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Metrosideros subg. Metrosideros (Myrtaceae) comprises ~26
species distributed widely across the Pacific basin. They occur on
the ancient Gondwanan landmasses of New Zealand and New
Caledonia, as well as on the volcanic islands of the remote
Pacific, from Melanesia to tropical Polynesia and the Bonin
Island. Phylogenetic analysis based on nuclear ribosomal DNA
spacer sequences from all named species showed Metrosideros
umbellata of New Zealand as basal in the subgenus, with the
remaining species falling into three monophyletic clades. One
includes the seven New Caledonian species together with three
daughters in western Oceania that probably dispersed during
the mid/late Tertiary. A second contains six taxa located in east
Melanesia and Samoa that may also have arisen from a mid/late
Tertiary dispersal, in this instance from New Zealand. The third
includes three New Zealand endemics along with all of the taxa
in remote Polynesia and accounts for much of the total range of
the subgenus. These dispersed taxa in Polynesia either are
identical to the New Zealand species Metrosideros excelsa or
differ by a single nucleotide change. We suggest that they are
all derived from a Pleistocene dispersal out of New Zealand. A
relatively recent dispersal is surprising, given that this wind-
dispersed genus has occupied New Zealand for much of the
Tertiary and that some of the islands in remote Polynesia date
to at least the Miocene. We attribute this dramatic range
expansion to climate change—spaecifically changes in wind flow
patterns—in the southern hemisphere during worldwide
glaciation.

climate change | dispersal

he remote Pacific supports a terrestrial flora that has many close

relationships between far flung archipelagoes, some of quite
recent origin (1, 2). Transoceanic dispersal by natural vectors must
have contributed to this relative homogeneity. Molecular exami-
nations of plant phylogenetic relationships provide opportunities to
assess this long-distance dispersal. An appropriate genus for such
work is Metrosideros sens. lat., with about 50 species (3). This genus
of woody plants is one of the most widely distributed in the Pacific.
In the west, it occurs from the sub-Antarctic islands of New Zealand
northward to the Bonin Island (Is) near Japan and in the east from
Pitcairn Is northward to Hawaii. Many of the islands where Metro-
sideros is found are remote and of relatively recent origin, indicating
the importance of long-distance dispersal to the distribution of this
wind-dispersed genus (4). Only one of the two component subgen-
era, subg. Metrosideros (=26 spp.; ref. 5), is widespread. By contrast,
subg. Mearnsia (=24 spp.) is largely confined to landmasses around
Australia of Gondwanan affinity: New Zealand, New Caledonia,
and New Guinea (6). Metrosideros does not, however, occur in
Australia, Indonesia, or Micronesia (6, 7). The genus has diversity
centers in temperate New Zealand (12 spp.) and adjacent subtrop-
ical New Caledonia (16 spp.). New Zealand has the only recorded
fossil pollen (late Paleocene /early Eocene; ref. 8) and macrofossils
(early Miocene; ref. 9).
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The very small seeds of Metrosideros require wind speeds of
only 5-19 km per h to be lofted. The seeds can retain viability
in temperatures of —30°C for at least 6 h and after seawater
immersion for more than 1 month (10). Carlquist (1) suggested
that the more remote taxa had achieved long-distance dispersal
to the isolated islands of Oceania on high-altitude jet streams
that traverse the tropical Pacific from west to east. The most
recent speculation on the dispersal history of subg. Metrosideros
(6) points to New Zealand rather than New Caledonia as the
landmass of origin and suggests that Samoa is the secondary axis
of dispersal into remote Polynesia.

Unlike subg. Mearnsia, subg. Metrosideros is notably homoge-
neous and without sectional divisions (11). For example, the
existing taxonomy has Metrosideros collina and the closely allied
Metrosideros polymorpha complex occupying a vast range in
Oceania, from Vanuatu in the southwest to French Polynesia in
the east and Hawaii in the north (5, 12, 13). Molecular phylo-
genetics can therefore add a potentially useful dimension to the
study of the origins and dispersal of the subgenus. We have
examined interspecific and intraspecific relationships within
subg. Metrosideros by using parsimony analysis of nuclear ribo-
somal DNA sequence variation. The ITS region encompasses the
5.8S gene and the two flanking internally transcribed spacers
(ITS1 and ITS2). All named species in the Pacific basin have
been sequenced, and the results have been interpreted both in
terms of the likely origins of subg. Metrosideros and its likely
dispersal history.

