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Abstract 

Genetic ana lysis of stock structure of a target species typically is considered a high 

priority for stock-enhancement programs. The rationale is tha t different stocks 

may possess unique genetic attributes that relate to important adaptive differences, 

and that mixing different stocks for stock enhancement may have negative 
impac ts. Results of genetic studies of stock structure of red drum (Sciaenops 

ocella!us), an estuarine-dependent sciaenid fish in the northern Gulf of Mexico , 

are presented and discussed. A stimulus for the research is the red drum stock

enhancement program carried out by the State of Texas. Significant (genetic) 

heterogeneity occurs a mong geographic samples of red drum, indicating genetic

a lly defined sLOcks. However, the distribution of genetic variation in red drum 
follows a pattern of isolation by distance where occurrence of overlapping stocks 

that are centered in (natal ) bays a nd estuaries is indicated, Gene exchange among 

red drum stocks is hypothesized to be a function of geographic distance, with an 
effective geographic neighborhood size of 700-800 km , Estima tes of the genetic 

effective size of red drum in the northern Gulf of Mexico are three orders of 
magnitude smaller than estimates of adult census size. Implications of these find

ings for red drum stock enhancement and recruitment a re considered . 

Introduction 

Genetic studies in our la boratory over the la st severa l years have been focused on 

popula tion (stock) structure of a variety of economically important (exploited) 

marine fish species in the northern Gulf of Mexico (hereafter Gulf), Included have 

been estuarine-dependent species (Gold & Turner 2002, Gold e! at. 2002a) , reef or 
hard-bottom associated species (Richardson & Gold 1997, Gold & Richardson 

1998a, Gold el al. 200 Ia), and a coastal pelagic species (Gold el al. 1997, Gold el at. 

2002b). The primary impetus for these studies has been to assess whether different 
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subpopulations (hereafter interchangeable with stocks) exist within the region, and if 

so, to define more rigorously the geographic boundaries of individual stocks. Know

ledge of stock or subpopulation existence and their geographic boundaries is critical 

to conservation and management of exploited marine fish resources for a number of 

reasons. For example, (i) the possibility that different stocks, if they exist, may 

possess unique genetic characters that promote distinct differences in physiology, 

behavior, and/or other attributes that impact life history and ecological adaptations 

(Stepien 1995, Graves 1998), and (ii) the possibility that important genetic resources 

might be lost irretrievably in unrecognized (cryptic) stocks, particularly when envir

onmental stresses (e.g. over-exploitation) may have reduced significantly the effective 

size of the stock. A related problem in stocks where effective size has been reduced is 

the potential for mutational meltdown where slightly deleterious recessive mutations 

may accumulate and erode general fitness (Burger & Lynch 1995, Lynch et al. 1995) . 
If unrecognized, such a stock may itself be irretrievably lost. A final reason why 

knowledge of stock structure is important relates to decisions regarding resource 

assessment and allocation (Hilborn 1985, Sinclair ef al. 1985) and the potential to 

adjust regulations to the unique needs of subregional stocks and resource users. 

Knowledge of stock structure and geographic boundaries of individual stocks also 

is critical to stock-enhancement programs (Shaklee & Bentzen 1998). Maintenance of 

wild genetic resources (genetic identities) and subregional adaptations (if they exist) is 

clearly important, in that without knowledge that different stocks exist, there is the 

possibility that such resources might be eroded by transplantation of hatchery

derived offspring from genetically different stocks (Hindar et al. 1991, Ryman ef al. 

1995, Tringali & Bert 1998). Other adverse genetic effects that might arise following 

transplantation of hatchery-derived offspring include (i) introduction into wild stocks 

of maladaptive genetic variants that may have accumulated in hatchery stocks 

because of inbreeding, small effective size, and/or domestication selection (Lynch & 

O'Hely 2001) and (ii) a reduction in fitness of progeny from matings between wild 

and hatchery-raised fish due to outbreeding depression (Templeton 1986, Gharrett 

et al. 1999). One last potentially adverse genetic effect associated wi th uninformed 

stock enhancement is the possibility tha t transplantations of hatchery-raised fish may 

actually reduce the effective size of the wild stock (Ryman & Laikre 1991 , Tringali & 
Bert 1998) and, under certain conditions, result in inbreeding depression (Waples 

& Do 1994). Because many of the potentially adverse genetic effects of hatchery-derived 

fish on wild stocks would be exacerbated were the effective size of a wild stock small, 

estimating the effective size of wild stocks may become an important component to 

designing a tractable stock-enhancement program. 

