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Abstract The distribution and genetic structure of many
marine invertebrates in the North Atlantic have been
influenced by the Pleistocene glaciation, which caused
local extinctions followed by recolonization in warmer
periods. Mitochondrial DNA markers are typically used
to reconstruct species histories. Here, two mitochondrial
markers [16S rDNA and cytochrome c oxidase I (COI)]
were used to study the evolution of the widely distrib-
uted hydrozoan Obelia geniculata (Linnaeus, 1758) from
the North Atlantic and the Pacific and, more specifically,
in the context of North Atlantic phylogeography. Sam-
ples were collected from six geographic localities
between 1998 and 2002. Hydroids from the North
Atlantic, North Pacific (Japan), and South Pacific (New
Zealand) are reciprocally monophyletic and may repre-
sent cryptic species. Using portions of the 16S rDNA
and COI genes and the date of the last trans-Arctic
interchange (3.1–4.1 million years ago), the first cali-
brated rate of nucleotide substitutions in hydrozoans is
presented. Whereas extremely low substitution rates
have been reported in other cnidarians, mainly based on
anthozoans, substitution rates in O. geniculata are
comparable to other invertebrates. Despite a life history
that ostensibly permits substantial dispersal, there is
apparently considerable genetic differentiation in
O. geniculata. Divergence estimates and the presence of
unique haplotypes provide evidence for glacial refugia in

Iceland and New Brunswick, Canada. A population in
Massachusetts, USA, appears to represent a relatively
recent colonization event.

Introduction

The rate of mitochondrial nucleotide substitution in
Cnidaria, particularly in the Anthozoa, is thought to be
considerably lower than in other marine invertebrates
(Romano and Palumbi 1997; Medina et al. 1999; Van
Oppen et al. 1999) and may be 10–20 times lower than in
vertebrates (Shearer et al. 2002). Cnidarian mitochon-
drial evolution has been best studied in the Anthozoa,
because there is a fossil record against which sequence
divergence can be calibrated. Generalizations from these
studies may not be applicable to other cnidarian clades.
Analysis of the scyphozoan Aurelia aurita COI (cyto-
chrome c oxidase I) suggests that the substitution rate
may be higher in this group (Dawson and Jacobs 2001).
The only previous study on a hydrozoan (Shearer et al.
2002) used a relative rate test on COI amino acid se-
quences, and found that the hydrozoan (Limnomedusa)
Maeotias sp. was evolving significantly more slowly than
echinoderms, molluscs, and arthropods.

A variety of mechanisms, such as selection, a recent
bottleneck, introgression, and mismatch repair, could
contribute to this unusually slow rate (Shearer et al.
2002). Particularly interesting is the possibility of a
mismatch repair system. Mitochondrial gene content is
highly conserved among metazoans, but some anth-
ozoans (e.g. octocorals) possess a gene coding for a
mismatch repair protein (MSH) that has not been found
in any other metazoan mitochondrial genome (Pont-
Kingdon et al. 1995, 1998; France and Hoover 2001).
However, it is not known if and how this gene functions
in mismatch repair in anthozoan mitochondria (Pont-
Kingdon et al. 1998; Shearer et al. 2002).

Biogeographic events can sometimes provide firm
upper and lower bounds for divergence when a fossil
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record is not available (e.g. Cunningham et al. 1991;
Knowlton and Weigt 1998; Wares and Cunningham
2001). Here, assuming migration through the trans-
Arctic interchange (Vermeij 1991), we provide the first
calibrated substitution rates for a hydrozoan, Obelia
geniculata. We then use our calibrated substitution rates
to interpret the timing of phylogeographic events for
O. geniculata in the North Atlantic.

