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Abstract Despite high potential for dispersal, the
purple sea urchin Strongylocentrotus purpuratus was
found to have significant genetic subdivision among
locations. Ten geographic locations along the coast of
California and Baja California were sampled between
1994 and 1995. Samples from some locations included
both adult and recruit urchins. Allozyme analyses re-
vealed a genetic mosaic, where differentiation over
short geographic distances could exceed differentiation
over much larger distances. Significant allozyme differ-
entiation was found among subpopulations of adults
(standardized variance, Fsr =0.033), among sub-
populations of recruits (Fsr = 0.037), and between
adults and recruits from the same location. DNA-
sequence data for the mitochondrial cytochrome
oxidase I gene also showed significant heterogeneity
among locations, with a mild break in haplotype fre-
quencies observed = 300 km south of Point Concep-
tion, California. Repeated sampling over time is
necessary to determine whether these patterns of dif-
ferentiation are stable and to begin to understand what
forces produce them.

Introduction

Gene flow from the dispersal of long-lived plankto-
trophic larvae is generally predicted to homogenize
marine populations over broad geographic distances
(Scheltema 1971, 1978). While much empirical evidence
supports this prediction (see Palumbi 1992), exceptions
abound for a variety of reasons (see Burton 1983;
Palumbi 1994). Marine species may not realize their
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greatest dispersal potential because behavioral mecha-
nisms may favor local recruitment or planktonic trans-
port may pose hazards, as has been suggested to
explain the extensive population subdivision found in
the intertidal copepod Tigriopus californicus (Burton
and Feldman 1981). Effective dispersal may also be
limited by physical processes including large-scale cur-
rent patterns (Incze et al. 1990) and smaller-scale eddies
and upwelling zones (Ebert and Russell 1988). Further,
genetic differentiation may occur in spite of extensive
dispersal due both to differential post-settlement mor-
tality, as suggested by the steep genetic clines in the
mussel M ytilus edulis (Koehn et al. 1980), and to tem-
poral variation in the genetic composition of larvae
(Kordos and Burton 1993) or recruits (Johnson and
Black 1982, 1984; Watts et al. 1990).

The sea urchin Strongylocentrotus purpuratus pres-
ents a good model to test for population subdivision in
spite of its high dispersal capacity because of its
abundance and the accumulated knowledge of its de-
velopment, ecology and genetics. Factors expected to
promote genetic homogeneity in this species include
external fertilization, extremely high fecundity
(individuals spawn millions of eggs at a time), a lengthy
feeding planktonic larval period of 4 to 21 wk (Strath-
mann 1978), and a continuous coastal distribution
from Vancouver Island, British Columbia, to Isla Ced-
ros, Baja California (Morris et al. 1980). Conversely,
local differentiation might be promoted by the highly
variable recruitment patterns in this species (Ebert
and Russell 1988), while regional differentiation
might be promoted by the biogeographic boundary at
Point Conception (Fig. 1), which marks the range
limit of numerous species (Valentine 1973; Jablonski
et al. 1985). This boundary is driven by the California
current, which carries colder water southward
along the west coast of North America to the Point
Conception region, where it then moves offshore allow-
ing warmer water to accumulate along the south-
ern coast. For species spanning the boundary, this
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Fig. 1 Location of collection sites in California, USA, and Baja
California, Mexico {PB Panther Beach, May 1995; MC Mill Creek,
May 1995; SCI Scorpion Anchorage, Santa Cruz Island, July 1994;
SRI Ford Point, Santa Rosa Island, November 1994; LB Laguna
Beach, January 1995; LBS Laguna Beach South, March 1995; L.J La
Jolla, September 1994; M B Mission Bay, March 1994; PI Point
Loma, October 1994; PC Punta Cabras, October 1994)

current pattern might be expected to cause genetic
discontinuity.

