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The endemic Hawaiian grouper, Epinephelus quernus, is a commercially im portant species experiencing intense fish­
ing pressure in p art of its  distributional range. We examined population genetic structure with 398 base pairs of the 
mitochondrial control region across a large portion of the range of E. quernus, spanning approximately 2000 km of 
the H awaiian archipelago. Exam ination of genetic diversity shows th a t G ardner Island, situated  midway along the 
island chain, harbours the most diverse haplotypes. E-statistics and Bayesian estim ates of m igration also reveal the 
mid-archipelago as genetically differentiated, where the first significant break among adjacent pairs of populations 
lies between the islands of Nihoa and Necker. Most island comparisons beyond Necker and G ardner to the  north­
west and among the lower five islands to the south-east show little to no genetic differences. Evidence of historical 
population expansion across the islands was also found by Maximum Likelihood analyses. The results suggest th a t 
m anagem ent should be structured to reflect the genetic differentiation and diversity in the mid-archipelago, the p a t­
terns of which may be associated with oceanic current patterns. © 2004 The Linnean Society of London, Biological 
Journa l o f the Linnean Society, 2004, 81, 449—468.
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INTRODUCTION
Direct estim ates of m igration based on tagging studies 
are  often impossible to obtain  for m arine fish living in  
deep-w ater hab ita ts . For these species, indirect infer­
ence from population genetic da ta  can be a practical 
a lternative  to aid in  the delim itation o f ‘stocks’ for fish­
eries m anagem ent. While direct m ethods have the 
advantage of providing a contem porary estim ate  of 
m igration  on an  ecological tim escale, trad itional pop­
u lation  genetic analyses exam ine historical popula­

*Corresponding author. C urrent address: U niversity of Hawaii 
Sea G rant Program, 2525 Correa Road, HIG 238, Honolulu, HI 
96822 USA. E-mail: maliar@hawaii.edu

tion dem ography over evolutionary tim e, and 
incorporate genetic processes such as selection, recom­
bination, drift and m utation  (Slatkin, 1994). Ideally, 
m anagers should consider both w hen designing th e ir 
fisheries m anagem ent plans, b u t for m ost deep-w ater 
fishes w ith planktonic larvae, genetic studies are often 
the  only feasible option for elucidating population 
processes.

Several classes of analytical m ethods now exist to 
assess genetic varia tion  of populations, each of which 
em phasizes genetic struc tu ring  a t  different evolution­
ary  tim escales. For example, phylogeographic analy­
ses based on DNA sequence da ta  provide insights into 
historical aspects of geographical s truc tu re  by over­
laying phylogenetic p a tte rn s  on to spatia l distribu-
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tions of populations (Avise, 2000). These m ethods have 
greatly  facilitated the  application of evolutionary th e ­
ory to issues of conservation, as knowledge of the 
genealogical relationships am ong populations can add 
a historical com ponent to the design of conservation 
stra teg ies th a t  have long-term  evolutionary goals 
(Waples, 1991; M oritz, 1994; M oritz, Lavery & Slade, 
1995).

However, because fisheries m anagem ent tends to be 
concerned w ith contem porary ra th e r  th a n  historical 
aspects of population structu re , analyses of allele fre­
quency ra th e r  th a n  allele phylogeny m ay be more 
appropriate for assessing relatively recent diver­
gences betw een populations. This is because detect­
able changes in  allele frequencies am ong newly 
formed subpopulations are  likely to arise more 
quickly th a n  detectable phylogeographic differences, 
the  la tte r  being dependent on the  ra te  of lineage sort­
ing, a function of effective population size (B arton & 
Wilson, 1996; Beerli & Felsenstein, 1999). Larger 
ancestra l populations will take  longer to reach 
coalescence, and in  m ost cases, gene divergence will 
p redate  the  tim e of population divergence (Beerli & 
Felsenstein, 1999).

Hence, frequency m easures such as W right’s F- 
sta tistics and its  analogues (Weir & Cockerham, 1984) 
should show higher sensitivity  to recent changes in  
population s tructu re  and gene flow, and m ay therefore 
be more useful for exam ining the  proper scale a t which 
to delim it m anagem ent boundaries. In addition, new 
assignm ent methodology has the  potential to detect 
very sm all am ounts of m igration  w ithout assum ptions 
of genetic equilibrium  (Davies, V illablanca & Roder­
ick, 1999). M axim um  Likelihood analyses allow for 
estim ation of population grow th ra tes (Kühner, Yam­
ato & Felsenstein, 1998), and Bayesian inference for 
sim ultaneous estim ates of population size, ongoing 
m igration, and recent divergence (N ielsen & Wakeley, 
2001 ).

Because of the lack of obvious geographical b arriers  
to m igration in  ocean environm ents, larval dispersal in  
the  m arine realm  has long been assum ed to be wide­
spread, resu lting  in  low genetic differentiation among 
widely d istributed populations (Kay & Palum bi, 1987; 
Palum bi et al., 1997). However, recent evidence from 
both population studies of m arine organism s and sim ­
ulations of larval tran sp o rt in  oceanic cu rren ts high­
ligh t the  potential for significant local re ten tion  w ithin 
lim ited geographical ranges as an  im portan t compo­
n en t of the  population dynamics of m arine recru itm ent 
in  island system s (Sw earer et al., 1999; Jam es et al.,
2002). Both long distance dispersal and local retention 
of larvae can be heavily influenced by a num ber of key 
factors, including tim ing and duration  of spawning, 
p lanktonic duration, ad u lt life expectancy and larval 
behaviour (Largier, 2003).

As little  inform ation is available on characteristics 
of Epinephelus quernus larvae, recru itm ent pa tte rns 
for th is commercially im portan t species are com­
pletely unknow n. Endem ic to the H aw aiian archipel­
ago and Johnston  atoll (H eem stra & Randall, 1993) 
and a m em ber of the  subfam ily Epinephelinae (the 
serran id  groupers), E. quernus adu lts are am bush 
predators w hich prefer to swim a t  depths of several 
hundred  m eters, and consume prey including sm aller 
fishes, crustaceans and squid (H eem stra & Randall, 
1993). The species is highly h ab ita t specific, m ost 
often associated w ith rocky outcroppings and under­
w ater prom ontories. Like m ost groupers, E. quernus 
is a protogynous herm aphrodite, s ta rtin g  life as a 
female and sw itching sex upon a tta in m en t of a re la­
tively large size; th is  is though t to be stim ulated  by 
environm ental conditions and surrounding sex ratios 
(Shapiro, 1984; H eem stra  & Randall, 1993). In gen­
eral, large m ales hold territo ries, and during the  m at­
ing season sizeable spaw ning aggregations form th a t 
are both stable in  space and tim e (i.e. over spaw ning 
seasons), m aking them  easy targ e ts  for fisherm en. 
H ighly skewed, fem ale-biased sex ratios are also com­
mon am ong groupers, w ith females outnum bering 
m ales by upw ards of 50 : 1 in  some species (Collins 
et al., 1998; Garcia-Cagide & Garcia, 1996; Zabala 
et al., 1997). Larval developm ent is unknow n for 
E. quernus, b u t is estim ated  a t c. 40 days for a related  
epinepheline, the  N assau  grouper (Colin, Laroche & 
Brothers, 1997). Eggs are buoyant and probably rise 
to the surface to develop, and i t  has been widely 
assum ed th a t  larvae disperse passively w ith ocean 
surface currents.