In this chapter, our long-term, popUlation-genetics research on red drum (Sciae

nops ocellatus), a heavily exploited sciaenid fish in the northern Gulf, is discussed in 

the context of red drum stock structure and implications regarding recruitment and 

stock-enhancement programs. Outlined below, in sequence, are brief descriptions of 

red drum life history, the red drum stock-enhancement program in Texas, and the 

genetic data that led to our current model of popUlation structure of red drum in the 
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northern Gulf and to estimates of the effective size of the red drum population. 

Because much of the genetics work is (or is about to be) published , interested readers 

are referred to the primary publications for specific details. This chapter concludes 

with a brief discussion of the implications of our findings. 

Life history of red drum 

The life history of red drum in the northern Gulf is fairly well known and has been 

the subject of numerous publications (Simmons & Breuer 1962, Overstreet 1983, 

Matlock 1987, Pattillo etal. 1997). Briefly, spawning occurs in late summer and fall 

proximal to passes or channels between barrier islands. Fertilization is external and 

females are highly fecund , averaging over 107 eggs per 9-14kg fish. Eggs and larvae 

are transported on tidal currents into nursery grounds in bays and estuaries, where 

they mature and at age four or five return as reproductive adults to offshore waters. 
Sexually mature adults can form large schools and extensive migrations are possible. 

Both indirect (current patterns that would affect eggs and larvae) and direct (mark

recapture studies of estuarine-dependent juveniles) indicate the potential for limited 

movement of pre-reproductive individuals among adjacent bays and estuaries 

(Osborn el al. 1982, Lyczkowski-Schultz et al. 1988). Mark-recapture studies of 

adults captured offshore (Nichols 1988, Mitchell & Henwood 1999) indicate that 

reproductively capable individuals can move considerable distances in short periods 
of time. Finally, red drum are long-lived , with individuals greater than 25 years of age 

being fairly common in the Gulf (Wilson & Nieland 1994). The obvious potential for 

extensive gene flow among red drum in the northern Gulf, and the likelihood that 
individuals may spawn throughout much, if not most , of their lifetime led to our 

initial prediction (Gold & Richardson 1991) that red drum in the northern Gulf 

would constitute a single, panmictic (randomly mating) population. 

Red drum stock enhancement in Texas 

In response to perceived declines in red drum abundance in Texas waters, Texas 

Parks, and Wildlife, the natural resource management agency of the State of Texas 

initiated in 1982 a long-term commitment (and program) to enhance the recreational 

red drum fishery in Texas waters. The program and a synopsis of efforts to assess its 

success may be found in McEachron el al. (1995, 1998). Currently, more than 
30000000 red drum fingerlings are produced annually at three hatcheries along the 

Texas coast and transplanted into nine different estuary and bay systems and eight 
different freshwater reservoirs (R. Vega , pers. comm.). The commitment of the state 

to red drum stock enhancement is evidenced by the program's annual operating 

budget, including salaries, of approximately $1.3 million, and by the recent comple

tion of a state-of-the-art hatchery facility (Sea Center Texas) that cost 
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Sl4 million . Selection of broodstock for the red drum hatcheries and transplantation 

of hatchery-raised fingerling essentially follow a conservative stock model , where the 
coastline of Texas is subdivided into upper, middle, and lower subregions and 

subregional Slacks are supplemented with the offspring produced from adults 

obtained within that subregion (R. Vega , pers. comm.). 

Red drum genetic data 

Our genetic studies of red drum in US waters began in the late 1980s and have 
involved a variety of genetic markers, including allozymes (Gold el al. 1994), restric

tion sites of mitochondrial (mt) DNA (Gold e/ al. 1999), and most recently, alleles at 

nuclear-encoded microsatellites (Gold & Turner 2002). Results of mtDNA and 
microsatellite studies are described below. Brieny, approximately 1700 red drum, 

representing four consecutive year classes or cohorts (1986 through 1989), were 

sampled from 14 bays or estuaries across the northern Gulf from Texas to western 
Florida. Sample localities are shown in Fig. 26.1; details regarding methods of 

procurement , tissue storage, aging of individual fish (to ascertain year class), sample 

sizes (by locality and year class) used in genetic assays, and the spatial/temporal 

distribution of haplotypes!alleles may be found in Gold el al. (1999) for mtDNA and 