Previous work on Strongylocentrotus purpuratus
(Palumbi and Wilson 1990; Palumbi 1995) found no
mitochondrial DNA (mtDNA) differentiation among
samples from Washington State, central California and
southern California. Neither mtDNA restriction-frag-
ment analysis of 38 individuals (Palumbi and Wilson
1990) nor a 910 base pair (bp) sequence of the
mitochondrial cytochrome oxidase I gene for 31 indi-
viduals (Palumbi 1993) revealed any evidence of geo-
graphic structure over this 1500 km region. While these
samples were convincingly homogeneous, the data are
limited to mitochondrial DNA (which acts essentially
as a single locus) in adult individuals from three loca-
tions. Similarly, an earlier study (Britten et al. 1978) of
nuclear DNA variation estimated by thermal stability
did not find populations from southern California to
British Columbia to be “grossly distinct”, yet the possi-
bility of a subtler level of population structure remains.

Given that no mtDNA variation has been detected in
Strongylocentrotus purpuratus over a large geographic
scale, we asked whether genetic structure occurs over
a finer spatial scale and whether nuclear and mitochon-
drial markers reveal the same patterns. We assessed
allozyme and mitochondrial DNA variation in samples
from ten locations, including both adult and recruit
S. purpuratus at some locations. The value of assessing
both allozymes and DNA has been illustrated by recent

studies in which these two types of markers achieved
strikingly different results. While allozyme studies
(Buroker 1983) of the Atlantic oyster Crassostrea vir-
ginica provided little evidence of population subdivi-
sion along the east coast of North America, both
mtDNA (Reeb and Avise 1990) and nuclear DNA data
(Karl and Avise 1992) revealed a sharp genetic break
between Atlantic and Gulf coast populations. Similarly,
extreme DNA-sequence divergence between northern
and southern Tigriopus californicus clades was not re-
flected in extensive allozyme data (Burton and Lee
1994). However, allozyme studies are comparatively
time- and cost-effective, and thus allow sampling on
a spatial and temporal scale not practical for DNA
studies. The virtue of extensive population sampling
was made particularly clear by a series of studies on
limpets and urchins (Johnson and Black 1982, 1984;
Watts et al. 1990), in which shifting patterns of genetic
heterogeneity could be understood only through rigor-
ous sampling over space and time. These studies also
illustrate the importance of including different age
classes to determine if observed patterns are caused by
the geographic source of recruits or by pre- or post-
recruitment selection. While most population genetic
studies have implicitly assumed that different age
classes collected from the same location represent
a single deme, this assumption is coming under increas-
ing scrutiny (e.g. Johnson and Black 1984; Macleod
et al. 1985; Lewis and Thorpe 1994).

Materials and methods

Sample collection and storage

Strongylocentrotus purpuratus were sampled from ten intertidal or
shallow subtidal locations in California, USA and Baja California,
Mexico between September 1994 and May 1995 (Fig. 1). When both
recruits { < 20 mm test diam) and adults ( > 20 mm test diam) were
present, they were sampled from overlapping regions (15 to 60
individuals of each size class per location). Urchins were dissected
soon after collection or held temporarily in flowing seawater aquar-
ia. Test diameter was measured using vernier calipers, and tissues
(gonad, digestive gland, tube feet, muscle of Aristotle’s lantern) were
separated before being frozen at — 70°C.

Enzyme electrophoresis

Samples were analyzed by both horizontal starch-gel electrophoresis
and polyacrylamide-gel electrophoresis. Tissue was homogenized in
1 to 2 vol of homogenization buffer (0.1 ml mercaptoethanol, 10 g
sucrose, 0.1 g bromophenol blue and 25 mg NADP* per 100 ml
distilled water) and centrifuged for 2 to 3 min. Starch-gel elec-
trophoresis followed standard procedures (Murphy et al. 1990) and
used 10.5% Sigma starch gels, Tris maleate buffer (Selander et al.
1971), and 1:1 dilutions of tissue to homogenization buffer absorbed
onto Whatman # 1 filter paper. Polyacrylamide-gel electrophoresis
followed Kordos and Burton (1993), and utilized 4 pl of tissue
homogenate (diluted 1:1 or 1:2) loaded onto 0.8 mm thick, vertical
slab gels of 6% total acrylamide in a continuous Tris-boric acid-
EDTA buffer system. Starch gels were run under ice at 90 V for 7 h in



a 10 °C refrigerator. Polyacrylamide gels were run at 120 Vfor 4.5 h
at 10°C. Stains for IDH, MPI, GPI and PGM were prepared as agar
overlays following recipes in Murphy et al. (1990), with 0.05¢g
pyruvic acid added to the MPI stain to suppress lactic dehydrogen-
ase activity. GOT was assayed using a florescent stain and filter-
paper overlay as described in Burton and Feldman (1981).