G eneral characteristics such as slow grow th rates, 
late  age a t m aturity, and long life spans (Parrish, 
1987; H eem stra  & Randall, 1993; W illiams & Lowe, 
1997), in  addition to having restricted  depth  ranges, 
unequal sex ratios, and a tendency to form dense, pre­
dictable spaw ning aggregations (A guilar-Perera & 
Aguilar-Davila, 1996; Coleman, Koenig & Collins, 
1996; Beets & Friedlander, 1999) have m ade groupers 
am ongst the  m ost th rea tened  of commercially im por­
ta n t  fishes worldwide. In  fact, nearly  44% of all known 
epinepheline species have been listed as critically 
endangered or th rea tened  (M orris, Roberts & H aw k­
ins, 2000).

In  th is  paper we exam ine population differentiation 
of E. quernus across the H aw aiian archipelago using 
m itochondrial control region sequences. The fast ra te  
of m uta tion  of mtDNA has proved to be extrem ely use­
ful in  population level studies, w here high nucleotide 
and haplotype diversity can provide the  necessary 
varia tion  to explore param eters such as subdivision 
and gene flow. U sing trad itional and sim ulated 
annealing frequency based analyses, we explore 
genetic subdivision among populations of E. quernus.
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We also employ Bayesian methodology in  an  a ttem pt 
to assess ra tes of m igration betw een adjacent pairs of 
islands, and to estim ate  population sizes across the 
archipelago. Finally, we exam ine historical changes in  
grow th ra tes using M arkov Chain M onte Carlo 
(MCMC) sam pling in  exploited and nonexploited 
regions. The resu lts of our analyses are discussed in  
the  context of large-scale oceanic curren ts and the ir 
possible influence on the  population s truc tu re  and 
evolutionary history of E. quernus.

METHODS
D a ta  c o l l e c t i o n  

In  total, 302 individual blood and/or tissue sam ples 
of the H aw aiian grouper Epinephelus quernus (Ser­
ranidae; Teleostei) were collected w ith hook and line, 
p rim arily  from the southern  shores of the  islands, a t 
depths of c .140-381 m a t ten  sites across the arch i­
pelago betw een 1999-2001 (Fig. 1, Table 1). M any 
sam ples, particu larly  those from the  K auai through 
Pearl and Herm es, were obtained w ith the help of 
commercial fisherm en operating in  the N orthw est­
e rn  H aw aiian Islands (NWHI). Sam ples from the 
M ain H aw aiian Islands (MHI) were prim arily  caught

by researchers from the  H aw aii In stitu te  of M arine 
Biology who were conducting h ab ita t surveys, and 
additional fish were purchased a t the  Hilo fish auc­
tions to supplem ent sam ple size from the island of 
Hawaii.

DNA was extracted  using QIA DNeasy extraction 
k its and the  mtDNA control region am plified w ith 
PCR using prim ers A and E (Lee et ál., 1995), which 
produced a 442 base pa ir fragm ent spanning p a rt of 
the  t-RNA proline and the  5 ' end of the  control region. 
Amplification was carried out using the  following PCR 
profile: 94°C held for 1 min, followed by 94°C for 30 s, 
53°C for 45 s, 72°C for 30 s for 35 cycles. PCR products 
were visualized on a 1.5% TBE agarose gel, and posi­
tive am plifications th en  purified using a QIAquick 
PCR purification kit. Each PCR product was 
sequenced in  both forw ard and reverse directions and 
visualized using an  autom atic sequencer (ABI 377 or 
ABI 310).

After removing prim er sequences, a 398 base pair 
region was used for all subsequent analyses. Align­
m ent was done m anually  w ith the aid of Sequencher 
ver. 3.1.1 (Genecodes Corporation) and w as s tra ig h t­
forward, as only two positions showed unam biguous, 
single base p a ir indels.
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F ig u r e  1. M ap of th e  H aw aiian  archipelago. Sam ple sizes from te n  sites a re  show n in  p a ren th eses. The N orth  H aw aiian  
R idge C u rren t in  th e  sou th -east moves p rim arily  in  th e  north -w est d irection  u n til 23 °N (Qiu et ál., 1997) and  th e  
Subtropical C oun ter C u rren t in te rsec ts  th e  archipelago a t  m id -la titudes betw een  24 °N and  27 °N (K obashi & K aw am ura, 
2002). M ap by F ra n k  P arrish , NM FS, H onolulu  Lab.
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Table 1. Control region diversity statistics and neutrality tests by island site and over the total archipelago. Significance 
of Tajima’s D determined by 1000 randomizations. *P < 0.05, **P < 0.01. Tests are non-significant for individual island 
statistics after sequential Bonferroni correction (a  = 0.05, k = 10). Test for total sample is not corrected, and is significant 
at **P<0.01

Island/ Depth range (m) N
No.
haplotypes

No. unique 
haplotypes

Gene
diversity

Nucleotide
diversity Tajima’s D

Hawaii 255-318 36 24 7 0.9619 6.084 -1.808*
Maui Nui 204-381 30 17 2 0.9195 4.749 -1.456
Oahu 240-285 9 8 0 0.9722 3.444 -1.159
Kauai/Niihau 207-390 30 19 5 0.9103 3.161 -1.691*
Nihoa 150-345 44 22 2 0.9397 5.701 -1.253
Necker 270 30 19 5 0.9632 5.515 -1.480
Gardner 240-321 30 19 8 0.9947 8.489 -1.448
Maro/N. Hampton 140-375 46 29 9 0.9507 7.156 -1.660*
Pioneer/Lisianski 210-375 29 25 15 0.9852 6.956 -1.585*
Pearl & Hermes 255-375 27 16 3 0.8661 3.407 -2.019**
TOTAL 301 92 — 1.000 5.685 -1.912**

G e n e t ic  d iv e r s it y , n e u t r a l it y , a n d  p a r s im o n y

RECONSTRUCTION 

Gene diversity  (Nei, 1987) and nucleotide diversity 
(Tajima, 1983) were m easured a t each site and overall 
using the  population genetics softw are package Arle­
quin ver. 2.000 (Schneider, Roessli & Excoffier, 2000). 
We also calculated both the to tal num ber of haplo- 
types represented, as well as the  num ber of haplo- 
types th a t  were unique to a given island. N eu tra lity  
was exam ined by applying Tajim a’s D sta tistic  
(Tajima, 1989b) for each island  and overall. Signifi­
cance was tested  by 1000 random izations using  Arle­
quin and corrected using the  sequential Bonferroni 
procedure (Rice, 1989). An estim ate  of ra te  heteroge­
neity  ( r  distribution) was determ ined w ith likelihood 
ratio  tests  as im plem ented in  M odeltest ver. 3.06 
(Posada & Crandall, 1998).

We constructed a haplotype netw ork using m ethod­
ology described in  Templeton, C randall & Sing (1992) 
as im plem ented in  TCS ver. 1.13 (Clement, Posada & 
C randall, 2000), using a 95% parsim ony connection 
lim it of ten  steps and considering gaps as a fifth state. 
Ambiguous connections (i.e. loops) were resolved 
according to the  criterion recommended by C randall 
and colleagues (C randall & Templeton, 1993; C ran­
dall, Templeton & Sing, 1994), nam ely th a t  am biguous 
haplotypes are more likely to be connected to ones th a t 
are  more common and/or w idespread.