Materials and Methods

All Metrosideros taxa were sampled from naturally occurring pop-
ulations in the countries of origin and were transported as live
material with subsequent storage at —80°C. Vouchers for these
samples are held at the Auckland Museum Herbarium in Auckland,
New Zealand; the Victoria University Herbarium in Wellington,
New Zealand; and the Solomon Is National Herbarium in Honiara,
Solomon Is. Collection localities were mostly identified by the
Global Positioning System or by grid reference. The outgroup taxon
is Cloezia floribunda; a species endemic to New Caledonia and
classified within the Metrosideros alliance of the Myrtaceae (14).
Genomic DNA was prepared from frozen leaf material
(0.5-2 g) by using a modified Doyle and Doyle (15) procedure.
The ITS region of rDNA was amplified with the primers ITSa
and ITSb (16) in the following conditions: 50 pmol primers, 0.2
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mM each dNTP, 1-100 ng of genomic DNA, 1.5-2 mM MgCl,,
and 1 unit AmpliTaq Gold (Perkin-Elmer) in a reaction volume
of 100 ul. PCR products were purified with the High Pure PCR
kit (Roche Molecular Biochemicals) and sequenced with an
Applied Biosystems 363A or 367 sequencer. Double-stranded
sequences (length range of 594-611 bp) were edited visually with
the Applied Biosystems AUTO ASSEMBLER program and initially
aligned with the CLUSTAL option of the Applied Biosystems
SEQUENCE NAVIGATOR, with final alignment done manually.

Phylogenies were generated with PAUP 4.0d65 provided by
D. L. Swofford of the Smithsonian Institution (Washington,
DC). Parsimony analysis for all 36 taxa was applied by using the
heuristic search option with tree-bisection-reconnection branch
swapping, random addition sequence (10 replicates), and gaps
treated as “missing.” Of a total of 24 indels, (size range 1-15 bp),
5 informative indels (shared between two or more taxa) were
treated as presence/absence characters in a supplemental ma-
trix. Trees were also constructed by neighbor joining under a
variety of substitution models; the derived topologies confirmed
the relationships shown in the parsimony consensus.

Bootstrapping (17) was applied to a group of taxa arising
from data set compression. The bootstrap analysis was per-
formed under parsimony by using the branch and bound option
with 1,000 replicates. Taxa included in the compressed data set
(see Fig. 2) were (i) the outgroup, C. floribunda, (ii) the basal
species, Metrosideros umbellata, (iii) the two Pacific taxa at the
geographic poles for each of the three dispersed groups in
Oceania (see Fig. 3), and (iv) the phylogenetically most
proximate taxon from New Zealand or New Caledonia for
each of Groups 1-3. The parsimony-derived consensus (Fig. 1)
identified Metrosideros bartlettii as the proximate taxon for
Group 2 and Metrosideros excelsa for Group 3. Because the
strict consensus topology did not indicate a single New Cale-
donian taxon, Metrosideros cherrieri was selected as proximate
for Group 1 based on the frequency of bipartition association
under majority rule.

From parsimony analyses deleting individual taxa from the
data set, four species were identified that make large contribu-
tions to the homoplasy index. Three of these species, comprising
all of Group 1 (Metrosideros salomonensis, Metrosideros boninen-
sis, and Metrosideros ochrantha), are apparent vagrants from New
Caledonia occurring as geographic and probably temporal (see
Fig. 1) isolates in western Oceania (Solomon Is, Bonin Is, and
Mount Kasi, Fiji). The fourth, Metrosideros oreomyrtus, occurs as
small scattered populations in New Caledonia itself (18). Re-
moval of these four species from the full parsimony data set
substantially reduced the total number of trees retained (from
342 to 12) and also markedly decreased the homoplasy index
(from 0.182 to 0.128). Their removal does not, however, lead to
a change in topology. Inclusion of these four apparently diver-
gent species in the compressed data set also substantially affects
bootstrap values (decreasing them to <50% for the key nodes),
again without affecting topology. The relatively robust bootstrap
values from the compressed data set shown in Fig. 2 still include
two of the four divergent species.

