or neigh- 
boring localities are more similar genetically than are red 
drum in more geographically distant localities. 
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Table 6. Estimates ofmtDNA variability and of evolutionary effec- 
tive female population sizes among species of marine fishes. Paren- 
theses indicate number of mtRNA restriction sites or fragments 

J.R. Gold et al.: Mitochondrial DNA in red drum 

surveyed. Ns~e): evolutionary effective-female population size, esti- 
mated after Avise et al. (1988). Assumed generation times for each 
species are given in text 

Species No. of No. of Nucleotide Evolutionary 
individuals different sequence effective female 
surveyed mtDNA diversity population size 

haplotypes (%) a [NI~ J 

Source 

Atlantic menhaden 17 17 (55) 3.19 
Atlantic herring 69 26 (77) 1.09 
Gulf menhaden 16 16 (55) 0.99 
Gulf red drum 695 99 (104) 0.57 
Atlantic red drum 174 43 (104) 0.56 
Spotted seatrout 70 14 (50) 0.30 
Greater amberjack 59 23 (102) 0.34 
Black drum 250 19 (67) 0.17 
Red grouper 51 12 (92) 0.08 
Black sea bass b 19 3 (61) 0.03 
Black sea bass ~ 10 2 (61) 0.03 

800 000 Avise (1992) 
273 000 Kornfield and Bogdanowicz (1987) 
250 000 Avise (1992) 

95 000 Present study 
93 000 Present study 
75 000 Furman and Gold (unpublished data) 
57 000 Richardson and Gold (1993) 
17 000 Furman and Gold (unpublished data) 
10 000 Richardson and Gold (1993) 
5 000 Avise (1992) 
5 000 Avise (1992) 

a Intrapopulational nucleotide sequence diversity values 
b Atlantic subspecies (Centropristis striata striata) 

Gulf subspecies ( Centropristis striata metana) 

Effective female population sizes 

Avise et al. (1988) presented theoretical models whereby 
estimates of  evolutionary effective female-population 
size (Nzte) values) of  a species (or a distinct subpopulation 
or stock of  a species) can be generated from estimates of  
m t D N A  intrapopulational nucleotide-sequence diversi- 
ty. Estimates of  Ni~e) for red drum from the Gul f  and 
Atlantic are shown in Table 6 along with comparable 
estimates for several other marine fishes of  commercial or 
recreational importance. Data  for species other than red 
drum were taken either from the published literature or 
from work in our laboratory.  Assumed generation 
lengths were 2 yr (Atlantic and Gulf  menhaden, Atlantic 
herring, and spotted seatrout), 3 yr (red drum, black sea 
bass, and greater amberjack), and 5 yr (black drum and 
red grouper), and were based either on Avise (1992) or 
personal communications from L. Bullock (red grouper), 
I. Kornfield (Atlantic herring), and C. Wilson (red drum, 
spotted seatrout, greater amberjack, black drum). Esti- 
mates of  N~(,) are highest for the clupeid species (men- 
haden and herring), intermediate for red drum, spotted 
seatrout, and greater amberjack, and lowest for black 
drum, red grouper, and black sea bass. Nste) values for 
red drum are the highest of  all the non-clupeid species. 

Discussion 

Sciaenops ocellatus in the Gulf  appear to be weakly dif- 
ferentiated genetically from red drum in the Atlantic. 
Heterogeneity tests revealed significant frequency differ- 
ences in at least four m t D N A  haplotypes, one of  which 
(Haplotype 9) is fairly common in both the Gulf  and 
Atlantic. The degree of  genetic differentiation between 
Gulf  and Atlantic red drum, however, is slight. Cluster- 
analysis of  m t D N A  genetic distances indicated that red 
drum from individual Gulf  and Atlantic localities were 
not distinguishable from one another,  and parsimony 

analysis revealed only weak support for phyletic cohesion 
of  samples from the Atlantic. In addition, Slatkin's 
(1981) qualitative method and estimates of  the effective 
number of  migrants per generation using Wright's (1943) 
island model and Slatkin's (1985) quantitative method, 
indicated that gene flow between red drum in the Gul f  
and Atlantic is relatively high. The observation of  genetic 
differentiation and high gene flow is not unusual, since (i) 
significant genetic divergence can occur even if substan- 
tial gene exchange exists, and (ii) small values of  F c a n  be 
associated with a considerable amount  of  genetic differ- 
entiation between or among subpopulations (Wright 
1969). 