The hydrozoan O. geniculata (Leptomedusa: Cam-
panulariidae) is very widely distributed (Cornelius 1975).
It is found on both sides of the North and South Atlantic
and Pacific Oceans, but is apparently absent or rare (or
undescribed) in the northern Indian Ocean, the tropical
western Atlantic, the Great Barrier Reef region, and the
Southern Ocean (Cornelius 1975). The life cycle consists
of three stages, in which the adult medusa releases either
sperm or eggs, forming relatively short-lived, lecitho-
trophic planula larvae. The planulae settle on to a sub-
strate and metamorphose into hydroids. Hydroids are
colonial and asexually produce medusae, which are re-
leased into the plankton, completing the cycle. Addi-
tionally, O. geniculata hydroids can reproduce asexually
by releasing propagules or ‘‘capsules’’ of tissue (Billard
1904; Berrill 1948; Panteleeva 1999). O. geniculata hy-
droids are found from the intertidal down to about 100 m
depth, growing on a variety of substrates, especially
brown algae and occasionally other invertebrates and fish
(Cornelius 1995). This species has the potential for
extensive dispersal through planktonic medusae and
planulae, or through hydroids rafting on drifting sea-
weeds (Cornelius 1992).

The goals of this research were to: (1) examine
genetic variation and phylogeography in O. geniculata
using portions of the mitochondrial 16S rDNA and
COI genes; (2) determine the substitution rates of 16S
rDNA and COI by calibrating nucleotide substitutions
to the opening of the Bering Strait, and compare these
rates with those in other invertebrates; and (3) inves-
tigate phylogenetic patterns and divergence relative to
the last glacial maximum in the North Atlantic.

Materials and methods

Sample collection and DNA sequencing

Hydroids of Obelia geniculata (Linnaeus, 1758) were
collected, or obtained from colleagues, from the North
Atlantic and Pacific (Table 1) and preserved in 95%

ethanol. Hydroids were identified by A. Govindarajan or
P. Schuchert, and vouchers formost samples are available
upon request to A. Govindarajan. Genomic DNA was
extracted using the DNEasy kit (Qiagen). Portions of the
mitochondrial 16S rDNA and COI were amplified under
standard PCR (polymerase chain reaction) conditions
using the primers of Cunningham and Buss (1993) and
Folmer et al. (1994) (LCO1490 and HCO2198, respec-
tively). PCR products were visualized on an agarose gel
with ethidium bromide and purified with PCR purifica-
tion kits (Qiagen). Purified productswere cycle-sequenced
with either Big Dye 2 or 3 sequencing chemistry (ABI)
following the manufacturer’s protocol, purified on a
Sephadex column, and sequenced in both directions on an
ABI 377. Sequences were aligned using Clustal X
(Thompson et al. 1994) and confirmed by eye with
MacClade (Maddison and Maddison 2000), although
there was virtually no length variation in the sequences
(only one indel). ModelTest (Posada and Crandall 1998)
was used to determine the best-fit model for maximum-
likelihood analyses (described below) conducted with
PAUP* 4.0b10 (Swofford 2000). For calculations of
substitution rates and divergence estimates, model
parameters under the best-fit model were estimated using
maximum likelihood in PAUP*.

Phylogeny

Because the mitochondrial genome represents a single
locus, the 16S rDNA and COI sequences were combined
for each individual sequenced and considered a single
mitochondrial haplotype. A maximum-likelihood phy-
logeny was generated from a heuristic search with TBR
branch-swapping using the ModelTest parameters (cor-
responding to an HKY85+I+G model). The starting
tree was obtained from the set of most-parsimonious
trees found from a heuristic search (starting trees
obtained via stepwise addition using ten random addi-
tion replicates). Support for the nodes was estimated by
conducting a likelihood bootstrap analysis with 300
replicates (identical haplotypes excluded to save com-
putational time).

Substitution rates

Substitution rates were calibrated using PAUP* 4.0b10
(Swofford 2000) by calculating the average length of the
central internal branch of a likelihood phylogeny using