Preliminary analyses of at least 15 individuals from each of two
populations showed the following enzymes to be monomorphic:
catalase (CAT; EC 1.11.1.6), esterase-D (ESTD; EC 3.1.-.-), malate
dehydrogenase (MDH; EC 1.1.1.37), NADP *malic enzyme (sMEP;
EC 1.1.1.40), and phosphogluconate dehydrogenase (PGDH; EC
1.1.1.44). Five enzymes (encoded by six loci) were found to be
polymorphic: glutamic-oxaloacetic transaminase (GOT; EC 2.6.1.1;
2 loci), isocitrate dehydrogenase (IDH; EC 1.1.1.42), mannose-6-
phosphate isomerase (MPI; EC 5.3.1.8), glucose-6-phosphate
isomerase (PGI; EC 5.3.1.9) and phosphoglucomutase (PGM; EC
5.4.2.2). All five polymorphic enzymes were assayed on starch gels,
and GOT was also assayed on polyacrylamide gels, which generally
provided better resolution of Got-1. Initial allozyme surveys used all
four tissue types, but gonad tissue provided the greatest resolution
for these five enzymes and was therefore used for all subsequent
as3ays.

The electrophoretic data were analyzed using BIOSYS-1 (Version
1.7; Swofford and Selander 1981, 1989) to calculate allele frequen-
cies, observed and expected heterozygosities, and the extent of popu-
lation subdivision (Fgy; Nei 1977). Statistical significance of the
variation in allelic counts among samples (with rare alleles pooled)
was tested with heterogeneity chi-square. Significance of the Fsr
values was also determined by chi-square analysis, using equations
in Waples (1987).

DNA analyses

DNA was extracted from gonad tissue using Chelex 100 (Walsh et al.
1991). A 519 bp segment of the cytochrome oxidase I (COI) gene was
amplified by the polymerase chain reaction (PCR) using the follow-
ing primers based on the complete Strongylocentrotus purpuratus
mtDNA sequence (Jacobs et al 1988): primer COIC, (5'-
TCGTCTGATCCGTCTTTGTCAC-3, Positions 6335 to 6356)
and primer COIJ (5-CAATACCTGTGAGTCCTCCTA-3, Posi-
tions 6833 to 6853). Amplification followed standard procedures
(Saiki et al. 1988), using a reaction volume of 50 pl and a magnesium
chloride concentration of 2 mM. The following thermocycle profile
was used: 94°C, 60 s; 50 °C, 60 s; 72 °C, 90 s for 35 cycles, followed by
5 min at 72°C. PCR products were purified using Microcon 100
spin filters (Amicon), and sequenced using Taq-DyeDeoxy Ter-
minator Cycle sequencing (Applied Biosystems). All samples were
sequenced using primer COIC, and ambiguous sites were resolved
by also sequencing the opposite strand using primer COLJ. Products
of sequencing reactions were purified on Centri-Sep columns (Prin-
ceton Separations) and vacuum-dried. Dried samples were resusp-

ended and electrophoresed on an Applied Biosystems 373A DNA

sequencer.

Sequences were aligned using ClustalV (Higgins et al. 1992) or
PileUp (Genetics Computer Group 1994). A 305 bp segment (corres-
ponding to Positions 6390 to 6694; Jacobs et al. 1988) was analyzed.
Nucleotide diversity, the number of nucleotide substitutions per site
between paired sequences, was determined by the method of Jukes
and Cantor (1969). Comparisons were also made using haplotypes
composed of only nucleotide sites that were unambiguous and
polymorphic at the 5% level. Haplotype numbers were compared
among demes by contingency-table analysis, with significance tested
by a Monte Carlo randomization method to correct for small
sample size (Roff and Bentzen 1989). Haplotype numbers were also
used to calculate variance components and F-statistic analogs using
the AMOVA (analysis of molecular variance) program (Excoffier
et al. 1992), which incorporates information on DNA haplotype
divergence.
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Results

