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Abstract We measured within- and among-population
genetic variation in the green sea urchin (Strongylocen-
trotus droebachiensis) at 11 sites in the north Atlantic and
northeast Pacific by using four-locus microsatellite
genotypes. We found no differentiation among popula-
tions from Atlantic Canada, but strong differentiation
across the north Atlantic and between the Atlantic and
Pacific samples. High inbreeding coefficients at three loci
are consistent with high variance in reproductive success.
One population that was recently decimated by disease
was strongly differentiated from some others, but there
was little differentiation otherwise among populations in
Atlantic Canada. On a larger scale, populations in
Atlantic Canada were more similar to a population from
the north Pacific than to populations in the northwest
Atlantic. Differentiation among populations at this large
spatial scale is consistent with biogeographical hypoth-
eses of: (1) Pleistocene population reduction and isola-
tion in the northeast Atlantic, but (2) extinction in the
northwest Atlantic followed by extensive recolonization
from the Pacific. In contrast to other recent studies of
trans-Atlantic organisms, we found no evidence of
extensive gene flow across the north Atlantic.

Introduction

Green sea urchins, Strongylocentrotus droebachiensis,
are ecologically and economically important members of
the shallow-water, marine ecosystem of northern oceans.
In many parts of this wide geographical range, the
population biology of these animals is characterized by
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large fluctuations in adult abundance that are associated
with intensive grazing of kelps, disease outbreaks, epi-
sodic recruitment of planktonic larvae, and commercial
harvesting practices (Chapman 1981; Pringle et al. 1982;
Miller 1985; Johnson and Mann 1988; Scheibling and
Raymond 1990; Hatcher and Hatcher 1997). Green sea
urchins have a high-dispersal life-history syndrome
characterized by high fecundity, free spawning with
external fertilization, and a planktonic larval stage that
lasts from 4 to 21 weeks (Strathmann 1978; Hart and
Scheibling 1988). The frequency and intensity of larval
recruitment is strongly influence by this lengthy plank-
tonic period. For example, such larvae spawned off the
coast of Nova Scotia may be capable of travelling
>1,000 km before settlement, even in relatively slow
surface currents such as the Nova Scotian Current,
which moves at 0.05-0.10 m s™' (Petrie 1987). The
majority of larvae in the northwest Atlantic settle in the
summer months, but settlement is known to be highly
variable in both space and time. Balch and Scheibling
(2000) report differences of several orders of magnitude
in the interannual settlement rates for S. droebachiensis
in shallow waters off the Atlantic coast of Nova Scotia,
and similar patterns have been observed in the Gulf of
Maine (Harris et al. 1994) and the Bay of Fundy (Balch
et al. 1998). While settlement pulses have been shown to
correlate with high sea-surface temperatures (Hart and
Scheibling 1988), Balch and Scheibling (2000) suggest
that reproductive output and larval survival may be
more important than environmental factors (e.g. tem-
perature) in the generation of annual variation in set-
tlement rates.

Species with the high-dispersal life-history syndrome
are expected to generally fit a model of panmixia, with
little genetic divergence among populations compared to
species with limited dispersal ability (see reviews by
Burton 1983; Bohonak 1999). However, allozyme stud-
ies of marine invertebrates have demonstrated small but
statistically significant levels of population subdivision
without isolation by distance (e.g. limpets: Johnson and
Black 1982, 1984a, 1984b; crown-of-thorns starfish:



244

Benzie and Stoddart 1992; sea urchins: Marcus 1977,
Watts et al. 1990; zebra mussels: Lewis et al. 2000). In
these cases the genetic differences between neighboring
populations often exceed those between more distant
populations. Population genetic studies of both S. pur-
puratus using allozyme and mitochondrial DNA
(mtDNA) (Edmands et al. 1996; Flowers et al. 2002) and
S. franciscanus using allozymes (Edmands et al. 1996)
and nuclear DNA sequence data (Debenham et al. 2000)
have revealed similar patterns. The larger data sets
analyzed in these studies improved the resolution of
genetic differentiation and revealed patterns that were
undetectable in previous analyses (e.g. Palumbi and
Wilson 1990; Palumbi 1995).