Gold & Turner (2002) for microsatellites. Most of the fish were assayed for restriction

site variation in mtDNA, using methods outlined in Gold & Richardson (1991) and 
employing 13 restriction enzymes. A total of 104 restriction sites were uncovered, 

TX 

Gulf of Mexico 

Fig. 26.1 Sampling localities for red drum from the northern Gulf of Mexico. Mitochondrial DNA was 
assayed from samples obtained at aJllocalities (stars and circles); microsateJlites were assayed from samples 
obtained at localities indicated by stars. The figure is reproduced with kind permission from Kluwer 
Academic Publishers from Figure I (p. 307) of the article entitled 'A modified stepping-SlOne model of 
population structure in red drum, Sciaellops ocel/arus (Sciaenidae), from the northern Gulf of Mexico' and 
allthored by J.R. Gold, c.P. Burridge, and T.F. Turner. The article was published in Gellelica. 2001. III: 
305-317. 
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generating a total of 170 unique mtDNA haplotypes or alleles (Gold el al. 1999). 
A subset (967 individuals representing samples from seven bays and estuaries) was 
assayed for allelic variation at eight nuclear-encoded microsatellites (Gold & Turner 

2002). Details regarding experimental methods and sequences for polymerase-chain
reaction (peR) primers are given in Gold & Turner (2002). The microsatellites 

represented a mixture of di-, tri- and tetranucleotide motifs. Genotype proportions 
in all or nearly all of the 28 samples (seven localities x 4-year classes at each 
locality) were in expected Hardy-Weinberg (HW) proportions for seven of the 

microsatellites . Fifteen of twenty-eight tests of HW proportions at the eighth micro
satellite were significant, resulting in its exclusion from further analysis. With one 
exception, tests of genotypic equilibrium within localities (year classes pooled) 

between pairs of the remaining seven microsa tellites were non-significant. The excep
tion involved a locality where significant genotypic disequilibrum was found in only 

one of 4-year classes. These findings indicated that genotypes at pairs of the seven 
microsatellites are associated randomly and that genotypic variation at each micro
satellite is independent of genotypic variation at the other microsatellites . 

Levels of \vithin-sample variability in both mtDNA and microsatellites were 
appreciable. For mtDNA, nucleon diversity, the probability that any two individuals 

drawn at random will differ in mtDNA haplotype, averaged nearly 95% across all 
samples, while intrapopulational nucleotide-sequence (mtDNA) diversity, the aver

age nucleotide-sequence difference between any two individuals drawn at random , 
averaged nearly 0.90%. These values are on the high end relative to many marine 
fishes that have been assayed for mtDNA (Richardson & Gold 1997, Gold & 
Richardson 1998b). For microsatellites , the number of alleles per microsatellite 
(pooled over all samples) ranged from 6 to 21, while the average heterozygosity 

(±SE) ranged from 0.560 ± 0.018 to 0.903 ± 0.009. These values are fairly typical of 
microsatell ites in other vertebrates , including fish (DeWoody & Avise 2000). 

Significant (spatial) differences in mtDNA haplotype distributions and in allele dis
tributions at four of the seven microsatellites assayed were revealed by homogeneity 

tests (Table 26.1) and by analysis of molecular variance or AMOYA (Table 26.2). 
As indicated (Table 26.2), the proportion of the molecular variance attributable 
to 'among sample localities' was very small: 0.21 % for mtDNA and 0.00-0 .51 % 

for the seven microsatellites, meaning that the overwhelming majority (", 99.5%) 
of the molecular variance was distributed within sample localities for all genetic 

markers . Nonetheless, these results demonstrated that significant genetic diver
gence exists among red drum in the northern Gulf. To examine observed spatial 

heterogeneity further, geographic samples were divided into subregional groupings, 
representing the northeastern , north central, and northwestern Gulf. These subre

gional groupings were then tested for homogeneity of haplotype (mtDNA) and allele 
(microsatellite) distributions , both among subregions and among samples within 

each subregion. For both mtDNA and the same microsatellites for which significant 
heterogeneity was detected in initial tests (Tables 26.1 , 26.2), significant heterogeneity 
was detected among but not within subregions. Almost identical results were 

http:0.00-0.51
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Table 26.1 Results of tests for spatial (genetic) homogeneity in mtDNA haplotype and microsatellite allele 
distributions among geographic samples of red drum (Sciaenops ocellallls) from the northern Gulf of Mexico. 

