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FINAL YEAR NARRATIVE FOR R/F-184 

QUANTIFYING AND MINIMIZING RISK THAT HATCHERY-ENHANCEMENT 
WILL REDUCE GENETIC DIVERSITY OF WHITE SEABASS 

 
PROJECT LEADER:  Dennis Hedgecock, Professor, Department of Biological Sciences, the 

University of Southern California, Los Angeles, CA 

INTRODUCTION  
Demand for seafood on a global scale is projected to increase by 70 percent in the next 30 

years, though most fisheries are at or beyond their sustainable yields and many are in decline 
(Botsford et al. 1997).  Fisheries management must be augmented by new strategies for 
protecting and enhancing marine resources, such as “no-take” marine reserves (Allison et al. 
1998; Hastings and Botsford 1999) or enhancing natural stocks through artificial hatchery 
propagation.  Despite criticisms from conservationists and fisheries biologists alike (e.g. Meffe 
1992; MacCall 1989), large-scale hatchery supplementation programs are already in place for 
many anadromous and marine fisheries (Travis et al. 1998), and in Japan, a substantial fraction 
of marine production is attributable to enhancement programs (Masuda and Tsukamoto 1998).  
The global extent of enhancement of wild fisheries is poorly documented, however, especially 
for marine species (A.F. Born, A.J. Immink, and D.M. Bartley, FAO Fisheries, pers. com.).  In 
Japan, to take just one example, nearly 70 marine species are supplemented, some at very high 
levels.  To date there have been very few analyses of the potential genetic impact of these marine 
supplementation programs. 

The goal of project R/F-184 was to document the genetic risk of a large-scale hatchery-
enhancement program for white seabass in California.  The Hubbs-Sea World Research Institute 
(HSWRI), under funding from the State of California’s Ocean Resources Enhancement and 
Hatchery Program (OREHP), operates this hatchery program.  Hatchery programs can 
potentially reduce genetic diversity by swamping a natural population with a large number of 
offspring from a small number of parents.  Ryman and Laikre (1991) modeled the impact of 
hatchery supplementation on genetic diversity by describing its effect on the effective population 

In this model, Neh and New are the effective 

size, Ne, of the supplemented population:   
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population, respectively, and xh and xw are their relative contributions of the two components 
the total population (i.e. xh + xw = 1.0).  Only three independent parameters are necessary and 
sufficient to describe the impact of hatchery enhancement on natural biodiversity.   

ic impact of hatchery program might be.  We synthesized information, which was generated
by HSWRI, together with new data generated by Katharine Coykendall, the Sea Grant Trainee 
associated with this project and a doctoral candidate at the University of California, Davis, into 
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this theoretical framework.  Within this framework, we can begin to identify practical hatchery 
protocols for monitoring genetic impacts and minimizing risks to biodiversity.   

OBJECTIVES 
The objectives were: (1) to estimate the contributions of individual brood stock to juvenile 

releases and recaptures; (2) to estimate the proportion of naturally spawning adults that is of 
hatchery-origin (from data generated by HSWRI); (3) to develop and use mitochondrial DNA 
sequences and microsatellite DNA markers to estimate the effective size of the white seabass 
population; (4) to simulate hatchery impacts on white seabass diversity, using estimates of 
hatchery contributions and a range of sizes for the natural population; (5) to test the predictive 
value of the genetic model by confirming family contributions to natural spawning; (6) to 
synthesize information on all three parameters of the enhancement model and to calculate the 
risk that the enhancement program could lower white seabass biodiversity. 

