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ABSTRACT 
The genetic structure of natural populations of 

marine organisms is frequently inferred from the distri- 
bution of alleles at gene loci. Until recently, most in- 
vestigations relied entirely on protein electrophoretic 
techniques, with particular emphasis on polymorphic 
enzyme-coding gene loci (allozyme loci). Over the past 
few years, increasing use has been made of molecular 
techniques, including methods that allow the construc- 
tion of gene genealogies. These later methods provide 
powerful insight into the evolutionary history of genetic 
variation and, under some conditions, provide valuable 
information concerning population structure. This paper 
compares results of both allozyme and DNA sequence 
studies for a set of populations of the intertidal cope- 
pod Tt@iopus cul$ofovnicus along the California coast. The 
comparisons show that: (1) Allozynie frequencies dis- 
tinguish almost all the study populations, whereas 
genealogies of the sampled DNA sequences do not. 
(2) Both nuclear and mitochondrial DNA sequences re- 
veal strong population differentiation between central 
and southern California populations that is not appar- 
ent in the allozyme frequencies. (3) Allozymes and DNA 
sequences are not entirely concordant in the picture they 
present of population relationships. (4) The most com- 
plete analyses of population structure will require mul- 
tiple genetic techniques. 

RESUMEN 
La estructura genktica de poblaciones naturales de or- 

ganismos se infiere a menudo a partir de la distribuci6n 
de alelos en loci de genes. Hasta hace algunos aiios la 
mayoria de 10s estudios se basaban en tkcnicas de elec- 
troforksis de proteinas, con knfasis en loci de genes 
polimorfos que codifican enzinias (loci alocimos). En 
aiios recientes se ha incrementado el us0 de ttcnicas mo- 
leculares, incluyendo el us0 de mktodos que permiten 
construir genealogias genkticas. Estos mktodos ofrecen 
una perspectiva profunda de la historia evolutiva de la 
variacibn genktica; en ciertas circunstancias, estos mkto- 
dos proveen informacibn importante de la estructura de 
la poblaci6n. Este articulo compara 10s resultados 
obtenidos de alocimos y secuencias de ADN de un con- 
junto de poblaciones del coptpodo intermareal T&riopus 
culgofovnicus a lo largo de la costa de California. Las com- 

paraciones produjeron varios resultados: (1) L a  fiecuencias 
de alocimos distinguieron a casi todas las poblaciones es- 
tudiadas, mientras que las genealogias de las secuen- 
cias de ADN no las demarcb. (2) Tanto las secuencias 
del ADN de las mitocondrias como las de 10s nticleos 
revelaron una marcada diferenciacibn poblacional entre 
California Sur y Central, mas este resultado no se repi- 
ti6 con las frecuencias de alocimos. (3) Los resultados de 
las secuencias de ADN y 10s alocimos no concuerdan en 
su totalidad en el esquema de las relaciones poblacionales. 
(4) Los anilisis mas completos de la estructura de la 
poblacibn requeririn mtiltiples tkcnicas gentticas. 

INTRODUCTION 
Attempts to understand the genetic structure of marine 

invertebrate populations have long been hampered by 
our inability to directly track the dispersal of larval life 
stages that frequently spend substantial lengths of time 
in the plankton. Although current patterns and other 
physical factors may restrict or promote particular routes 
of dispersal, the oceans often appear to be barrier-free, 
and long-distance dispersal is clearly possible (e.g., 
Scheltema 1986). Despite this extensive potential for 
gene flow, population differentiation among marine in- 
vertebrates has now been widely documented through 
the use of biochemical and molecular genetic techniques 
(Burton 1983; Hedgecock 19%; Palumbi 1992). In par- 
ticular, analyses of electrophoretically detected enzyme 
polymorphisnis have made major contributions to our 
understanding of gene flow and recruitment in a diver- 
sity of marine species over the past two decades. 

Several long-recognized problems arise from the use 
of allelic isozymes (allozymes) for the analysis of popu- 
lation structure. First, although protein electrophoresis 
allows the screening of many individuals, populations, 
and gene loci for analysis of population structure, its res- 
olution is limited in that it detects only a subset of exist- 
ing variants at a gene locus. Thus any putative allele may 
consist of multiple alleles that are indistinguishable, and 
differences between populations may frequently be un- 
derestimated. Second, as genetically different forms of 
the same enzyme, allozymes may differ in functional 
properties. Therefore, frequencies of alleles not only re- 
flect patterns of gene flow and random genetic drift, but 
they may also result from the action of natural selection. 
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Finally, the evolutionary relationships among alleles are 
not necessarily reflected by similarity in their elec- 
trophoretic mobility; thus it is not possible to determine 
which alleles are derived by mutation from other alleles 
in the same population and which, if any, were intro- 
duced by immigrants from distant populations. 

