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        POPULATION GENETICS OF  

THE COMMERCIALLY IMPORTANT CABEZON 
 
INTRODUCTION 

 
The Marine Life Management Act, closure of several near-shore demersal 

fisheries and the establishment of no-take marine reserves are recent embodiments of 

long standing disagreements between California’s fishing industries and California 

regulatory agencies (CDFG 2002). Fundamental arguments are over data on population 

trends and local versus regional population recruitment patterns. Species of concern in 

the latest closure included the "rockfish-cabezon-greenling" complex (Musick et al. 

2000). This project deals with one of the target species of the closures.  We propose to 

estimate population genetic structure in a species central to the commercial and 

recreational over-fishing debate: the cabezon (Scorpaenichthys marmoratus).  

The cabezon, a nearshore species, is an important target of the commercial live-

fish industry (CDFG 2000; Walters 2001).  It is the leading species landed in Central 

California fishing ports (Pattison and Vejar 2000).  Life history and behavioral data 

suggest strong adult site fidelity and high adult longevity. Both of these could result in 

population genetic structuring.  The information in this report is the first on the 

population genetic structure of cabezon.  The focus is on two types of population genetic 

marker (mitochondrial DNA and microsatellite DNA). 

Recognition of population genetic structure or spatial/temporal genetic 

heterogeneity, if any, is an important step in developing a sustainable cabezon 

management and conservation plan (Field et al. 2001; Walters 2001). Discovery of 

genetic subdivisions in other rockfish such as the Copper Rockfish (Sebastes caurinus), 
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Rosethorn Rockfish (S. helvomaculatus), and Quill Back Rockfish (S. maliger) counters 

the traditional hypothesis of panmixia (or genetic  homogeneity) among marine fish 

populations (Rocha-Olivares and Vetter 1999, Buonaccorsi et al. 2000). Recently, genetic 

subdivisions of Ling Cod (Ophiodon elongatus), a species with similar habitat 

requirements and reproductive modes as the cabezon, have been identified.  Thus the 

practical need for this project is evident (Park and Moran 1994; Lee and Safina 1995; 

CDFG 2000).  Likewise, there are strong theoretical reasons to think that population 

genetic structure in cabezon is possible (Avise 1992; Palumbi 1994; Rocha-Olivares and 

Vetter 1999).  

The objectives of this project were to determine whether west coast (WA/OR/CA) 

cabezon are a genetically homogeneous population or multiple, genetically distinct sub-

populations.  This study could provide a justification for treating cabezon as a single 

management unit or several demographically independent units.  Our samples include 

sites that show genetic differentiation among rockfish species. Therefore, genetic 

subdivision in cabezon will be evaluated for concordance with previously proposed 

biogeographic boundaries.  Specifically, these boundaries are: The Santa Barbara 

Channel, California’s Point Conception, and Washington’s Puget Sound. Concordance 

may justify regional and multi species management plans.  Discordance explicitly 

demonstrates the need for species-specific management plans.  This work attempts to 

determine whether there is or there is not population genetic subdivision between 

naturally occurring populations of Cabezon.  It does not attempt to explain the cause of 

those differences. 
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MATERIALS AND METHODS 

  

Mt DNA 

Sample collection 

Cabezon fin tissue samples were collected from May 1997 through August 2002 

by a collaborative network of fishery personnel, researchers, and fishermen from the 

following organizations: California Department of Fish and Game, National Marine 

Fisheries Service – Southwest Fisheries Science Center, Moss Landing Marine 

Laboratories, Oregon Department of Fish and Wildlife, Washington Department of Fish 

and Wildlife, University of California Santa Barbara – Partnership for Interdiciplinary 

Studies of Coastal Oceans, University of California Berkeley, and Cal Poly State Univ., 

San Luis Obispo.  One to four anal fin rays were taken from large individuals and the 

entire pectoral fin was taken from juveniles. Tissues were preserved in 90% ethanol.   

 We analyzed 244 samples from 14 localities along the Pacific coast of North 

America (Figure 1).  These 14 localities were pooled into eight regional populations: 

Washington (n=36), Oregon (n= 37), Fort Bragg (n= 36), Half Moon Bay (n= 21), Morro 

Bay (n= 35), Santa Barbara (n=20), Channel Islands (n= 45), and San Diego (n=14).  

Herein populations are abbreviated as: WA, OR, FB, HMB, MB, SB, CI, and SD 

respectively.   

 Pooling of samples allows tests for population differentiation due to potential 

geographic barriers (e.g. Burton 1998; Palumbi 1994; Dawson et al. 2006).  One potential 

geographic barrier is Point Conception, potentially dividing Northern samples (WA, OR, 

FB, HMB, MB) from Southern samples (SB, CI, and SD).   A second potential barrier is 

the Santa Barbara Channel separating the Channel Islands (CI) from the mainland (WA, 
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OR, FB, HMB, MB, SB, and SD).  A third possible barrier is simply the linear 

geographic distance between populations. 

 

Figure 1.  Map of the study area showing the 14 sampling locations and the number of sequences 
obtained from each.  The eight regional populations are distinguished by color and labeled with 
the following abbreviations: Washington (WA), Oregon (OR), Fort Bragg (FB), Half Moon Bay 
(HMB), Morro Bay (MB), Santa Barbara (SB), Channel Islands (CI), and San Diego (SD). 
 

 

WA 

OR 

FB 

HMB 

MB 

SB 

CI SD 
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Sampled fish varied in total length from about 40 mm to over 600 mm, and were 

collected over several years.  Intermediate sized samples were included for all regional 

populations.  We estimated an age span of 1 to 10+ years (O'Connell 1953; Lauth 1987) 

for individuals included in the analysis.  Thus, collectively, the data represent a number 

of recruitment years and do not include sampling bias that would result from including 

only one or two cohorts.  

Mt DNA PCR Primers and locus authentication 

In order to determine which amplification primers could be used on Cabezon, the 

entire control region of samples OR-07, MB-10, and CI-14 was amplified using primers 

(Adams unpublished) for the tRNAs (tRNAPro, and tRNAPhe) flanking the 5' and 3' ends 

of the control region respectively.  The amplified fragments were then sequenced using 

Cab-Pro (5'-ACCCTTAACTCCCAAAGC-3'), Cab-Phe( 5'-GTGTTATGCTTTAGTTAAGC-

3'), and TDKD (Meyer et al. 1990).  The resulting overlapping fragments were aligned 

and yielded sequences that were confirmed by BLAST (NCBI website, Altschul et al. 