Genetic marker Number of samples PRO PEXA('T 

Mitochond rial DNA 14 <0.001 
Microsa tellites 
Soc II 0.087 0.020 
Soc 19 7 0.000· 0.000* 
Soc 35 7 0.000' 0.000' 
Soc 60 7 0018 0160 
Soc J56 7 0.015 0.004* 
Soc 204 7 0.000· 0.000· 
Soc 243 0.644 0.659 

• Significant probabilil Yva lues (p < 0.05) following Bonferroni correclion for simullaneous teSls (microsatellites). 

PRB: probability of haplo type 'allele distribu tion homogeneity based on 1000 bootstrapped pseudoreplicates (after Roff & 

Benlzen 1989). 

PEXACT: probability of allele distribu tion homogeneity based on exaci teSts. wilh 1000 permulalions. 


Table 26.2 Analysis of molecular variation (AM OVA) of mtDNA and microsatellites among samples 
of red drum (Sciaenops ocellallls) from the northern Gulf of Mexico. 

Genetic marker Observed partition 

Variance % total 1> value p 

Mitochondrial DNA 
Among localities 000100 0.21 0.002 0.014 
Within locali ties 0.4 7443 99.79 

Microsaleliites 
Soc I I 

Among locali ties 0.00163 0.51 0.005 0.001 * 
Within localities 0.32179 99.49 

Soc 19 
Among localities 0.00124 0.27 0.003 0.000' 
Within localities 0.45359 99.73 

Soc 35 
Among localities 0.001 i I 0.33 0.003 0.0 16 
Within localities 0.33358 99.67 

Soc 60 
Among localities 0.00099 OJ3 0.003 0.025 
Within localities 0.29694 99. 67 

So c 156 
Among loca lities 0.00144 050 0.005 0.009' 
Within localities 0.28718 99.50 

Soc 204 
Among localities 0.00120 0.32 0.003 0.01 I' 
Within localit ies 037581 99.68 

Soc 243 
Among localities -000008 -0.02 0.000 0.540 
Within locaiities 0.37255 100.02 

• Significanl probability vailles (p < 0.05) following Bonferroni correction for simulta neous tests (microsatellites). 
p: probability of finding a more extreme va riance componenl by chance alo ne (5000 permutalions). 
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obtained with AMOVA. We thtn examined whether these subregional groupings 
renected fixed geographic boundaries by carrying out pairwise homogeneity tests of 

mtDNA haplotype and microsatellite allele distributions between adjacent sample 

localities that had been placed into different subregions (i.e. the westernmost sample 
locality in the northeastern subregion versus the easternmost sample locality in the 

north central subregion, and the westernmost sample locality in the north central 

subregion versus the easternmost sample locality in the northwestern subregion). 
These last tests were non-significant, indicating that the observed relationship 

between genetic divergence and geographic distance among red drum in the northern 
Gulf did not necessarily renect fixed, geographically discrete boundaries. 

Results of spatial autocorrelation analysis clearly revealed that the pattern of genetic 
divergence among red drum in the northern Gulf was one of increasing genetic 

divergence with increasing geographic distance. For mtDNA, 17 of 108 Moran's 

I values generated were significant (p < 0.05); five of six in the proximal distance 
classes were positive, whereas 9 of II in the distal distance classes were negative. Nearly 

identical results were obtained with microsatellites; of 31 (out of 216 total) significant or 
highly significant Moran's I values, 17 (15 positive) occurred in the proximaJ distance 

classes, whereas 14 (II negative) occurred in the distal distance classes. The autocorrel

ation profiles (Fig. 26.2) fit a classic isolation-by-dis{([nce model (Sokal & Oden 
I 972a,b), where there is a consistent decline from significant, positive autocorrelation 

in mtDNA haplotype and microsatellite allele distributions between adjacent and 
spatially proximate sample localities to significant, negative autocorrelation between 

spatially distant sample localities. For both mtDNA and microsatellites, spatial auto

correlations generally become non-significant when the geographic distance between 

sample localities is in the range of 600-700 km. We interpreted this (Gold & Turner 
2002) to potentially renect a geographic limit (boundary) that defines measurable gene 

now among bays or estuaries in the northern Gulf. Occurrence of isolation by distance 
also was renected by significant regressions (for mtDNA, r = 0.548, adjusted 