In nearly all respects, m tD N A  differentiation between 
Gulf  and Atlantic red drum is fully concordant  with dif- 
ferentiation in nuclear genes. Gold et al. (1993) surveyed 
nine polymorphic (allozyme) loci among most of  the red 
drum examined for mtDNA,  and found weak but  signif- 
icant differentiation between Gulf  and Atlantic red drum 
in at least two nuclear genes. Estimated levels of  gene 
flow were high and little geographic cohesion was evident 
from cluster analysis of  genetic distances. Taken together, 
the genetic data indicate that red drum from the Gulf  and 
Atlantic are weakly subdivided, and for management 
purposes should be considered as separate assemblages 
(stocks). The biological reasons for subdivision between 
Gul f  and Atlantic red drum are unknown. Historical or 
recent interactions between red drum dispersal and im- 
pediments to gene flow appear to be the most likely ex- 
planations (Gold and Richardson 199 I), and may include 
one of  more of  the following: (i) offshore currents are not 
conducive to movement of  red drum between the Gulf  
and Atlantic; (ii) absence of  suitable nearshore or other 
habitats for red drum along the southeastern (Atlantic) 
coast of  Florida; and/or  (iii) differences in biogeographic 
provinces separating Gul f  from Atlantic marine fauna. 

The results of  the present study indicate the effective 
absence of  spatial and temporal genetic differentiation 
among red drum from the Gulf; i.e., red drum in the Gulf  
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appear to comprise a single, randomly mating subpopu- 
lation. This conclusion is drawn from several lines of 
evidence, including (i) spatial (among localities) and 
temporal (between year classes) heterogeneity tests of 
mtDNA haplotype frequencies, (ii) phenetic (cluster) and 
parsimony analysis of Gulf localities, and (iii) estimates 
of the effective number of migrant individuals per gener- 
ation among localities. Nearly identical results (i.e., the 
absence of population structuring among Gulf red drum) 
were found by Gold et al. (1993) in their study of al- 
lozyme differentiation. 

Spatial autocorrelation analysis of the distribution of 
mtDNA haplotypes over all Gulf localities indicated that 
geographically proximate or neighboring localities were 
more similar genetically than were more geographically 
distant localities. The observed pattern of autocorrela- 
tion is consistent with an "isolation-by-distance" model, 
whereby migration of individuals within the Gulf is in- 
versely related to geographic distance from the estuary or 
bay of natal origin. Given the known life-history of red 
drum (Overstreet 1983, Matlock 1984, 1987, Mercer 
1984, Reagan 1985, Lyczkowski-Schultz etal. 1988, 
Murphy and Taylor 1990), such migration could occur: 
(i) at the egg, larval, or juvenile stages following offshore 
spawning; (ii) at the sub-adult stage (Ages 1 to 3); and/or 
(iii) at the adult stage following movement into deeper 
waters prior to sexual maturity and spawning. 

Spatial autocorrelation analysis of nuclear-gene (al- 
lozyme) variation among Gulf red drum did not reveal a 
significant pattern of autocorrelation (Gold et al. 1993). 
The finding of autocorrelation in the mtDNA data, but 
not in the nuclear-gene data, is not surprising given (i) the 
effect, if it is real, is only slight, and (ii) the increased 
sensitivity of mtDNA (relative to nuclear genes) in mea- 
suring the genetic impact of population substructuring 
and gene flow (Birky et al. 1983, Templeton 1987). From 
a "nearshore" management perspective, the implication 
of an "isolation-by-distance" effect is that management 
strategies (e.g. fishing regulations) for a given estuary or 
bay would be likely to impact neighboring estuaries or 
bays more than geographically distant ones. From an 
"offshore" management perspective, however, the ab- 
sence of strong local or regional genetic differentiation, 
coincident with sufficient levels of migration to offset 
genetic diversification, indicates that adult red drum in 
the Gulf should be considered (and managed) as a single 
unit assemblage (stock). 

Estimates of mtDNA nucleon and nucleotide-se- 
quence diversities indicated that genetic variation in red 
drum is equivalent to, or higher than that in most other 
marine fish species surveyed to date (Gold and Richard- 
son 1991). Importantly, high levels of mtDNA variation 
were found at all geographic localities (by year-class and 
with year-classes pooled) in both the Gulf and Atlantic, 
indicating that red drum have at least normal levels of 
genetic variation throughout the geographic area sur- 
veyed. Similar results, i.e., levels of genetic variation in 
red drum similar to those in many other vertebrates, in- 
cluding several marine fishes, were also found in the sur- 
vey of nuclear genes (Gold et al. 1993). These data collec- 
tively indicate that the perceived decline in red drum 

abundance, at least in the Gulf, has not affected either the 
genetic variability base or the long-term adaptive poten- 
tial of red drum throughout the Gulf. 