For allozymes, sample sizes were large enough for
adults and recruits of Strongylocentrotus purpuratus to
be analyzed separately. Table 1 shows allele frequencies
for each of the six polymorphic loci at each location,
with sample sizes and observed and expected hetero-
zygosities averaged over all loci. Both chi-square and
Fgr analyses revealed significant differentiation among
populations of both size classes (Table 2). The overall
level of population differentiation among adults (mean
Fgr = 0.033) was similar to that among recruits (mean
Fgr = 0.037). For the five locations where both adults
and recruits were sampled, significant allelic frequency
differences were found for Got-2 at two locations (SRI
and LBS; Table 3 and for Idh at three locations (MC,
SRI and LBS; Table 3). The most striking contrast was
for the Gor-21°% allele at SRI, which was in very low
frequency in adults (frequency of Got-2'°% = (.020,
N =151) but in high frequency in recruits (fre-
quency = 0.676, N = 34). These differences were con-
firmed by rerunning the samples side by side on the
same gel. Little geographic patterning was apparent in
the allozyme data. Geographic patterns were tested by
linear regressions of the frequencies of each allozyme vs
location number (ordered from north to south). These
regressions were significant in only 4 out of 61 tests
(Got-2"°° in adults, Mpi'°® in recruits, Pgi®® in recruits
and Pgm®® in adults). Averaging over all populations
and all loci, both adults and recruits showed a mean
deficit of heterozygotes with respect to Hardy-Weinberg
expectations (adults; D = — 0.131, SE = 0.032; recruits:
D = —0.049, SE = 0.029) [ D = (observed heterozygos-
ity — expected heterozygosity)/expected heterozygosity].
Chi-square analyses revealed significantly more hetero-
zygote deficits than heterozygote excesses in adults
(37:11, p < 0.01), while the difference was not significant
in recruits (27:14, p > 0.05).

A 305 bp segment of the mitochondrial COI gene
was sequenced in 147 individuals. For this region, nu-
cleotide-sequence  diversity was  0.0138 + 0.0001
{mean + SE, calculated according to Jukes and Cantor
1969). Condensing these data to include only nucleo-
tide sites which are phylogenetically informative and
unambiguous leaves 23 nucleotide sites and 42 different
composite haplotypes (Fig. 2). The level of nucleotide
diversity for these haplotypes shows no obvious trends
from north to south (PB, 0.1143; MC, 0.1306; SCI,
0.1471; SRI, 0.1316; LB, 0.0904; LLBS, 0.1446; LJ, 0.1088;
MB, 0.0712; PL, 0.0980; PC, 0.1838; all locations com-
bined, 0.1280; fullsite names in legand to Fig. 1). Be-
cause the majority of the 23-nucleotide haplotypes were
singletons, the data were further condensed to include
only those nucleotide sites which were polymorphic at
the 5% level, leaving 6 nucleotide positions and
11 different haplotypes. Between 9 and 17 adults
and/or recruits were sequenced from each of the ten
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Table 1 Strongylocentrotus purpuratus. Allele frequencies, sample
sizes (N mean number of individuals scored per locus) and mean
heterozygosities (H, observed heterozygosity; H, expected hetero-

zygosity) for adults (a) and/or recruits (r) from ten geographic loca-
tions listed from north to south (ND no data; — zero; location
abbreviations as in legend to Fig. 1)