Although the prolonged larval stage of S. droeba-
chiensis 1s expected to facilitate high levels of gene flow,
it is possible that other physical and biological features
of the northwest Atlantic ecosystem may promote pop-
ulation subdivision. For example, commercial harvest-
ing (Hatcher and Hatcher 1997) and disease outbreaks
caused by the protozooan Paramoeba invadens (Schei-
bling and Hennigar 1997) can both cause severe local
population reduction in shallow waters. These localized
population bottlenecks are followed by recruitment of
planktonic larvae, and such episodic changes in popu-
lation size may have important population genetic con-
sequences. One of our original goals was to characterize
the population genetic effects (if any) of spatially and
temporally patchy disease outbreaks followed by vari-
able patterns of larval recruitment. Spatially and tem-
porally variable recruitment patterns are one potential
source of unexpected population genetic differentiation
in species with lengthy planktonic larval stages (Johnson
and Black 1984a).

Here, we present frequency data of four-locus mi-
crosatellite alleles for 11 S. droebachiensis populations
spanning > 6,000 km of the species’ range. We focus on
populations from the northwest Atlantic, because
knowledge of the population biology and ecological
interactions of sea urchins is particularly well studied in
this region. We compare differentiation among popula-
tions in Atlantic Canada to differentiation across the
north Atlantic and between the north Atlantic and the
north Pacific. Unlike other studies of Strongylocentrotus
population genetics, we found evidence of strong pop-
ulation differentiation only at the largest spatial scales.
This evidence is consistent with biogeographic hypoth-
eses of Pleistocene range expansion into the north
Atlantic from the north Pacific.

Materials and methods

Field sampling

Tube foot or gonad tissue was obtained from Strongylocentrotus
droebachiensis collected between 1999 and 2002 from ten sites
throughout the north Atlantic (Fig. 1) and one site from the
northeast Pacific. Sample sites were chosen to cover a wide portion
of the species range in Atlantic Canada; specific sample locations

were chosen based on accessibility and local knowledge of
sea urchin occurrence. Two populations (at Bear Cove, west of
Halifax) and East Jeddore (east of Halifax) were chosen because
they experienced complete and nearly complete mortality, respec-
tively, in 1995, as a result of disease outbreaks (Scheibling and
Hennigar 1997). These two sites are <50 km apart (straight line
distance).

All samples were collected from depths ranging from 3 to
15m using SCUBA. Sea urchins from San Juan Channel,
Washington, were collected from about 50 m depth by dredge.
Tissue samples were stored in 95% ethanol. The test diameters of
individual sea urchins ranged from a minimum of 20 mm to a
maximum 100 mm. We sampled a range of test diameters in order
to sample sea urchins of different ages (and recruitment events).
However, variation in test growth rate and asymptotic growth in
older individuals led to a low correlation between test diameter
and age within and among some populations (Meidel and
Scheibling 1998).

Molecular analysis

Genomic DNA from some sea urchins was extracted from tube feet
by incubating a single sucker in 20 pl of distilled deionized water
(ddH,0) with 10 pg proteinase K (Qiagen) for 1 h at 65°C. Samples
were then incubated for 5 min at 80°C, and 1 pl of this digest was
used as template for each polymerase chain reaction (PCR). For
most sea urchins, genomic DNA was isolated from gonad tissue
using a cetyltrimethylammonium bromide (CTAB) buffer and
phenol-chloroform extraction (Grosberg 1996). The two different
extraction methods produced identical microsatellite genotypes. A
total of 966 sea urchins (mean = 88 per population; range =37-110)
were characterized with the four microsatellite markers described by
Addison and Hart (2002). The PCR products were amplified using
the Stratagene Robocycler and MJ PTC-100 thermal cyclers.
Fragment sizes were resolved on a Li-Cor DNA 4200, following
the methodology of Addison and Hart (2002).

Data analysis

Allele frequencies, observed (Ho) and expected heterozygosity
(Hg), and exact tests for the conformance to Hardy—Weinberg
expectations (HWE) were calculated using the web version of
GENEPOP (version 3.1; Raymond and Rousset 1995). Linkage
disequilibrium was calculated using Fisher’s exact test by permut-
ing all two-locus genotypes within all populations using Genetic
Data Analysis (GDA version 1.0; Lewis and Zaykin 2001). Allelic
richness was calculated for each population using FSTAT (Goudet
2001) for the three loci in which no missing values were found.