Results and Discussion

Phylogenetic Analysis. PCR products from the 36 taxa collected
throughout the Pacific were sequenced for ITS1-5.8S-ITS2.
When more than one individual was sequenced per taxon (six
taxa), the sequences were identical except that two samples of
M. umbellata, taken from the geographical extremes of its range,
differed by 1 bp. Several different species gave identical se-
quences to each other, including all of the Hawaiian species and
M. excelsa from New Zealand.

The 36 sequences were aligned and subjected to parsimony
and distance-based analyses (see Materials and Methods). A strict
consensus parsimony tree, calculated for the 342 equally most
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parsimonious trees (121 steps), is shown as Fig. 1 (majority rule
values >90% are indicated by dashed lines). Of 641 total
characters, 546 were constant; 64 were uninformative; and 31
(including 5 indels) were informative among the 25 divergent
sequences obtained. Pairwise sequence divergence ranged from
0t00.035 (and to 0.091 for outgroup). Bootstrapping was applied
to a subset sample of 11 (Fig. 2) taxa (see Materials and Methods)
to examine the important relationships suggested by the con-
sensus topology (Fig. 1). In this case, a single most parsimonious
tree was retained with 19 informative characters.

In its lower order structure, the consensus topology shows
three distinct clades within subg. Metrosideros, with M. umbellata
of New Zealand basal to all three (Fig. 1). Among these
groupings, the Gondwanan species have a clear geographic
separation, with species endemic to New Caledonia or New
Zealand present in separate clades. The remote Pacific island
taxa fall into three groups on the consensus tree (numbered 1-3
in Figs. 1 and 2). Group 1 consists of three species lying within
the New Caledonian clade with a western Pacific distribution.
Group 2, with six taxa sampled, is located as a sister clade to the
New Zealand species and is distributed through east Melanesia
to Samoa. Group 3 consists of nine species (15 taxa) nested
terminally among the New Zealand endemics. This group is
dispersed widely across the Pacific from Lord Howe Is to remote
Polynesia, including Hawaii.

Thus, the dispersed species of the subgenus in Oceania seem
not to be monophyletic and not to have a single landmass of
origin (Figs. 1 and 2). Instead, the consensus and bootstrapped
topologies suggest that at least three separate groups have
dispersed from the two Gondwanan landmasses into the rest of
Oceania, as shown in Fig. 3. Bootstrap support for the topology
derived from selected dispersed taxa is generally moderate to
high (Fig. 2).

Weakest support (63%) is for the node supporting the New
Zealand species other than M. umbellata and all probable Pacific
relatives (Groups 2 and 3). However, these taxa share a distinc-
tive 6-bp deletion, shown in Fig. 4, which is not present in either
M. umbellata or any of the species from the New Caledonian
clade. The calculation of Lloyd and Calder (19) was used to
obtain a multiresidue gap probability for the 6-bp deletion. To
derive a maximum estimate of the probability that this character
is shared by Group 2 and 3 taxa in Oceania because of chance
rather than through common ancestry, a second hypothetical
6-bp gap was posited. The resultant probability estimate is E¢ <
1.2 X 1073, The actual probability is likely to be considerably less
given that a second 6-bp deletion does not exist in the ITS data
set (=600-bp). For example, Lloyd and Calder (19) found only
two 6-bp gaps in a search of 9,893 bp of noncoding DNA from
humans, chimpanzees, and gorillas (Es = 1.01 X 107%). We
therefore consider that this deletion is highly unlikely to be
polyphyletic. The two Fijian taxa sampled also have a duplication
of three nucleotides in the same region (Fig. 4).

Some indication of dispersal history for the three Pacific
groups can be taken from nucleotide divergence. The nine
species (15 taxa) of Group 3 either are base perfect with or differ
by a single base pair change/indel from the New Zealand
endemic M. excelsa. By contrast, the three species (six taxa) of
Group 2 differ by a minimum of 6-bp changes and two indels
(1-bp insertion and 2-bp insertion) from the closest congener in
New Zealand, whereas the three species in Group 1 differ by a
minimum of 7-bp changes and one indel (1-bp insertion) from
the closest congener in New Caledonia. These differences
strongly suggest that dispersal of Group 3 into the most distant
parts of the subgenus range substantially postdates dispersal for
the other two groups.