Recently, a variety of molecular techniques that as- 
sess variation in DNA sequence have supplemented or 
replaced allozynie techniques in the analysis of popula- 
tion structure (e.g., Avise 1992; Karl and Avise 1992). 
Of particular interest in the analysis of intraspecific pop- 
ulation differentiation is the analysis of mitochondrial 
DNA (mtDNA). Unlike nuclear DNA, mtDNA is typ- 
ically maternally inherited and not subject to reconibi- 
nation. Divergence between maternal lineages continues 
to increase through evolutionary time, and descendants 
can be assigned to lineages in nonreticulate gene gene- 
alogies (Avise 1991). In the case of nuclear genes, geneal- 
ogies may be complicated by recombination between 
lineages, obscuring the true degree of evolutionary diver- 
gence among the sampled genes. 

In addition to focusing on either nuclear or mitochon- 
drial genomes, researchers can take two qualitatively dif- 
ferent approaches to the use of molecular techniques for 
population analyses. One approach is to use restriction 
fragment length polymorphisms (RFLPs) or sequencing 
in order to find single polymorphic nucleotide sites, 
which are then studied in much the same way poly- 
morphic enzymes are studied (i.e., frequencies of dif- 
ferent alleles are determined in each study population). 
Although providing a wealth of markers for study, the 
data themselves are not qualitatively different from allo- 
zyines in that the frequencies of alleles can be estimated, 
but the allelic genealogies remain unknown. If restricted 
to nuclear markers, this approach presents nothing con- 
ceptually new to the study of population structure, and 
one can safely assume that the wealth of molecular niark- 
ers will supplement (or replace) allozyme data in a 
straightforward manner. 

The second approach focuses on obtaining sequences 
of specific fragments of DNA from relatively small nuni- 
bers of individuals from each study population. In cases 
where a sufficient number of phylogenetically informa- 
tive nucleotide sites are included in the study, sequence 
data can be used to infer the phylogenetic relationships 
among the sequenced alleles, or gene genealogy. In some 
cases, such information can give insight into population 
structure not available from allozyme frequencies. For 
example, the genealogical approach may reveal the an- 
cestral lineage of an allele which may, in turn, suggest 
its geographic origin. The primary problem with DNA 
sequence data is cost-both in manpower and supplies. 
As a result, studies typically examine far fewer individ- 
uals, populations, and independent gene loci than do 

allozyme analyses. However, as discussed below, much 
of the power of sequence data derive from their high 
phylogenetic information content; depending on the 
types of questions to be addressed, DNA sequencing can 
be cost-effective. 

Given the substantial differences in the nature of the 
data obtained from different genetic analyses, it is of great 
interest to carefully compare the different approaches 
within given study systems. In at least two marine sys- 
tems, surprising results have come from comparing 
allozyme data with mtDNA and nuclear DNA data. 
In the American oyster, Cvusrortveu virginica, allozyme 
frequencies were found to be relatively uniform across 
broad geographic ranges (Buroker 1983). This result 
was interpreted as evidence of high levels of gene flow 
among populations until subsequent mtDNA data 
(Reeb and Avise 1990) and nuclear DNA data (RFLPs 
in anonymous single copy nuclear DNA; Karl and 
Avise 1992) revealed a region of sharp genetic differen- 
tiation where little allozyme differentiation had previ- 
ously been apparent. Because of the concordance of the 
mtDNA and nucDNA genetic markers, it was concluded 
that gene flow was restricted across the phylogeographic 
break and that the similarity in allozyme frequencies 
across the break reflected the action of stabilizing nat- 
ural selection favoring multilocus heterozygotes (Karl 
and Avise 1992). 

The second study system is the focus of the current 
discussion. For the past fifteen years, my lab has focused 
attention on the population genetics of the supralittoral 
copepod, Ticqviopus culifirnicus. (Burton and Feldman 
1981; Burton 1986). We have recently extended our 
work on the genetic structure of natural populations of 
this species from allozyme analyses to studies of DNA 
sequence variation at a mitochondrial gene (cytochrome 
oxidase I = COI) and a nuclear gene (histone H1) 
(Burton and Lee 1994). In the following paragraphs, I 
will review some aspects of each of our genetic data sets 
for California coast T culfofornicur populations. I will then 
attempt to draw some conclusions about the inferences 
of population structure that can be drawn from each type 
of genetic data either by itself or in conjunction with 
other data. 