To assess the levels of genetic differentiation within and among
populations F-statistics (Fis, Fit, Fst) were calculated for the eight
northwest Atlantic populations and again for all 11 populations
throughout the species range using GDA; 95% confidence intervals
were calculated for the F-statistics by bootstrapping across loci
(number of replications =10,000) using GDA. Pairwise Fsr values
were computed for all northwest Atlantic populations. A dendo-
gram based on coancestry distances computed by GDA was drawn
using PAUP 4.0b10 (Swofford 2002). Pairwise tests of multi-locus
genotypic differentiation were conducted for all northwest Atlantic
populations with randomization procedures and G-tests for dif-
ferentiation using FSTAT.

Results
Genetic variation within populations

All northwest Atlantic populations and the one Pacific
population had high levels of genetic variability, with
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Fig. 1 Strongylocentrotus droebachiensis. Sampling locations of
shallow-water populations in the northwest Atlantic Ocean. Arrows
indicate average annual current directions and /ine thickness
indicates average flow velocity (<0.005, 0.05-0.10, 2.5ms™").
Populations are: Conception Bay (CBY), Bonne Bay (BBY), Harve
St. Pierre (HSP), Miramichi Bay (MBY), Main-a-dieu (MAD),
East Jeddore (JED), Bear Cove (BCV), and Digby (DBY). See
Table 1 for exact population locations (Adapted with permission
from the Nova Scotia Museum (http://museum.gov.ns.ca/mnh/
nature/nhns/index.htm)

many alleles at each locus and high observed hetero-
zygosities (Table 1). The two northeast Atlantic popu-
lations (Iceland and Norway) had fewer alleles at each
locus, and the locus Sd76 failed to amplify in all indi-
viduals from these two populations. Allelic richness in
Iceland and Norway varied across loci from 3.69 to 7.19
(allelic richness was not calculated for Sd76 because no
alleles were amplified from northeast Atlantic samples).
Allelic richness in all other population samples was
10.04-18.68. Significant departures from Hardy—Wein-
berg expectations were detected in 22 of the 42 possible
tests (Table 1), and 18 of these were statistically signifi-
cant after a tablewide Bonferroni correction for multiple
tests (Rice 1989). Positive Fig values indicate the
departure from Hardy—Weinberg expectations are a re-
sult of an excess in homozygosity. Jackknifing over all
populations indicates that departures from Hardy—
Weinberg expectations (Fis+SD) were significant for
Sd156 (0.1878 £0.0237), Sd76 (0.2302+0.0226), and
Sd63 (0.1654+0.0322), but not for Sd121 (0.0095
+0.0144). We have detected null alleles segregating in

laboratory families at Sd156, but not at other loci
(J. Ford, unpublished data). However, the widespread
departures from Hardy—Weinberg expectations are not
thought to be caused by null alleles because null/null
homozygotes were conspicuously rare in this data set.
Homozygote and heterozygote genotypes were easy to
distinguish on gel images. Only one individual (from
Digby) failed to amplify at one locus (Sd76), but PCR
products were obtained for all remaining individuals in
the northwest Atlantic. Failure rates were higher for all
loci in the Pacific samples, but this could be due to the
poor quality and limited quantity of these tissue sam-
ples. Null alleles were probably not common in this
Pacific population, because we detected significant het-
erozygote deficits at only one of four loci (compared to
two or three significant deficits for most northwest
Atlantic populations in which null homozygotes were
completely absent). No linkage disequilibrium was de-
tected between any loci in any of the populations (data
not shown).

Genetic variation among populations

We found no statistically significant genetic variation
among populations in the northwest Atlantic
(Fst=0.0016, P>0.05; Table 2). When we included all
11 populations sampled throughout the Atlantic and
Pacific Oceans, the mean Fgt increased to 0.0870
(P <0.05; Table 2). This value was significantly different