1'2 = 0.263 , P = 0.0243; and for microsatellites, r = 0.772, adjusted 1'2 = 0.575 , 

p = 0.00 I) in plots of pairwise genetic divergence between localities and linear pairwise 
geographic distances between sample localities (Fig. 26.3). Perhaps even more interest

ing was the finding that the slopes of the regression lines for both mtDNA 
(4.10 x 10-6 , 95%CI of 1.09 x 10-6 and 7.1 x 10-6) and microsatellites (3.15 x 10-6 , 

95%CI of 1.90 x 10-6 and 4.39 x 10-6) differed significantly from zero but fell within 

the 95% confidence limits of one another, i.e. they were statistically identical. Briefly, 
the inverse of the slope(s) of these regressions is hypothesized (Rousset 1997) to 

represent an estimate of Wright 's (effective) neighborhood size, meaning that the 

genetic neighborhood size of both mtDNA and microsatellites in red drum would 

appear to be the same. Assuming equilibrium island-model conditions, and a large 
effective number of migrants (Nem) , the genetic effective size of mtDNA is expected 

to be one-fourth that of nuclear-encoded sequences such as microsatellites. Given the 
apparent identity in effective neighborhood size between red drum mtDNA and 

microsatellites , the implication is that gene now in red drum may be sexually biased. 
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The sim ilar degree of genetic divergence among geographic samples of red drum , 
i.e. <PST = 0.002 for mtDNA and <PST va lues for microsatellites averaging around 0.003 
(Table 26.2), supports this notion, as divergence in mtDNA also is expected to be four 
times that of nuclear-encoded loci under equilibrium conditions. Based on the above, 
we suggested (Gold & Turner 2002) tha t dispersal (gene flow) in red drum may be 
female-mediated , males may exhibit greater philopatry, or both. Finally, it is of more 
than passing interest to note that <PST values between 0.002 and 0.003 correspond to 
roughly 800 km or so (Fig. 26.3), approximately the same geographic distance where 
spa ti al autocorrelations became non-significant (Fig. 26.2). 

Model of red drum population structure 

Our findings demonstrate first, tha t significant genetic differences exist among red 
drum in the northern Gulf, and second , that the observed genetic differences are in 
large part a function of geographic distance between natal bays and estuaries. The 
former is consis tent with the hypo thesis of multiple stocks (subpopulations) of red 
drum in the northern Gulf. With regard to the latter, movement of eggs and larvae to 
areas adjacent to spawning sites, as suggested by Lyczkowski-Schultz et al. (1988), and 
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mark/ recapture experiments where limited movement of juveniles between adjacent 

bays and estuaries has been documented (Osborn et al. 1982), are consistent with the 

notion that movement of individuals (genes) occurs primarily between geographically 

proximal bays and estuaries. However, mark/recapture studies of adults (Nichols 1988, 
Mitchell & Henwood 1999) indicate that reproductively mature red drum are capable 

of moving far greater distances in relatively short periods of time, consistent with 

projections based on spatial autocorrelation analysis and regression of genetic dis

tances on geographic distance. The latter implied a geographic limit or boundary 

(geographic neighborhood size) that suggested measurable gene tlow among red drum 
in the northern Gulf was on the order of 700-800 km. That, and the possibility that 

gene tlow in red drum may be biased sexually (i .e. female mediated), may suggest that 

the majority of realized gene tlow occurs at the adult stage (or at least when levels of 

sex-related hormones might be sufficient to impact migratory behavior). 

The pattern of gene tlow and population structure of red drum in the northern Gulf 
appears to fit elements of both a discontinuous stepping-stone model (Malecot 1950, 

Kimura & Weiss 1964), where gene tlow would occur almost exclusive ly between 

adjacent bays and estuaries, and a continuous isolation-by-distance model (Wright 

1943, 1951) , where gene tlow would occur beyond adjacent bays and estuaries but with 

the probability of gene tlow decreasing as the geographic distance between bays and 
estuaries increases. This mixture likely retlects how red drum are partitioned spatially 

during life history: larvae and juveniles are centered in individual bays and estuaries , 

while adult s may be distributed more-or-Iess randomly in offshore waters across the 

northern Gulf. Based on the above, Gold et al. (200 I b) proposed a modified stepping

stone model, where gene tlow among red drum in the no rthern Gulf was not limited 
almost exclusively to adjacent bays and estuaries (as in a discontinuous stepping-stone 

model) but where the highest probability of gene now was between adjacent bays or 

estuaries (as in a continuous isolation-by-distance model). Because migration distribu

tions (e.g. random walk. diffusion, Brownian movement) in continuous models are 

hypothesized to be distributed normally (Malecot 1967, Cavalli-Sforza & Bodmer 

1971), Gold eta/. (200Ib) suggested that the probabilities of gene exchange among 

subpopulations (stocks) of red drum in the northern Gulf also were distributed nor
mally. We thus envisioned population (stock) structure of red drum in the northern 

Gulf as consisting of a series overlapping subpopulations (stocks) that are centered in 

individual bays and estuaries and where gene exchange between individual stocks is 

primarily a function of geographic distance. Geographic boundaries between/among 

individual stocks overlap and may have a geographic limit of roughly 700-800 km. 