MATERIALS AND METHODS 
Tigriopus calfovnicus were collected from high inter- 

tidal rock pools at each of ten geographic sites along the 
central and southern California coast, including one site 
on the north side of Santa Cruz Island (figure 1). 
Population samples (typically 200-5,000 adults) were 
maintained in the laboratory as breeding populations in 
400 ml beakers. Within two weeks of collection and be- 
fore any mortality was observed among the field-col- 
lected animals, allozyme frequencies were determined 
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Figure 1. Map of T. californicus collecting sites along the central and south- 
ern California coast. PES = Pescadero Beach, SCN = Santa Cruz, CAR = 
Carmel, MO = Morro Bay, SCI = Santa Cruz Island, FR = Flatrock Point, AB 
= Abalone Cove, LB = Laguna Beach, LJ = La Jolla, SD = San Diego. 

for seven gene loci by polyacrylamide gel electrophore- 
sis, following Burton and Feldman (1981) and using stain 
recipes from Harris and Hoplunson (1 976) and Bulnheim 
and Scholl (1981). A minimum of 35 individuals were 
scored per population for each gene locus. 

Sequencing of both nuclear and mitochondrial genes 
was carried out on DNA extracted from 10-15 individ- 
uals from each of a number of isofemale lines established 
from the field-collected animals. This procedure was 
adopted after initial attempts to amplify COI alleles from 
DNA extracted from single adult T calfofovnicus proved 
inconsistent. Because mitochondrial DNA is typically 
maternally inherited in animals, each isofemale line 
was expected to have only a single mtDNA haplotype. 
Although each line could contain as many as four alleles 
(two maternal and two paternal) for any nuclear gene, 
observed ambiguity in H1 sequences potentially due to 
multiple haplotypes segregating within isofemale lines 
was low, ranging from zero (13 lines) to five (2 lines) nu- 
cleotide positions per reported sequence. Since only three 
instances of ambiguity were observed at informative sites 
in the entire H I  data set (total 24 sequences with 51 in- 
formative sites), the impact of within-line polymorphism 
can, for the purposes of this study, be ignored. 

With the exception of the Santa Cruz Island samples, 
the data discussed below have been previously published 
(see Burton and Lee 1994), so detailed protocols will 
not be presented here. In brief, we have used a variety 
of methods for DNA extraction and direct sequencing 
of DNA fragments amplified by the polymerase chain 
reaction. Our initial efforts focused on the COI gene 
and used total genomic DNA samples extracted by means 
of proteinase K digestion and phenol-chloroform ex- 
tractions. Primer sequences for gene amplification and 

direct sequencing of the COI gene were as follows (po- 
sition in the Drosophila yaktrba mtDNA sequence [Clary 
and Wolstenholme 19851 are noted): primer COIK : (5'- 

primer COIJ : (5'-CAATACCTGTGAGTCCTCCTA- 
37,  2536-2516; primer COIL : (5'-TGAGAGAT- 
TATTCCAAATCC-3'), 2234-2213; primer COID: 

Primers K and J were designed by R. Van Syoc, CaMornia 
Academy of Sciences. Biotinylated COIK was paired 
with either COID or COIJ for gene amplification by 
the polymerase chain reaction (PCR) using Perkin- 
Elmer's GeneAmp PCR Reagent Kit and the following 
thermocycle profile: 94"C, 1 min; 50"C, 1 min; 72"C, 
2 min, for 35 cycles followed by 5 min at 72°C. PCR 
products were run on a 2% agarose gel and extracted 
from the agarose using Geneclean (Bio 101 Inc.). Solid- 
state sequencing (Ausubel et al. 1992) of the biotiny- 
lated strand with primers COIL and COID used 
Sequenase protocols (US Biochemical) following cap- 
ture of the biotinylated strand on streptavidin-coated 
magnetic beads (Dynal, Inc.). 

A previously published sequence of a histone H1 gene 
from 7: calfornicus (Brown et al. 1992) was used to de- 
sign primers for PCR amplification and sequencing of 
a fragment including the 5' end of the H1 coding re- 
gion. Primers used were H1.5 (5'-ATATGTGTC- 
GAATCGAGGGC-3', position 137-156 in the published 
sequence) and H1.3 (5'-TCTCGACCAAGGACTTG- 
3', position 710-694). DNA samples used for H1 PCR 
were prepared by boiling 15 animals from a single iso- 
female line in 200 yl of 10% chelating resin (Sigma 
Chemical) for 8 minutes; after boiling, samples were vor- 
texed for 10 sec and centrifuged (13,000 X g) for 2 min- 
utes at 4°C (Walsh et al. 1991). Ten pl of the supernatant 
were used as template in the PCR reaction, which used 
the same thermocycle profile as COI PCR. We used 
Promega's Magic PCR Preps to purify PCR products, 
and carried out direct sequencing with thefmole Cycle 
Sequencing Kit (Promega) and manufacturer's protocols 
with 32P-end-labeled primers. When possible, we ana- 
lyzed the same isofemale lines for both COI and H1 
sequence. Unfortunately, much of the COI sequencing 
had been completed and a number of the isofemale lines 
lost before the H1 sequencing project was initiated. We 
are currently trying to obtain COI sequences from the 
Santa Cruz Island site. As a result, both COI and H1 
DNA sequences were obtained for only eight lines. 