Table 1 Obelia geniculata. Localities sampled for hydroids

Locality Sample code No. of samples Latitude Longitude Sample date

St. Andrews, New Brunswick, Canada NB 14 45�05¢ 67�03¢ Jul 2002
Woods Hole, Massachusetts, USA MA 9 41�32¢ �70�40¢ Oct 2001
Roscoff, France FR 4 48�43¢ �3�59¢ Apr 1998
Garour/Sandgerdi, Iceland IC 8 64�04¢ to 64�02¢ �22�43¢ to �22�39¢ May 2000
Misaki, Sagami Bay, Japan JP 8 34�19¢ 135�09¢ Sep 2002
Wellington, New Zealand NZ 8 �41�18¢ 174�47¢ Dec 2001
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the best-fit model between Pacific and the North
Atlantic (New Brunswick, Icelandic, and French) pop-
ulations (to get gene, rather than population, diver-
gence, Edwards and Beerli 2000). A likelihood ratio test
(Huelsenbeck and Rannala 1997) was used to see if the
hydroids were evolving in a clock-like fashion. Likeli-
hood scores were calculated in PAUP* using the best-fit
model with and without the molecular clock constraint,
and were used to generate a v2 test statistic with n�2
degrees of freedom (n=number of taxa). Midpoint
rooting was used when the molecular clock was
enforced.

For comparison, we similarly calculated the substi-
tution rate for 16S rDNA in another hydrozoan,
the genus Hydractinia (Hydrozoa, Anthomedusa, Hy-
dractiniidae) using previously published sequences
(Cunningham and Buss 1993) and a dated biogeographic
event (Cunningham et al. 1991; Young et al. 2002). This
calculation had not been done previously.

Phylogeography and North Atlantic population ages

Evidence for geographic subdivision was obtained by
conducting an AMOVA between the three groups
(North Atlantic, Japan, and New Zealand) and pairwise
FST values using Arlequin 2.001 (Schneider et al. 2000).
The presence of geographically restricted groups of
haplotypes can be used to estimate minimum population
ages. This is of interest since several of our populations
were in regions thought to have been covered by glaciers
during the last glacial maximum.

The age of a clade composed of an ancestral hap-
lotype and its descendants can be estimated using the
methods of Saillard et al. (2000). If these form a
perfect star phylogeny, the age is easily estimated
according to coalescent theory. The more these hapl-
otypes depart from a star phylogeny, the wider the
confidence limits.

First, the ancestral haplotype was identified by the
method of Castelloe and Templeton (1994), which esti-
mates outgroup weights based on haplotype frequency
and connectivity. The haplotype with the highest out-
group weight is most likely the oldest. Following Sail-
lard et al. (2000), the divergence estimate q is the average
number of links in terms of observed substitutions
between the observed haplotypes from the ancestral
haplotype such that:

q ¼ ðn1l1 þ n2l2 þ :::þ nmlmÞ=nÞ ð1Þ

where n is number of individuals with a given haplotype,
l is number of steps (links) of a given haplotype to the
ancestral haplotype, and m is the number of haplotypes.
The variance r is described by:

r2 ¼ ðn2
1l1 þ n2

2l2 þ :::þ n2mlmÞ=n2 ð2Þ

The star index q/nr2 (Torroni et al. 1998; Saillard
et al. 2000), where a value of one equals a perfectly

starlike phylogeny, was calculated. As described above,
the more starlike, the smaller the confidence intervals.
Since q is expressed in terms of number of observed
substitutions, a per-locus rate of substitution is neces-
sary. This is obtained by multiplying the substitution
rate times the number of positions in the combined 16S
rDNA and COI data.

Results

Sample collection and DNA sequencing

A total of 51 Obelia geniculata hydroids were collected
and sequenced from New Zealand, Japan, and four
locations in the North Atlantic (Massachusetts, New
Brunswick, Iceland, and France). A total of 440 base
pairs (bp) of 16S rDNA and 575 bp of COI were
sequenced for all taxa (GenBank accession numbers
AY530328–AY530429). The dataset consisted of 1,015
characters, 941 of which were constant, 21 of which were
variable but parsimony-uninformative, and 52 of which
were parsimony-informative. The alignments were
deposited in the EMBL-Align database (accession
numbers ALIGN_000710 and ALIGN_000711 for 16S
and COI, respectively).

Phylogeny

A total of 31 mitochondrial haplotypes were found. All
Japanese individuals, and all but one New Zealand
individual, were unique. The likelihood topology indi-
cated three strongly supported (96–100%), reciprocally
monophyletic clades, separated by long branches: one
for the North Atlantic, one for Japan, and one for New
Zealand (Fig. 1). The arrangement of the three clades
with respect to each other is unresolved.