1997) as teleost mtDNA control region.  

The tRNAPro - tRNAPhe amplicons yielded multiple bands when visualized on 2% 

agarose gels.  This result suggests either non-specific priming, heteroplasmy (occurrence 

of multiple non-identical mtDNA sequences in the haploid locus of an individual) or 

nuclear copies (paralogs) of mitochondrial DNA. Any of these three alternatives could 

compromise the validity of any data analysis.  

Non-specific priming was ruled out based on the BLAST results.  In order to test 

for a nuclear copie(s) of the control region, we conducted tissue extractions that 

differentially concentrate nuclear and cytoplasmic (i.e.: mtDNA) genomes: DNeasy® 
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Tissue Kit (Qiagen Inc., Valencia, CA) for total genomic DNA and Wizard™ Plus 

Miniprep DNA Purification System (Promega, Madison, WI) for mtDNA respectively.  

These extracts were subjected to a PCR using Cab-Pro and Cab-Phe primers on 100 ng of 

total genomic or mtDNA-enriched extracts. If secondary bands were due to a nuclear 

copy of mtDNA, then PCR band intensity should be lower for mtDNA enriched extract. 

When PCR products were viewed by gel electrophoresis, band intensities were equivalent 

and consistent regardless of extraction methods. In addition, sequence data from total 

genomic extracts and mtDNA enriched extracts were identical.  These results reject the 

nuclear copy hypothesis.  

The alternative hypothesis is heteroplasmy – which needs to be understood in 

order to make sense of the data.  Heteroplasmy can be tested by either sequencing 

multiple amplicons from the same individual (with the expectation that multiple 

sequences will be retrieved), or by investigating the genetic structure of a locus to 

determine if repetitive elements are present and could be responsible for producing more 

than one allele per diploid locus in single individuals.  Therefore, we reconstructed a 

2021 bp fragment of the cabezon mitochondrial genome from sample MB-07.  This was 

accomplished by overlapping three amplicons that spanned from cytochrome b to 

12sRNA. These fragment were amplified using primers 1) CB3RF (Rocha-Olivares et al. 

1999) and TDKD (Meyer et al. 1990), 2) Cab-Pro and Cab-Phe (Adams, unpublished), 

and 3) reverse-compliment TDKD and 12sar (5’-CATATTAAACCCGAATGATATTT-3’). 

The 2021 bp fragment was annotated (Figure 2) by alignment with two published 

rockfish sequences (GenBank accession nos. AF031498 and AB059558) and found to 
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contain cytochrome b, tRNAThr, tRNAPro, control region, tRNAPhe, and 12s genes 

(archived at GenBank, Accession No. EF153200).  

 
Figure 2.  Schematic representation of the cabezon mtDNA control region and locations of the 
conserved sequence blocks (open boxes).  Flanking tRNA genes (shaded) as well as partial 
cytochrome b and 12s rRNA genes are shown (lined boxes).  This fragment is based on the 2021 
bp sequence from MB-07 and shows that this portion of the mt genome in cabezon corresponds in 
structure to that of other teleost fishes. 
 

  Cyt b tRNAThr tRNAPro CSB-D (D-box) CSB-1 CSB-2 CSB-3 Promoter tRNAPhe 12s rRNA 
 
 
 Control region 

 

 

The annotated sequence, and five others (WA-01, Navarro-03, SB-16, CI-14, 

Newport Beach-02) sequenced from tRNAPhe towards the D-box of the control region, 

were used to determine the overall organization of the cabezon control region and to 

determine if there is a repetitive sequence in the Cabezon control regions that could 

account for the multiple bands seen in agarose gels. The 5' end of control region 

sequences from cabezon does contain a tandem repeat 53 basepairs in length (VNTR 

locus termed R53) and an imbedded 33 bp repeats (upper portion of Figure 3).  These 

data, combined with gel electrophoresis of PCR products showing multiple bands that 

differ by approximately 50 bp (Figure 4), strongly suggests cabezon are heteroplasmic at 

the R53 VNTR locus.   
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Figure 3.  Diagram of the cabezon mtDNA control region upstream from the D-box (top bar) 
showing the relative locations of the 53 bp, R53, tandem repeats.  R53 repeats constitutes a 
putative VNTR locus.  A smaller 33 bp repeat, R33, was entirely contained within R53. The 
degenerate repeat, D33, is downstream from the tandem repeats. The 510 bp fragment was 
truncated to 395 in order to exclude the VNTR locus from the analysis of population genetic 
structure. 

 
 
Figure 4.  Gel images of Pro-Phe amplicons from the entire cabezon control region showing 
multiple fragments varying in length by approximately 50 bp.  Heteroplasmy appears to result 
from variation in both the number of copies of R53 (the 53 basepair VNTR) and in the frequency 
of distinct haplotypes within individuals. 
 

  
 

1500 bp - 
1300 bp - 
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Mt DNA extraction and amplification 

 In order to produce DNA to sequence for the population genetic survey we 

performed PCR amplifications.  Total genomic DNA was extracted from 20 mg of tissue 

using a DNeasy® Tissue Kit (Qiagen Inc., Valencia, CA) following the manufacturer's 

protocol.  The control region was amplified using Cab-Pro and Cab-Phe, (tRNAPro and 

tRNAPhe see Figure 2).  PCR amplifications components were: 2.5 µl of 10x Taq buffer, 

2.0 µl of 25 mM MgCl2, 2.5 µl of 10 mM dNTPs, 2.0 µl of 10 µM Cab-Pro primer, 2.0 µl 

of 10 µM Cab-Phe primer, 1 unit of Ampli-Taq polymerase, 100-150 ng of genomic 

DNA, and PCR grade water to 25 µl.  The PCR thermocycler profile was: denaturation 

for 2 min at 90oC, followed by 36 cycles of 45 sec at 92oC, 1 min at 52oC, 1.5 min at 

72oC, followed by an extension of 5 min at 72oC.  Verification of the PCR reaction and 

DNA fragment lengths were performed by electrophoresis on 1.5% agarose gel, 

visualization with ethidium bromide under ultraviolet light.   

Mt DNA sequencing 

MtDNA sequences were visualized in the following manner. PCR products were 

purified using an Ultra Clean™ PCR Clean-Up and DNA Purification Kit (MoBio 

Laboratories, Solana Beach, CA).  Cycle sequencing was performed using primers 

TDKD (H16498, Meyer et al. 1990) and Cab-D2 - 5' CCTGAAGTAGGAACCAAATG 3'.  