P o p u l a t io n  s t r u c t u r e , m ig r a t io n , d iv e r g e n c e

AND POPULATION SIZE 

Using A rlequin we calculated island-by-island E ST 
(Weir & Cockerham, 1984), assessing significance 
from 1000 perm utations. In  addition, exact tests  of

global differentiation and haplotype frequency differ­
entia tion  among all pairs of islands (Raymond & Rous- 
set, 1995) were perform ed using 20 000 and 10 000 
steps of a M arkov chain, respectively. A fter consider­
ing the  resu lts from AMOVA, we were prim arily  in te r­
ested in  the  divergence betw een the  m id-archipelago 
and the rest of the  islands; therefore, significant out­
comes am ong pairw ise tests  were corrected according 
to the  sequential Bonferroni procedure (Rice, 1989) for 
comparisons betw een N ecker and G ardner and the 
north-w est and south-east regions combined (a  = 0.05/ 
17).

To exam ine larger regional s truc tu res we adopted a 
sim ulated annealing  approach to using SAM OVA ver. 
1.0 (Dupanloup, Schneider & Excoffier, 2002). Unlike 
classical tests  of population genetic s truc tu re  (e.g. 
AMOVA), th is m ethod does not require an  a priori def­
in ition of populations, b u t in stead  searches for em er­
gent group structu res based only on the  genetic data. 
We defined the  num ber of populations (K) and ran  100 
sim ulated annealing  processes for each possible K, 
ranging from K = 2 through K = 9.

E stim ates of th e ta  (0  = 2N,.U), ongoing m igration 
(M  = 2Nem), and recent divergence (T  = t/2N e) were 
obtained using  a Bayesian Likelihood approach incor­
porating an  MCMC algorithm  and assum ing the HKY 
finite sites model, as im plem ented in  the  program  
MDIV (Nielsen & Wakeley, 2001). We conducted a m in­
im um  of th ree  independent runs using  different ra n ­
dom seeds to ensure consistency of resu lts. For each 
run, param eters were set as follows: M max = 50, 
Tm ax = 1, length  of M arkov chain = 2 000 000 steps, 
burn-in  tim e = 500 000.

M axim um  Likelihood (ML) estim ates of the  popula­
tion grow th ra te  (K ühner et al., 1998) were estim ated
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for (1) the  en tire  archipelago (2) MHI, and (3) NWHI, 
using  the program  F luctuate  ver. 1.3. These analyses 
use a M etropolis H astings MCMC m ethod to search 
for ML estim ates of population param eters , and 
assum e no m igration, selection or recom bination. In 
th is  procedure, both 0  (2Nep) and g  (growth rate) are 
calculated, w here N e(t) = 0  P resen t effective popu­
lation sizes were also inferred under various control 
region m utation  ra tes calibrated from other teleosts. 
T ransitions and transversions were weighted equally, 
and calculations were perform ed using em pirical base 
frequencies. Search strategies included the following:
(1) 30 short and long chains, (2) 2000 steps along short 
chains, (3) 4000 steps along long chains, and (4) 20 
short and long sam pling increm ents. A m inim um  of 
four independent runs, each w ith different random  
seeds, were perform ed to check for repeatability  of the 
estim ated  param eters.

RESULTS

G e n e t ic  d iv e r s it y , n e u t r a l it y , a n d  p a r s im o n y

RECONSTRUCTION 

DNA sequences (GenBank accession num bers 
AF540076-AF540376) were obtained for 301 out of 
302 individual sam ples collected; only one individual 
from Pioneer/L isianski (NWHI) did not amplify. Diver­
sity  sta tistics are  sum m arized in  Table 1. Ninety-two 
distinct haplotypes w ith 76 variable sites were repre­

sented am ong these 301 individuals, 56 of which were 
unique to single islands (variable sites of the sequence 
alignm ents are  given in  the Appendix). Genetic dis­
tance among haplotypes ranged from zero to approxi­
m ately 5%, gene diversity among islands betw een 
0.8661 and 0.9947 and nucleotide diversity  betw een 
3.161 and 8.489. The gam m a distribution  shape 
param eter was estim ated  a t  a=  0.3566, suggesting 
th a t  different regions of th is locus evolve a t  varying 
rates.

A notew orthy resu lt is th a t  G ardner Island, which 
lies approxim ately a t  the  m idpoint of the  H aw aiian  
archipelago, shows the  h ighest gene diversity, nucle­
otide diversity, and the second h ighest proportion of 
unique alleles (Table 1, Fig. 2), despite being the 
source of a relatively sm aller sam ple (N  = 20). Overall, 
a trend  of higher levels of diversity exists in  NWHI, 
particu larly  from N ihoa through Pioneer/Lisianski, 
relative to M HI (Hawaii th rough K auai/N iihau) 
(Fig. 2). Generally, th is  p a tte rn  does not appear to be 
confounded by sam ple size, except perhaps in  the  case 
of O ahu w ith  the sm allest sam ple (N  = 9).

Tests for neu tra lity  using Tajim a’s D, which m ea­
sures the  d isparity  betw een the num ber of segregating 
sites and pairw ise genetic distance, show negative val­
ues for all islands and overall, a lthough significance 
does not hold after Bonferroni corrections for the 
island tests. Negative values resu lt from a higher 
num ber of segregating sites compared to pairw ise dis-
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F ig u re  2. Proportion of unique haplotypes and nucleotide diversity across ten islands in the Hawaiian archipelago. 
MHI = Hawaii through Kauai/Niihau, NWHI = Nihoa through Pearl and Hermes.
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tance, and m ay be indicative not only of selection, bu t 
of changes in  population size. In particular, they are 
consistent w ith populations th a t are  increasing 
(Tajima, 1989a).

A netw ork diagram  of the  92 distinct haplotypes is 
shown in  Figure 3. Interestingly, the  m ost common 
haplotype, occurring in  57 of the  301 individuals, was

represented  in  all islands except G ardner, a site th a t 
also harbours a high genetic diversity (Table 1). In 
general, m ost haplotypes are very closely related, 
being connected by very few m utational steps, 
although there  are  distinct groups separated  by sev­
eral m utations which m ay be related  to independent 
colonization events.

F ig u r e  3. N etw ork analysis of th e  92 m tD N A  haplo types using  TCS (C lem ent et al., 2000). Sizes of ovals a re  p roportional 
to  frequency of haplo types and  cen tra l rec tang le  rep resen ts  th e  single m ost comm on hap lo type, occurring in  57 of th e  301 
(18.9%) individuals. D ark  circles ind ica te  num ber of m u ta tions sep a ra tin g  haplotypes.
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P o p u l a t io n  s t r u c t u r e  a n d  SA M O V A

As global tests  of am ong sam ple differentiation was 
highly significant (P  < 0.000001), we fu rth e r explored 
th is  varia tion  by island pairw ise com parisons. Over­
all, pairw ise E ST values were low, ranging from less 
th a n  zero to a high of 0.0649 (P  < 0.01) betw een 
G ardner and Pearl and H erm es (Table 2). In te rest­
ingly, m ost com parisons among the  south-east islands 
(Hawaii th rough Nihoa) show very low or negative 
F St• T ha t is, allele frequencies am ong these islands 
are  very similar. Alternatively, m any of the com pari­
sons involving N ecker and G ardner were significantly 
different, as shown both by perm utation  and/or exact 
tests. This trend  also holds after sequential Bonfer­
roni corrections are  applied for tests  betw een N ecker 
and G ardner and all o ther islands, although w ith 
fewer sta tistically  significant outcomes. Also notewor­
th y  is the observation th a t  m ost of NW HI sam ple 
sites (Maro/N. H am pton through Pearl and Herm es) 
did not show significant differences when compared 
to m ost islands fu rth est aw ay in  the  south-east 
(Hawaii th rough Nihoa). In  o ther words, the  two 
extrem e ends of the  archipelago have allele frequen­
cies which are  more sim ilar to each o ther th a n  to 
those of the islands more closely situa ted  in  the  m id­
archipelago.