Relative rate tests with the one-dimensional method of Tajima
(20) were done on the full species complements of the three
clades. Each clade was separately compared with the other two
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C. floribunda (NC)

Consensus of parsimony analysis for 36 taxa. Strict consensus is indicated by solid lines; majority rule values >90% are indicated by dashed lines. Numbers

refer to dispersed groups (see text). Bl, Bonin Is; Fj, Fiji; Hw, Hawaii; KI, Kermadec Is; LHI, Lord Howe Is; NC, New Caledonia; NZ, New Zealand; Rt, Rarotonga; S|,

Solomon Is; Sm, Samoa; Th, Tahiti; Vt, Vanuatu.

by using 10 randomly selected pairwise comparisons and with
basal M. umbellata as the taxon of reference. All y? values (means
shown) are substantially less than the critical value (3.841) at
the 5% level (Group 1 vs. Group 2 = 0.45; Group 2 vs. Group
3 = 0.381; Group 1 vs. Group 3 = 0.73). We could not there-
fore reject rate constancy of ITS sequence evolution in subg.
Metrosideros.

We conclude that remote and less speciose New Zealand,
rather than closer, more speciose New Caledonia, is the likely
source of the great majority of dispersed taxa in Oceania. The
probable landmass of origin for the subgenus also seems to be
New Zealand, because the endemic M. umbellata is located basal
to all other species in the various analyses. We propose at least
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four dispersal events in the history of Metrosideros subg. Metro-
sideros: an initial mid/late Tertiary dispersal from New Zealand
to New Caledonia, a mid/late Tertiary dispersal from New
Caledonia into the western Pacific, again a mid/late Tertiary
dispersal from New Zealand into the southwestern Pacific, and
finally a Pleistocene dispersal from New Zealand to remote
Polynesia. We discuss and justify this interpretation in detail
below.

Late Arrivals from New Zealand in Remote Polynesia (Group 3). Nine
species (15 taxa) are all very closely related to M. excelsa of New
Zealand but are widely scattered across Oceania (from Lord
Howe Is to Hawaii; Fig. 3). Three species in this group are
endemic to two island groups lying close to New Zealand, namely

Wright et al.
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Fig. 2. Bootstrap analysis of subset of taxa identifies relationships between
dispersed taxa in Oceania. Bootstrap values >50% are indicated.

Lord Howe Is and the Kermadec Is, and differ from M. excelsa
by a single base pair change for ITS. Further east, taxa from
Tahiti and Rarotonga are identical to M. excelsa or differ by only
1-bp change. All five Hawaiian endemic species, located above
the equator ~7,000 km from New Zealand, are base perfect with
M. excelsa. In light of the long fossil record for the genus in New
Zealand and the presence of New Zealand species immediately
basal to M. excelsa in the consensus analysis (Fig. 1), we identify
New Zealand as the likely landmass of origin for all these
dispersed taxa.

The resolution of ITS sequence data is insufficient to allow us
to determine the order of the dispersal event or events from New
Zealand into remote Polynesia. It remains unclear whether there
were multiple dispersals from New Zealand to colonize the
various island groups separately or whether dispersal followed a
stepwise pathway from the landmass of origin to increasingly
distant lands. The lack of any common nucleotide change
between the various remote taxa is somewhat surprising and
suggests that if sequential steps were involved in the dispersal,
they must have all occurred in quick succession. Regardless of
the details of the dispersal, the ITS similarities between all of the
Group 3 species clearly indicate that that dispersal has occurred
relatively recently.

There are limitations to the use of island ages in Oceania in
developing hypotheses on the divergence times of DNA se-
quences (21). However, a minimum mutation rate for ITS in
recently allopatric Metrosideros taxa of 1 bp per 1.5 million years
(my) can be inferred from the known ages of Rarotonga and
Tahiti. Rarotonga has a K-Ar age range of 1.1-2.3 my (22), such
that the single base pair change separating M. excelsa and
M. collina var. collina probably arose some time in the last 2.3 my.
Likewise, on the island of Tahiti-nui, there is a single base pair
insertion for M. collina var. villosa relative to M. excelsa, whereas
M. collina var. collina is identical to M. excelsa. Tahiti-nui lies
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within an isolated complex of closely adjacent high islands whose
maximum age is ~1.5 my (23). This minimal rate estimate is
similar to that calculated for Cucurbitaceae by Jobst et al. (24),
who suggest a nucleotide substitution rate range for ITS1-ITS2
of 0.8-1.6 per my. Given that one of the two taxa in Tahiti and
all of the taxa in Hawaii remain identical to M. excelsa, it may be
that a general dispersal to remote Polynesia occurred more
recently within the time frame we suggest. Therefore, a some-
what higher rate of substitution than the minimum described is
possible. We note that many species in the subgenus, including
M. excelsa, are pioneers in the primary succession on lava, such
that it is unlikely that new volcanic landforms were of themselves
barriers to successful colonization (25-27). This reasoning in
total is the basis for our interpretation of a Pleistocene dispersal
event for Group 3 and of more ancient dispersal events for
Groups 1 and 2.