RESULTS 
Allozyme data from ten population samples obtained 

in 1992-93 are presented in table 1. Despite the fact that 
each of the gene loci studied is polymorphic when the 
total data set is considered, within-population hetero- 

GAGCTCCAGATATAGCATTCC-3'), 1730-1750; 

(5'-AAACCAACTGTGAACATGTG-3'), 2357-2338. 
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TABLE 1 
Allelic Frequencies for Six Polymorphic Allozyme Loci in 13 Populations 

of T. californicus along the California Coast 

Population 

PES 
SCN 
CAK 
MO 
SCI-N 
SCI-s 
C 0 
PD 
FK 
AB 
LB 

SD 
LJ 

Pgi 
F* M MS S VS 

0.46 0.54 
1 .00 
1 .oo 
1 .oo 
0.01 0.60 0.33 

1 .oo 
0.58 0.31 0 .11  
1 .oo 
1 .oo 

0.02 0.79 0.19 
0.06 0.94 
0.22 0.78 

0.02 0.95 0.03 

Got2 ME 

VF F S VS VF F S VS 
~ 

1.00 
1 .OO 
1 .00 
1 .oo 
1 .oo 
1 .00 
1 .oo 
1 .00 
1 .oo 
0.99 0.01 

0.40 0.60 
1 .00 

1 .oo 

1 .OO 
1 .00 
1 .00 
1 .oo 
1 .oo 

1 .00 
0.98 0 02 

1 .OO 
1 .00 
1 .00 

Got1 GPt ApkZ Apkl 
F S  F S  Population F S VS ES SS F S VS 

PES 1 .oo 1 .00 1 .oo 1 .oo 
SCN 0.03 0.97 0.25 0.75 1 .oo 1.00 
CAK 0.98 0.02 1 .00 1 .oo 1 .oo 
MO 0.80 0.20 1 .oo 1.00 1.00 
SCI-N 0.58 0.42 0.07 0.93 1 .oo 1 .oo 
SCI-S 1 .oo 1.00 1.00 1.09 
co 1 .OO 1 .00 1 .oo 1 .oo 
Pi3 1 .00 1 .oo 

AB 0.07 0.93 1 .00 1.00 1.00 
LB 0.11 0.85 0.04 1 .oo 1 .OO 1.00 

SD 0.88 0.12 0.94 0.06 1 .oo 1 .oo 
*Allelic designations VF, F, M, MS, S, VS, ES are in order of decreasing anodal mobility. Locus drs~~gugnationt: 
Pgi = phosphoglucose imiiierase, Got = glutamate-oxaloacetate trantaininare, M E  = Nadp-mdic enzyme, 
Gpt = glutamate-pyruvatr tranaminase, Apk = arginine phosphokinase. 

FK 0.04 0.93 0.03 1 .oo 1 .oo 1 .Oi) 

LJ 0.19 0.79 0.02 1 .oo 1 .00 1 .00 

TABLE 2 
Nei’s Genetic Distances (Standard Errors) Based on Seven AUozyme Loci and Calculated 

with the Jacknife Method of Mueller (1979) 

SCN CAR MO SCI 

PES ,043 (.006) ,032 (.005) ,039 (.006) ,580 (.057) 
SCN ,009 (.001) .014 (.002) .593 (.058) 
C A R  .001 ( .OOl) ,621 ( . O W )  
MO ,623 (.OOl) 
SCI 
FR 
AB 
LB 

SD 
LJ 

zygosity is low (H = 0.07 ? 0.02, mean ? SE), and many 
alleles are restricted in their distribution. Calculations of 
Nei’s genetic distance (0) based on these relatively few 
loci are subject to considerable error but are useful as 
relative measures of population differentiation and are 
presented in table 2. Calculated D values range from zero 
(FR-CAR) to 2.62 (SCI-LJ); in the latter comparison 
the two populations share no alleles at four of seven loci. 
Although based on few loci, the observed D values are 

FR AB LB 

,033 (.005) ,178 (.025) .647 (.064) 

,000 (.000) .133 (.022) ,582 (.059) 
.003 (.001) ,114 (.019) ,605 (.061) 
.613 (.059) ,741 (.071) 2.44 (.20) 

,127 (.021) -586 (.059) 

.(IO9 (.002) ,146 (.023) ,626 (.061) 

,819 (.078) 

LI SD 

,680 (.O65) 
,649 (.063) 
.608 (.061) 
,026 (363) 

.610 (.061) 
,820 (.078) 
,214 j.030) 

2.62 (.28) 

.664 (.O65) 
,669 (464) 

.645 (.063) 
2.59 (.20) 
,632 (.Oh2) 

,265 (.033) 
.181 (.029) 

,627 (.062) 

.878 (.081) 

approximately an order of magnitude higher than typi- 
cally encountered among conspecific populations (Thorp 
1983). There is a strilung lack of correspondence between 
the geographic distance between populations and ge- 
netic distance between the same populations (figure 2). 