R esults for analyses of regional s tru c tu re  using 
SAMOVA are shown in  Table 3. W ith larger K values, 
the  estim ates of E CT increase while those of F sr 
decrease. This is a not unexpected outcome, given the 
relationship  of (1 - E st) = (1 - E sc X  1 — E ct), w here the 
num ber of among population comparisons w ithin

groups lessens as K gets larger. A lower variance 
am ong comparisons w ith in  groups is a direct conse­
quence of fewer populations w ith in  them  ( D upanloup 
et al., 2002). However, all values of E CT derived from 
the  varying levels of K are not substan tia lly  different 
from each other, ranging from 0.016 (K = 2) to 0.055 
(K = 9). W hile these estim ates are  all s ta tistically  sig­
nificant a t least a t  the  0.01 level, the  h ighest levels of 
significance occur a t K = 3 th rough K = 7 (P < 0.0001), 
w ith in  which the  h ighest value of E(:T is 0.028 a t  K = 7. 
Sim ulations have shown th a t  the  h ighest m ean E CT 
value obtained w ith SAMOVA is associated w ith the 
correct (actual) num ber of populations (D upanloup 
et al., 2002), which m ay suggest th a t  up to seven dis­
tinc t groups exist among the ten  localities sam pled of 
E. quernus. N ecker also is the first single locality to 
fall out of the larger regional grouping a t K = 3, con­
sis ten t w ith pairw ise E ST resu lts showing th a t  the 
mid-archipelago is separated  by a distinct reduction in  
gene flow.

Bayesian MCMC resu lts for each p a ir of adjacent 
islands are shown in  Table 4. In  general, the  da ta  
were insufficient to estim ate  m igration ra tes or diver­
gence tim es, w ith one exception involving the com par­
ison betw een N ihoa and Necker, w here M  (2Nem) was 
estim ated  confidently a t 10.84 (Fig. 4). Typical results 
for the  re s t of the comparisons show e ither a p la teau  
or a continual rise in  the  estim ate  of M  (see examples 
in  Fig. 5). While a m axim um  m igration likelihood was 
not achieved in  these cases, in  general sm all values of 
M  (i.e. < 20) were excluded by extrem ely low likelihood 
scores (Table 4). Hence, for m ost com parisons, m igra­
tion appears to be sufficiently high, th a t  is, M  betw een

T able 2. P airw ise conventional E St values betw een  is lands. Significance (*) w as dete rm ined  by 1000 p erm u ta tions. 
E xact te s ts  ( + ) of haplotype frequency d ifferen tia tion  based  on 10 000 step s of a M arkov cha in  w ere also perform ed 
(*/+ rep resen ts  P  = 0.05, **/++ P  = 0.01). C om parisons rem ain ing  significant a fte r sequen tia l B onferroni correction for 
m u ltip le  te s ts  betw een  N ecker an d  G ard n er an d  th e  re s t of th e  is lands a re  underlined  (tab le  w ide a =  0.05, k =  17). 
G lobal te s t of d ifferen tia tion  am ong sam ples w as h ighly  significant, w ith  P  < 0.000001. Islands: 1, H aw aii; 2, M aui 
N ui; 3, O ahu; 4, K auai/N iihau ; 5, N ihoa; 6, N ecker; 7, G ardner; 8, Maro/N. H am pton; 9, P ioneer/L isianski; 10, P earl 
& H erm es

1 2 3 4 5 6 7 8 9 10

1
2 0.0077
3 -0 .0202 -0 .0364 -

4 0.0086 -0 .0079 -0 .0267 -

5 0.0051 -0 .0015 -0 .0234 -0 .0065 -

6 0.0014 0.0295*— -0.0007 0.0343**+ 0.0201*++ -

7 0.0053+ 0.0367*— 0.0131 0.0431**— 0.0252*— -0.0012 -

8 -0 .0018 0.0007 -0 .0218 -0 .0014 -0 .0027 0.0136*+ 0.0139+ -

9 -0 .0033 0.0042 -0 .0223 0.0173 0.0046 0.0017 0.0041 0.0036 -

10 0.0166 -0 .0018 -0 .0064 -0 .0148 0.0064 0.0450**+ 0.0649**±± 0.0134 0.0295*
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T able 3. R egional s tru c tu re  com puted using  SAMOVA w ith  increasing  K. Significance based  on 100 sim ulations, w here 
*P < 0.01, **P < 0.00001. N ecker is th e  firs t single is lan d  to  fall ou t of th e  regional grouping  a t K  = 3

K  G roup com position E ST E sc E CT

2 1. M aui Nui, O ahu, K auai/N iihau , P earl & H erm es 0.017 0.0006 0.016*
2. H aw aii, N ihoa, Necker, G ardner, Maro/N. H am pton, P ioneer/L isiansk i

3 1. M aui Nui, O ahu, K auai/N iihau , P earl & H erm es 0.016 -0 .004  0.019**
2. H aw aii, N ihoa, G ardner, M aro/N. H am pton, P ioneer/L isiansk i
3. N ecker

4 1. O ahu, K auai/N iihau , P earl & H erm es 0.016 -0 .007* 0.023**
2. H aw aii, N ihoa, G ardner, M aro/N. H am pton, P ioneer/L isiansk i
3. N ecker
4. M aui N ui

5 1. O ahu, K auai/N iihau , P earl & H erm es 0.014 -0 .0 1  0.024**
2. H aw aii, N ihoa, G ardner, M aro/N. H am pton
3. N ecker
4. M aui N ui
5. P ioneer/L isiansk i

6 1. O ahu, K auai/N iihau , P earl & H erm es 0.012 -0 .014* 0.025**
2. N ihoa, G ardner, Maro/N. H am pton
3. N ecker
4. M aui N ui
5. P ioneer/L isiansk i
6. H aw aii

7 1. O ahu, K auai/N iihau , P earl & H erm es 0.011 -0 .018  0.028**
2. N ihoa, M aro/N. H am pton
3. N ecker
4. M aui N ui
5. P ioneer/L isiansk i
6. H aw aii
7. G ardner

8 1. O ahu, K auai/N iihau , P earl & H erm es 0.01 -0 .025  0.034*
2. N ihoa
3. N ecker
4. M aui N ui
5. P ioneer/L isiansk i
6. H aw aii
7. G ardner
8. Maro/N. H am pton

9 1. O ahu, K auai/N iihau  0.01 -0 .049  0.055*
2. N ihoa
3. N ecker
4. M aui N ui
5. P ioneer/L isiansk i
6. H aw aii
7. G ardner
8. Maro/N. H am pton
9. P earl & H erm es

islands is in  m any cases g rea te r th a n  50, the lim it a t 
which the  analyses were performed.