Cycle sequence reactions contained: 5 µl of clean PCR product, 2 µl of ABI Prism® 

BigDye™ Terminator v3.0 (PE Biosystems, Foster City, CA), 3 µl of sequencing primer 

(1 µM), and 2 µl of PCR grade water.  The lengths of readable sequences ranged from 

470 to 580 bp and were entirely overlapped in the final alignment.   
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Mt DNA Sequence alignment 

The sequence alignment was performed in SEQUENCHER 4.1 (Gene Codes Corp., 

Ann Arbor, MI) using at least two overlapping sequences from each individual.  The 

reconciled strands verify the nucleotides at each base position.  Polymorphic sites were 

identified from the alignment and confirmed using MacClade 4.0 (Maddison and 

Maddison 2000). The total sequence alignment included 510 basepairs (bp). Lunt et al. 

(1998) described some of the difficulties involved in using sequence data from 

heteroplasmic species for population genetic analyses and concluded that caution must be 

used when analyzing variable nucleotide sites within VNTR’s.  For this reason, 

sequences used in tests of population genetic and phylogeographic structure were 

truncated to 395 bp to eliminate the VNTR regions (see Figure 2). 

 Mt DNA Genetic diversity 

 Genetic diversity was evaluated within and between regional populations.  The 

frequency of unique nucleotide sequences representing different haplotypes was 

determined using COLLAPSE 1.1 (Posada 1999).  ARLEQUIN 2.0 (Schneider et al. 2000) 

was used to estimate haplotype diversity (h) and nucleotide diversity (π) following Nei 

(1987).  Haplotype diversity yields a measure of allelic diversity, and nucleotide diversity 

estimates heterozygosity at the nucleotide level (Nei 1987).   

 Mt DNA Test of selective neutrality 

 The amount of genetic diversity in a population can reflect genetic drift, gene 

flow or selection.  Population genetics analytical methods generally assume selection is 

not an active force and that genetic diversity reflect population size (drift) and 

connectivity (gene flow).  Tajima’s D (1989) test for neutrality (ARLEQUIN) was used to 
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evaluate the null hypothesis that mtDNA haplotype diversity in cabezon conforms to 

selective neutrality (α = 0.05).   

Mt DNA Population genetic structure 

 Population genetic structure of cabezon was evaluated across 8 regional 

populations where populations are defined geographically (see below).  The data were 

also analyzed in a manner that populations were defined genetically. BAPS (Bayesian 

Analysis of Population Structure) provides an estimate of the number of populations (k) 

in a sample, where k is defined as the smallest number of genetically homogeneous units.  

The analysis is similar to Fisher’s exact test (probability of observing a contingency table 

with the given frequencies under a model of panmixia), except that BAPS uses a Bayesian 

estimate of haplotype frequencies rather than the observed frequencies.  This approach 

considers allele frequency sampling error as a function of sample size.  

 The BAPS analysis was performed using the program by Corander et al. (in press, 

V 4.1.4).  The k with the best log likelihood or Bayes Factor score was estimated by 

allowing k to vary from 2 to 10, with 4 replicate of each k per run.  The scores of all k 

values are compared across all 4 replicates and the top ten estimates of k are retained.  

Each run was repeated 3 times to insure convergence and stationarity in the result.  This 

analysis assumes all nucleotides are linked and there is a uniform (flat) prior probability 

that any haplotype could have come from any regional population sample.  The same 

analysis was conducted, with a non-uniform prior (geographic coordinates are assigned to 

each individual thus providing information on the samples regional population), and with 

each nucleotide position treated as a segregating site (unlinked).  This is the standard 
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approach when geographic information is used in defining the prior (Corander et al. in 

press, Pritchard et al. 2000). 

In addition to the Bayesian analysis, we applied standard AMOVA and FST to 

estimate the degree of population genetic subdivision using ARLEQUIN. These 

comparisons were conducted across all pairs of populations.  Populations were defined by 

the regional sampling or by the BAPS analysis.  Multiple comparisons applied to the 

same data can inflate the probability of a type-1 error (incorrectly rejecting the null).  In 

order to reduce the likelihood of a type-I error due to multiple comparisons, a table-wide 

Bonferroni corrected was applied (significance at α=0.0018 for 28 pairwise 

comparisons).  Additionally, a sequential Bonferroni test was also performed as described 

by Rice (1989).  

The AMOVA and FST analyses were done in two ways.  The first, considered 

haplotype frequencies (traditional FST).  The second estimated the difference between 

populations as the product of allele frequencies weighted by the estimated difference 

between the haplotypes (haplotype differences defined by Tamura and Nei (1993) model 

of molecular evolution).  The former analysis disregards the degree of relatedness, and 

the later weights the frequencies differences between the populations by the genetic 

differences across alleles.  

We used an AMOVA approach to estimated population structure across 

previously defined potential biogeographic barriers.  These barriers included 1) the 

Channel between CI and SB/MB, 2) Point Conception between SD/SB/CI and all other 

regional samples, 3) and Puget Sound (as defined by the BAPS analysis – see below) 

between WA/OR and all other regional samples. Slatkin’s (1995) linearized FST (D = FST / 
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(1 – FST) ) was calculated using ARLEQUIN, and regressed against the linear geographic 

distance between regional populations in order to test for isolation by distance. 

Estimates of gene flow among populations from Mt DNA 

Estimates for gene flow among the eight populations were obtained from 

ARLEQUIN by estimates of the number of migrants (Nm) per generation from Slatkin’s 

(1995) linearized FST.  The estimate for Nm, where N is the population size and m is the 

average long term migration rate between populations per generation was calculated as 

Nm = (1 / FST – 1) / 2.   Nm values of  >1 are generally regarded as sufficient to undo the 

effects of population due to genetic drift (Wright 1951). 

Mt DNA Phylogeography – Neighbor Joining Topology 

  Concordance between the evolutionary relationships among haplotypes, and 

geographic location were tested using a phylogenetic analysis.  Phylogenetic 

relationships were estimated using neighbor joining as invoked in PAUP* 4.0 (Swofford 

1998).  The Tamura and Nei (1993) distance was used to construction the Neighbor 

Joining tree.  This method takes into account the relatively high ratio of transitions to 

transversions and high substitution rates observed in vertebrate control region sequences. 

Model parameters were estimated using MODELTEST (Posada and Crandall 1998).  The 

values used were nucleotide frequencies of A=0.402, C=0.170, G=0.108, and T=0.321, 

and empirical transition/transversion ratio = 12.86.  Trees were rooted using Cottus 

asper, a common freshwater sculpin (GenBank accession no. AY224087).   