Locus, Location (adult or recruit)
allele
PB MC SCI SRI LB LBS LI MB PL PC
(@) () (a) {r) (a) (0 (a) ) (@) (@ ) (1) (a) ] (@)
Got-1
107 - - - - - - - - - 0012 - - - 0.017 0.013
103 0214 0177 0151 0242 0031 0154 0280 0208 0.286 0488 0392 0231 0093 0267 0.31i6
100 0.667 0.630 0663 0617 0.813 0692 0574 0.625 0469 0325 0373 0462 0759 0483 0.553
97 0.119 0.177 0186 0.133 0.156 0.154 0.146 0.167 0245 0.175 0235 0038 0.148 0150 0.118
93 - - - 0.008 - - - - - - - 0269 - 0.083 -
90 - 0016 - - - - - - - - - - - - -
Got-2
106 - - - 0.008 - - - 0.074 - - - - - - -
103 0.102 0025 0.039 0016 0060 - 0.020 0.676 0082 0014 - - 0.031 - 0.021
100 0.827 0.841 0873 0.869 0900 0964 0931 0250 0887 0945 0750 0962 0906 0846 0.936
97 0.071 0.134 0088 0.107 0.040 0036 0049 - 0.031 0.041 0250 0.038 0.063 0.154 0.043
Idh
102 0010 - 0.018 0.009 0016 - - - - 0014 - 0.036 - 0.017 -
100 0.612 0.598 0519 0636 0.640 0531 0727 0300 0424 0614 0342 0535 0421 0.690 0.521
98 0327 0317 0309 0301 0.281 0469 0212 0.650 0489 0.329 0.625 0429 0.526 0276 0427
94 0.031 0.061 0127 0036 0047 - 0.061 0050 0076 0.029 0.033 - - 0.017 0.052
88 0.020 0.024 0027 0018 0016 - - - 0.011 0014 - - 0053 - -
Mpi
109 0.032 - 0.043 - - - - ND 0011 - - - - - 0.017
105 0.096 0.171 0163 0.107 0.083 0067 0129 ND 0136 0.171 0.098 0.107 0.020 0.038 0.138
100 0479 0474 0370 0500 0.317 0500 0597 ND 0433 0475 0383 0357 0500 0328 0483
95 0.234  0.224 0293 0232 0467 0400 0242 ND 0295 0220 0.284 0393 0420 0.538 0293
92 - - - 0.009 - - - ND 0011 0049 - - - - -
90 0.106 0.092 0098 0107 0.133 - - ND 0091 0085 0.147 0143 0060 0077 0052
86 0.053 0.039 0033 0.045 - 0.033 0032 ND 0023 - 0.088 - - 0.019 0.017
Pgi
113 - - - - - - - - 0010 - - - - - 0.012
109 0.029 0022 0.045 0008 - 0.088 0.009 0025 0010 0.010 0017 0031 - - 0.012
105 0346 0293 0250 0335 0.283 0265 0232 0275 0245 0231 0267 0313 0318 0286 0.280
100 0.596 0.674 0687 0.641 0700 0618 0722 0.675 0715 0.749 0683 0.625 0.667 0657 0.684
98 0.029 0011 0018 0016 0017 0029 0037 0025 0020 0.010 0.033 0031 0015 0057 0.012
Pgm
108 - - - 0.008 - - - - - - - - - - -
105 - 0.012 0020 0.017 0017 0.094 0020 - 0.039 0010 0033 - 0.040 0033 0.010
102 0.067 0.083 0.100 0034 0033 0063 0020 0042 0.127 0094 0041 0167 0100 0.033 0.060
100 0471 0440 0500 059 0683 0531 0610 0791 0589 0.604 0.541 0700 0680 0.684 0.610
98 0375 0429 0340 0297 0234 0312 029 0167 0216 0240 0.311 0.133 0160 0233 0.230
95 0.087 0.036 0.040 0042 0033 - 0.060 - 0.029 0.052 0074 - 0.020 0.017 0.090
92 - - - 0.008 - - - - - - - - - - -
(N) 485) (39.8) (502) (59.2) (27.2) (152) (433) (17.6) (483) (422) (548) (142) (268) (272) (42.2)
H, 0496 0489 0.447 0409 0375 0463 0447 0371 0389 0417 0512 0484 0425 0507 0381
H, 0.531 0.525 0.534 0502 0436 0478 0448 0399 0528 0486 0.558 0.505 0448 0497 0493

geographic locations. Both size classes were sequenced
from only two locations (SRI and LBS). Contingency
chi-square analyses (following Roff and Bentzen 1989)
revealed no significant differences between the 6-
nucleotide haplotype distributions of adults and re-
cruits from these two locations; therefore the two size
classes were pooled together. Comparison of haplotype
numbers at each location (Table 4) by contingency

chi-square revealed significant heterogeneity among
locations (32 = 115.05 df =90, p < 0.05), indicating
that the distribution of haplotypes differs. The same
data were also compared by an AMOVA (Excoflier et
al. 1992) incorporating information on the number
of nucleotide differences between haplotypes. This
comparison did not show significant differentiation
among locations (Fsr = 0.017, p > 0.05), indicating
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Table 2 Strongylocentrotus