METHODS 
Parentage assignment.  Determining the parents of larvae produced in the hatchery, using 

genetic methods, was a key objective of the project, since spawning occurs at night in large 
tanks, each containing ~25 males and ~25 females.  The goal was to compile information on the 
mean and variance in number of offspring contributed by each adult in the broodstock to a larval 
cohort.  From these data, we could estimate the effective number of parents for single spawning 
events, Nb, following the methods of Hedrick et al. (1995, 2000), and ultimately combine these to 
estimate New, the effective size of an annual hatchery release comprising many separate cohorts.  
We used the seven highly polymorphic microsatellite DNA markers that were cloned by Genetic 
Identification Services (GIS, Chatsworth, CA), a subcontractor to HSWRI.  GIS also carried out 
the genotyping of adult broodstock and of samples from some 1999 spawn groups for these 
microsatellite DNA markers.  Such markers can be used to assign progeny to parents by a 
computer program developed in our laboratory, WHICHPARENT, which eliminates as potential 
parents adults carrying neither of the alleles observed in a particular progeny.  Ideally, all 
progeny can be uniquely assigned to a pair of parents, if each of the markers has a large number 
of alleles and if individuals are genotyped without error.  Unfortunately, both of these conditions 
failed, and although we obtained some interesting information on white seabass spawning in the 
hatchery, we were forced ultimately to adopt an alternative approach in order to estimate Neh.   

Allele-rarefaction in release groups relative to parents.  In collaboration with Dr. 
Alexander I. Pudovkin, Institute of Marine Biology, Vladivostok, Russia, we have developed an 
alternative method for estimating the effective number of parents for a cohort of progeny, Nb.  
This method is based on the simple idea that progeny from a limited number of parents will not 
have all of the allelic diversity present in a large population of potential parents.  (The principle 
can be easily understood by considering the extreme case of a cohort produced by a single pair 
mating, which can transmit at most only four different alleles at each locus.)  We can estimate Nb 
by comparing the allelic diversity in the broodstock population to that of a random sample of 
individuals from a release group.  We simulate the production of progeny by drawing parents 
from an infinite, randomly mating population of adults, with allele frequencies equal to those 
observed in the broodstock population.  The program starts from only two breeders chosen at 
random, and then it increases the number of breeders stepwise, until the difference in the number 
of alleles between simulated progeny and parental samples is equal to that observed.  At each 

2 



step, with a certain Nb value, the program generates 5,000 pairs of adult and progeny samples, 
with sizes equal to the actual sample sizes. Our estimate of Nb corresponds to the value of Nb in 
the model, which produces a median difference in number of alleles equal to that observed 
between the broodstock population and the sample from the release group.  The lower and upper 
confidence limits for Neh correspond to the Nb values in the simulation, yielding the observed 
difference in allele numbers at the 2.5% and 97.5% quantiles of the generated data set (see Table 
4).  For this portion of the work, we decided, after consultation with HSWRI, to focus on the 
2001 release group.  For the allele rarefaction method, we again used the multilocus genotypes 
for 257 brood fish supplied by GIS.  From these data, we estimate the number and relative 
frequencies of alleles at six loci.  We then genotyped a random sample of 258 individuals from 
the 2001 release group and calculated the number of alleles observed per locus.   

Mitochondrial DNA sequences and long-term New.  We developed white seabass-specific 
PCR primers for amplifying the control region of mtDNA.  We determined a 485 base-pair 
sequence of mtDNA from 42 wild-caught adults, of which 430 base pairs were used for further 
statistical analyses.  We used the computer program FLUCTUATE (Kuhner et al. 1998) to 
estimate θ = 2Nefµ; female effective size, Nef, assuming a standard mutation rate µ = 10-8 per 
nucleotide per generation; and growth rate, g.  We also estimated Tajima’s D (Tajima 1989), 
using the software package DnaSP (Rozas and Rozas 1999), to test for deviations from the 
expectations of selectively neutral molecular evolution.   