In all tests, divergence estim ates were low, bu t 
again these estim ates were obtained w ith very low 
confidence. T heta  ranged from 6.34 to 15.81, sug­
gesting th a t  N e a t each island is ra th e r  large.

Because m utation  ra tes betw een island pairs are 
expected to be the  sam e, 0  estim ates indicate the 
relative differences in  population sizes. In  general, 
larger population sizes characterize the  islands 
north  of Necker. However, because th is  m ethod 
assum es constant population sizes, violations of the
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Table 4. Estimates of migration (M  = 2Nem), divergence (T  = t/2Ne), and theta (0 = 2Ne|i) between adjacent islands using 
MDIV (Nielsen & Wakeley, 2001). Posterior probabilities are shown in parentheses. Parameters were as follows: 
Mmax = 50, Tmax = 1, steps in Markov chain = 2 000 000, burn-in time = 500 000. Analyses were unable to estimate 
maximum probabilities (NE) for migration for most comparisons except between Nihoa and Necker (in bold). All estimates 
of 0  showed clear maximum likelihoods. A minimum of three independent runs with different random seeds was performed 
to confirm consistency of results

Between populations 0 Migration Divergence

Hawaii-Maui Nui 10.84 (0.0015) 19.6 (NE) 0.006 (NE)
Maui Nui-Oahu 6.56 (0.0093) >50 (NE) 0.014 (NE)
Oahu-Kauai/Niihau 6.34 (0.0084) >50 (NE) 0.014 (NE)
Kauai/Niihau-Nihoa 8.19 (0.0129) >50 (NE) 0.020 (NE)
Nihoa-Necker 7.59 (0.0014) 10.84 (0.0071) 0.320 (NE)
N ecker-Gardner 12.26 (0.0100) 10.4 (NE) 0.320 (NE)
Gardner-Maro/N. Hampton 14.57 (0.0113) >50 (NE) 0.380 (NE)
Maro/N. Hampton-Pioneer/Lisianski 15.81 (0.0109) >50 (NE) 0.010 (NE)
Pioneer/Lisianski-Pearl & Hermes 13.38 (0.0095) 17.7 (NE) 0.022 (NE)

Table 5. Estimates of 0, growth rate and present population size using analysis package Fluctuate (Kühner et al., 1998). 
A minimum of four independent runs was performed using different random seeds. Analyses performed assuming Ts/ 
Tv = 1, 30 short and long chains run. Short chains were run with 2000 steps, long chains with 4000 steps, and a sampling 
increment of 20. Present population size is estimated assuming a mutation rate of 1.1 x 10~7 per generation (Brown et al., 
1993) and (2) 3.6 x 10 s (Donaldson & Wilson, 1999)

Region 0  Growth rate Likelihood Estimated population size

Main Hawaiian Islands 0.078 ± 0.0058 108.2 ± 19.85 0.109 (1) 2.13 x IO5
(2) 6.98 X  IO6

North-west Hawaiian Islands 0.148 ±0.0080 186.1 ± 15.39 0.883 (1) 4.08 x IO5
(2) 13.4 X  IO6

Hawaiian archipelago 0.202 ± 0.0084 319.7 ± 21.38 1.777 (1) 7.44 x IO5
(2) 18.2 X  IO6

assum ptions m ay upw ardly bias estim ates of both 
m igration  and 0  if  populations have been increas­
ing  in  size historically.

ML estim ates of population grow th ra tes (g) and 
population size are presen ted  in  Table 5. In  all th ree 
subanalyses, positive values of g  indicate expanding 
population sizes for E. quernus. E stim ates of control 
region m uta tion  ra tes have been reported in  the  lite r­
a tu re  for a few teleosts. Brown, Beckenbach & Sm ith 
(1993) found an  approxim ate ra te  of 1.1-1.3 x 1CT7 
nucleotides/site/year in  w hite sturgeon, while 
Donaldson & W ilson (1999) found an  approxim ate 
ra te  of 3.6 x 1CT8 nucleotides/site/year in  snook. We 
p resen t in  Table 5 estim ates of p resen t N e based on 
both substitu tion  ra tes. E stim ates of 0  and g  a t  all 
levels also show low standard  deviations, suggesting 
th a t  the  compound param eter estim ates are  reliable. 
However, because im plem entation of th is  m ethod 
assum es population panm ixia, violations such as 
those due to the  existence of population structu re  
could downwardly bias estim ates of 0  and g.

DISCUSSION

G e n e t i c  v a r i a t i o n  i n  E p i n e p h e l u s  q u e r n u s

The 5' end of the  control region has been demon­
stra ted  to have the h ighest observed rates of base sub­
stitu tions and insertion/deletion events in  vertebrates 
(Saccone, Pesóle & Sbisa, 1987), and substitu tion  p a t­
te rns for E. quernus appear to be no exception. The 
high ra te  of m utation  m akes th is region of the  m ito­
chondrial genome ideal for intraspecific studies of pop­
ulation  structu re . Gene diversity observed betw een 
0.87 and 0.99 among islands is a t  the  high end of the 
range observed in  o ther teleosts, and is com parable to 
th a t  seen in  o ther deep-w ater fish such as the 
rosethorn  rockfish, Sebastes helvom aculatus (Rocha- 
O livares & Vetter, 1999) and the  pelagic A tlantic 
m ackerel, Scomber scombrus (Nesbp et al., 2000). Two 
single point indels among the 398 base pairs are  also 
consistent w ith several o ther teleost control region 
observations (Lee et al., 1995). N etw ork analyses 
show th a t  m any of the  observed haplotypes are very
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F ig u r e  4. Typical outcom es of MDIV analyses betw een 
ad jacen t p a irs  of islands. (A) M  (2Nem) and  (B) T  (t/2N e) 
posterio r p robabilities did no t d is tin g u ish  w ith  confidence 
betw een  ongoing m igra tion  an d  recen t divergence. (C) In  
all cases analyses show ed c lear m axim um  probability  for 
e s tim a tes  of 0  (2Ne|i).

closely related, being separated  on average by only 1- 
2 base pairs. Such ‘s ta r  topologies’ are  often in te r­
p reted  as a signatu re  of recent population expansion 
(S latk in  & Hudson, 1991). In addition, the  existence of 
two groups separated  by several substitu tions m ay be 
a resu lt of historical independent origins from an 
ancestra l source population.

P o p u l a t io n  s t r u c t u r e  a n d  d is p e r s a l

Little is known of the larval ecology of E. quernus, 
m aking predictions of dispersal potential difficult a t

best. In  o ther deep-w ater commercially valuable fish 
occurring in  H aw aiian  w aters such as the  lu tjanid  
snappers Etelis carbunculus and Etelis coruscans, 
studies suggest relatively long larval developm ent 
th a t  m ay la s t upw ards of 3 m onths (Leis & Lee, 1994). 
Population genetic analyses of these two species based 
on nuclear m icrosatellites and prelim inary  mtDNA 
control region d a ta  show little  to no genetic difference 
across the  H aw aiian archipelago (V. M oriwake, pers. 
comm.). Similarly, m icrosatellite analyses of the  ver- 
million snapper Rhom boplites aurorubens from popu­
lations off the easte rn  US and G ulf of Mexico showed 
only very w eak genetic differentiation (Bagley, 
L indquist & Geller, 1999). However, groupers differ 
from snappers in  th a t  they  tend  to have a suite  of iden­
tifiable life history  tra its  such as highly specific habi­
ta t  preferences, m ale territo ria l behaviour, and stable 
spaw ning aggregations (H eem stra & Randall, 1993; 
M orris et al., 2000), characteristics w hich are favour­
able to population structuring .