16S rDNA and COI substitution rates

Minimum substitution rates were calculated by com-
paring divergence between North Atlantic and Japa-
nese populations. Three ages for the trans-Arctic
interchange were used: the minimum and maximum
estimate for the initial opening of the Bering Strait (3.1
and 4.1 million years ago) (Marincovich and Gladen-
kov 2001) and 3.5 million years ago (Vermeij 1991).
Because these dates represent the initial opening, the
resulting substitution rate estimate is the minimum
possible rate.

To obtain divergence estimates, a maximum-likeli-
hood phylogeny was constructed using the best-fit
model. The length of the internal branch between
populations estimates the actual age of divergence
between populations, and serves to correct for poly-
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morphism in the ancestral population (Edwards and
Beerli 2000). The best-fit models for each data partition
(16S rDNA, 16S rDNA+COI, COI, COI third codon
positions) and their estimated rates are presented in
Table 2. The molecular clock assumption was tested,
but was not rejected (�ln Lclock=1,946.40809, �ln
Lno clock=1,913.82546, 2[�ln Lclock�(�ln Lno clock)]=
65.16526, df=49, critical value at 0.05 significance=
66.339).

Comparison of mitochondrial substitution rates to other
invertebrates

The minimum substitution rates for 16S rDNA, COI,
and COI third codon positions were higher than those
for anthozoans, and within the range of other marine

invertebrates (Tables 2, 3). The 16S rDNA rate of
O. geniculata was comparable to our estimated rate,
based on published 16S rDNA sequences, of the
hydrozoan Hydractinia spp. (Cunningham and Buss
1993). The maximum date of divergence for Atlantic and
Gulf of Mexico populations of the hermit crab host of
Hydractinia spp. is �4.1 million years (Cunningham
et al. 1991; Young et al. 2002). The divergence between
Atlantic and Gulf of Mexico Hydractinia spp., using an
HKY model is 0.01027, which yields a minimum sub-
stitution rate of 1.25·10�9 substitutions site�1 year�1 for
Hydractinia 16S rDNA. This is lower than the rate for
O. geniculata, but both rates were considerably higher
than published estimates for scleractinian corals
(Romano and Palumbi 1997; Table 3).

Phylogeography

Within the North Atlantic, there appeared to be an
ancestral haplotype. As expected (Castelloe and Tem-
pleton 1994), the ancestral haplotype was deeply nes-
ted and was shared by Massachusetts (MA), New
Brunswick (NB), and Iceland (IC) populations
(Fig. 2).

The AMOVA indicated that most (92.67%) of the
variation corresponded to the three major clades found
in the phylogeny (North Atlantic, JP, and NZ); 1.22%
of the variation came from between localities within the
three major groups (MA, NB, IC, FR, JP, NZ), and
6.11% of the variation came from within locations
(Table 4). The pairwise FST values indicated significant,
although in some cases small, genetic differentiation:
only one pair (NB–IC) was not statistically different
(P>0.05, Table 5).

Estimates of population age

Both the Icelandic and New Brunswick populations had
a number of haplotypes not shared by other popula-
tions. In contrast, the Massachusetts sample was entirely
composed of haplotypes shared with New Brunswick,
consistent with recent colonization from the north
(Hewitt 2000).

Table 2 Obelia geniculata. Range of divergence rates based on
minimum (3.1 million years ago, mya), maximum (4.1 mya), and
commonly used (3.5 mya) estimates for the opening of the Bering
Strait

Gene Substitution rate
(site�1 year�1) (·10�9)

Best-fit model
used in rate calculation

3.1 mya 3.5 mya 4.1 mya

16S 2.76 2.44 2.08 HKY
16S+COI 6.13 5.43 4.63 HKY+G
COI 7.38 6.54 5.58 HKY+G
COI
third codon

22.00 19.48 16.63 HKY

Fig. 1 Obelia geniculata. Maximum-likelihood topology. Numbers
indicate parsimony bootstrap values (300 replicates). Only boot-
strap values for the three major clades are shown. Five nodes
within these clades had bootstrap values of 50–71, and the rest were
<50. Sample names, see Table 1
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If we consider the ancestral haplotype in the North
Atlantic and its descendants restricted only to a partic-
ular population, we can estimate the minimum age of
that population using the method of Saillard et al.
(2000). For New Brunswick the estimated age,
143±47 thousand years ago, predates the last glacial
maximum (20 thousand years ago). Including the Mas-
sachusetts individuals does not change this result
(150±82 thousand years ago). The Icelandic population
appears even older (204±68 thousand years ago).