Estimating short-term New from temporal variation in frequencies of mtDNA haplotypes 
and microsatellite DNA alleles.  The effective number of wild white seabass is being estimated, 
using genetic data for 592 samples, representing 9 age cohorts, and the so-called temporal 
method, in which genetic change over time is used to estimate the effective size of a population 
assuming that all changes result from random genetic drift.  Ageing of individuals is needed to 
partition samples into year classes for analysis of genetic change among year classes.  Although 
we had originally hoped to age fish based on counts of growth rings in otoliths, the work of 
preparing the otoliths proved too time-consuming, and we also lacked standards of known ages 
for validation.  The only known-age fish available were from hatchery broodstock or fish born in 
the hatchery, which confounds age with potential differences in growth of wild vs. hatchery fish.  
As a result, we base estimates of fish age on body length instead.   

RESULTS 
The following table illustrates how an individual offspring can be assigned to parents on 

the basis of microsatellite genotypes.  Since assignment is actually done by exclusion, it is more 
accurate to say that this individual cannot be excluded as the offspring of the two parents shown 
but can be excluded as the offspring of any other parents in the tank in which it was spawned.  

 LocA LocE LocR LocZ LocQ LocF LocK 

OFF. 280286 198207 127133 245248 167170 153162 116119 

♀P1 280280 207210 121127 242248 167170 153162 113119 

♂P2 283286 198210 121133 242245 167167 153159 116119 
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Initially, GIS had poor, though variable success in assigning progeny to broodstock (from 
14% to 94%).  We took over the analysis of GIS’ data and discovered a number of factors 
leading to the inability to assign parentage.  The presence of non-amplifying null alleles at some 
microsatellite DNA markers made offspring, inheriting the null allele from a heterozygous 
parent, appear to be unrelated, i.e. in a cross of A∅ × BC, where ∅ represents a non-amplifying 
null allele that is not observed, B∅ and C∅ offspring would appear not to be related to the A∅ 
parent.  We also detected and corrected discrepancies and errors in parental and progeny 
genotypes that interfered with parental assignment, thus improving the accuracy and utility of the 
genetic information generated by the HSWRI subcontractor.  We conducted simulations to 
determine the statistical power of parentage assignments as a function of which genetic markers 
are successfully typed.  This analysis helped not only to increase the success of parentage 
assignment but also to develop better stipulations in future HSWRI subcontracts.   

We did succeed in assigning parentage for substantial numbers of progeny from seven 
spawns (Table 1).  These exercises revealed that most hatchery spawns come primarily from a 
single female, whose eggs are fertilized by a few males.  This finding is consistent with the 
observation by hatchery biologists that the smallest number of eggs spawned in a single night, 
about one million eggs, more or less equals the fecundity of a single female.  We also detected 
partial spawning by some females, which was unknown prior to our genetic analysis.   

Using the method of Hedrick et al (1995, 2000), we calculated that the effective number of 
parents for single spawns, Nb, ranges from 1.56 to 5.48 and averages 2.95 (Table 1).  In the 
absence of repeat spawning by brood fish, we could estimate Neh simply by adding the effective 
sizes of each spawn, i.e. calculate Neh = ΣNb, or multiply mean Nb by the number of spawns that 
constitute an annual release group.  For three 1998 spawns in tank 1, for example, the sum of Nb 
estimates is 7.36 (Table 1, YS3-YS5).  However, we detected repeat spawning of fish in this 
tank.  Female 135, for example, contributed all the eggs in both YS3 and YS5; on the other hand, 
13 males contributed to more than one of the three spawns analyzed, though in general the males 
in this tank showed much less variance in reproductive success than did females.  Pooling the 
three spawns together, we calculated that the Nb for the pooled tank 1 spawns is 5.84, only 79% 
of the sum of the separate Nb estimates.  The spawns from tank 4 occurred in different years, 
which gives some insight into longer-term effects of repeat spawning.  In this tank, repeat 
spawning by a few males greatly increases the variance in male reproductive success, 
contributing to a pooled effective size that is only 58% of the sum of the separate effective sizes.  
Thus, both the short- and long-term effective sizes of hatchery contributions are likely to be less 
than the sum of the effective sizes of each individual spawning event.  These results also suggest, 
however, that replacing both highly active and non-performing broodstock periodically could 
increase the effective size of hatchery releases, illustrating one practical application of genetic 
analysis of hatchery populations. 