The genetics of m arine populations, particu larly  for 
species w ith pelagic larval development, has often 
been characterized by low genetic varia tion  among 
populations, a p a tte rn  driven by high dispersal capa­
bilities and large scale oceanic m ixing (Palum bi, 1994; 
Palum bi et al., 1997; Reichow & Sm ith, 2001). A char­
acteristic exam ple can be found in  the  three-spot reef 
fish Dascyllus trim aculatus  from the  islands of French 
Polynesia, a species th a t  has a fairly lim ited pelagic 
larval phase (22-26 days), in  which sim ilar genetic 
composition is found am ong separate  island archipel­
agos of the  South Pacific, and m arked differentiation 
only w hen compared w ith populations fu rth e r aw ay in  
the Indo-W est Pacific (Bernardi, Holbrook & Schm idt, 
2001 ).

A lthough the  p a tte rn s  found in  D. trim aculatus 
probably typify m any m arine species, the  growing 
atten tion  being paid to the  conservation of over- 
exploited m arine stocks and the  increasing popular­
ity  of the  m arine protected area  concept (Palum bi,
2003) has resulted  in  a renewed em phasis on b e tte r 
understand ing  of larval dispersal and recruitm ent. 
Recent theoretical and em pirical evidence support­
ing the occurrence of both the  significant local re ten ­
tion of larvae, in  com bination w ith long distance 
dispersal, is now being recognized as an  im portan t 
influencing factor in  the population dynamics of 
m arine organism s inhab iting  islands. For example, 
sim ulations of regional scale hydrodynam ics in  the 
no rthern  G reat B arrier R eef complexes predict sig­
nificant self-recruitm ent of larvae for a num ber of 
m arine species (Jam es et al., 2002). In  addition, 
Sw earer et al. (1999) used otolith trace-elem ents to 
show th a t  the b luehead w rasse larvae from the  Vir­
gin Islands exhibited both substan tia l local recru it­
m ent w ith in  reefs, as well as longer distance
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F igu re  5. MDIV posterior probability distribution of M  between Nihoa and Necker, showing a clear maximum at approx­
imately 10.84, suggesting that ongoing migration between these two islands is limited.

dispersal betw een reefs on different sides of the sam e 
island.

The relative im portance of larval dispersal in  island 
complexes is also unique because, in  m ost cases, su it­
able hab ita ts  are  separated  by considerable expanses 
of un inhabitab le  deep water, decreasing the  likelihood 
of long distance ad u lt m igration. Genetic d a ta  can 
help elucidate larval dynam ics in  such island system s. 
For example, in  several species of coral reef fishes, 
genetic p a tte rn s  am ong South Pacific Island archipel­
agos support a classic island model of m igration, 
w here infrequent b u t chaotic m ovem ent betw een 
islands resu lts in  low b u t significant levels of popula­
tion structu ring  (Fauvelot & Planes, 2002). Limited 
m igration  events such as th is  are sufficient to h inder 
genetic differentiation a t  sm all spatia l scales, resu lt­
ing  in  low observable genetic frequency differences, 
although any detectable geographical s truc tu re  can 
often indicate extrem ely lim ited actual dispersal 
(Palum bi, 2003). Genetic differentiation observed in  
E. quernus was often low, an  outcome consistent w ith 
both local retention  and some am ount of am ong-island 
m igration, more likely by larvae ra th e r  th a n  long-dis­
tance dispersal by adults.

Significant p a tte rn s  of population structu ring  in  the 
m id-archipelago based on island-by-island pairw ise F- 
sta tistics were also observed. A t the sam e time, the 
genetic composition for the  m ajority  of the  south-east 
islands (Hawaii th rough Nihoa) and upper north-w est 
islands (Maro/N. H am pton through Pearl and H er­
mes) was largely similar. These p a tte rn s  m ay be 
explained in  p a r t by large-scale oceanic curren ts. A 
north-w est flowing N orth  H aw aiian  Ridge C urren t 
(NHRC), spanning H aw aii through Nihoa, dom inates 
the  lower south-east portion of the  archipelago (Qiu

et al., 1997). At approxim ately 23 °N, n ear the  la titude 
of Necker, the  NHRC veers off due west, which is also 
the  point a t which the  first significant adjacent island 
by island F St is observed (a t N ihoa vs. Necker). Com­
pared to the ocean in  the vicinity of the  MHI, studies 
of the  physical oceanography above 23 °N are  very 
scarce.

However, new d a ta  have revealed the  existence of a 
w est-easterly  moving Subtropical C ounter C urren t 
(STCC) whose southernm ost border in tersects the 
archipelago ju s t  north  of N ecker (Kobashi & Kawa- 
m ura, 2002). The influence of the STCC m ay account 
for the significant difference in  allele frequencies seen 
in  the  N ecker and G ardner sam ples, and the  NHRC 
for the sim ilar allele frequencies in  the lower south­
east. Above th is  la titude, ocean cu rren t p a tte rn s  are 
largely unknow n around the  islands. In  the  la s t year 
however, new satellite-tracked ocean cu rren t buoys 
have been deployed which generally  show a predom i­
n an tly  south-w est moving cu rren t (B rainard, pers. 
comm.; see crei.nmfs.hawaii.edu/oceanography/doc/ 
crei_drifters_svp.htm l), a p a tte rn  th a t  also supports 
the  observed genetic structu ring . However, these data  
are  prelim inary; w ith studies still ongoing draw ing 
firm conclusions would be p rem ature  a t th is stage.

Also notable in  the  m id-archipelago is th a t  G ardner 
shows the  h ighest nucleotide and gene diversity. These 
resu lts are  consistent w ith recent surveys of m arine 
species diversity in  the sam e region. The atoll French 
F rigate  Shoals, lying betw een N ecker and G ardner, is 
host to one of the  m ost diverse assem blages of m arine 
sponges, algae (M aragos & Gulko, 2002), and corals 
(Grigg, Wells & Wallace, 1981). Several species of the  
table coral Acropora, a  group absent in  MHI and m ost 
of NWHI, are abundan t and relatively speciose in  the
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mi d-archipel ago (Grigg et al., 1981; Grigg, 1981; 
M aragos & Gulko, 2002). They are also very common 
a t  Johnston  atoll, which is the  land- m ass lying closest 
to the archipelago, situa ted  several hundred  km 
south-west. The shortest distance betw een Johnston  
and the H aw aiian chain is a t  French F rigate  Shoals 
(Fig. 1), w ith  Johnston  also being the only other region 
w here E. quernus occurs (H eem stra & Randall, 1993).