246

21§70 69°0 99°0 26970 SL0 +85°0 99°0 2£9°0 0L0 =IL°0 209°0 °H

LLO $9°0 650 £€8°0 80 98°0 080 80 [8°0 £€8°0 £€8°0 iy
OLT-0v1 PS1-8¢€1 PSI-0v1 SLI-0v1 SLI-0v1 SLI-0FI 8LI-0vI1 8LI-CE1 8LI—8E1 8LI-0v1 8L1-8¢1 (dq) e3uer azig
Cl 8 9 14! 14! el Cl Sl Cl el Cl YN
84 (44 6L 66 011 701 S6 S6 L6 001 L6 N
£ors'
18°0 - - +89°0 #9570 €L'0 +99°0 %69°0 £69°0 *IL°0 +89°0 °x
88°0 - - L8°0 L8°0 80 L80 88°0 L80 L80 L80 B2
[LI-SP1 - - IL1-Sv1 6L1-SP1 6L1-SP1 6L1-ST1 [LI-SP1 [LI-SP1 6L1-SV1 [L1-S¥1 (dq) e8uer azig
Cl - - 4! el Sl 14! 14! Cl L1 el YN
[43 - - 86 0r1 701 S6 S6 L6 001 L6 N
9LPS
G880 LSO €L’0 780 S6°0 80 68°0 60 060 16°0 060 O
60 99°0 YLO 060 £€6°0 80 680 160 060 160 680 B2
PS1-8I11 wi-0Cl 10Tl LST-PI1 6S1-0¢C1 791-0CI 8S1-0CI 65101 8S1-0CI 091021 8S1-0T1 (dq) a3uer azig
LT L L 1T 61 44 81 44 0T 0T 0T YN
6¢ (94 6L 66 011 701 S6 S6 L6 001 L6 N
[Cips
68°0 vC0 €20 #0L°0 LLO =CL'0 6L°0 *L9°0 LLO %69°0 *L9°0 24
68°0 8C0 €20 88°0 680 98°0 88°0 88°0 88°0 980 16°0 iy
90C—8LI 961-C81 Y61-L91 C0C—8LI C0C—8LI COC8LI Y0C-S8LI COC—8LI COC—8LI Y0C-S8LI v0c—cL1 (dq) oSuer azig
el 14 9 Cl el el €l el Cl 14! Sl YN
LE (94 6L 66 011 ¥01 S6 S6 L6 001 L6 N
9S1IPS
(M. T0.£TT (M.6T.1T (M.0€o1 M,/ 1S.6S M.8S.V9 M.9€£9 M.ESOLS M.0SCS
NLEEo8Y) N, 1Zo79) ‘;N,1ToL9) M .91.59 M, £E.£9 M.,00.£9 NL00.9% ‘NL80oLY NL¥1.0S ‘NL1€.6% ‘NL8CoLP
uoIBuIyseAp pue[ao] KemION ‘NULENY N,TEtY (ADD) N.pyobt (AAS) (@vn) (AdIN) £ed (dSH) o11a1d (Add) (AdD) Aeg
‘Touuey) uenf ueS ‘Inpioljjeayq ‘uspilolpsop (A9Q) £931Q 9A0D) IBdg QIOPPI[ ISeq NAIP-B-UIB]N  IUYOIWERIIA 1S d1AaRY Aeg duuog uondoouo)

SUOTI021109 UOLIJuOg
[enuanbas 1018 suone1oadxs FIqUIDA—APIBH WO AJUBIYIUSIS 9)BIAJD 1Ry} so[dwes sayedipul add; pjog "uaAI3 a1e saniso34zo1a1ay (Of) paa1dsqo pue (dz7) pajoadxs oy pue ‘sired
aseq ur aguel azis J1R[e (VA) sS99I Jo 1oquinu ‘(A/) azis ojdwes ‘opniiduo| pue apnine| ‘(sasayjua.nd ur UONRIAAIGQR) UONLIO] SuljdWes “SISUNYIVG0.4P sNJ0JUI0]A3U0.11S T dqe ],



Table 2 Strongylocentrotus droebachiensis. Wright’s F-statistics
calculated using the methods of Weir and Cockerham (1984) in
GDA. Comparisons are for individual loci in the northwest
Atlantic and for both three- and four-locus analysis of all
11 populations sampled throughout the range; 95% percent con-
fidence intervals were calculated by bootstrapping across loci (no.
of replications=10,000) (*P <0.05)

Analysis Locus Fig Fir Fst
NW Atlantic Sd156 0.1959  0.1977  0.0023
Sd121  -0.0020 -0.0031 —0.0011
Sd76  0.2269  0.2263 —0.0008
Sd63  0.1855  0.1907  0.0063
Mean 0.1499*  0.1514* 0.0016
All populations, four loci Mean 0.1436* 0.2181* 0.0870*
All populations, Mean 0.1169*  0.1721*  0.0625*

Sd76 removed

from zero, and its magnitude suggests a moderate
amount of genetic subdivision at this large (> 6,000 km)
spatial scale. When we removed Sd76 from the analysis,
the resulting mean Fgt based on the three-locus geno-
types was reduced to 0.0625 (P <0.05; Table 2).