Mt DNA Phylogeography – TCS Network  

A haplotype network was constructed for each of the eight regional populations 

using TCS 1.13 (Clement et al. 2000).  This approach for phylogenetic analysis is 
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particularly useful if the ancestral (nodal) sequences in a sample have not yet gone 

extinct, such that the phylogenetic tree is not fully bifurcating, but instead represents a 

(polytomous) network. 

Power analysis 

The probability (p) that a haplotype is present in a population, but missing from a 

regional sample by chance alone, is defined here as the probability of not finding it in a 

sample of n=1 (n = regional population sample size), given its expected frequency fe in 

the entire sample (1 – (number of individuals with the haplotype/244) = fe), where fe  is 

raised to the power n, or p = fe
n.  The expected frequency fe is calculated assuming the 

null hypothesis, that there is no population genetic subdivision.  Given this assumption, p 

decreases as the sample size increases.   

 

Microsatellites 
The development of microsatellite loci followed the protocols of Glenn and 

Schable (2005) and Glenn (2007). A female cabezon was selected for genomic DNA 

extraction to reduce potential problems of sex linkage across loci. Muscle, liver, and 

caudal fin tissue were extracted using a Qiagen DNeasy® tissue kit.  Caudal tissue was 

identified as having the best extraction yield. 

Multiple extractions were conducted from a single individual. The genomic DNA 

was fragmented with restriction enzyme RsaI to produce a fragment pool of optimal size.  

One of the extractions was selected.  This allowed us to maximize the quality of genomic 

DNA used in subsequent steps.  Quality was defined by minimal DNA fragmentation as 

inferred from a 1% agarose gel: fragments were centered at 500bp and fell primarily 
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between 300bp and 1000bp in length.  DNA from this digestion was then ligated with 

SuperSNX24 linkers (Table 1) to allow for amplification of fragments in subsequent 

steps.   

 

Table1. SuperSNX primer ligated to RsaI digested DNA.  These primers allow for amplification 

of fragments with otherwise unknown sequences. 

SUPERSNX24 Forward 5'-GTTTAAGGCCTAGCTAGCAGAATC-3' 

SUPERSNX24+4P Reverse 5'-pGATTCTGCTAGCTAGGCCTTAAACAAAA-3' 

 

Digested fragments that containe microsatellite loci were isolated by DynaBead 

enrichment and recovery. The linker-ligated RsaI digested DNA was hybridized with two 

biotin-labeled microsatellite probe mixes (Table 2). Once hybridized, biotinylated 

fragments were captured using DynaBeads (Magnetic Particle Concentrator (MPC)), 

washed, recovered, and then disassociated from the probe. These recovered fragments 

represent a microsatellite enriched extraction of fragments that are predominantly in the 

500 bp range.  This enriched extraction was then amplified using Super SNX24 primers 

targeted at the linker sequence in serial PCR reactions that further amplify the number of 

copies of each locus and greatly increase the efficiency subsequent cloning reactions. 

Enriched and amplified DNA fragments were ligated into pCR® 4- TOPO® vector  

(Invitrogen TOPO TA cloning kit) and used to transform TOP 10 cells, following 

Invitrogen’s protocol. The colonies were grown on ampicillin-LB plates in an incubator 

at 37°C overnight. Colonies that grew on the media were transferred to a PCR reaction 

and amplified directly.  
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Table 2. Biotinylated microsatellite used as probes to hybridized to linker-ligated RsaI digested 

DNA in the microsatellite enrichment step of PCR primer development for cabezon.  The 

microsatellite sequence motif of each probe is shown as is the theoretical annealing temperature. 

Biotinylation allows the recovery of microsatellite containing DNA fragments as the probe 

hybridizes with the DNA and is then captured by a magnetic bead put to the side of the capture 

vessel.  Multiple probes were used simultaneously in mix 1 and mix 2. 

 
probe Tm oC mix 
(AC)13 70.3 1 
(AACC)5 65.6 1 
(AACG)5 67.1 1 
(AAGC)5 66.7 1 
(AAGG)5 62.3 1 
(ATC)8 62.3 1 
(AG)12 57.6 2 
(AAC)6 50.9 2 
(AAG)8 57.4 2 
(AAT)12 51.9 2 
(ACT)12 51.9 2 
 

 

Products from the amplifications of selected colonies were run on a 1% agarose 

gels and visually inspected. Samples that were clearly visible, produced only a single 

band, and were in the size range of 500 to 1000bps, were selected for sequencing.  Since 

the vector represents 200bp of the amplicon, the insert sizes should ranged from 200 to 

800bp.  Amplicons selected for sequencing were purified using a MoBio Ultra 

CleanPCR cleanup kit.  Purified PCR products were then sequenced with Applied 

Biosystems BigDye® Terminator v 3.1 cycle sequencing kit. The DNA concentration 

was estimated using Lambda DNA.  Sequencing reaction products were purified using 

ethanol precipitation. The resulting DNA pellets were re-suspended in loading buffer and 
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run on an ABI 377 sequencer.  Lanes were extracted and exported to GENEIOUS PRO 

3.0.4 (BioMatters Ltd. 2007) for editing and alignment. 

Sequences were searched for possible microsatellite regions using EPHEMERIS 1.0 

(Pentcheff 1999).  Sequences that potential containing microsatellite loci were re-

sequenced to resolve ambiguities if any existed in the region flanking the microsatellite 

locus.  The flanking sequences were then used to design PCR amplification primers 

(using GENEIOUS Primer3) that can be used on total genomic DNA extractions from 

populations of cabezon. Primer pairs were designed to minimize expected amplicon size, 

including an upper maximum of 300bp.  These primer pairs are currently being used to 

screen cabezon for genetic variability across microsatellite loci. 

 

RESULTS 

Mt DNA 
Tandem repeats in the control region 

All 34 of the samples examined (representing all eight regional populations) 

showed a multiple-banding pattern. Thus, if multiple bands are the result of 

heteroplasmy, then heteroplasmy is widespread in cabezon.  Intraspecific mtDNA length 

variation and heteroplasmy have previously been reported in fishes (Arnason and Rand 

1992, Brown et al. 1996, Cesaroni et al. 1997, Nesbo et al. 1998, Rocha-Olivares and 

Vetter 1999).  These length variations and heteroplasmy are known to result from VNTRs 

at both ends of the control region (Lee et al. 1995; Brown et al. 1996; Nesbo et al. 1998; 

Ludwig et al. 2000; Martins et al. 2003). 