In consultation with HSWRI biologists, we decided to focus modeling efforts on the 
genetic impact of the 2001 release of ~100,000 fish, which comprised 46 separate cohorts of 
hatchery reared fish, most coming from single spawns (Table 2).  Our objective was to estimate 
the three independent parameters of the Ryman-Laikre model, Neh, New, and xh.  To estimate 
hatchery effective population size, Neh, we started to genotype samples from a subset of the 2001 
spawns at 6 microsatellite DNA markers (Table 1, spawns 16 and 31).  Owing to the problems 
previously discussed with this approach, we were unable to complete such analyses for all 
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spawns, from which samples had been obtained.  Nevertheless, extrapolating from the mean 
estimate of Nb ≈ 3 for individual larval cohorts (see above, Table 1) and assuming that parents do 
not contribute to more than one cohort, we estimated the Neh of 2001 release group to be 138 
(=3×46), with a range of 72 (=1.56×46) to 252 (=5.48×46).   

This estimate of Neh = 138 was then compared to an estimate of Neh obtained by the allele 
rarefaction method, which has two advantages over the parentage assignment method.  First, we 
can calculate Neh from the allelic diversity in a random sample from the whole 2001 group, rather 
than from separate samples from each of the 46 hatchery cohorts, thus reducing genotyping 
effort and costs substantially.  Second, we can use data from all of the individuals sampled to 
estimate effective size not just those that can be assigned to parents.  These advantages are 
illustrated by comparisons of the two estimates for five individual spawning events (Table 3).  In 
these selected cases, the proportion of progeny that could be unambiguously assigned to parents 
ranged from 73-88%.  The resulting demographic estimates of Nb, which ranged from 1.56 to 
5.48, are each smaller than the corresponding estimate based on allele rarefaction.  Each of the 
larval cohorts has many fewer microsatellite alleles than are observed in the adults, yielding 
estimates of Nb that range from 3.4 to 8.7 and have upper confidence limits below 14.  Note that 
the parentage-based, demographic estimate of Nb is even lower than the lower 95% confidence 
limit of the corresponding allele-rarefaction estimate of Nb.  This consistent difference suggests 
that the parentage-assignment method yields a downwardly biased estimate of Nb, owing to 
inability to assign all progeny to parents; in contrast, the allele-rarefaction method utilizes the 
entire progeny sample and detects more parental contributions.  

To obtain an estimate of Neh for the 2001 release group, we randomly subsampled 36 of the 
individual hatchery spawns or cohorts, constituting 87.3% of the release group, according to their 
relative contributions to the release group (Table 2).  Indeed, the percentage contributions of 
individual hatchery cohorts to the release group and to the subsample are highly correlated (r = 
0.997).  Summing across the six loci surveyed, we observed more alleles in adults (76) than in 
juveniles (67).  Having sampled more adults than juveniles (mean sample sizes per locus 242 vs. 
200, respectively), we expected a difference in this direction, but computer simulations show, 
nevertheless, that the difference of 9 alleles is greater than what one would observe if the number 
of parents contributing to the 2001 release group were large.  On the contrary, we estimated, 
from the simulation, a median Neh of 56.1, with lower and upper 95% confidence limits of 28.2 
and 159.0, respectively (by interpolation of values for adjacent runs of the simulation that 
produce the same difference of 9 between adult and progeny allele counts, Table 4, in bold).  
That the estimate of Neh obtained by extrapolating mean Nb for individual larval cohorts to the 
entire 2001 release group (138, with a range of 72 to 252) is larger than that obtained by the 
allele-rarefaction method, despite the inherent downward bias of the parentage-assignment 
method, reinforces the conclusion that certain broodstock are mating multiple times. 