Estimates of evolutionary-effective female-population 
sizes yielded N:(e) values of slightly less than 100 000 red 
drum females in both the Gulf and Atlantic. As discussed 
by Avise et al. (1988) and Avise (1992), N:(e) estimates are 
thought to reflect evolutionary or long-term effective 
sizes of female populations and appear to significantly 
underestimate present-day female population (census) 
sizes. Part of the reason for this may be rates of mtDNA- 
sequence evolution that are lower than the conventional- 
ly-accepted rate (Wilson et al. 1985) used to generate 
Nf(e) estimates. Avise et al. (1988), however, have shown 
that this would require a molecular deceleration of 200- 
to 900-fold, a possibility that seems unlikely given the 
number of distinct mtDNA haplotypes found in species 
such as the red drum. A more likely possibility would be 
differences in the number of females through which ex- 
tant mtDNA lineages have been transmitted (Avise et al. 
1988, Avise 1992). In theory, the latter could be affected 
by historical demography, overlapping generations, or 
selective fitness differentials among mtDNA haplotypes 
(Avise 1992). 

Avise et al. (1988) and Avise (1992) have shown that a 
positive correlation exists between N:(e) and N: values, 
where the latter represents the present-day size of the 
female population, and that estimates of N:(~) for several 
marine fish species are typically two orders of magnitude 
lower than estimates of N:. Assuming similar conditions 
pertain to red drum, the N:~e) value of 95 000 for red 
drum from the Gulf suggests a female population size in 
the Gulf on the order of 9.5 million. Assuming a 1:1 sex 
ratio among adult red drum, the total size of the red drum 
population in the Gulf could be on the order of 19 million 
individuals. Nichols (1988), using mark/recapture meth- 
ods, estimated adult red drum (female and male) density 
in the northern Gulf to be approximately 7 million indi- 
viduals. Given the uncertain relationship between N:(e) 
and N: values, Nichol's estimate appears reasonable and 
could be considered as a minimum estimate of the adult 
red drum population in the northern Gulf. 

The estimated N:(e) values (and the nucleotide-se- 
quence divergence values from which Nf(e) values are 
derived) may be useful as indices of long-term adaptive 
potential. The latter is based on the concepts that levels 
of genetic variability may affect probabilities of popula- 
tional survival and fitness (Soul6 1980, Frankel and Soul~ 
1981), and that genetic characters may be used to assess 
levels of genome-wide variability (Wildt etal. 1987, 
Quattro and Vrijenhoek 1989). Levels of extant mtDNA 
variability appear to vary considerably among marine 
fish species, and levels of mtDNA variability in red drum 
are considerably higher than in most other, non-clupeid 
species thus far surveyed. This further indicates that the 
perceived decline in red drum abundance (Matlock 1984, 
Reagan 1985) has not affected either the genetic variabil- 
ity base or the long-term adaptive potential of this spe- 
cies. 



184 J.R. Gold et al.: Mitochondrial DNA in red drum 

Acknowledgements. Direct and indirect assistance in procuring red 
drum specimens was provided by the following: North Carolina 
Division of Marine Fisheries, University of South Carolina, South 
Carolina Wildlife, Florida Department of Natural Resources, Gulf 
Coast Research Laboratory, Louisiana State University, Coastal 
Fisheries Branch of the Texas Parks and Wildlife Department, and 
the National Marine Fisheries Service. Their assistance is gratefully 
acknowledged. Special thanks are extended to C. Amemiya, C. Bai- 
ley, R. Cheramie, E Deal, L. McEachron, T. McIlwain, M. Mur- 
phy, D. Roberts, B. Roumillat, and C. Wilson, either for providing 
no-cost lodging during field trips or for arranging field details. We 
also thank R. Colura and B. Bumguardner for. carrying out age 
determinations from otoliths, M. Birkner and T. Schmidt for assis- 
tance in the laboratory, and T. Dowling for providing the computer 
software used for conducting V-tests and UPGMA clustering. Work 
was supported by the Texas A&M University Sea Grant College 
Program (Grants NA85AA-D-SG128 and NA89AA-D-SG139), 
the MARFIN Program of the U.S. Department of Commerce 
(Grants NA89-WC-H-MF025 and NAg0AA-H-MF107), the 
Coastal Fisheries Branch of the Texas Parks and Wildlife Depart- 
ment, and the Texas Agricultural Experiment Station. The views 
expressed in the paper are those of the authors and do not necessar- 
ily reflect the views of the National Oceanic and Atmospheric Ad- 
ministration or any of its sub-agencies. This paper is No. VIII in the 
series "Genetic Studies in Marine Fishes" and Contribution No. 9 
of the Center for Biosystematics and Biodiversity at Texas A&M 
University. 