Twenty-one COI sequences (each was 500 base pairs 
long) were determined from isofemale lines of T culi- 

fovnictrs derived from seven geographic populations (work 
on the Santa Cruz Island population is now being initi- 
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Figure 2. Relationship between geographic distance and Nei's genetic dis- 
tance for all pairwise comparisons of populations in table 1. Although all 
points on the graph are not independent, no relationship between geographic 
distance and genetic distance is apparent from the allozyme data. 

ated). The sequences were used to construct a maximum 
parsimony gene tree (Swofford 1989) that approximates 
the genealogical relationships among the sequences (fig- 
ure 3A). Three results are apparent from the parsimony 
tree: (1) Extensive divergence exists between central and 
southern California COI sequences. Over 18% of all nu- 
cleotide sites were different in comparisons of any of the 

A 
COI (mtDNA) 

PES3 r[ PES19 

CAR29 
CAR18 

CAR22 

$ FR9 

FR 180 

AB23 
AB38 

FRI I3 
SD39 

I SD4 

central (PES, SCN, CAR, MO) sequences to any of the 
southern (AB, FR, SD) sequences. (2) Although little 
variation was observed among isofemale lines derived 
from most of the natural populations, one strongly di- 
vergent haplotype was seen a t  SD; this cautions that 
additional data are needed before strong conclusions con- 
cerning population structure can be made on smaller 
geographic scales. (3)  Bootstrap resampling of the data 
indicate that only the SCN population can be discrim- 
inated from other populations within a given (central or 
southern) region. 

To assess whether or not the phylogeographic break 
observed in the COI data is reflected in the nuclear 
genome, we also sequenced approximately 500 bases of 
a histone H1 gene, including approximately 150 bases 
of the coding sequence and 350 bases of 5' flanking re- 
gion (Burton and Lee 1994). In addition to the popu- 
lations sampled for COI sequences, two sequences from 
Santa Cruz Island (SCI), two from La Jolla (LJ), and one 
from Laguna Beach (LB) have been obtained to date. 
The H1 PCR products showed a size polymorphism, 
with template DNA from all 11 isofemale lines from 
southern California sites (SD, LJ, LB, AB, FR) produc- 
ing larger PCR products than that from the four cen- 
tral sites (MO, CA, SC, PES). PCR products from the 
SCI site were of the smaller size (i.e., consistent with 
being of the "central" type). Subsequent sequencing 

B 
H1 

SCN2 1 
SCN 13 

CAR29 
(nucDNA) CAR22 

-!- PES17 
PES16 
2 PES20 
2 M 0 4  
MO I 

5 SCIS 
iL SCI 8 

PES20 
M 0 4  

LAGIO 

Figure 3. Genetic relationships along T. califomicus isofemale lines. A, Unrooted maximum parsimony tree produced by the heuristic search procedure of PAUP 
3.0r (Swofford 1989) for 21 COI sequences. Sequences are named according to source population, and numbers refer to the specific isofemale line. Branch 
lengths are the absolute number of nucleotide substitutions over the 500 base sequences. Tree shown is one of five equally parsimonious trees, all with similar 
topology. Bold lines indicate branches supported by bootstrap values >95%. 
B, Unrooted maximum parsimony tree produced by the heuristic search procedure of PAUP 3.0r for 24 H i  sequences. Sequences are named as in A. Branch 
lengths are absolute number of nucleotide substitutions over the 425 bases sequenced (after exclusion of gaps). Tree is one of three similar, equally parsimonious 
trees. Bold lines indicate branches supported by bootstrap values >95%. 
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showed that two insertions (48 and 20 bases in length) 
in the 5’ flanking region were found only in the south- 
ern samples. After these insertions/deletions are elimi- 
nated from the data set, an additional 23 of 425 bases 
(5.4%) distinguish between central and southern clades 
(figure 3B). The SCI sequences are differentiated from 
the central California populations, but clearly group with 
the central sequences in the parsimony tree; this topol- 
ogy is supported by 100% of bootstrap resamplings. 