The second parameter that we wished to estimate, the effective size of the wild white 
seabass population, New, is the most difficult to know.  Ms. Coykendall took two approaches, the 
first to estimate long-term, evolutionary, effective size of the female white seabass population 
and the second to estimate current New.  Nucleotide diversity in 42 mitochondrial, D-loop, DNA 
sequences (Table 5), suggested a significant excess of rare haplotypes (the negative Tajima D-
statistic), which is usually interpreted as evidence for a past population bottleneck or selective 
sweep or that the population has been expanding.  If we assume that the population is constant, 
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then these data suggest a female effective population size of ~0.75 million; if we assume that the 
population is expanding, then female effective size may be very large, ~ 6 million.  These 
estimates, however, may not be sensitive to recent fluctuations or declines in New and assume a 
D-loop mutation rate of 10-8.  The second method for estimating current New from variation in the 
frequencies of microsatellite DNA alleles among different age classes is in progress.   

Information about the third parameter of the Ryman-Laikre model, xh, comes from, the 
OREHP-HSWRI recapture program, which reports that recaptured hatchery fish constituted 
~6.8% of juvenile fish sampled between 1995 and 2004 juvenile (Allen et al. 2004).  However, 
this figure may overestimate xh, because juvenile to adult survival may be lower for hatchery 
than for wild fish.  To date, 14 adult hatchery-produced fish have been recaptured, suggesting 
that these fish do survive to adult size. 

We can now synthesize the existing information for the three parameters of the Ryman-
Laikre model, in order to evaluate the potential genetic impact of the hatchery supplementation 
program.  We evaluate this impact by comparing the estimated effective size of the 
supplemented population of white seabass to what effective size would have been without 
hatchery supplementation.  We do not know New precisely for white seabass, but we can use an 
estimate of New obtained for the closely related red drum in the Gulf of Mexico by methods 
similar to those employed in our study, which was New = 1853, with a minimum of 317 and a 
maximum 7226 (Turner et al. 2002).  Thus, we calculate that, if Neh = 56.1, New = 1853 and xh = 
0.068, the effective size of the supplemented white seabass population would be 1814, a 2.1% 
reduction from what it would have been without supplementation.  There is a 14.7% reduction in 
effective population size, to 1580, at the lower 95% confidence limit of Neh = 28.2, but an 8.4% 
increase, to 2009, at the upper 95% confidence limit of Neh = 159.  Thus, for this parameter set, 
the supplementation program appears to be having a nearly neutral effect on the effective size 
and genetic diversity of white seabass. 

The sensitivity of the Ryman-Laikre model to error in estimating its three independent 
parameters can be illustrated on a response surface that graphs, at fixed Neh, the net proportional 
change in effective population size of the supplemented population.  This proportional change is 
plotted as a function of log10New, discounted for removal of hatchery broodstock, on the X-axis, and 
the proportion of the population that is of hatchery origin, xh (simply x in the figure), on the Y-axis.  
Figure 1 gives three such response surfaces for Neh = 10, 50, and 200.   The zero contours describe 
conditions, resulting in no impact of supplementation on effective population size.  Positive impacts 
on effective size are indicated by shades of green, while negative impacts are indicated by warm-
color shades.  Panel B is the closest fit to our estimate of median Neh = 56.1, although the upper 
confidence limit of 159 moves the situation towards that depicted in panel C.  The blue fish mark 
the intersections of our estimate of xh ≈ 0.068 and our assumption from the red drum data of New = 
1853 on these two panels.  The results suggest, again, that the program is likely having a nearly 
neutral effect on the genetic diversity of white seabass.  Nevertheless, the gradient between positive 
and negative areas on this surface is quite steep, suggesting sensitivity to error in estimates of 
underlying parameters.  For example, if our assumption of New = 1853 is incorrect and New is closer 
to the 1.5 million suggested by our long-term estimate of New, then the hatchery program could be 
reducing effective population size by at least 98%.  Indeed, as long as the effective size of the 
natural white seabass population is 103 or greater, there is potential for negative impact, perhaps 
very substantial negative impact on genetic diversity, even if supplementation is far lower than 
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6.8%.  Thus, a more precise estimate New is critical to evaluating the impact of the supplementation 
program, and the results of Ms. Coykendall’s ongoing analysis of temporal change in allelic 
frequencies may help in this respect. 