The recent nature of the Group 3 dispersal is the most
perplexing aspect of the data, because Metrosideros has occupied
New Zealand for most of the Tertiary and because some of the
islands in remote Polynesia where the subgenus occurs date to
the Miocene. It is surprising that earlier dispersal events to the
region do not seem to have occurred. With a likely time frame
for dispersal of <2 my, any hypothesis that attempts to explain
the recent arrival of subg. Metrosideros in remote Polynesia needs
to provide some explanation for conditions facilitating its dis-
persal that are unique to the Pleistocene.

Several authors (e.g., those of refs. 28 and 29) propose a more
powerful west wind drift across cool temperate New Zealand
during the latter part of the last glacial than occurs today,
together with weaker subtropical /tropical trade easterlies (Fig.
3). Associated with stronger middle latitude westerlies over New
Zealand during contemporary El Nifio events, a corresponding
weakened easterly flow in the tropics sometimes also sees the
establishment of westerly winds in the lower latitudes. Rodbell
et al. (30) point to an increased periodicity of El Nino events
during episodes of cooler climates over the past 15,000 years.
These are the conditions, presumably even more frequent and
marked in coldest glacial climates, that might have seen wind-
dispersed Metrosideros finally break out of a more restricted,
western Pacific, Tertiary distribution.

We therefore suggest that the subgenus was confined to the
western Pacific by warm Tertiary climates that produced strong
southeasterly trade wind flows in the subtropics/tropics and
which probably also produced only weak intermittent westerly
flows in the latitudes of New Zealand (Fig. 3). Climate change
during glacial times in the southern hemisphere then seems to
have led to a switch of circumstance that allowed wind-borne
seed to move finally westward from New Zealand into remote
Polynesia on strong westerlies. This dispersal sequence ulti-
mately also included Hawaii to the north of the equator (Fig.
3)—most probably with a trade-wind-mediated dispersal from
east Polynesia by way of the Marquesas Is. The recent nature of
the dispersal of Group 3 species in Oceania, as indicated by the
lack of sequence differences, suggests that jet stream winds are
unlikely to have played a role in the dispersal of the genus (1).
If these high altitude winds, which flow westward in the tropical
Pacific, had been important in the dispersal of Metrosideros, the
genus would likely have entered remote Polynesia much earlier.

A Southwestern Pacific Group from New Zealand (Group 2). This
group is located on the islands of Samoa, Vanuatu, and Fiji in the
southwestern Pacific (Fig. 3). The six sequences were from four
taxa within the M. collina complex, an unnamed species from
Vanuatu, and Metrosideros gregoryi, which is a Samoan endemic
(5, 12). Both the consensus and bootstrapped topologies (Figs.
1 and 2) indicate that these taxa form a monophyletic sister clade
to the New Zealand species in the subgenus. From the position
of its basal node (see Figs. 1 and 2), this clade seems to be derived
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from an extinct New Zealand ancestor, transitional between
M. umbellata and M. bartlettii.

The two varieties of M. collina sampled from Fiji have identical
sequences. The unnamed species from Vanuatu is 1 bp divergent
from M. collina var. collina from the same island group. In
contrast to the sequence similarity within the island groups, the
sequences of M. collina compared between these two Melanesian
island groups and with Samoa are all quite distinctive. Further,
the three taxa of M. collina within the Group 3 sample are very
distantly related to these Group 2 sequences. This relation
indicates that M. collina is probably not monophyletic in Oceania
(Fig. 1).