To investigate the possibility that the trans-Arctic
migration was more recent, thus moving the divergence
dates to be more recent than the last glacial maximum,
the effects of trans-Arctic migration date on divergence
time from the ancestral haplotype and on the corre-
sponding COI third codon position substitution rate
were modeled for the New Brunswick samples (Fig. 3).
The more recent the date of trans-Arctic migration, the
more recent the divergence from the ancestral haplotype
and the higher the substitution rate. Trans-Arctic
migration dates at or after �750,000 years ago yielded

divergence estimates at or after the last glacial maxi-
mum. However, the corresponding substitution rates
were exceedingly high. For a trans-Arctic migration date
of 750,000 years ago, the COI third codon substitution
rate was 90.93·10�9 substitutions site�1 year�1, and
increased rapidly as trans-Arctic migration dates became
more recent.

Discussion

We found three reciprocally monophyletic clades of
Obelia geniculata in New Zealand, Japan, and the North
Atlantic. The New Zealand and Japanese populations,
each collected from a single location, appear to have
more haplotype diversity than the four North Atlantic
sampling localities combined. This is consistent with a
more recent origin for the North Atlantic population,
perhaps via an invasion from the Pacific during the
trans-Arctic interchange that followed the opening of
the Bering Strait 3.1–4.1 million years ago. However,

Table 3 Obelia geniculata. Substitution rates of 16S rDNA and
COI (all positions) compared with those from other cnidarians
(O. geniculata in bold). Substitution rate for cytochrome b from an
anthozoan is included for comparison, although this gene was not
sequenced in O.geniculata. O. geniculata COI third codon position
substitution rate is compared with other invertebrates calculated by
Wares and Cunningham (2001) with the F84 model. Even if the

unlikely, earlier (5.5 million years ago,mya) opening (which was
not accompanied by a large faunal migration) is considered, O.
geniculata rates would be lower, but still higher than anthozoans
(16S rDNA: 1.55·10�9 substitutions site�1year�1; COI: 4.16·10�9
substitutions site�1 year�1; COI third codon positions: 12.40·10�9
substitutions site�1 year�1)

Gene Phylum Species Substitution rate
(site�1 year�1) (·10�9)

Calibration reference Source

16S Cnidaria
(Hydrozoa)

O. geniculata 2.44 Bering Strait
(3.5 mya)

Present study

16S Cnidaria
(Hydrozoa)

Hydractiniaspp. 1.25 Florida
(4.1 mya)

Cunningham et al. (1991);
Young et al. (2002)

16S Cnidaria
(Anthozoa)

Scleractinian corals 0.1–0.6 Fossil record Romano and Palumbi (1997)

COI Cnidaria
(Hydrozoa)

O.geniculata 6.54 Bering Strait
(3.5 mya)

Present study

COI Cnidaria
(Anthozoa)

Montastraea spp. 0.5 Fossil record Medina et al. (1999)

Cyt b Cnidaria
(Anthozoa)

Acropora spp. 0.5–0.9 Fossil record Van Oppen et al. (1999)

COI
third codon

Cnidaria
(Hydrozoa)

O.geniculata 19.5 Bering Strait
(3.5 mya)

Present study

COI
third codon

Arthropoda
(Malacostraca)

Alpheus spp. 19 Isthmus of Panama Knowlton and Weigt (1998)

COI
third codon

Arthropoda
(Malacostraca)

Sesarma spp. 21 Isthmus of Panama Schubart et al. (1998)

COI
third codon

Mollusca
(Gastropoda)

Littorina obtusata 24 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)

COI
third codon

Arthropoda
(Maxillopoda)