The relative proxim ity of these two atolls, along 
w ith the  aforem entioned sim ilarity  in  m arine species 
composition, has led to hypotheses th a t  the STCC con­
nects Johnston  to the  m id-archipelago a t French Frig­
ate  (Grigg, 1981), which then  serves as a stepping 
stone for colonization across the  re s t of the  archipel­
ago. W hile the  high genetic diversity seen in  the  m id­
archipelago for E. quernus is consistent w ith the  step­
ping stone hypothesis, populations from Johnston  and 
French F rigate  should be exam ined to fully explore 
th is  possibility. The potential for Johnston  as the 
ancestra l source m ay account for the two divergent 
clades reflected in  the  netw ork analysis (Fig. 3), where 
independent colonizations could contribute to the  
observed higher genetic diversity.

Among the north-w est islands, the m ost in teresting  
is Pearl and Herm es, which shows no significant fre­
quency differences w hen compared to the  m ost d istan t 
sou thern  islands, b u t m arginally  significant differ­
ences compared to those islands closer to i t  in  the 
archipelago. Inspection of the  allele frequencies in  
these areas reveals th a t  Pearl and H erm es and the 
first five southernm ost islands are  composed prim arily  
of the  m ost common haplotypes. The sim ilar genetic 
composition a t  the  two extrem e ends of the  archipel­
ago m ight suggest th a t  the more diverse, middle 
islands served as an  ancestral source to the  re s t of the  
archipelago, w ith the m ost common alleles dispersing 
w ith the  h ighest probability to colonize islands in  the 
far south-east and north-w est. Indeed, both MHI and 
NW HI show conformity to expectations of expanding 
populations (Table 5), and although G ardner lacks the 
m ost common haplotype, h a lf  of the alleles p resen t in  
th is  sam ple are  shared across islands th roughout the 
archipelago (the o ther h a lf  are unique to G ardner, 
Fig. 3, Table 1).

P o p u l a t io n  d y n a m ic s

H igh relatedness am ong haplotypes likely contributed 
to the inability  of MDIV to d istinguish  am ong ongoing 
m igration and recent divergence in  m ost cases, except 
perhaps for th a t  involving N ihoa vs. Necker. Here, the 
posterior probability of 2Nem was estim ated  a t 10.84 
(or approxim ately 5.42 individuals per generation). 
Because E. quernus is a protogynous herm aphrodite 
w ith high female-skewed sex ratios, estim ates of M  
m ay actually  be biased, such th a t  5.42 m igran ts per

generation m ay be closer to to ta l m igration, and not 
only female m igration.

Interestingly, the  confident estim ate  of lim ited 
m igration betw een N ihoa and N ecker using MDIV is 
the sam e adjacent com parison in  which the  first sig­
nificant b reak  in  allele frequencies is observed based 
on F st and SAMOVA regional analyses, as well as the 
southernm ost point a t  which the  STCC in tersects the 
archipelago. Among all o ther adjacent comparisons, 
the analyses were unable to distinguish  betw een the 
relative effects of m igration and divergence, although 
there  was very little  support for low levels of m igra­
tion betw een m ost o ther sites. However, because th is 
m ethod also assum es constan t population sizes 
th rough tim e, and because evidence of historical pop­
ulation  grow th was shown by the F luctuate  analyses, 
m igration estim ates m ay be upw ardly biased. T ha t is, 
h istorical population expansions m ay m ask  the  effects 
of w hat could actually  be lower m igration. N onethe­
less, relatively high m igration and sm all divergences 
betw een islands probably characterize m uch of the 
archipelago due to pelagic dispersal and recent expan­
sions. In  addition, high estim ates of 0  obtained in  
these analyses m ay be upw ardly biased.

Genetic tests  of fluctuations in  N e suggest historical 
population grow th of E. quernus, w ith  the  effective 
population size estim ated  a t  betw een 0.744 and 18 
million across the en tire  archipelago. Due to uncer­
ta in ties in  m olecular clock calibrations and ra te  con­
stancy, and because ra tes derived from other teleost 
control region studies m ay not be accurate for 
E. quernus, these inferences should be in terp re ted  
w ith caution. In  addition, the  derivation of N e from the 
compound param eter 0  is en tire ly  dependant on 
m utation  rate , and as a resu lt N e is highly sensitive to 
any varia tion  in  these rates.

Given the  two calibrations presented here, popula­
tions of E. quernus m ay be in  the  order of a t  least 3/4 
of a million individuals. However, because of the  evi­
dence of low b u t significant population structu re  pro­
vided by E -sta tistic  analysis, violations of the model 
m ay have biased our estim ates of growth. This m ay be 
relevant for the  analysis combining the NWHI, which 
includes the  genetically differentiated islands of 
N ecker and Gardner. A proposed regional struc tu re  
such as th is could underestim ate  grow th ra te  (K ühner 
et al., 1998). However, the resu lts for to ta l archipel­
ago, MHI and NW HI all show increasing grow th rates, 
suggesting th is  bias m ay be only m arginal for our 
samples. In  o ther words, if  the  existence of such a 
struc tu re  substan tia lly  affected the resu lts, grouping 
of subpopulations should resu lt in  decreasing esti­
m ates ofg , which was not observed in  these analyses.

The estim ates of 0  are  also m uch sm aller th a n  those 
obtained from MDIV, w here biases m ay be in  the oppo­
site direction due to population structu ring . Hence,
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actual 0  is more likely to fall betw een estim ates 
derived by these two m ethods, and in  both estim ations 
is quite large. The resu lts here are  also consistent w ith 
the  star-like phylogeny of alleles and the negative val­
ues obtained w ith Tajim a’s D. I t  is im portan t to note, 
however, th a t  tests  for population grow th tend  to 
describe historical conditions, which m ay not neces­
sarily  reflect the  cu rren t s ta te  of populations. For 
example, a recent study on coconut crabs fit genetic 
models of population expansion, yet these populations 
have dram atically  decreased due to over-harvesting in  
recent decades (Lavery, Moritz & Fielder, 1996). For 
E. quernus, a lthough declining stocks in  MHI suggest 
a reduction in  population, i t  has probably not substan ­
tia lly  affected genetic characteristics.

I t  should be stressed  th a t  signatures of genetic dif­
feren tia tion  among areas can tak e  tim e to respond to 
changes in  dispersal and subdivision (S latkin, 1994). 
Hence, the lack of significant divergence in  allele fre­
quencies am ong m any of the  islands is not necessarily 
reflective of panm ixia w ith in  those regions. Genetic 
te s ts  of the  type perform ed in  th is  study, although more 
sensitive th a n  phylogeographic approaches, still reflect 
s truc tu ring  over evolutionary tim e. Hence, subdivision 
am ong m any of these islands m ay exist a t  p resen t bu t 
cannot be detected w ith genetic d a ta  (Taylor & Dizon, 
1996; Taylor & Dizon, 1999). New assignm ent tests 
m ay have more power to detect subtle m igration in  
m arine species (K nutsen et al., 2003), although they 
are  largely restricted  to m ultilocus diploid da ta  and not 
applicable to haploid mtDNA m arkers. F u tu re  studies 
of the  population genetics of E. quernus should focus on 
application of these techniques.

For the  mtDNA resu lts p resen ted  here, although low 
differentiation betw een m any islands was observed, it  
is im portan t to keep in  m ind th a t  historical population 
expansion will m ask  low m igration, and m ay therefore 
bias gene flow estim ates upward. In addition, re la­
tively large estim ates of effective population size could 
bias dispersal estim ates downward. The compound 
param eter N em cannot separate  the  relative effects of 
N e and m. In o ther words, large effective population 
sizes, as evidenced in  th is study, will tran s la te  into 
lower values of dispersal (m) (Taylor et al., 2000).