Assuming a rate of mutational change for allopatric taxa of 1
bp per 1-2 my (see above) and given that the closest species in
New Zealand is separated by six nucleotide changes from the

M. umbellata (NZ) GCTCACGCGCACGCTCC---ACG
M. nitida (NC) GCTCATGCGCACGCTCC---ACG
M. excelsa (NZ) GCTCACGC--~~-~ TCC---ACG
M. collina (Th) GCTCACGC------ TCC---ACG
M. collina (Fj) GCTCACGC------ TCCTCCACG

Fig.4. The 6-bp deletion indicated in Fig. 1 and 2 is shown for selected taxa.
The Fijian taxon also has an adjacent 3-bp insertion.
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most like of these dispersed species, we suggest a mid/late
Tertiary dispersal for this southwest Pacific oceanic clade.
Further, because the Samoan species fall into Group 2 rather
than Group 3, Samoa is unlikely to have acted as the springboard
for dispersal into remote Polynesia for subg. Metrosideros (6).

Species from New Caledonia in the Western Pacific (Group 1). These
three species are widely separated across the region (Fig. 3):
M. boninensis is endemic to the Bonin Is (Japan); M. ochrantha
is endemic to Vanua Levu (Fiji); and M. salomonensis occurs in
the Solomon Is and Bismarck Archipelago (6, 12). In the
consensus topology, the three species occur among the seven-
species grouping that is endemic to New Caledonia. This result
conflicts with the hypothesis that identified New Zealand as the
landmass of origin for all dispersed species of the subgenus in
Oceania (6).

At finer scale, the consensus topology (Fig. 1) suggests that
M. boninensis and M. ochrantha are more closely related to each
other than to any of the seven species in New Caledonia or to
M. salomonensis. We therefore propose a stepwise colonization
sequence as the dispersal pathway for M. boninensis, from New
Caledonia initially to Fiji and subsequently to the Bonin Is. This
dispersal pathway may have been facilitated by intervening
colonization of (extant or extinct) islands where the subgenus no
longer occurs. M. salomonensis does not ally with the M. ochran-
tha—M. boninensis pair in the strict consensus; thus, it is unclear

Wright et al.



whether there have been one or two dispersal events from New
Caledonia for these three species. Emergent land in the Solomon
Is arc region seems to date from at least the Oligocene (31). Fiji
is likely to have emerged earlier during the Eocene (32). Again,
first dispersal from New Caledonia may have occurred some
time during the mid/late Tertiary. Sequence change that dis-
tinguishes the closest congener in New Caledonia from the most
like of the three vagrant species (M. ochrantha) is 7 bp.

Origins: New Zealand or New Caledonia? Hawaii, New Zealand, and
New Caledonia are the three landmasses with highest diversity
for subg. Metrosideros with, respectively, five, four, and seven
endemic species (6). Because the five Hawaiian species are
identical for ITS and seem to represent a recently established
monophyly, the question of origin for the subgenus focuses on
which of the two large Gondwanan landmasses in the south-
western Pacific supported initial differentiation. Wilson (6)
suggests New Zealand is the landmass where the two subgenera
first diverged and that it was also the site for the initial radiation
and dispersal of subg. Metrosideros. The long fossil record for
Metrosideros in New Zealand and the absence of known fossils on
adjacent Gondwanan lands lends weight to that reasoning. The
consensus and bootstrapped topologies (Figs. 1 and 2) support
Wilson’s hypothesis that M. umbellata of New Zealand is basally
located to all other taxa within subg. Metrosideros. M. umbellata,
together with the seven New Caledonian species, does not show
the 6-bp deletion found in all other New Zealand species in the
subgenus and in most of the taxa scattered across Oceania (Fig.
4). The apparent basality of M. umbellata suggests founder
dispersal to New Caledonia from New Zealand at some time
before the emergence of the lineage that produced the other
extant New Zealand species. M. umbellata differs from its closest
congener in New Caledonia by 7-bp changes and one indel
(15-bp deletion), again suggesting a mid /late Tertiary timing for
a likely founder event or events from New Zealand to New
Caledonia.

Conclusions

Phylogenetic analysis of the ITS region of rDNA suggests that
the widely dispersed group of Pacific plants, Metrosideros subg.
Metrosideros, separates into three clades with M. umbellata of
New Zealand basal to all. The taxa located in the island Pacific
seem to have derived from at least three distinct dispersal events,
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