DISSEMINATION OF RESULTS 

Katharine Coykendall presented portions of her dissertation research at the 2002 Western 
Society of Naturalists in Monterey, California, the 2004 Bay Area Conservation Biology 
Symposium in Davis, California, and the 2004 annual meeting of the World Aquaculture Society 
meeting in Honolulu, Hawaii.  Dennis Hedgecock presented these results to the Joint Panel of the 
California Coastal Commission (CCC) at their June meeting and incorporated them into letters 
addressed to Dr. John Dixon of the CCC, written in support of a request by OREHP to the CCC 
to increase the release limit to 350,000 in 2004-2007. 
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Table 1.  Summary of parentage assignments for seven hatchery spawns of white seabass.  
Spawns YS3-YS5 were in tank 1; spawns YS2, YS7, 16 and 31 were in tank 4. 
 

Spawn ID Year 
No. of males 

 contributing/total
No. of females 

 contributing/total
No. progeny 
assigned/total Nb 

YS3 1998 14/21 1/16 88/100 1.56 
YS4 1998 8/21 1/16 73/100 2.26 
YS5 1998 13/21 2/16 77/98 3.53 
YS2 1998 7/26 2/27 44/50 3.21 
YS7 1999 10/26 4/27 84/100 5.48 
16 2001 8/26 4/27 42/85 2.62 
31 2001 2/26 1/27 64/96 1.99 
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Table 2.  Composition and sampling of the 2001 release group of white seabass 
 

Hatchery 
cohort No. 

Number of 
spawns in 

cohort 
Number of 

fish released 
Percentage of 
fish released 

Number of 
fish typed 

1 1 660 0.66 n/a 
2 1 372 0.37 1 
3 1 2387 2.38 n/a 
4 1 1172 1.17 4 
5 1 2634 2.63 8 
6 1 3487 3.48 n/a 
7 1 2361 2.35 7 
8 1 458 0.46 0 
9 1 2470 2.46 n/a 

10 1 2689 2.68 8 
11 1 4693 4.68 14 
12 1 352 0.35 n/a 
13 1 1202 1.20 4 
14 1 1667 1.66 5 
15 1 481 0.48 2 
16 1 2722 2.71 8 
17 1 152 0.15 n/a 
18 1 1105 1.10 n/a 
19 1 2253 2.25 7 
20 1 368 0.37 n/a 
21 1 1734 1.73 5 
22 1 2847 2.84 8 
23 1 484 0.48 1 
24 1 1406 1.40 4 
25 1 915 0.91 3 
26 1 1460 1.46 n/a 
27 1 1282 1.28 n/a 
28 1 3354 3.34 10 
29 1 1570 1.57 5 
30 2 5478 5.46 16 
31 2 2169 2.16 6 
32 2 109 0.11 0 
33 2 4079 4.07 12 
34 2 5938 5.92 18 
35 2 1258 1.25 4 
36 2 628 0.63 2 
37 2 4359 4.35 13 
38 2 2188 2.18 7 
39 2 1768 1.76 5 
40 3 7341 7.32 22 
41 3 1960 1.95 6 
42 3 1830 1.82 5 
43 3 2877 2.87 9 
44 3 2671 2.66 8 
45 3 4694 4.68 14 
46 4 2234 2.23 7 

Totals 100318 258
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Table 3. Comparison of two methods (parentage vs. allele-rarefaction, see Methods) for 

estimating the effective number of parents (Nb) for five spawns.  Parentage-based 
estimates are from Table 1.  The difference between the number of alleles observed in 
breeders and progeny (∆ no. alleles) is based on five microsatellite markers for spawns 
YS3-YS5 and on seven markers for spawns YS2 and YS7.  