DISCUSSION 

The Study System: Tigriopus californicus 
The harpacticoid copepod 7: calijiornicus is a common 

inhabitant of high intertidal and supralittoral rock pools 
along the Pacific coast of North America, from Alaska 
to Baja California. The supralittoral distribution of 7: 
cul$rnicus appears to result from heavy predation in the 
lower intertidal zone, and it is not commonly encoun- 
tered in pools that harbor either fish or anemones (Dether 
1980). Restricted priniarily to small ephemeral pools, 
T cul$f;,rnicus populations fluctuate dramatically in size; 
evaporative drying and extensive scouring during storms 
frequently lead to extinction of subpopulations inhab- 
iting individual rock pools. The species has no resting 
or dormant stages capable of withstanding complete des- 
iccation; newly refilled pools must be repopulated by 
imniigrants. Although a11 life stages of 7: cnlijiornicus are 
free-swimming and potential dispersers, the means by 
which the species colonizes distant habitat is not known. 
Passive drifting of adults or larvae has not been docu- 
mented; 7: calfornictrs has not (to my knowledge) been 
collected in plankton tows. Both larvae and adults tend 
to cling to the substrate in response to water turbulence, 
so rafting on debris washed out of inhabited pools as 
well as attaching to birds and crabs moving through pools 
are alternate means of dispersal. 

Given its natural history, 7: callfovizicirs is not repre- 
sentative of the ecology of species with extensive larval 
di5persal. However, it may provide a model system for 
the study of diverse benthic species that have direct de- 
velopment and show limited larval dispersal. In this light, 
many attributes of the 7: culifornicirs system make it par- 
ticularly amenable to genetic analysis: (1) 7: califorrzicus 
is easily raised in the lab, with a generation time of about 
three weeks. (2) Controlled lab crosses are readily 
achieved, allowing formal genetic analysis of all niark- 
ers employed in population studies. (3) 7: culijiornicus is 
easily collected at a variety of spatial scales, and the avail- 
ability of habitat is simple to assess. 

Allozymes 
Although individual 7: calijiornicus are small (approxi- 

mately 35 pg wet weight), we can consistently resolve a 

number of polymorphic enzyme loci on thin (0.8 mm) 
polyacrylamide gels. This work has demonstrated that 
populations inhabiting pools on a single rock outcrop 
are typically genetically homogeneous, whereas those 
separated by even short stretches of sandy beach (<500 
meters) are often sharply differentiated (Burton and 
Feldman 1981). In fact, most of the 25 populations we 
have sampled along the California coast can be readily 
distinguished on the basis of allozyme frequencies. In 
many cases, alleles restricted to single populations 
(“private” alleles; Slatkin 1985) reach high frequency, 
strongly suggesting a lack of gene flow among the 
populations. In some cases, alleles fixed in one popula- 
tion have never been observed in other populations. 
Many of our study sites have been sampled at least five 
times (in some cases more than fifteen times) over 
periods of time extending up to 15 years; although 
some minor variation in allelic frequencies has been 
observed over this period, the geographic distribution 
of alleles and patterns of population differentiation 
have been essentially constant. For example, the Cpt“ 
allele has been found only in Santa Cruz County and 
has been consistently in the 200/;,-25‘% frequency range 
at the SCN site since 1979 (Burton and Feldman 1981; 
Burton 1986). 

One striking feature of the ‘T californirus allozyme data 
is that, even when averaged across loci, no relationship 
between geographic distance and genetic distance is ob- 
served. This lack of correlation between geographic dis- 
tance and genetic differentiation emphasizes a major 
limitation of the allozyme data: allozynies provide no 
phylogenetic information. When neighboring popula- 
tions show one or more “private” alleles a t  high fre- 
quencies, it is difficult to determine whether the observed 
differentiation occurred in situ (over relatively long time 
periods), or if the initial immigrants colonizing the rel- 
evant geographic locales derived from already differen- 
tiated parent populations. Distinction between these 
hypotheses requires genealogical information. Along 
these lines, it is interesting to note that the SCI popu- 
lation appears to be equally divergent from its nearest 
neighboring populations to either the north or south. 
Was SCI colonized from northern or southern source 
populations? Again, resolution of this question requires 
genealogical information. 