Literature cited 

Adkins, G., Tarver, J., Bowman, P., Savoie, B. (1979). A study of 
commercial finfish in coastal Louisiana. Tech. Bull. La Dep. 
Wildl. Fish., Baton Rouge July: 1-92 

Avise, J. C. (1989). Gene trees and organismal history: a phylogenet- 
ic approach to population biology. Evolution 43:1192-1208 

Avise, J. C. (1992). Molecular population structure and the biogeo- 
graphic history of a regional fauna: a case history with lessons 
for conservation biology. Oikos 63:62-76 

Avise, J. C., Ball, R. M., Arnold, J. (1988). Current versus historical 
population sizes in vertebrate species with high gene flow: a 
comparison based on mitochondrial DNA lineages and inbreed- 
ing theory for neutral mutations. Molec. Biol. Evol. 5:331-344 

Birky, Jr., C. W., Maruyama, T., Fuerst, P. (1983). Mitochondrial 
DNAs and phylogenetic relationships. In: Dutta, S. K. (ed.) 
DNA systematics. CRC Press, Boca Raton, Florida, p. 107-137 

Bohlmeyer, D. A., Gold, J. R. (1991). Genetic studies in marine 
fishes. II. A protein electrophoretic analysis of population struc- 
ture in the red drum Sciaenops ocellatus. Mar. Biol. 108: 197- 
206 

Bumguardner, B. W. (1991). Marking subadult red drums with 
oxytetracycline. Trans. Am. Fish. Soc. 120:537-540 

Chamberlain, G. W, Miget, R. J., Haby, M. G. (eds.) (1987). Man- 
ual on red drum aquaculture. Texas Agricultural Extension Ser- 
vice and Sea Grant College Program, Texas A & M University, 
College Station, Texas 

Cooper, D. W. (1968). The significance level in multiple tests made 
simultaneously. Heredity 23:614-617 

DeSalle, R., Templeton, A., Mori, I., Pletscher, S., Johnson, J. S. 
(1987). Temporal and spatial heterogeneity of mtDNA polymor- 
phisms in natural populations of Drosophila mercatorum. Ge- 
netics, Austin, Tex. 116:215-233 

Felsenstein, J. (1987). PHYLIP: phylogeny inference package. Uni- 
versity of Washington, Seattle, Washington 

Frankel, O. H., Soult, M. E. (1981). Conservation and Evolution. 
Cambridge University Press, Cambridge, England 

Gold, J. P,., King, T. L., Richardson, L. R., Bohlmeyer, D. A., 
Matlock, G. C. (1993). Genetic studies in marine fishes. VII. 
Allozyme differentiation within and between red drum 

(Sciaenops ocellatus) from the Gulf of Mexico and Atlantic 
Ocean. (in preparation) 

Gold, J. R., Richardson, L. R. (1990). Restriction site heteroplasmy 
in the mitochondrial DNA of the marine fish Sciaenops ocellatus 
(L.). Anim. Genet. 21:313-316 

Gold, J. R., Richardson, L. R. (1991). Genetic studies in marine 
fishes. IV. An analysis of population structure in the red drum 
(Sciaenops ocellatus) using mitochondrial DNA. Fish. Res. 12: 
213-241 

Goodyear, C. P. (1989). Status of the red drum stocks of the Gulf 
of Mexico. Report for 1989. Southeast Fisheries Center, Miami 
Laboratory, Coastal Resources Division, Miami, Florida 
(Contr. No. CRD 88/89-14) 

Kornfield, I., Bogdanowicz, S. M. (1987). Differentiation of mito- 
chondrial DNA in Atlantic herring, Clupea harengus. Fish. Bull. 
U.S. 85:561-568 

Lux, F. E., Mahoney, J. V. (1969). First record of the channel bass, 
Sciaenops ocellata (Linnaeus), in the Gulf of Maine. Copeia 
1969:632-633 