purpuratus. Chi-square values Comparison  Locus Mean + SE
(7?) and standardized variance
(Fsr) for tests of heterogeneity in Got-1 Got-2 1dh Mpi Pgi Pgm
allele frequencies (six loci)
among locations. Recruits from  Adults (8 locations)
Site SRI were excluded from this 12 59.95% %% 11.02 38.38*** 39.54%* 12.07 21.52
analysis because they were not Fsr 0.074%%*  0.014 0.040%*+  0.026***  0.008  0.020*** 0.033 +£0.010
score.d*for Ag%ls(i]i Stin(;i Sid Recruits (6 locations)
NN %301' P =BV e 24.03%F  12.66* 334705 3301%% 1.018 1537
p < 0.001) Fsy 0.051%#%  0049%%%  0,052%%%  0032%%* 0005  0.035%** 0037 +0.007
Table 3 Strongylocentrotus
purpuratus. Chi-square values Location Locus
from tests of heterogeneity in
allele frequencies (six loci) Got-1 Got-2 Idh Mpi Pgi Pgm
between adults and recruits from
same location (* p < 0.05; PB 1.636 0.072 0.389 2,779 1.557 0.599
**p < 0.01;**p < 0.00l;ndno  MC 2.796 0.007 6.884* 3.925 3.877 5.068
data; location abbreviations asin ~ SCI 1.132 1.045 1.067 3.511 0.666 2.288
legend to Fig. 1) SRI 0.502 91.51 5% 9.477%x nd 0.126 2.790
LBS 1.705 11.562%** 13.322%** 5.966 1.213 1.396
that nucleotide variation for all locations combined
11Tt 111112222222 . . .
2377888902223455013458s wasnotsignificantly greater than the mean nucleotide
240625713147927178111938  yarjation within locations.
1 t tgttatagggtagtcggctgga Both alloz me and mitochondrial DNA data were
2 . y . .
e T : 9 examined for a break at Point Conception. Of the ten
¢ - - a . a - locations sampled, two are north of Point Conception
6 ﬁ : SR : PB and MC), two are in what might be considered
7 d ) dgh
¢ - ta . 9 a transition zone (SCI and SRI) and the remaining six
8 . a . t . .
9 S ?  are south of Point Conception. Table 5 shows the pro-
b S G e ta - portion of the total variation attributable to differences
12 Se ... .g .. ... .. ta. . ...g amongregions (Fgy) for four different regional group-
14 e ings. Whether the two transitional locations are grouped
e I . with the southern region, grouped with the northern
17 c g C e . region, or considered as a separate “central” group, both
1 c R @ - allozyme and mitochondrial DNA indicate no signifi-
20 €L . t o  cantregional differentiation. However, the DNA data do
22 S e Z . indicate a significant break well south of Point Concep-
: £ oneep
o S 9 ¢ tion, between Laguna Beach and La Jolla, California.
25 e This break was not observed in the data for all al-
2 R A S lozyme loci combined (Table 3). Of the four cases where
28 S E an allozyme cline was detected, only one (Mpi'®® in
L - a . . . . . . .
30 L g a 03 recruits) showed a significant break consistent with the
a g !
b S ae s o2 mtDNA break (between LBS and LJ) when population
3 . L. : allele frequencies were compared by analysis of variance.
35 : calal 00
36 . t . g
37 P t . .
38 e t g ) .
b 9 - - Discussion
.9 . a .
41 F e« L
42 E e -

Fig. 2 Strongylocentrotus purpuratus. Nucleotide variation in 42
mitochondrial DNA haplotypes (Numbers on top abscissa nucleotide
positions; dots positions identical to Haplotype 1) Position 1 corres-
ponds to Position 6390 in sequence published by Jacobs et al. (1988)

The principal finding of this study is that both allozyme
and mitochondrial DNA data show significant differ-
entiation among subpopulations of Strongylocentrotus
purpuratus. The allozyme pattern is reminiscent of the
genetic mosaics found in limpets and sea urchins
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Table 4 Strongylocentrotus

purpuratus. Mitochondrial DNA  Haplotype Location Totals

haplotype numbers (Nucleotide

Positions 85, 124, 157, 208, 211, PB MC SCI SRI LB ILBS LI MB PL PC

298) at ten geographic locations

listed from north to south agcgga 6 6 2 7 & 10 4 7 6 4 60

(- zero; location abbreviations agtagg 3 7 3 7 2 14 2 1 1 - 40

as in legend to Fig. 1) ggcgea 2 2 4 - 1 4 2 2 - 1 18
aacgaa - - 1 2 - 1 - 1 1 1 7
agtgga 1 - - 3 - - 1 - 1 - 6
agtaga - 1 2 1 - - - - 1 5
agcgaa 1 1 - - - 1 - - - 5
agtggg - - - 1 - - - - - 2 3
actaga - - - - 1 -~ - - - 1
agcagg - - - - - - - - - 1 1
gatgga - - - - 1 - - - - 1
Totals 13 17 12 21 2 31 9 13 10 9 147