The cabezon mtDNA fragments were sequenced beginning at the D-box but 

sequences do not always extend through the VNTR portion of the control region, in part 
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due to the inherent difficulty of sequencing heteroplasmic individuals. Only 185 of the 

244 sequences extend through the first copy of R53. The longest control region sequence 

obtained from cabezon is 1310 bp and is thus longer than most Teleosts (Brown et al. 

1995, Martins et al. 2003).  It is feasible that the control region is longer than 1310 bp, 

given that agarose gel images show fragment ranging to 1550 bp (Figure 4).   

Sequence variation in cabezon control region data 

  The alignment of 244 cabezon control region sequences was 395 bp in length, 

excluded the VNTRs, and contained 24 polymorphic nucleotide positions and one 

variable indel, The nucleotide composition was AT-rich with the typical bias towards 

transitions (Kocher et al. 1989): 92.8% of the substitutions being transitions and 7.2% 

being transversions.  The distribution of polymorphic sites is shown in the bottom portion 

of Figure 3. 

Test of Neutrality 

  The neutrality tests (Tajima, 1989) conducted on Tamura and Nei (1993) 

distances for haplotypes within populations are summarized in Table 4.  These results 

reject the null hypothesis of selective neutrality for all populations except SD. In other 

words, haplotypes frequencies and distributions are likely influenced by selection, 

recombination, non-random mating within populations, or dramatic population 

fluctuations (Tajima 1989). Only values for CI and OR are negative (Table 4) and 

suggest population bottlenecks. The remainder of the values suggest population 

expansions (Tajima 1989). A mismatch distribution test of the model of sudden 

population expansion (Rogers, A., 1995, Harpending, R. C., 1994, Schneider, S., and L. 

Schneider et al. 1999, Excoffier, L., 2004) is not supported (data not shown). Fu’s test of 
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selective neutrality (1996) is likewise rejected in every population.  Thus, it is not clear if 

population differentiation, if any, is the product of geographically variable selection, or 

demographic processes. An independent test of patterns of population structure (e.g.: 

microsatellites) will be required to evaluate the mechanism behind population structure. 

Genetic diversity 

 A total of 32 haplotypes were identified (Table 3) of which 19 (59%) were unique 

(occurred in a single individual).  The remaining 13 (41%) haplotypes were found in 

more than one individual (shared haplotypes).  None of the shared haplotypes were 

restricted to only a single regional population.  The five most common haplotypes were 

found in 55 (23%), 51 (21%), 37 (15%), 25 (10%) and 19 (8%) individuals respectively, 

or in 77% of all individuals.  These 5 haplotypes account for between 69% (WA) to 93% 

(SD) of the individuals in each of the eight regional populations (Table 3).   

 

Table 3.  Cabezon control region haplotype distribution among the eight regional populations 
based on 244 sequences.  Unique haplotypes are defined as those that occurred in only one 
individual out of all individuals sequenced.  

Haplotype WA OR FB HMB MB SB CI SD Totals 
04 11 9 4 7 4 6 8 6 55 
02 5 13 11 2 6 5 9 - 51 
05 6 3 6 5 5 - 8 4 37 
03 1 1 4 2 7 3 5 2 25 
08 2 3 3 1 3 3 3 1 19 
10 4 1 - 1 1 1 2 - 10 
09 1 2 - 1 1 - 3 - 8 
06 2 1 1 - - 1 1 - 6 
18 2 - - 1 1 - - - 4 
17 1 1 - - - 1 - - 3 
27 - - 2 1 - - - - 3 
12 - 1 - - - - 1 - 2 
29 - - 1 - - - 1 - 2 

Unique 1 2 4 - 7 - 4 1 19 
Totals 36 37 36 21 35 20 45 14 244 
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The estimated haplotype diversity (h = the probability that two randomly selected 

haplotypes are different) over the entire sample was 0.857.  The mean haplotype diversity 

across populations ranged from 0.758 (SD) to 0.908 (MB) (Table 4).  This level of 

diversity is quite high and similar to the pattern seen in rockfish (Sebastes sp).  The 

nucleotide diversity estimate (π = the probability that two nucleotides at a randomly 

selected nucleotide position are different) for the entire sample was 0.0063837.  This is 

quite low.  Together these results mean that there are a very large number of very closely 

related haplotypes in cabezon. None of the populations had a significantly different 

nucleotide diversity (Table 4). The mean nucleotide diversity within individual 

population ranged from 0.00572 in SD and 0.00573 FB to 0.00716 in WA.  

Table 4.  Genetic diversity as measured in the eight regional cabezon populations and the results 
of Tajima’s (1989) neutrality test. Analyses based on Tamura and Nei’s (1992) genetic distance. 
Indels are ignored for nucleotide diversity and mean number of pairwise differences calculations. 
Values in parentheses are standard deviations and include both sampling and stochastic variance. 

Population n 
Number of 
haplotypes 

Haplotype 
diversity 
(h) 

Nucleotide 
diversity (π) 

Mean # of 
pairwise 
differences 

Number of  
segregating 
sites (S) 

Tajima’s D 
statistic 

WA 36 11 0.859±0.037 
0.00716 

(0.00429) 

2.8302 

(1.6980) 
11 

0.96998 

(P=0.01700) 

OR 37 12 0.818±0.046 
0.00708 

(0.00425) 

2.7980 

(1.6807) 
15 

-0.20862 

(P=0.00200) 

FB 36 12 0.863±0.038 
0.00573 

(0.00358) 

2.26662 

(1.4171) 
12 

0.42605 

(P=0.00600) 

HMB 21 9 0.843±0.057 
0.00608 

(0.00384) 

2.40259 

(1.51695) 
8 

0.70946 

(P=0.02100) 

MB 35 15 0.908±0.026 
0.00640 

(0.00392) 

2.52905 

(1.54956) 
11 

1.06715 

(P=0.01200) 

SB 20 7 0.837±0.048 
0.00642 

(0.00402) 

2.53809 

(1.59016) 
8 

0.88681 

(P=0.02400) 

CI 45 14 0.890±0.023 
0.00648 

(0.00393) 

2.56013 

(1.55470) 
14 

-0.13825 

(P=0.00300) 

SD 14 5 0.758±0.084 
0.00572 

(0.00375) 

2.25509 

(1.47984) 
5 

1.45009 

(P=0.05600) 
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There is no obvious geographic trend in the estimates of haplotype or nucleotide 

diversities, nor is there a downward bias in haplotype diversity estimates for smaller 

sample sizes (e.g.: HMB, SB, SD): values for haplotype diversity and nucleotide diversity 

overlap extensively.  There may be an overall trend towards more genetic diversity in the 

north and less in the south, though pairs of geographic neighbors do not necessarily 

reflect this “trend.” 