In addition to these quantitative population differ-
ences, the failure of Sd76 to amplify in the northeast
Atlantic populations suggests that there has been little
recent gene flow across the north Atlantic Ocean; all
northeast Atlantic individuals were null homozygotes at
this locus, and we found only one null homozygote at
this locus in all other populations. Any significant flux of
larvae from west to east should introduce amplifiable
Sd76 alleles into Iceland and Norway. Migration from
east to west (Wares and Cunningham 2001) could
introduce null alleles into northwest Atlantic popula-
tions, and it is possible that such null alleles contribute
to the deficit of Sd76 heterozygotes in Atlantic Canada
(see “‘Discussion’). However, such migration does not
appear to explain heterozygote deficits at other loci in
the same populations.

The UPGMA (unweighted pair-group method using
arithmetic averages) tree based on pairwise Fgt values
among all 11 populations clearly indicates the genetic
subdivision between the northwest and northeast
Atlantic populations of sea urchins, and the close rela-
tionship between the Pacific sample and those from the
northwest Atlantic (Fig. 2). Pairwise tests of genotypic
differentiation revealed three cases in which two popu-
lations had significantly different genotype frequencies
after a Bonferroni correction (Table 3). These three
cases all involved the population sampled from East
Jeddore, which experienced nearly complete mortality as
a result of a disease epidemic in 1995 (Scheibling and
Hennigar 1997), and pairwise differences were margin-
ally non-significant in three of the other four compari-
sons involving this population. No similar patterns were
observed for samples collected at Bear Cove, which
experienced complete mortality in 1995. These differ-
ences, therefore, provide no consistent evidence of an
effect of disease-induced population fluctuations on
population genetic differentiation.
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Fig. 2 Strongylocentrotus droebachiensis. UPGMA (unweighted
pair-group methods using arithmetic averages) dendrogram of all
11 populations based on four-locus microsatellite coancestry
distances (pairwise Fst), calculated using GDA (Genetic Data
Analysis). A dendrogram based on Nei’s D has the same topology
and similar branch lengths

— 1 % difference Iceland

Discussion
Variation within the northwest Atlantic

The populations of green sea urchins (Strongylocentrotus
droebachiensis) sampled throughout the northwest
Atlantic Ocean are genetically homogeneous (Fgt is not
significantly different from zero). This is consistent with
a high level of gene flow or a low rate of genetic drift,
and suggests that populations on this spatial scale act as
one large interbreeding unit. Samples collected from
disease-affected populations (East Jeddore and Bear
Cove) only 50 km apart had the highest pairwise genetic
differences among all the comparisons made. These
patterns are similar to the ‘“‘chaotic genetic patchiness”
observed for a variety of benthic marine invertebrates
with the high-dispersal life-history syndrome (e.g.
Johnson and Black 1982; see review by Hellberg et al.
2002). In these cases populations were genetically
homogeneous over a large spatial scale, but included
some statistically significant small-scale genetic hetero-
geneity. In our study, one population with a recent
history of disease outbreak and population decline (East
Jeddore) was genotypically distinct in pairwise com-
parisons, but others (e.g. Bear Cove) were not (Schei-
bling and Hennigar 1997). Some strong differences
among populations recently affected by disease may
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Table 3 Strongylocentrotus droebachiensis. Population pairwise
Fst values calculated for northwest Atlantic populations using
GDA (upper diagonal) and P-values for calculations of significant
pairwise genotype differentiation calculated using FSTAT (lower
diagonal). P-values in bold represent significant differences after

Bonferroni corrections for multiple tests. Populations are: Con-
ception Bay (CBY), Bonne Bay (BBY), Havre St. Pierre (HSP),
Miramichi Bay (MBY), Main-a-dieu (M AD), East Jeddore (JED),
Bear Cove (BCV), and Digby (DBY)