Semibalanus balanoides 27.6 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)

COI
third codon

Arthropoda
(Malacostraca)

Idotea balthica 36 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)

COI
third codon

Arthropoda
(Maxillopoda)

Euraphia spp. 38 Isthmus of Panama Wares (2001)

COI
third codon

Mollusca
(Gastropoda)

Nucella lapillus 44.3 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)

COI
third codon

Echinoderma
(Asteroidea)

Asterias rubens 48.4 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)

COI
third codon

Mollusca
(Bivalvia)

Mytilus edulis 95.1 Bering Strait
(3.5 mya)

Wares and Cunningham (2001)
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additional data are necessary to determine the arrange-
ment of the clades with respect to each other.

Our substitution rate calibrations assume a trans-
Arctic migration 3.1–4.1 million years ago, but do not
depend on the direction of migration. An earlier
opening 5.4–5.5 million years ago has been recently
suggested (Marincovich and Gladenkov 1999; Gladen-
kov et al. 2002), but, unlike the later opening (Durham
and MacNeil 1967; Briggs 1970; Vermeij 1991), it does
not appear to have been accompanied by a large faunal
migration and so was not considered here. Many spe-
cies, including molluscs, echinoderms, and algae are
thought to have been introduced to the North Atlantic
from the North Pacific when the Bering Strait opened

up around 3.5 million years ago (Durham and MacNeil
1967; Van den Hoek and Breeman 1990; Vermeij 1991;
Cunningham and Collins 1998). Several species of the
kelp Laminaria, a common substrate of O. geniculata,
were among the invaders from the Pacific (Stam et al.
1988).

We used the opening of the Bering Strait to obtain a
minimum estimate of the substitution rate for O. gen-
iculata. For both the COI and 16S rDNA genes, this rate
is about an order of magnitude faster than rates esti-
mated for anthozoans (Table 3). The 16S rDNA rate for
O. geniculata is also higher than a rate estimated from
published sequences for the hydrozoan genus Hydracti-
nia (Table 3).

The existence of three well-supported clades sepa-
rated by long branches suggests that the North Atlantic,
Japanese, and New Zealand populations have been
separated for a long time. The three clades are recipro-
cally monophyletic, suggesting they represent different
species according to the phylogenetic species concept
(Avise 2000). Species distinctions in campanulariid
hydroids, particularly in the genus Obelia, are contro-
versial. Species-level taxonomy is based in large part on
theca (the chitinous covering) morphology, but envi-
ronmental influences on morphology (e.g. Ralph 1956)
make identification difficult. In a revision of the genus
Obelia, Cornelius (1975) synonymized about 120 species
into 3. He later increased that number to 4 (Cornelius
1990). Unlike other Obelia species, his treatment of
O. geniculata was not controversial (Cornelius 1990),
and O. geniculata is considered easily recognizable by
the asymmetrical thickening of the perisarc, or exoskel-
eton (although the degree of thickening is variable).
Nevertheless, our results suggest that diversity may be
underestimated in O. geniculata. Additional genetic
studies will be useful in resolving species boundaries in
the genus Obelia.

This study presents the first calibrated hydrozoan
substitution rates. Because our rates are based on the
maximum time of divergence, they represent minimum
estimates. O. geniculata COI and 16S rDNA genes are
evolving at rates similar to those of other invertebrates,
countering the hypothesis that all cnidarian mitochon-
dria evolve slowly. Thus, mitochondrial sequences

Fig. 2 Obelia geniculata. Parsimony network for North Atlantic
samples. A heuristic search yielded six most parsimonious trees, all
with 23 steps; the tree identical to the likelihood topology (Fig. 1) is
represented here. The ancestral haplotype is shaded. Sample names,
see Table 1. Sample NB-11 is separated from the NB–MA
haplotype by one step; because that change was a deletion, it was
coded as missing data in the likelihood analyses and not indicated
on Fig. 1

Table 5 Obelia geniculata. Pairwise FST values and associated
P-values (in parentheses). Sample abbreviations, see Table 1

MA NB IC FR JP

NB 0.29244
(0.00000)