Lyczkowski-Schultz, J., Steen, Jr., J. P., Comyns, B. H. (1988). Early 
life history of red drum (Sciaenops ocellatus) in the northcentral 
Gulf of Mexico. Mississippi-Alabama Sea Grant Consortium 
and Gulf Coast Research Laboratory, Ocean Springs, Mississip- 
pi. (Project No. R/LR-12) 

Matlock, G. C. (1984). A basis for the development of a manage- 
ment plan for red drum in Texas. Ph .D.  dissertation. Texas 
A&M University, College Station, Texas 

Matlock, G. C. (1987). The life history of the red drum. In: Cham- 
berlain, G. W., Miget, R. J., Haby, M. G. (eds.) Manual on red 
drum aquaculture. Texas Agricultural Extension Service and 
Sea Grant College Program, Texas A&M University, College 
Station, Texas, p. 1-47 

Matlock, G. C., Weaver, J. E. (1979). Fish tagging in Texas bays 
during November 1975-September 1976. Mgmt Data Ser., Tex. 
Pks Wldl. Dep., cstl Fish. Brch 1-136 

McElroy, D., Moran, P., Bermingham, E., Kornfield, I. (1992). 
REAP - The restriction enzyme analysis package. J. Hered. 83: 
157-158 

Mcllwain, T., McEachron, L., Murphy, M. D., Nelson, W. R., 
Shepard, J., Van Hoose, M., Condrey, R., Bane, N., Becker, R. 
E. (1986). State-federal cooperative program for red drum re- 
search in the Gulf of Mexico. Gulf States Marine Fisheries 
Commission, Ocean Springs, Mississippi 

Mercer, L. (1984). A biological and fisheries profile of red drum, 
Sciaenops ocellatus, Spec. scient. Rep. N. Carol. Dep. nat. Re- 
sour. Community Dev., Div. mar. Fish. 41:1-89 

Murphy, M. D., Taylor, R. G. (1990). Reproduction, growth, and 
mortality of red drum, Sciaenops ocellatus, in Florida. Fish. 
Bull. U. S. 88:531-542 

Nei, M., Li, W.-H. (1979). Mathematical models for studying genet- 
ic variation in terms of restriction endonucleases. Proc. natn. 
Acad. Sci. U.S.A. 76:5269-5273 

Nei, M., Stephens, J. C., Saitou, N. (1985). Methods for computing 
the standard errors of branching points in an evolutionary tree 
and their application to molecular data from humans and apes. 
Molec. Biol. Evol. 2 :66-85 

Nei, M., Tajima, F. (1981). DNA polymorphism detectable by re- 
striction endonucleases. Genetics, Austin, Tex. 97:145 163 

Nichols, S. (1988). An estimate of the size of the red drum spawning 
stock using mark/recapture. Southeast Fisheries Center, Na- 
tional Marine Fisheries Service, Mississippi Laboratory, 
Pascagoula Facility, Pascagoula, Mississippi 

Osburn, H. R., Matlock, G. C., Green, A. W. (1982). Red drum 
(Sciaenops ocellatus) movement in Texas bays. Contr. mar. Sci., 
Univ. Tex. 25:85-97 

Overstreet, R. M. (1983). Aspects of the biology of the red drum, 
Sciaenops ocellatus, in Mississippi. Gulf Res. Rep. Suppl. 1: 
45-68 

Quattro, J. M., Vrijenhoek, R. C. (1989). Fitness differences among 
remnant populations of the endangered Sonoran topminnow. 
Science, N. Y. 245:976-978 



J.R. Gold et al.: Mitochondrial DNA in red drum 185 

Ramsey, P. R., Wakeman, J. M. (1987). Population structure of 
Seiaenops ocellatus and Cynoscion nebulosus (Pisces: 
Sciaenidae): biochemical variation, genetic subdivision and dis- 
persal. Copeia 1987:682-695 

Reagan, R. E. (1985). Species profiles: life histories and environ- 
mental requirements of coastal fishes and invertebrates (Gulf of 
Mexico) - red drum. U.S. Fish Wildl. Serv. biol. Rep. 82 (11.36): 
1-16 (U.S. Army Corps Engineers, Ref. No. TR EL-82-4) 

Richardson, L. R., Gold, J. R. (1993). Mitochondrial DNA varia- 
tion in red grouper (Epinephelus morio) and greater amberjack 
(Seriola dumerili) from the Gulf of Mexico. J. mar. Sci. (in press) 