Sample site CBY BBY HSP MBY MAD JED BCV DBY
CBY 0.0012 -0.0006 -0.0013 0.0008 0.0105 -0.0002 0.0000
BBY 0.3893 0.0007 0.0001 —-0.0002 0.0052 0.0017 -0.0009
HSP 0.2000 0.2857 0.0000 -0.0014 0.0055 -0.0008 -0.0009
MBY 0.3821 0.5786 0.2339 0.0012 0.0043 0.0015 —-0.0014
MAD 0.1982 0.7464 0.7357 0.0714 0.0041 0.0002 —-0.0004
JED 0.0012 0.0375 0.0018 0.1214 0.0536 0.0086 0.0040
BCV 0.1554 0.5964 0.0125 0.0679 0.1643 0.0018 0.0011
DBY 0.0339 0.7054 0.2214 0.4750 0.6196 0.0107 0.0429

reflect sporadic and unpredictable recruitment (Harris
et al. 1994; Balch et al. 1998) and lack of older indi-
viduals at these sites. However, our data so far do not
strongly support the hypothesized effect of population
fluctuation on local population genetic differentiation.
The effect of population decline and subsequent larval
recruitment on genetic differentiation requires more de-
tailed studies of the genetic composition of new recruits
over several recruitment events.

Although mtDNA and sperm bindin sequence poly-
morphisms suggest genetic homogeneity of Strongylo-
centrotus populations on the west coast of North
America (Palumbi and Wilson 1990; Debenham et al.
2000; Flowers et al. 2002), the lack of genetic substruc-
ture in our study is surprising, because the allozyme
studies of sea urchins sampled at similar spatial scales
have revealed significant levels of genetic heterogeneity
(Marcus 1977; Watts et al. 1990; Edmands et al. 1996;
Mladenov et al. 1997; Moberg and Burton 2000) using
genetic markers that were much less polymorphic. Mo-
berg and Burton (2000) reported Fst=0.033 for S.
franciscanus adults from the eastern Pacific coast of
North America. Remarkably, Edmands et al. (1996)
reported the same value (Fst=0.033) for S. purpuratus
adults sampled from the same coastline. Both estimates
were significantly greater than zero. The nominal level of
subdivision in these two species is much larger than that
found in our study (Fst=0.0016; Table 2). Because all
three species share similar larval biology and ecology, we
expected to detect similar levels of genetic substructure.
Burton (1983) suggested that, where the potential for
extensive larval dispersal exists, populations should not
have the capacity to differentiate on the scale of typical
larval dispersal, and thus significant genetic subdivision
at or below this geographic scale must be driven by
natural selection. Differences in oceanographic condi-
tions and patterns of surface currents on each coast may
be responsible for the differences in population struc-
ture, but the potential influence of natural selection in
the allozyme studies or of non-equilibrium population
processes in our study cannot be ruled out.

Population genetic studies of cod (Gadus morhua;
Bentzen et al. 1996; Pogson et al. 2001; Beacham et al.

2002; Knutsen et al. 2003) and herring (Clupea harengus;
McPherson et al. 2001) in the northwest Atlantic using
microsatellite markers have also demonstrated small but
significant levels of genetic subdivision. However, mi-
crosatellite analysis of scallops (Herbinger et al. 1998)
and barnacles (Dufresne et al. 2002) throughout this
same region have failed to reveal any significant genetic
heterogeneity. The consistent lack of genetic structure
among these studies and in our own study suggest that
the passive larval dispersal and sedentary adult lifestyle
of many marine invertebrates may limit the formation of
population substructure. In contrast, behavioral associ-
ations in fish, such as schooling or spawning-site fidelity,
may be responsible for the formation of the genetically
distinct assemblages that are frequently detected.

Heterozygote deficits

Populations sampled in the northwest Atlantic had high
inbreeding coefficients (mean Fis=0.1499, P <0.05), and
consistent heterozygote deficits were detected for three
of the four loci used (Sd156, Sd76, and Sd63; Tables 1,
2). It is unlikely that null alleles are the cause of these
deviations, because only one possible null homozygote
was detected among 797 individuals screened. Inbreed-
ing is also an unlikely explanation, because high dis-
persal is predicted to reduce the probably of mating
among close relatives (reviewed by Bohonak 1999).
While a correlation between allele frequencies at neutral
loci and some allozyme alleles under selection has been
demonstrated in acorn barnacles (Semibalanus balano-
ides) (Dufresne et al. 2002), possible selective forces that
could act on linked loci in the green sea urchin across the
wide geographic range sampled in this study are un-
known. Selection could generate heterozygote deficien-
cies (e.g. Zouros and Foltz 1984), but selection is an
unlikely explanation of the high inbreeding coefficients
detected at multiple loci in green sea urchins.