O n  the other hand, the speed and ease of allozyme 
analyses has allowed us to study population structure 
at a spatial and temporal scale that would not be prac- 
tical using DNA sequencing techniques. Scoring allelic 
frequencies a t  several polymorphic gene loci with 
sample sizes of 50 individuals from each of ten popu- 
lations can be completed in a week. The relatively few 
DNA sequences presented here required over a year 
to obtain. 
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Mitochondrial DNA Sequence 
The most striking feature of the COI data is the great 

divergence between central and southern California 
clades. Minimum distance between sequences from the 
two clades exceeds 18%, a value that far exceeds any pre- 
viously reported intraspecific value for a protein-encoding 
mitochondrial gene (Avise et al. 1987; Harrison 1989). 
Although we have no fossil record for establishing a mo- 
lecular clock directly relevant to 7: cul$ornicus popula- 
tions, recent data on the COI gene in other crustacea 
yielded estimates of 2.2%-2.6% divergence per million 
years (Knowlton et al. 1993); at such a rate of sequence 
evolution, a conservative date for the split between cen- 
tral and southern COI clades is on the order of 7 mil- 
lion years. We also note that of 90 nucleotide substitutions 
(of the 500 bases sequenced) distinguishng the two major 
clades, only 3 result in diagnostic amino acid substi- 
tutions (6 amino acid residues are variable of the 165 
inferred from sequence data). 

A second remarkable feature of the COI data is the 
extreme divergence among the San Diego (SD) isofe- 
male lines; the SD4 line differs from SD40 at 77 nucleo- 
tide sites (15.4%); notably, all these substitutions are 
synonymous. The existence of highly divergent mtDNA 
haplotypes within a population can be explained in 
two ways. First, it is possible that two maternal lineages 
have been maintained in the SD population long enough 
for the high level of divergence to have occurred in 
situ. The second possibility is that immigration from an- 
other population introduced divergent haplotypes into 
the SD population. Although neither hypothesis can 
be rejected, the extreme differentiation of the haplotypes 
argues against the former hypothesis. It seems unlikely 
that two lineages would have survived stochastic ex- 
tinction (“lineage sorting”) over millions of years in the 
ephemeral environment characteristically inhabited by 
T culijivnicus (Neigel and Avise 1986). Although more 
extensive within-population sampling is the subject of 
continuing work, the divergence at the SD site stands in 
marked contrast to the low levels of divergence (<l%) ob- 
served among isofemale lines from six other populations. 

Nuclear DNA Sequence 
An important (and perhaps unusual) feature of the H1 

data presented here is the fact that no evidence for re- 
combination between the sharply differentiated central 
and southern California clades has yet been observed. 
The simplest explanation for this lack of recombination 
is that the differentiation of the clades occurred allo- 
patrically and, without subsequent gene flow, no oppor- 
tunity for inter-clade recombination has existed (Burton 
and Lee 1994). This hypothesis seems entirely consis- 
tent with the other genetic data sets presented above. 
Attributes of the allozyme data (high-frequency private 

alleles) and the COI data (strong differentiation of cen- 
tral and southern clades) clearly suggest long periods of 
allopatric population differentiation. 

The two sequences obtained from SCI suggest an 
answer to the question posed above concerning the ori- 
gin of this population: H1 sequences from the SCI pop- 
ulation are more closely related to those from central 
populations than to those from southern populations. 
The addition of COI sequence data may substantially 
strengthen support of this hypothesis. Although the SCI 
H1 sequences clearly group with the central clade, they 
are clearly differentiated &om other members of the clade, 
as would be expected from the extensive allozyme dif- 
ferentiation between SCI and other central California 
populations. 

Allozyme versus DNA Sequence Data 
The relative value of the different types of genetic 

data discussed above depends primarily on the specific 
questions being asked. Many questions, some ecological 
and some evolutionary, can be addressed by population 
structure data. Neither allozyme nor sequence data alone 
can efficiently answer all commonly posed questions, 
although obviously any allozyme differentiation could 
ultimately be revealed at the DNA sequence level if the 
appropriate gene is sequenced. 

One question of primary interest to both ecologists 
and fisheries managers is, “To what extent do geo- 
graphically separated populations represent separate gene 
pools?” Analysis of population differentiation is inher- 
ently a one-sided experiment; i.e., although finding 
genetic differences between populations can often lead 
to strong conclusions, a lack of differentiation is typi- 
cally ambiguous. This is because analysis focuses on only 
a tiny portion of the genome. Populations that appear 
to be identical on the basis of one sample of gene loci 
may later be found to be sharply differentiated at other 
loci. Because numerous loci can be surveyed quickly and 
with relative ease, allozyme studies remain a method of 
choice in assessing differentiation of geographic popu- 
lations. In the 7: cul$rnicus system, we have found allo- 
zymes to be remarkably sensitive in discriminating 
populations. Using from five to eight allozyme poly- 
morphisms as markers, we can distinguish the great 
majority of over 20 California coast populations that we 
have studied over the past 15 years. In contrast with the 
results observed in a number of other species, most 
genetic diversity in T calfornicus is revealed by between- 
population comparisons; heterozygosity within popu- 
lations is relatively low. This might easily be explained 
by fiequent population bottlenecks, as would be expected 
in an ephemeral habitat. However, closer inspection of 
the data adds one important feature: bottlenecks may 
explain why heterozygosity is low, but do not explain 
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the existence of high-frequency “private” alleles. Such 
a pattern of variation necessarily leads to the conclusion 
of highly restricted gene flow (Slatkin 1985). 