Population genetic structure 

 The Bayesian estimation of the minimum number of populations (k) using 

uniform priors gave very consistent results across runs and replicates.  As the size k was 

allowed to increase, a larger k always had a better lnML than a smaller k.  This pattern 

was consistent up to a k = 7.  When the value of k was allowed to be greater than 7 (as it 

ranged to 8, 9 and 10), the best lnML was always for k = 7.  Specifically, runs that were 

allowed to estimate k ≥ 7 all converged at k=7 with a lnML = -498.  All runs that were 

constrained at a value of k < 7 returned a lnML that was significantly worse than lnML = 

-498.  For example, even with k set at 6, the ln Log = -507 (or 9 times worse than for k = 

7). The results from Fisher’s exact test (based on observed haplotype frequencies and 

conducted in ARLEQUIN) indicate that all pairwise population comparisons are 

significantly different. 

 Thus, there is excellent evidence, that there are at least 7 separate genetic 

populations in our sample of 8 regional populations.  In addition, it is possible that the 8th 

regional population was not recognized as distinct because of the large sampling variance 

associated with small sample sizes (i.e.: SD).   
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 Pairwise FST values between all regional populations, using only haplotype 

frequencies, are shown in table 5 (below the diagonal).  Significance values were 

estimated using 100 permutations (randomizing individuals across populations). The 

table-wide, and the less conservative sequential Bonferoni corrected alphas, both 

indicated that all of the pairwise comparisons are significant. Pairwise FST values 

between all regional populations, using Tamura and Nei’s distances and haplotype 

frequencies, are likewise shown in table 5 (above the diagonal). The table-wide, and 

sequential Bonferoni corrections, both indicated that only two of the pairwise 

comparisons are significant (FB-WA and FB-CI). Many of these values are negative.  

This indicates that on average the allele within populations coales further back in time 

than alleles between populations (above diagonal), but that populations differ 

significantly in allele frequencies  (below diagonal). 

 

Table 5.  Pairwise differences among the eight regional populations of cabezon.  FST values 
below the diagonal are based only on frequency differences. FST values above the diagonal are 
based on Tamura and Nei’s genetic distance and frequency differences. Both the table-wide 
Bonferoni corrected significance of α = 0.0018 and the sequential Bonferoni correction (Rice 
1989) yield the same results as significant (these are denoted by an asterisk (*)).  Populations are 
listed in north (WA) to south (SD) order. A negative FST indicates that there is more divergence 
within a population than between populations.  This result is only seen under the Tamura and Nei 
distance. 
 WA OR FB HMB MB SB CI SD 
WA       - 0.0236 0.1119* -0.0292 0.0449 -0.0238 -0.0246  0.0286 
OR 0.1615*       - 0.0279  0.0162 0.0359 -0.0201  0.0477 -0.0031 
FB 0.1388* 0.1591*       -  0.0885 0.0240  0.0802   0.1309*  0.0090 
HMB 0.1487* 0.1702* 0.1462*       - 0.0108 -0.0243 -0.0494  0.0019   
MB 0.1169* 0.1372* 0.1145* 0.1232*       -  0.0424  0.0322 -0.0061 
SB 0.1515* 0.1730* 0.1489* 0.1601* 0.1258*       - -0.0033  0.0028 
CI 0.1854* 0.2077* 0.1828* 0.1968* 0.1590* 0.2002*       -  0.0272 
SD 0.1253* 0.1452* 0.1230* 0.1319* 0.1014* 0.1345* 0.1672*       - 
 

 
 Tests of putative geographic barriers 
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The presence of specific barriers to gene flow was tested using AMOVA.  

Groupings were made of subsets of populations on either side of the putative barrier.  A 

test of the Santa Barbara channel using Tajima and Nei’s distance yielded an AMOVA 

that was not significant.  Neither were any of the FST values from this analysis.  A test of 

this same barrier using only haplotype frequencies yielded an AMOVA that was not 

significant, though the pairwise FST values were all significant (with Bonferoni 

correction, MB-SB FST = 0.12586  , MB-CI FST = 0.10143 and SB-CI FST = 0.13457).  

This indicates that the two grouping (CI and SB/MB) is not statistically valid (AMOVA 

is not significant), and that weighted frequency differences between populations are not 

significant, but that haplotype frequencies alone are significantly different across the 

three populations.  This result is consistent with a k =7, or no subgroupings. 

 The other two putative barriers were tested in a similar manner.  Regardless of the 

putative barrier, the results were consistent.  None of the AMOVA analyses were 

significant.  Yet, in every case, the pairwise Fst based only on allele frequencies were 

significant for all the populations included, while the pairwise Fst based on Tamura and 

Nei’s distance and haplotype frequencies were generally not significant (if they were it 

never included all the populations on one side of a putative barrier).   

Two conclusions can be drawn from these results. 1) There is no evidence for any 

of the putative barriers, above and beyond the difference expected between any two 

randomly selected populations.  Individual populations are different from one another, 

but no groupings can be identified.  2) The difference between populations is due to 

haplotype frequencies.  The level of nucleotide divergence is equivalent within and 
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between populations.  Thus including this parameter makes the difference in haplotype 

frequency alone more difficult to detect.  

 
 Phylogeography 

 Minimum spanning networks (Figure 5) show the presence and absence of 

haplotypes within regional population.  The networks also show the relative frequency of 

the haplotypes in the entire sample (N=244). The networks are arranged from North to 

South in Figure 5 and do not support the existence of any phylogenetic groups associated 

with any of the three aforementioned potential barriers.   

 

Figure 5.  Minimum spanning networks for all eight sample regions.  Each circle represents one 
of the 32 haplotypes and shaded circles denote haplotypes that were present for a given sample 
site.  The sizes of the circles approximate the relative number of each haplotype in the entire 
sample (i.e. increasing circle size is indicative of haplotypes that were more common and the 
smallest circles represent unique haplotypes). 
 