An alternate explanation for these high inbreeding
coefficients is based on the hypothesis that populations
of marine free spawners experience a large variance in
reproductive success (Hedgecock 1994). The chance



matching of reproductive effort to oceanographic con-
ditions that promote fertilization, growth, development,
and settlement of larvae is likely a random process, in
which the likelihood of reproductive success is inde-
pendent of genotype. The two main predictions of this
model are that cohorts should be genetically differenti-
ated from each other, and each cohort should have re-
duced allelic diversity because few adults in the
population contributed successfully to the resulting pool
of offspring (Hedgecock 1994). If cohorts are temporally
and spatially differentiated, then an age-structured
population should demonstrate unrecognized temporal
structure as a kind of Wahlund effect. Since the
spawning populations sampled in our study are geneti-
cally homogeneous, the large deficits in heterozygotes
are unlikely due to a spatial Wahlund effect. Instead, we
suggest that our results are consistent with the prediction
that large deficits in heterozygotes result from a tem-
poral Wahlund effect caused by a large variance in
reproductive success. Supporting evidence for this
argument is the observation of small-scale genetic dif-
ferentiation between geographically close populations in
an otherwise panmictic population. It is unlikely that
temporal variation in the sources of new recruits could
alone account for small-scale genetic differentiation be-
tween East Jeddore and Bear Cove. The observation of
equilibrium genotype frequencies in northeast Atlantic
populations is not consistent with the hypothesis of
reproductive variance, and suggests either that these
populations experience reproductive conditions that
promote low variance in reproductive success or that the
temporal Wahlund effect is not a general explanation of
within-population genetic variation in these and other
sea urchins (e.g. Flowers et al. 2002).

Population structure across the species range

The significant Fsr of 0.0870 (P <0.05) that was calcu-
lated among all 11 populations suggests that geographic
subdivision in this species is manifest only on a very
large spatial scale. The failure of Sd76 to amplify in the
northeast Atlantic populations further suggests that
these populations are not currently connected by gene
flow to populations in the northwest Atlantic. The fail-
ure of this locus to amplify in some populations also
highlights the potential pitfalls of employing hyper-
variable markers such as microsatellites across a broad
geographic range, in which there are potentially deep
divergences between populations that are conspecific but
genetically isolated from each other on large spatial and
temporal scales.

Fossil records indicate that S. droebachiensis invaded
the Atlantic from the Pacific after the Bering Seaway
opened 3.5 million years ago (Durham and MacNeil
1967). It has been suggested that, as a result of more
recent climate change, north Atlantic populations may
have undergone recent extinctions or severe bottlenecks
followed by reinvasion from the Pacific. Both Palumbi
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and Wilson (1990) and Palumbi and Kessing (1991)
suggest recent, but not continuous, migration of
S. droebachiensis from the Pacific to the northwest
Atlantic in the last 300,000-90,000 years. Extensive
outflow of freshwater along the Arctic coast of Siberia is
thought to have restricted the trans-Arctic interchange
to the Canadian Arctic but not the Eurasian Arctic
(Gladenkov 1979). There is evidence that the magnitude
of the extinctions caused by Pleistocene glacial advances
were less severe in the northeast Atlantic than in the
northwest Atlantic, because of the presence of rocky
substratum offering glacial refugia to the south (Vermeij
1979). Our results are consistent with these hypotheses
of historical phylogeography. The lack of amplification
at Sd76, as well as the reduced number of alleles in the
northeast Atlantic, suggests that these populations
experienced a severe bottleneck (and became fixed for
one or more null alleles at Sd76), but were not recently
recolonized from the Pacific. In spite of the low genetic
diversity within both of these populations at all loci (4-8
alleles, compared to 12-22 alleles in all other popula-
tions), we found no heterozygote deficits in the northeast
Atlantic. Both of these patterns are consistent with a
historical population reduction followed by restoration
of equilibrium genotype frequencies in the absence of
detectable gene flow from the Pacific or the northwest
Atlantic population. In contrast, the relatively high
polymorphism in the northwest Atlantic and genetic
similarity to the Pacific population indicate either glacial
refugia or extinction followed by more recent and
extensive recolonization from the Pacific. The failure to
find genetic evidence of glacial refugia in several other
obligate rocky substratum inhabitants in the northwest
Atlantic supports the local extinction argument (Wares
and Cunningham 2001). However, contrary to Wares
and Cunningham (2001), our results do not suggest re-
cent recolonization from northeast Atlantic populations.
Evidence of such a recolonization event would include
lower diversity of alleles in the northwest Atlantic
compared to the northeast Atlantic, a pattern opposite
to our observations.
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