 
 

 

Spawn 
No. of 

breeders 
No. of 

progeny 

No. of 
progeny 
assigned 

Nb 
(parentage)

∆ no. 
alleles 

Median Nb 
(rarefaction) 95% CL 

YS3 37 100 88 1.56 19 5.1 3.6–8.3 

YS4 37 100 73 2.26 27 3.4 3.0–4.1 

YS5 37 98 77 3.53 15 6.8 3.9–12.4

YS2 53 50 44 3.21 34 3.8 3.4–6.2 

YS7 53 100 84 5.48 21 8.7 5.1–13.7
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Table 4.  Results from simulations of allele-richness difference between parents, which had 76 
alleles, and a random sample of the 2001 release cohort, which had 67 alleles, for a difference, ∆ 
= 9 alleles.  Each simulation incrementally increases the effective number of parents, Nb, 
calculating across 5000 replicates the ∆ after each run; when the upper 2.5% of replicate 
simulations produces the observed ∆, this is taken as the lower confidence 95% limit of Nb.  The 
simulation continues to increment Nb until the median and eventually the lower 2.5% of replicate 
simulations equals ∆, yielding the median and upper 95% confidence limit for Nb. 
 

run Ave. Nb Lower CL ∆ Median ∆ Upper CL ∆ 

22 28.21 9 15 20 

23 31.37 8 14 19 

24 34.83 7 13 18 

25 38.65 6 12 17 

26 42.97 5 11 16 

27 47.79 5 10 15 

28 53.11 4 9 15 

29 59.07 3 9 14 

30 65.70 3 8 13 

31 73.25 2 7 12 

32 81.51 2 7 12 

33 90.81 1 6 11 

34 101.12 1 6 11 

35 113.22 0 5 10 

36 126.49 0 5 10 

37 141.96 0 4 9 

38 158.30 -1 4 9 

39 176.86 -1 4 9 
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Table 5.  Nucleotide diversity of white seabass mitochondrial, D-loop, DNA  
 
A.  Number and origin of sequences.  Sampling locations: SB, Santa Barbara; SCI, Santa Cruz 
Island, Cat, Catalina; LA, Los Angeles; OS, Oceanside; SD, San Diego; Mex, Mexico 
 
 
 
 
 
 
 
 
 
 

1 

- 

1 

OS

42 111 413 1 11 total 
27 11- 4- 1 11 00-01 
15 - 1 - 13 - - 95-96 

totalMexSDLACat SC
I 

SB 

 
B. Statistics of nucleotide diversity and Tajima’s test of selective neutrality. 
 
 
 
 
 
 
 
 
 
 
 
 

430Sites

12No. segregating sites (S)
7No. of singletons

14No. of substitutions
15No. of haplotypes

-1.84, P<0.05Tajima’s D
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Log10New
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Figure 1.  Response surfaces, illustrating the potential impact of hatchery supplementation on 
effective sizes of white seabass populations.  Green-shaded areas indicate positive impacts of 
supplementation on Ne; warm-color shades indicate negative impacts, with red showing 
parameter sets yielding at least an 80% reduction in effective population size; -0.8, 0.0, and +0.4 
contours are labeled in panel C.  Effective sizes of hatchery components are fixed for each panel 
at the size indicated; our estimate of median Neh is 56.1, close to panel B.  The proportion of the 
population that is of hatchery origin is indicated on the Y-axis; the recapture program suggests 
that this could be ~0.068.  Effective sizes of the wild population are shown on a log scale at the 
bottom; a study of the related red drum suggests that New ≈ 1853.  The blue fish indicate the 
intersection of these estimates and suggest that the program is having a nearly neutral effect on 
white seabass diversity.
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