Effective population size of red drum in the northern Gulf 

Recentl y, there has been an increased emphasis on estimating effective population 

size (Ne) for conservation and management of exploited species (Waples 1989, 

1990a,b, Jorde & Ryman 1996, Miller & Kapuscinski 1997, Lairke eta/. 1998). 
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Theoretically, Ne is the size of an ideal model population that has the same rate of 

genetic drift as an observed popUlation (Hartl & Clark 1989). Populations with small 

N~ potentially may have reduced capability to respond effectively to changing envir
onmental pressures (e.g. over-exploitation), and in addition, experience reduced 

fitness because of accumulations of deleterious alleles (Lynch et al. 1995). In a fish

eries context declines in spawning stock, whether due to reduced recruitment and /or 

overfishing, would be expected to reduce Ne (Vucetich et al. 1997), meaning that 

Ne also could provide useful information for monitoring/ predicting relative stock 
abundance. Emphasis (Nunney & Elam 1994, Nunney 1995) is often placed on the 

ratio of Ne to census size (/Ii), given that an idealized popUlation is expected to have an 

Ne'N ratio of unity. 

We estimated Ne for contemporaneous red drum in the northern Gulf by using the 

temporal method (Pollak 1983, Waples 1989), where standardized, short-term vari
ance Ne was estimated from shifts in haplotype (mtDNA) or allele (microsatellites) 

frequencies over the four-year classes sampled in our studies. Estimates derived from 

mtDNA represent the female effective size (Ner) , whereas estimates derived from 

microsatellites represent effective size of males and females combined (Ne). The 

moment-based estimator (Waples 1989) was used to generate estimates of Ner and 

Ne, while a pseudo-likelihood estimator (Wang 2001) also was used to estimate Ne . 

The approach of Jorde & Ryman (1995, 1996) was employed to account for effects of 

overlapping generations. Geographic (spatial) samples were pooled wi thin year 

classes in order to increase the number of individuals per year class and thereby 

decrease 95% confidence intervals around effective-size estimates. Specific details 

regarding estima tion of Ner and Ne may be found in Turner et al. (1999) and Turner 

et al. (2002), respectively. Based on mark/ recapture studies by Nichols (1988) and 
Mitchell & Henwood (1999) , Turner et al. (2002) estimated the (harmonic mean) 

census size (N) of red drum in the northern Gulf to be 3.4 x 106 individuals; female 

census size (Nr) is estimated to be 1.7 x 106 individuals by assuming equal numbers of 

(adult) males and females (Wilson & Nieland 1994). 

Temporal shifts in frequencies were observed for 103 of 145 mtDNA haplotypes 

and at all microsatellites assayed for each of three pairwise comparisons among the 
4-year classes. The estimates of Ner and Ne (and their 95% confidence limits) and the 

ratios of effective size to census size are given in Table 26.3. The surprising result was 

tha t the empirical estima tes of effective size (both Ner! Nr and NeIN) were three orders 

of magnitude smaller than estimates of adult census size. Theoretically, the ratio of 

effective to (adult) census size is expected to range from 0.25 to 0.75 over a broad 
spectrum of life histories (Nunney & Elam 1994), although empirical studies (Hedge

cock 1994, Frankham 1995) have yielded smaller ratios. Moreover, certain life 

history characteristics of red drum (i.e. long reproductive life span, overlapping 

generations, enormous reproductive potential) are expected to increase effective to 

census size ratios by limiting variance in an individual 's lifetime reproductive success 
(Nunney 1993, Waite & Parker 1996). Factors hypothesized to reduce effective to 

census size ratios include fluctuating adult population numbers, biased sex ratios, 
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Table 26.3 ESlimales of effeclive populalion size (iVei" and !VJ and ralios of effeclive populalion size 
census size (N) for red drum in the northern Gulf of Mexico. 