Table 5 Strongylocentrotus purpuratus. Components of variance
attributable to differences among regions (Fpy) for four different
regional groupings. Significance was calculated according to Waples
(1987) for allozyme data and according to Excoffier et al. (1992) for
mitochondrial DNA (mtDNA) data. (* p < 0.05)

Regional grouping Frr
allozymes mtDNA

(1) (PB, MC) vs (SCTL, SRI, LB, LBS, LI, —0.003 - 0.024
MB, PL, PC)

(2) (PB, MC, SCI, SRI) vs (LB, LBS, LJ, —0.003 0.001
MB, PL, PC)

(3)(PB, MC) vs (SCL, SRD) vs (LB, LBS, LJ,  0.012 —0.013
MB, PL, PC)

(4) (PB, MC, SCI, SRI, LB, LBS) vs (LJ, —0.002 0.064*
MB, PL, PC)

studied in Australia (Johnson and Black 1982, 1984;
Waltts et al. 1990), where genetic differences over short
geographic distances in some cases greatly exceeded
differences over much larger distances. The mtDNA
pattern also shows substantial differentiation over
short distances (e.g. between LB and LBS), with a mild
regional break well south of Point Conception. Our
finding of significant mtDNA differentiation contrasts
with previous studies on S. purpuratus (Palumbi and
Wilson 1990; Palumbi 1995), which did not detect sig-
nificant mtDNA population subdivision. This differ-
ence is apparently due both to the greater number of
populations sampled in the present study and to the
geographic ranges studied, with our samples focusing
more on the southern end of the species’ range.

The small but significant level of population subdivi-
sion detected by allozymes (Fsy = 0.033 for adults,
Fgr = 0.037 for recruits) is comparable to that found in
other marine invertebrates with long-lived pelagic
larvae (Nishida and Lucas 1988; Hurst and Skibinski
1995). The extent of population subdivision detected
with mtDNA was somewhat milder than that detected
with allozymes, as significant mtDNA differences were
revealed by chi-square analysis but not by analysis of

variance. This may be due to a real difference in the
level of nuclear versus mitochondrial DNA diversity.
Estimates of single-copy nuclear DNA diversity in
Strongylocentrotus purpuratus are =~ 8 times higher
than mtDNA diversity (reviewed in Palumbi and
Wilson 1990). The mechanism underlying this differ-
ence is unclear.

An alternative explanation for the stronger differen-
tiation in allozymes vs mtDNA concerns the lack of
statistical power inherent in the smaller DNA data set
relative to the allozyme data set (for the six allozyme
loci the average number of genomes sampled was
> 1100, while for the single mtDNA locus the total
number of genomes sampled was 147). Although we
chose to test the significance of the mtDNA Fgr
by a Monte Carlo method (Excoffier et al. 1992) be-
cause of the small sample size, the chi-square method
of determining significance (Waples 1987) illustrates the
linear dependence on sample size [y* = 2N Fgsr(k — 1),
where N is the total number of diploid individuals and
k is the number of alleles]. In future studies we plan to
increase the mtDNA sample size by doing restriction-
fragment analyses rather than sequencing the entire
fragment. Of the three most polymorphic nucleotide
sites (Positions 157, 208 and 298), restriction enzymes
are available which recognize two of them (Enzyme
Styl at Position 208 and Enzyme Thal at Position 298).