Roff, D. A., Bentzen, P. (1989). The statistical analysis of mitoehon- 
drial polymorphisms: chi-square and the problem of small sam- 
ples. Molec. Biol. Evol. 6:539-545 

Rohlf, F. J. (1983). BIOM-PC: a package of statistical programs to 
accompany the text BIOMETRY. W. H. Freeman & Co., San 
Francisco, California 

Schmidt, T. R., Gold, J. R. (1992). A restriction enzyme map of the 
mitochondrial DNA of red drum, Sciaenops ocellatus (Teleostei: 
Sciaenidae). NE. Gulf Sci. 12:135-139 

Slatkin, M. (1981). Estimating levels of gene flow in natural popu- 
lations. Genetics, Austin, Tex. 95:323-335 

Slatkin, M. (1985). Rare alleles as indicators ofgene flow. Evolution 
39:53-65 

Sneath, P. H. A., Sokal, R. R. (1973). Numerical taxonomy - the 
principles and practice of numerical classification. W H. Free- 
man & Co., San Francisco 

Sokal, R. R., Oden, N. L. (1978a). Spatial autocorrelation in biol- 
ogy. I. Methodology. J. Linn. Soc. 10:199-228 

Sokal, R. R., Oden, N. L. (1978b). Spatial autocorrelation in biol- 
ogy. 2. Some biological implications and four applications of 
evolutionary and ecological interest. Biol. J. Linn. Soc. 10: 229- 
249 

Sokal, R. R., Rohlf, E J. (1969). Biometry. The principles and 
practice of statistics in biological research. W H. Freeman & 
Co., San Francisco 

Soul+, M. E. (1980). Thresholds for survival: maintaining fitness 
and evolutionary potential. In: Soul6, M. E., Wilcox, B. A. 
(eds.). Conservation biology. Sinauer Associates, Sunderland, 
Massachusetts, p. 151-169 

Swingle, W E. (1987). Status of the commercial and recreational 
fishery. In: Chamberlain, G. W., Miget, R. J., Haby, M. G. 
(eds.). Manual on red drum aquaculture. Texas Agricultural 
Extension Service and Sea Grant College Program, Texas A&M 
University, College Station, Texas, p. 46-49 

Swingle, W., Leary, T., Davis, D., Blomo, V., Tatum, W, Murphy, 
M., Taylor, R., Adkins, G., McIlwain, T., Matlock, G. (1984). 
Fishery profile of red drum. Gulf of Mexico Fishery Manage- 
ment Council and Gulf States Marine Fisheries Commission, 
Tampa, Florida 

Swofford, D. L. (1990). PAUP: phylogenetic analysis using parsi- 
mony. Users' manual. Illinois Natural History Survey, Cham- 
paign, Illinois 

Templeton, A. R. (1987). Genetic systems and evolutionary rates. 
In: Campbell, K. E S., Day, M. E (eds.) Rates of evolution. 
Australian Academy of Sciences, Canberra, p. 218-234 

Wartenberg, D. (1989). SAAP: a spatial autocorrelation analysis 
program. Department of environmental and Community Medi- 
cine. Robert Wood Johnson Medical School, University of Med- 
icine and Dentistry of New Jersey, Piscataway, New Jersey 

Weir, B. S. (1990). Genetic data analysis. Sinauer Associates, Inc., 
Sunderland, Massachusetts 

Weir, B. S., Cockerham, C. C. (1984). Estimating F-statistics for the 
analysis of population structure. Evolution 38:1358-1370 

Wildt, D. E., Bush, M., Goodrowe, K. L., Packer, C., Pusey, A. E., 
Brown, J. L., Joslin, P., O'Brien, S. J. (1987). Reproductive and 
genetic consequences of founding isolated lion populations. Na- 
ture, Lond. 329:328-330 

Wilson, A. C. Cann, R. L., Carr, S. M., George, Jr., M., GyUensten, 
U. B., Helm-Bychowski, K. M., Higuchi, R. G., Palumbi, S. R., 
Prager, E. M., Sage, R. D., Stoneking, M. (1985). Mitochondrial 
DNA and two perspectives on evolutionary genetics. Biol. J. 
Linn. Soc. 26:375-400 

Wright, S. (1943). Isolation by distance. Genetics, Austin, Tex. 28: 
114-138 

Wright, S. (1969). Evolution and the genetics of populations. Vol. II. 
The theory of gene frequencies. University of Chicago Press, 
Chicago, Illinois 

C o m m u n i c a t e d  by  N.  H. Marcus ,  Tal lahassee  