 WA (n=36) OR (n=37) FB (n=36) HMB (n=21) 

     
 MB (n=35) SB (n=20) CI (n=45) SD (n=14) 
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 Figure 5 does show that the otherwise common haplotype-5 is missing from SB, 

and the otherwise common haplotype-2 is missing from SD.  The probability that 

haplotype-5 is missing from SB by chance alone is p=0.039.  The probability that 

haplotype-2 is missing from SD by chance alone is p=0.036.  Thus, we would not expect 

either of these results, if the null hypothesis of panmixia true, even given the limited 

sample sizes for SB and SD.  

The Neighbor Joining topology (Figure 6) reveals a preponderance of haplotype 

sharing among populations.  Most of the haplotypes are separated by short internal 

branches and are closely related.  None of the clades is geographically restricted. 

Gene flow among populations 

Slatkin’s (1995) linearized FST values are shown below the diagonal in Table 6, 

and the average number of migration events between populations per generation (Nm) are 

shown above the diagonal.  The lowest (Nm) values appear to be found in the 

comparisons of FB with other populations. All of the Nm values are greater than the 

theoretical critical value of Nm = 1 and indicate that gene flow is extensive. 

 
Table 6.  Slatkin’s linearized FST values for population differentiation (below diagonal) and 
estimates of gene flow (Nm) as calculated from pairwise Fst (above diagonal).  These values are 
related to each other through the expression Nm = (1 / Fst – 1) / 2. 

 WA OR FB HMB MB SB CI SD 
WA - 19.88 3.86 ∞ 10.50 ∞ 16.74 ∞ 
OR 0.0252 - 16.71 28.83 13.20 ∞ ∞ 9.61 
FB 0.1300 0.0299 - 5.02 20.22 5.61 52.40 3.20 
HMB 0.0000 0.0173 0.0997 - 45.50 ∞ 235.05 ∞ 
MB 0.0476 0.0379 0.0247 0.0110 - 11.12 ∞ 14.39 
SB 0.0000 0.0000 0.0892 0.0000 0.0450 - 170.88 ∞ 
CI 0.0299 0.0000 0.0095 0.0021 0.0000 0.0029 - 17.32 
SD 0.0000 0.0520 0.1562 0.0000 0.0348 0.0000 0.0289 - 
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Figure 6.  Neighbor joining tree constructed in PAUP using Tamura and Nei (1993) distances.  
The tree shows relationships among mtDNA control region sequences for all 244 individuals.  
Vertical, non branching, segments of the phylogeny unite haplotypes that are identical.  Mutations 
between haplotypes (scaled) are indicated by horizontal branches. 
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Isolation by distance 

 A regression of linearized FST values and the geographic distance between 

regional populations (Figure 7) tests the null hypothesis of no correlation (i.e.: no 

isolation by distance).  The positive slope is not significant (R2 = 8.1% and p = 0.424, 

indicating the slope is not significantly different from zero). Thus there does not appear 

to be a significant linear correlation between the amount of gene flow and the geographic 

distance between populations.   Because of the large number of zero FST values for small-

sample-size populations (HMB, SB, and SD, Table 3), data from these populations were 

not used to calculate the regression but are shown as empty circles for reference.  

 

Figure 7. Plot of linearized FST values vs. geographic distance (solid circles) shows a non 
significant  increase in FST values as the linear distance between sites increases. HMB, SB, and 
SD (shown as empty circles for reference) are not included due to the large number of zero FST 
values for these populations.  The four outliers at the top of the plot (FST > 0.08) are the FB-
HMB, FB-SB, FB-WA and FB-SD comparisons, respectively, as read from left to right.  An 
analysis of linearized FST values based solely on haplotype frequencies is likewise not significant. 
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Microsatellites 

Reaction conditions have all been optimized so that digestion, linker ligation, 

enrichment and transformation all have very high efficiency.  In total 423 cloned 

fragments were amplified, and screened.  Of these 126 were sequenced. Of the 126 

amplicons sequenced, approximately 24 were found to contain recognizable 

microsatellite regions.  Of these 24 fragments, eight have been found to date to have 

appropriate quality and size to justify primer design for targeted microsatellite loci (Table 

7). Several of the remaining 16 fragments (24-8=16) still have potential for development 

and are awaiting re-sequencing.  In addition, DNA fragments recovered by magnetic 

concentration still remain that have not yet been cloned and sequenced.   

Table 7. Primers developed for Microsatellite loci in cabezon. Sequences denoted with a "*" have 
been selected for tagging with the M13 (-21) universal primer sequence on the 5' end. This will 
be used as an aide in tagging of fragments for analysis.  Population surveys are currently being 
conducted with these primers. 
 

locus primer sequences repeat sequence expected fragment size 
cab1 CAGCACACTGCCTGTCACTT  
  AGCATTGCAAATTCACCCTAAT * 

(GT)25 153bp 

cab2 AACAGTTGGGCGTGACAAAG  
  TCGTCAACAAAGATGCCACT * 

(GT)14 121bp 

cab3 GATGTCACGATGCAAGACTGA * 
  TGAAACCTGTCTGTGGCTGA 

(AG)32(GT)9 270bp 

cab4 CTACATTTCGTCGCTCCACA * 
  CAAACTGAATTCTGAGCGGG 

(GT)12 148bp 

cab5 GGAATCTCCTGTGGTTCAGC * 
  CACACCAACTTCATGCCATC 

(GT)19 88bp 

cab7 TCTGAACCTGCAAAGAGCCT * 
  CTGCGAACACAAACGTCAAC 

(GT)52 247bp 

cab8 GTGATGCATAAATGTCTCTTCCAT 
  CATGTGGGCTTATTGGACAG * 

(CT)27(AC)5 136bp 

cab9 CAAAATCCAACCTTGTGTCG * 
  GTAGCTTTCCTCAGCATACACG 

(CA)31 127bp 
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Locus discovery has only been through one complete cycle and at least one more 

cycle is planned.  The initial cycle has yielded 8 loci to date.  Our current target is at least 

10-12 microsatellite locus primer pairs.  The eight primer pairs designed to date have 

been optimized for PCR reactions but have yet to be used in screening a population 

sample.  This screen must be accomplished  in order to determine if the loci are classical 

(polymorphic) microsatellite loci and thus useful for cabezon population genetic surveys.   

 

DISCUSSION  

There is a significant difference in mtDNA haplotype frequencies across regional 

populations of cabezon sampled from Puget Sound to San Diego.  Yet, these regional 

samples do not fit into any recognizable sub-groupings.  As a result, there is no support 

for any of the a priori geographic barriers or for isolation by distance.  There is only 

support for the idea that all populations of cabezon are differentiated from all other 

populations of cabezon. 