IC 0.42176
(0.00000)

0.03547
(0.13514)

FR 0.49671
(0.00901)

0.19653
(0.01802)

0.14118
(0.03604)

JP 0.95258
(0.00000)

0.94038
(0.0000)

0.92409
(0.00000)

0.89158
(0.00901)

NZ 0.95557
(0.00000)

0.94050
(0.0000)

0.92468
(0.00000)

0.89326
(0.00000)

0.89655
(0.00000)

Table 4 Obelia geniculata. AMOVA results (groups the three major
clades: North Atlantic, Japan, and New Zealand; populations the
six populations: Massachusetts, New Brunswick, Iceland, France,
Japan, and New Zealand)

Source of
variation

df Sum of
squares

Variance
components

Percentage
of variation

Among groups 2 408.972 16.47575 92.67
Among populations
within groups

3 8.650 0.21734 1.22

Within populations 45 48.907 1.08682 6.11
Total 50 466.529 17.77990
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should be a useful tool for studying hydrozoan phylog-
eography.

Anthozoans exhibit very low substitution rates in
their mitochondrial sequences, even at COI third codon
positions (which are under less selective pressure; Snell
et al. 1998; Medina et al. 1999; France and Hoover
2002). In O. geniculata, the divergence rate for third
codon positions fell within the range for other inverte-
brates (Wares and Cunningham 2001).

Noting that sponges appear to have a slow rate of
mitochondrial evolution, Shearer et al. (2002) (citing
R. Watkins, personal communication) suggest that
mitochondrial evolution was slow in ancestral metazo-
ans and accelerated near the origin of the Bilateria. They
point out that if a higher mitochondrial evolutionary
rate were found in cnidarian classes other than the
Anthozoa, then that accelerated rate likely evolved at
the origin of the Medusazoa, as anthozoans are thought
to be the basal cnidarians (Bridge et al. 1992, 1995). Our
results are consistent with this interpretation of a second
independent origin of rapid mitochondrial evolution.

In addition to the trans-Arctic interchange, the
Pleistocene glaciations are thought to have been a major
force in shaping the history of the shallow-water flora
and fauna in the North Atlantic by causing local
extinctions, especially in the west (Ingolfsson 1992;

Cunningham and Collins 1998). Our results suggest that
it may have been important for hydroids as well.

Although more comprehensive sampling is required,
particularly in France, our divergence estimates, which
predate the last glacial maximum, suggest that Icelandic
and Canadian populations of O. geniculata may have
survived in northern, glacial refugia. This conclusion is
robust to the calibration of the molecular clock. In some
cases, trans-Arctic invaders may have come more
recently than after the initial opening of the Bering Strait
(Palumbi and Kessing 1991; Van Oppen et al. 1995). If
this were the case for O. geniculata, the calculated Ice-
landic and New Brunswick divergence date would be
overestimated because the substitution rate estimate
would be too low. However, this seems highly unlikely
because the minimum substitution rate necessary to
push the divergence dates to the last glacial maximum
(requiring a maximum trans-Arctic migration date of
�750,000 years ago) is considerably higher than the
substitution rate in all other invertebrates compared
except for Mytilus edulis (95.1·10�9 substitutions site�1
year�1; Table 3). M. edulis is known to have an excep-
tionally high mitochondrial evolutionary rate, possibly
due to its unusual form of mitochondrial inheritance
(Hoeh et al. 1996). Thus, it seems most likely that
O. geniculata experienced a trans-Arctic migration
>750,000 years ago, supporting our original estimate of
pre-glacial ages for O. geniculata populations in Iceland
and the Canadian Maritimes.

The presence of unique haplotypes in O. geniculata
from Iceland and New Brunswick also add to the
mounting genetic evidence for glacial refugia in these
areas (Holder et al. 1999; Dahlgren et al. 2000; Wares
et al. 2002; Young et al. 2002). Geological evidence
suggests that unglaciated pockets may have existed in
northern Norway and Scotland (Dawson 1992; Siegert
2001) and in the Canadian Maritimes and on Georges
Bank (Rogerson 1983; Pielou 1991; Holder et al. 1999).