Comparing the level of genetic subdivision among
different age classes is one means of discerning the
mechanisms driving population differentiation. For
example, if population differentiation is driven by post-
settlement selection under localized conditions, then
subpopulations of adults should be more heterogen-
eous than subpopulations of recruits (e.g. Koehn et al.
1980). However, if differentiation is due to the geo-
graphic source of larvae or to pre-recruitment selection,
then recruits should be at Ieast as heterogeneous as
adults (e.g. Johnson and Black 1982). Our results
showed similar levels of allozyme differentiation among
subpopulations of adults and recruits, indicating that
pre-recruitment effects may be important.



Mechanisms driving population differentiation can
also be inferred by comparing genotype frequencies in
different age classes. Heterozygote deficits are common
in a range of marine taxa (e.g. Bucklin and Hedgecock
1982; Zouros and Foltz 1984; Watts et al. 1990). In
marine bivalves in particular, these deficits are often
reduced in older organisms (e.g. Koehn et al. 1976;
Johnson and Black 1982; Zouros and Foltz 1984), pre-
sumably by post-recruitment selection for hetero-
zygotes. Instead, our results show greater heterozygote
deficits in older organisms. This resembles the pattern
found by Watts et al. (1990) for the sea urchin
Echinometra mathei, where greater heterozygote deficits
in adults were hypothesized to result from the accumu-
lation of genetically differentiated cohorts. This sort of
temporal Wahlund effect would be expected to be most
pronounced in relatively long-lived organisms such as
urchins. It should be noted, however, that in the present
study the data sets for adults and recruits are not
wholly comparable, and that the “recruits” included
individuals up to 20mm in diameter, which may
already have undergone considerable post-settlement
selection. The optimal test of the mechanisms driving
population structure would require equal sample sizes
of adults and newly-settled recruits collected simulta-
neously from multiple locations, with replication over
time.

Perhaps the most dramatic result of this study is the
extreme allelic-frequency differences at the Got-2 locus
for adults and recruits collected from one tidepool on
Santa Rosa Island at the same time. Specifically, the
recruits were found to have an anomalously high fre-
quency of the 103 allele. The difference does not appear
to be a developmental change, because the pattern was
not found in other pairs of adults and recruits. The
difference is clearly not attributable to a species mis-
identification, since the remaining four allozyme loci
and the mtDNA-sequence data showed both adults
and recruits to be typical Strongylocentrotus pur-
puratus. The remaining possible explanations are that
the recruits came {from an unusual geographic source or
that the difference may be caused have arisen by selec-
tion on the Gor-2 locus or on a closely linked locus.
These possibilities cannot be distinguished with the
present data, but previous studies indicate that the
same enzyme may be under selection in other marine
organisms (Grahame et al. 1992; Kordos and Burton
1993; Johannesson et al. 1995).

Genetic structure in Strongylocentrotus purpuratus
might be expected to show a break at Point Concep-
tion, due either to the current pattern or to the abrupt
change in near-shore temperature regimes. Because the
primary water flow, the California Current, runs from
north to south, southern populations might also be
expected to have higher genetic diversity than northern
populations, as mutations arising in the south would be
less likely to be move northward than vice versa. Nei-
ther of these two genetic predictions is supported by the
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present data. Neither the allozyme nor the mtDNA
data suggest a difference between the regions north and
south of Point Conception, and no obvious geographi-
cal trends were found in the level of observed or
expected allozyme heterozygosity or of mtDNA haplo-
type diversity. The explanation for the mild genetic
break ~ 300 km south of Point Conception is not
clear, but it is intriguing that a recent study of S.
purpuratus settlement patterns showed a break at ap-
proximately the same location (Ebert et al. 1994). While
this discontinuity was not detected in the overall al-
lozyme data, the mild clines observed for individual
alleles warrant further study. Whatever the cause of the
regional genetic differentiation south of Point Concep-
tiomn, it is far subtler than that shown in populations
spanning biogeographic boundaries on the southeast
coast of North America (reviewed in Avise 1992).
Although previous studies of population genetic struc-
ture along the west coast have not focused on Point
Conception, those studies spanning the boundary have
generally not found an obvious break (Levinton and
Suchanek 1978; Ford and Mitton 1983; Palumbi and
Wilson 1990; Hellberg 1994). One reason for the poor
fit between genetic structure and predictions based on
current patterns may be the variability in the California
current. Changes in larval transport during ENSO (El
Nifio Southern Oscillation) events, for example, have
been suggested to result in “reverse dispersal” from
south to north (Palumbi 1995).
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