If instead of simply considering haplotype frequencies we also consider the 

divergence between haplotypes, we find quite a different pattern.  Under this mode of 

analysis we only find a significant difference between FB - WA and FB - CI.  Yet even 

here, there is no evidence for any subgroups.  How is this possible?  Are these results 

consistent with each other?  Excoffier et al. (1992) show that incorporating an estimate of 

difference between haplotypes will increase population structure if  haplotypes within 

populations differ in frequency and in age (mean time to common ancestor or coalescent 

time), but will decrease the structure if there is no difference in average age. Our results 

seem entirely consistent with the expectation derived from Excoffier et al. (1992) since 
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we observe low nucleotide diversity within populations and non-significant differences 

between popuations. Since most common haplotypes are closely related (found near the 

center of the network), a shift in haplotype frequencies across populations does not result 

in a shift towards a significantly different portion of the haplotype network.  So, on 

average, frequencies can shift with little effect on the average number of mutations 

separating populations.  This means that most of the diversity in cabezon has a relatively 

recent origin.   

 We observe shallow clades of genetically similar haplotypes that are extensively 

shared regionally.  Similar results have been observed in rockfish (Rocha-Olivares et al. 

1999) and the authors conclude their data set is composed of a large number of 

haplotypes that are differentiated by relatively few mutations (low mean number of 

pairwise differences).  In such situations nucleotide differences between haplotypes are 

small and contribute little to overall differentiation between populations, especially when 

there are significant frequency differences between large numbers of haplotype. 

This “recent origin” interpretation for MtDNA diversity would suggest that 

cabezon populations either have high gene flow and a low effective population size (no 

long branches), are subject to range-wide selective sweeps, or reflect a non-equilibrium 

system that has recently been through a demographic expansion.  A multilocus 

perspective on cabezon genetic diversity will be needed to discern among these 

alternative hypothesis. 

It may be a bit un-intuitive that the AMOVA analyses are not significant.  

Especially if there are significant frequency differences between all pairs of populations.  

This could be possible if very little of the variance is partitioned between subsets of the 
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populations relative to the variance due simply to individual populations.  Indeed, that is 

the pattern we see.  The AMOVA analysis for Point Conception as a putative barrier 

provides the following insight.  For the analysis using Tamura and Nei’s distance -1.22% 

of the variance is attributed to the difference between groups North and South of the 

Point, while 2.56% of the total (100%) variance is attributed to differences between 

individual populations within groups.  This does not support groupings of subsets of 

populations, but, instead supports recognizing each population of cabezon as genetically 

differentiated from all others in our sample.   

 Sample size and significance 

 In any sample, the actual frequency of common haplotypes should be estimated 

with less error than the actual frequency of rare haplotypes.  Thus, common haplotypes 

would be expected to show evidence of significant difference in smaller samples, while 

less common haplotypes would need to be evaluated with larger samples in order to 

demonstrate statistical differences.  This is the fundamental concept behind “statistical 

power” (Sokal and Rohlf 1995).   

 For example haplotype 10, which is rare, is missing from the FB sample (Table 

3).  Based on the sample size of the FB population (n=36), the total sample size (n=244), 

and the observed count of haplotype 10 in the entire sample, we can estimate the 

expected frequency of haplotype 10 as 10/244 or 0.041, and the probability of not finding 

this haplotype when n=36 as p= 0.221.  In other words, there is a 22.1% chance that one 

would not find this rare haplotype in the FB sample of 36 individuals. Increasing the 

sample size for the FB population to 50 or 100 individuals would decrease the probability 
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of not finding the haplotypes (if it actually existed in the sample at the expected 

frequency) to 3.7% and 0.10% respectively.  

 Likewise, we can demonstrate that common haplotypes do demonstrate 

significant differences between populations even when the sample for a population is 

small.  For example, we failed to find haplotype 2 in SD.  Is it possible this result is 

spurious and due to the small sample size (N=14 individuals, see Table 3 and Figure 5)?  

Based on the sample size of the SD population (n=14) and the total sample set (n=244), 

we can estimate the probability of not finding haplotypes 2 by chance alone.  The missing 

haplotype was represented by 51 individuals so its frequency is equal to 51/244 or 0.21, 

assuming no population genetic structure among any of the populations (the null 

hypothesis). Thus, the probablilty of not finding this haplotype when n=1 is equal to 1 - 

0.21 or 0.79.  The probablility of not finding this haplotype in our sample of  n=14 is 

equal to 0.7914 or 0.037.  In other words, there is a 3.7 % chance (< 0.05) that one would 

not find this haplotype in the SD sample of 14 individuals.  One could still argue that 

more samples would be needed to have a higher level of confidence, say a 1% chance, 

that this haplotype does not exist in SD.  Yet, even if haplotype-2 were detected in a 

larger sample its frequency would clearly be quite low.  

Since sample sizes must be large in order to detect small differences in haplotype 

frequency across multiple haplotypes, and there are multiple low frequency haplotypes in 

our sample, we can be certain that the differences we have detected are only among the 

higher frequency haplotypes. 

Importance of the Bayesian Analysis of Population Structure 
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Sampling a finite number of individuals results in sampling error.  A different 

sample might result in slightly different observed haplotype frequencies.  Thus, observed 

haplotype frequencies are never as good as estimated haplotype frequency.  Estimated 

haplotype frequency methods consider sampling error when evaluating frequency 

differences between populations.   Sampling a finite number of loci results in stochastic 

error.  A different set of loci might recover a slightly different evolutionary history 

between alleles and between populations.  The Bayesian method employed here considers 

both sampling and stochastic variance.  It also does not require that the population be in 

Hardy-Weinberg equilibrium.  Therefore, the BAPS are more likely to be correct than are 

the AMOVA, or FST analysis.  The latter both assume Hardy-Weinberg equilibrium.  This 

assumption is rejected by the test for neutrality.  The AMOVA and FST analyses would 

not be included here if they were not the standard or classical methods used in population 

genetics.   

The BAPS analysis indicates that there are significant differences between the 

sample populations of cabezon, but that there are no sub-groupings.  This is the same as 

the lack of significance for the AMOVA analysis (no sub-groupings) along with the 

significance of all pairwise FST. Both types of analysis can be used to argue that all 

populations of cabezon that were sampled are genetically distinct from one another and 

cannot be grouped. 

Microsatellite analysis 

Our inferences based on MtDNA diversity will be independently tested with 

microsatellite loci once those data become available.  The microsatellite survey is 

currently under way.
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