Fig. 3 Obelia geniculata. Effect of trans-Arctic migration time on
divergence of the New Brunswick samples (which diverged more
recently than the Icelandic samples) from the ancestral haplotype
and on the substitution rate of COI third codon positions (which
can be compared to a variety of other invertebrates). To be
conservative, the lower bound (mean�1 SD) of the divergence
estimate was used [A assuming migration at the initial opening,
3.5 million years ago, results in divergence well before the last
glacial maximum and a substitution rate as described in the
‘‘Results’’ and Table 3; B assuming migration at or after
750,000 years ago results in divergence approximately at or after
the last glacial maximum (20,552 years ago) and an exceptionally
high substitution rate (90.93·10�9 substitutions site�1 year�1)]
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These unglaciated pockets may have provided the
refugia indicated by the genetic data.

Our results also suggest a recent southward range
expansion by two haplotypes from New Brunswick into
Massachusetts [the Woods Hole, Mass., sampling site is
located on the southern shore of the biogeographic
boundary of Cape Cod (Franz and Merrill 1980a,
1980b)]. As expected for a recent introduction, genetic
diversity was lower than, and a subset of, the putative
New Brunswick founding population (Hewitt 2000).
Similarly, Dahlgren et al. (2000) suggested a southern
range expansion for the bivalve Arctica islandica due to
global climate change. This pattern is also seen in the
gastropod Littorina littorea, a species believed for a long
time to have been introduced into the western Atlantic
from Europe, but which is now thought to be a recent
southward range expansion from Canada (Wares et al.
2002). Such southward range expansions may be
common in other invertebrate taxa as well.

Wares and Cunningham (2001) suggest that species
capable of long-distance dispersal may have persisted
through glacial periods because they could take advan-
tage of widely scattered, ephemeral refugia (although the
role of dispersal ability in colonization is complex,
Cunningham and Collins 1998). The presence of a
planktonic medusa stage in the life cycle of O. geniculata
could provide a mechanism for substantial dispersal.
Additionally, hydrozoans possessing a medusa stage
may have relatively longer-lived planulae (Sommer
1992). In O. geniculata, several medusa generations are
produced per year, and the medusae may live for several
weeks (Kramp 1927). Planulae of Obelia spp. may live
from 5 days to 3 weeks (Bodo and Bouillon 1968).
Dispersal can also occur via the attached hydroid stage
by rafting on algae (Cornelius 1992; Ingolfsson 1995).
Hydroids living on Laminaria spp. live as long as the
blades to which they are attached, which may be up to
15 months (Kramp 1927). Finally, dispersal may occur
via asexual propagules (Billard 1904; Berrill 1948; Pan-
teleeva 1999).

Nevertheless, there was significant genetic variation
despite the dispersal potential of the planktonic medu-
sae, planulae, propagules, and algal rafting. Not sur-
prisingly, because of the large geographic distances
between them, there were large differences between the
North Atlantic, Japanese, and New Zealand specimens,
indicative of cryptic speciation. However, within the
North Atlantic, the lack of variation in the Massachu-
setts samples relative to the New Brunswick samples,
and the presence of unique haplotypes in New Bruns-
wick and Iceland, suggest that dispersal may also be
restricted at relatively smaller scales. This is counterin-
tuitive given the enormous dispersal potential of
O. geniculata. Boero and Bouillon (1993) suggested that
the presence of a medusa stage does not necessarily
imply wide dispersal. In fact, they found that among
Mediterranean hydrozoans, nominal species with
apparently cosmopolitan distributions were less likely to
have a medusa stage. Studies of other cnidarian medusae

also suggest that a planktonic lifestyle does not lead to
genetic homogeneity and that there can be considerable
genetic differentiation and even cryptic speciation, as in
the scyphozoan Aurelia aurita (Dawson and Jacobs
2001). Oceanographic or behavioral barriers may be
responsible for this restricted planktonic dispersal
(Hamner et al. 1994). Additional research is necessary to
determine the actual, as opposed to potential, dispersal
of the several species presently attributed to O. genicu-
lata and its role in surviving the Pleistocene glaciation.
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