Identification of discrete populations for ecological 
analysis or management purposes requires only that suf- 
ficient levels of genetic polymorphism be available for 
study. Morphological, allozyme, or DNA markers with 
simple Mendelian inheritance are potentially of equal 
value for addressing questions of gene pool continuity. 
From this perspective, the relative merits of allozyme 
and DNA approaches are apparent: allozymes are cheaper 
and faster, whereas DNA necessarily possesses a greater 
wealth of genetic variation. When beginning to analyze 
a new species or set of populations, sonie effort at the 
level of allozynies would seem a prudent methodolog- 
ical choice. If sufficient allozyme polymorphism is not 
found, a search for DNA sequence variation would be 
a next step. Once polymorphic nucleotide sites are iden- 
tified, efficient methods for discriminating genotypes at 
particular nucleotide sites can be developed (see, e.g., 
Banks and Hedgecock 1993). 

As mentioned above, two classes of hypotheses can 
be proposed to explain sharp differentiation of neigh- 
boring populations: (1) the populations were initially 
siniilar but have diverged via either random drift or se- 
lection in xiti4 over a sufficient period of time to allow 
establishment of new mutant alleles; or (2) the original 
colonists were derived from already differentiated popu- 
lations, so the present genetic differentiation simply re- 
flects the indeterminate nature of the colonization process. 
Although conclusively demonstrating population differ- 
entiation, allozyme data alone cannot discriminate be- 
tween these two very different explanations for the origin 
of the differentiation. Here, DNA sequence data clearly 
complement our allozynie studies. For example, the 
strong differentiation of the AB and FR populations 
(nearly fixed on alternate alleles at the Gorl locus) ap- 
pears to be the result of in situ differentiation, since COI 
and H1 DNA sequences from these populations are niore 
closely related to each other than to those from any other 
population. In contrast to the lack of relationship be- 
tween geographic distance and allozyme genetic dis- 
tances, the DNA sequence data show clear geographic 
structure, with neighboring populations more similar 
than geographically distant populations. 

When allozynie and DNA sequence data for the 7: 
cal~fiwrricus system are compared, one striking discrepancy 
is immediately apparent: allozynie data suggest that Los 
Angeles area populations (AB and FK) are genetically 
similar to central California populations, whereas se- 
quence data show exceptionally strong divergence be- 
tween these same sets of populations. Although such 
discordance may provide insights into the natural his- 
tory of conspecific populations (e.g., Reeb and Avise 

1990; Karl and Avise 1992; Burton and Lee, in press), 
it simply emphasizes the fact that only weak inferences 
can be made from apparent population homogeneity. In 
7: californicus, DNA sequence data has dramatically 
changed our understanding of population structure by 
revealing a regional pattern of genetic variation that 
the allozyme data lacked. The geographic match be- 
tween the two sets of sequence data suggests that pop- 
ulation divergence has proceeded for enough time that 
concordant lineage-sorting of mitochondrial and nuclear 
genes has taken place (Neigel and Avise 1986; Avise and 
Ball 1990). The phylogeographic break in the historic 
distribution of the species lies somewhere between LA 
and the Morro Bay study sites, a region that includes 
Point Conception, a widely recognized zoogeographic 
boundary (Valentine 1966). The SCI population, lying 
south of Point Conception itself, appears to be derived 
from more northern populations based on H1 sequence 
data. However, the allozyme data show that SCI is highly 
divergent from populations to either the north or the 
south, indicating that the colonization of SCI occurred 
in the distant past and no ongoing gene flow is taking 
place. The genetic isolation of Santa Cruz Island was 
previously reported for the embiotocid fish, Dumulickthys 
vuccu (Haldorson 1980). 

In surnniary, the 7: culijirnictrs studies show that com- 
parisons between allozyme and DNA sequence data can 
reveal a variety of surprises. First, despite the fact that 
protein electrophoresis is a relatively low-resolution tech- 
nique compared to DNA sequencing, populations were 
generally more easily distinguished by allozyme data than 
by sequence data. Other molecular techniques, such as 
allele-specific PCR, could undoubtedly be developed to 
distinguish the populations based on nucleotide substi- 
tutions, but allozyme methodology has proven sufficient 
(and efficient) for simply demonstrating genetic isola- 
tion of populations in the 7: cul$ofonzicus system. DNA se- 
quence data, however, in revealing unprecedented levels 
of divergence between conspecific populations, pro- 
vide a historical framework within which the allozyme 
data can be more fully understood. 
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