CONCLUSIONS
The significant population s tructu re  based on E-sta- 
tistics suggests th a t  separate  stocks of E. quernus, 
possibly influenced by oceanic curren ts, m ay exist 
th roughout the archipelago. Because the  mid-archi- 
pelago (Necker and G ardner) has genetic characteris­
tics clearly distinct from those in  MHI and upper 
NW HI, i t  is probably inadvisable to assum e popula­
tion panm ixia across the en tire  island chain, and local 
depletion of E. quernus stocks should be m onitored

closely. The genetic p a tte rn s  observed are, however, 
complex and delim iting boundaries based on the E- 
sta tistic  resu lts discussed here would be difficult. 
Given th a t  the  middle islands harbour the  h ighest 
genetic diversity, w ith significant allele frequency dif­
ferences d istinguishing them  from the rest of the 
chain, additional considerations m ay be appropriate to 
properly m anage these areas, thereby  preserving th e ir 
uniqueness.
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APPENDIX

A l i g n m e n t  o f  c o n t r o l  r e g i o n  v a r i a b l e  s i t e s  f o r  301 i n d i v i d u a l s  o f  E p i n e p h e l u s  q u e r n u s

Hawaii
H5500 AAAATACTCCAGTTACCTAAACTTAATGTTAAGTGATCTATGTTGGTTTTTGGATTTTTTGATGTTATTTTGGAACTAAGGTTCAAAAGG
H5501  T ............................... C ........................C ...................
H5502  T .... C. ..T. .G...... C. ...G.............. C ....... C. C-..................................
H5503  T .............................. CC....................... C ...................
H5504
H5505

..............T . . . .

..............T . . . .
.... C .......
. . . G ........

.... ATA. . ....CC.... ....-CC..,.A.... 
,...C..

. . A .........

H5506 ..............TC... ....... C. . . . ...CC....
H5507 ..............T . . . . . . . C ..... . .T. .
H5508 ..............T . . . . ...CC.... . . C. .
H5509 ..............T . . . . . . .  c ...........
H5510  C. .T. . . .T.....A ................... C. . .C
H 5511  T ....... G ......................C
H5512 . .G. . ..... T ..................... ........ C .........
H5513
H5514

..C.......TT.G.......C ..........
...C..T....T.... A ......... ........ C. . .C ....

,.- ..A.C.... . . C .....................

H5515 ..... T ..................... ........ CC........ . .... C ...................
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H5516  T .................................................. CC......................................................C...........................................
H5517  C...................T .....................................................................C........................................................................................................
H5518  T .......................G.......................CC.....................................................C.............................................
H5519  T .G........................................................................................ A..............................................................
H5520  C................ TT.G ............... C........................................................................- . . A . C  C..................................................
H5521  T .................................................. CC.....................................................................................................
H5522 ...........................................................G................... A.........................CC.G................- .............................................................................
H5523  T .................................................. C........................................................ C...........................................
H5524  T ...............G...............................................................................C.......................................................
H5525 ...........................................................G................... A.........................CC.G................- .............................................................................
H5526  T .C .C .................... ATA............CC.....................- C . . . . A .....................................A......................
H5527  T ..................................................C.............................................................. G..................................C.
H5528  T .................................................. C.......................................................................................................
H5529  T .................................................. C.......................................................................................................
H5530  T .................................................. C.......................................................................................................
H5531  T ............................................... A . C . . . . A .........................................................................................
H5532  T ..................................................C................................................ C....................................................
H5533  T .C......................... ATA............CC.....................-CC. . .A ................................ TTA......................
H5534  T .................................................. CC......................................................C...........................................
H5535  T .................................................. C.......................................................................................................
Maui Nui
MN5100  T .................................................. C.......................................................................................................
MN5101  T .................................................. C.......................................................................................................
MN5102  T .................................................. C.......................................................................................................
MN5103  T .................................................. CC................................................... CC...........................................
MN5104 . . . . C. T ................G............................................ C............. A. . . . C ............ A. . . . . . .  .T.  . . CG.....................................................
MN5105  T ...............G...............................................................................C.......................................................
MN5106  T ...................................................C....................................................... C...........................................
MN5107  T ...................................................C....................................................... C...........................................
MN5108  T .............C. . . T .  . G............C. . . . G ..................................C................C. C - ............................................................................
MN5109  T ...............G...............................................................................C.......................................................
MN5110  T .............................................................................................................................................................
MN5111 ...........................................................G...................A......................... CC.G................- .............................................................................
MN5112  T ..................................................c .......................................................................................................
MN5113  T ...............G.........T ................AC.......................................................................... G.........................
MN5114  T ................................................ AC....................................................... c ...........................................
MN5115  T ...............G...A.........................C.................................. G.................................................................
MN5116  T .............C. . . T .  . G............C. . . . G ..................................C................C. C - ............................................................................
MN5117  T ....................................................c. . . .A .........................................................................................
MN5118  T ..................................................c .......................................................................................................
MN5119  T ..................................................c .......................................................................................................
MN5120  T ...............G...A.........................C.................................. G.................................................................
MN5900  T .................................................. C.......................................................................................................
MN5901  T ................................................ AC....................................................... C...........................................
MN5902  T .................................................. C................................................. C...................................................
MN5903  T .................................................. C.......................................................................................................
MN5904  T ...............G...............................C........................................................................................................
MN5905  T ...............G...............................................................................C.......................................................
MN5906  T ...............G.................................................................C......................................................................
MN5907  T .................................................. CC.....................................................................................................
MN5908  T ...............G.................................................................C......................................................................
Oahu
05800  T .................................................. C.......................................................................................................
05801  T .................................................. C................................................. C...................................................
05802  T ..................................................C................................................................... T .................................
05803  T ...................................................C....................................................... C...........................................
05804  T .................................................. C.......................................................................................................
05805  T ...............G...............................................................................C.......................................................
05806 ...........................................................G...................A......................... CC.G................- .............................................................................
05807  T ......................... C.....................CC.....................................................................................................
05808  T .............................................................................................................................................................
Kauai/Niihau
KN5600  T .................................................. CC.....................................................................................................
KN5601  TC.A . C . . . A ............................CC.................. C...............................................................................

© 2004 The Linnean Society of London, Biological Journal o f the Linnean Society, 2004, 81, 449-468



POPULATION GENETIC STRUCTURE OF HAWAIIAN GROUPER 465

KN5602........................................T .............................. CC....................... C .........
KN5603........................................TC......... A.C................ CC........ C ........................
KN5604....................... ................TC......... A.C................ CC........ C ........................
KN5605........................................T ....... G .....................C ...................................
KN5606........................................T .............................. C ...................................
KN5607........................................T ....... G .....................C ...................................
KN5608........................................T .............................. C ...................................
KN5609........................................T ............................C. . .C. . . .A............................
KN5610........................................T .............................. C ...................................
KN5611........................................T .............................. C ..................... C ...........
KN5612........................................T .............................. C ...................................
KN5613........................................T .............................. C ...................................
KN5614....................... ..................................................................................................................................................................................
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