Effeclive size eSlimale 95% confidence limils Ralio of effeclive size 
lO census size 

Milochondrial DNA (Nor) 

14308" 1250-infinil)' 0.008 
tviicrosalelliles (iVe) 

2365' 833-infinilY 0.0007 
3516b 1785-18148 0.001 

'Moment-based estimator (Waples 1989). 
b Pseudo-ma xi mum-likelihood estimator (Wang 200 I) . 

mating system, high variance in male and/or female reproductive success , and 

variance of productivity among habitats (Vucetich etal. 1997, Nunney 1993, 1996, 

1999). Given that estimates of adult red drum in the northern Gulf, flanking the time 
period covered by our sampling, were essentially the same (Nichols 1988; Mitchell & 
Henwood 1999), and that sex ratios of adults appear to be I: I (Wilson & Nieland 

1994), we hypothesized (Turner el al. 1999, 2002) that the observed low effective/ 

censlls size ratios in red drum are likely due to high variance'in reproductive success 

of either or both sexes, high variance in productivity among habitats (for red drum, 

this undoubtedly would represent productivity among different bays and estuaries), 

or some combination (or interaction) of the two. Consistent with this hypothesis are 
very high larval mortalities in red drum (Green el al. 1985), along with spatial! 

temporal variation in environmental factors among bays and estuaries (e.g. tempera

ture, freshwater inflow, toxic algal blooms) and degree of habitat deterioration (Mote 

1996, Pattillo el al. 1997), factors that are expected to impact productivity within 

a bay or estuary (Pattillo et al. 1997, Witting et al. 1999). 
A caveat to the above is that the upper-bound confidence limit for the two estimates 

of effective size that utilized the moment-based approach was infinity. This was not 

unexpected, as intrinsically large variances are associated with estimating Ne via the 
temporal method (Waples 1989), and confidence limits for such estimates typically 

increase disproportionately as the estimate of effective size increases. However, the 

upper-bound confidence limit of Ne, derived via the pseudo-maximum-Iikelihood 

approach, was 18 148, an effective size that is three orders of magn.itude smaller than 

the estimated census size (and which yields an Ne!N ratio of 0.005). If nothing else, this 
suggests the need for further study of the potential disparity in red drum between 

effective and census sizes. One last point to note is that we also used a coalescent-based 

approach to derive an estimate of inbreeding effective size based on the microsatellite 

data (Turner et al. 2002). This approach ostensibly provides a long-term estimate of 

effective size integrated over the time into common ancestry of alleles (A vise 2000). The 

long-term, inbreeding Ne estimated for red drum in the northern Gulf was I 853, with 
minimum and maximum values (based on per-gene mutation rates ranging from 10-3 

to 10-5
) of 317 and 7226, respectively. The similarity of short-term (estimated via the 
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temporal method) and long-term (estimated via the coalescent approach) estimates of 

Ne for red drum in the northern Gulf suggests tha t the forces /factors that have red uced 

effective size relative to census size are historical as well as current. 

Implications for red drum stock enhancement and recruitment 

Our model of stock structure for red drum in the northern Gulf and the estimates of 

effective size of the red drum population have several implications for hatchery 

programs designed to enhance wild red drum resources. First. a suggested goal for 

many stock-enhancement programs is to match broodstock selection and supple

mentation with the population structure of the species (Allendorf & Ryman 1987. 

Hindar el al. 1991) . Our genetic data are consistent with the hypothesis that popula

tion structure of red drum in the northern Gulf consists of a series of overlapping 

subpopulations (stocks), with a geographic neighborhood size for each slack in the 

neighborhood of 700-800 km (Gold el al. 2001 b). Consequently. broodstock selec

tion and supplementation efforts for red drum need not necessarily be estuary/ bay

specific but perhaps should reflect estimates of proportional contributions of stocks 

from various natal bays and estuaries. Accordingly, the current practice employed by 

Texas Parks and Wildlife (TPW) of selecting broodstock and supplementing the 

Texas red drum recreational fishery on the basis of subregional groupings seems 

appropriate. However, the model for red drum population structure is based on the 

premise that gene flow (migration between/among bays and estuaries) decreases with 

geographic distance from a natal bay or estuary. This suggests that proportional 

contributions of individual stocks relative to broodstock selection and supplementa

tion within a subregion might be based on the geographic distance from a hatchery 

facility. The notion that the probabilities of gene exchange among red drum stocks 

are distributed normally may be helpful in this regard. 

A second consideration that may prove useful in both brood stock selection and 

supplementation efforts regards the possible sexual bias in gene flow among red 

dmm in the northern Gulf. It may be necessary . for example. to insure that brood

stock males are representative of different localities throughout a subregion. as there 

ma y be a higher probability that a given brood stock female sampled from one 

locality may have migrated from elsewhere. Development of methods to non-invasively 

sex juvenile and/or adult individuals recovered from mark / recapture experiments 

would be useful in terms of assessing both the hypothesis of sex-biased migration 

and. if it occurs , the proportional differences between the sexes. 

The empirically derived estimates of Ne and the NelN ratio among red drum in the 

northern Gulf have implications both for stock-enhancement programs and for 

conservation and management of wild red drum stocks. The extremely low Ne l N 
ratio observed is consistent with a large variance in number of offspring per parent, 

a large variance in productivity of individual subpopulations. or both (Nunney 1995. 

1996. 1999). This , in turn. has significant short- and long-term implications both for 
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natural recruitment into individual bays and estuaries and for recruitment derived 

from stock enhancement. Hedgecock (1994) proposed the hypothesis that in many 

marine species a small number of individuals could replace entire populations via 

chance matching of reproduction with environmental conditions promoting spawn

ing, fertilization , larval development, and juvenile survivaL With regard to red drum, 

their enormous reproductive potential, if combined with a large variance in offspring 

per parent (renected by extremely low NelN ratios) , suggests that the number of 

reproducing red drum needed to replenish a bay or estuary could be relatively smalL 

This notion is reinforced by estimates (Turner et al. 2002) , based on a mating system 

of lottery polygyny (Nunney 1993), that only one mating pair out of every 14300 

matings need be successful (i.e. produce offspring that survive to maturity) to gen

erate empirically derived Ne/N values. It is thus conceivable that only a few migrant 

individuals, whether derived from wild stocks or from a supplementation program, 

could significantly impact recruitment into a given bay or estuary, particularly if the 

resident stock had been reduced in number via overfishing and /or environmental 

challenge or insult. 

The low Ne/N ratio estimated for wild stocks also may be reflected in supple

mentation programs in that the effective size of a hatchery broodstock may be far 

smaller than the number of adults used to produce fingerlings. The red drum stock

enhancement program in Texas, for example, typically employs 80-125 spawning 

individuals at each subregional hatchery, with 25% of the broodstock replaced annually 

(R. Vega, pers. comm.). The typical ratio is two males and three females per spawning 

tank, with spawning groups rotated each year (R. Vega, pers. comm.). Despite these 

precautions, however, it could be that progeny from only a handful of the individuals 

spawned annually produce fingerlings that reach the bays and the estuaries supplemen

ted. Among other questions that may need answering in red drum (and other) supple

mentation programs are whether fingerlings actually stocked into bays and estuaries are 

representative of the number of adults spawned. Equally interesting would be the same 

question but asked in relation to (stocked) fingerling survival over time. 

The low estimates of Ne in wild red drum in the northern Gulf, and the possibility 

that Ne also may be low in hatchery populations used in supplementation, may 

increase signifIcantly the genetic risks associated with red drum stock enhancement. 

Briefly, genetic risks associated with stock enhancement could include (i) erosion of 

wild genetic resources or identities (presumably reflective of subregional adaptations) 

by increased contribution of exotic genetic variants from hatchery populations 

(Hindar el al. 1991, Ryman el al. 1995), (ii) introduction into wild stocks of mal

adaptive genetic variants that may have accumulated in hatchery stocks because of 

inbreeding, small effective size, and/or domestication selection (Lynch & O'Hely 

2001), (iii) reduction in fitness of progeny from matings between wild and hatchery

raised fish due to oUlbreeding depression (Templeton 1986, Gharrett el al. 1999), 

and (iv) reduction in effective size of the wild stock (Ryman & Laikre 1991, Tringali 

& Bert 1998) and associated inbreeding effects (Waples & Do 1994). Of importance is 

that these potentially adverse genetic effects of hatchery-derived fish on wild stocks 
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would be exacerbated were the effective size of a wild stock small prior to , during, or 
after supplementation (Ryman & Laikre 1991). 

The above-mentioned suggests that ascertaining population structure of wild 
stocks may only represent an initial step to designing tractable stock-enhancement 

programs , and that estimating the effective size of both wild stocks and hatchery 

subpopulations may also be an integral component of such programs. Minimally, 
this reinforces the notion that genetic information from wild populations is critical to 

establishment of effective stock-enhancement programs. 
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