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Scaevola, the only genus of Goodeniaceae that has extensively radiated outside of Australia, has dispersed throughout the Pacific
Basin, with a few species reaching the tropical coastal areas of the Atlantic and Indian Oceans. Five Australian and most of the non-
Australian species are placed in Scaevola section Scaevola based on their fleshy fruits, indeterminate inflorescences, and more arbo-
rescent habits. Analyses of ITS sequence data demonstrate that Scaevola is a monophyletic group if S. collaris is excluded and Diaspasis
filifolia is included. The genus is Australian in origin, but there have been at least six separate dispersal events from Australia. Four
of these dispersals each resulted in single extra-Australian species. The remaining two were followed by radiations that gave rise to
large groups, each including one of the widespread strand species, S. taccada and S. plumieri. Remarkably, three of the six dispersals
established species on the remote Hawaiian Archipelago, representing at present the largest number of colonizations by any flowering
plant genus to these islands.

Key words: Australia; dispersal; Goodeniaceae; Hawaiian Islands; ITS; Pacific biogeography; Scaevola.

The Goodeniaceae (Asterales), as currently circumscribed,
(Carolin et al., 1992), contains approximately 400 species in
11 genera and constitutes a significant element of Australian
and Pacific island floras. The family is contained within the
Asterales as a possible sister group to the Asteraceae (Gus-
tafsson et al., 1996) or more likely to Calyceraceae 1 Aster-
aceae. (Kårehed et al., 1999). While most genera of Gooden-
iaceae are almost entirely confined to Australia, one genus,
Scaevola, has dispersed and radiated throughout much of the
Pacific.

Of approximately 130 species of Scaevola, approximately
40 occur outside Australia. Two of these are widespread strand
species with distributions throughout the Pacific and Indian
Oceans (S. taccada) or in the tropical Americas and Africa (S.
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plumieri). The remaining species, in contrast, are narrower en-
demics often occurring well inland as forest trees or shrubs.
Island species occur in the Pacific, northward to the Philip-
pines and China, eastward as far as the Marquesas, and north-
east to the Hawaiian Islands. Additionally, one species is
known from Cuba and one from Socotra.

Most Australian Scaevola have dry fruits and sprawling,
herbaceous to shrubby habits. In contrast, almost all of the
extra-Australian species have fleshy fruits and are often tall
shrubs or trees. These characteristics, coupled with axillary
inflorescences, were used by Carolin (1990) to define Scaevola
section Scaevola, which comprises all but two (S. gracilis and
S. oppositifolia) of the extra-Australian species along with five
species restricted to Australia. However, given the propensity
of island colonists to show convergent evolution of such char-
acteristics as fleshy fruits and arborescence (Carlquist, 1965,
1974, 1980) the monophyly of Scaevola sect. Scaevola should
not be assumed without additional evidence.

Carolin et al. (1992) placed nearly all the rest of the genus
(64 Australian species and S. gracilis from Tonga and New
Zealand) in section Xerocarpa, defined by dry exocarps and
determinate inflorescences. Two remaining species, S. oppos-
itifolia and S. enantophylla, which have fleshy fruits, opposite
leaves, a vining habit, and occur from northern Australia to
the Philippines, have been segregated as a third section, Scae-
vola sect. Enantiophyllum (Carolin et al., 1992).

The most successful dispersers in the genus are S. taccada
and S. plumieri, which together are pantropical in distribution,
each occurring in both the northern and southern tropics, with
overlapping distributions on the coasts of the Indian Ocean.
Their wide distribution appears to be due in part to their ability
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to be transported both in avian guts and by oceanic floating
(remaining viable after floating in seawater for several months;
Guppy, 1917; Lesko and Walker, 1969). Given these efficient
dispersal mechanisms, an obvious hypothesis to explain the
numerous island endemic species would be that S. taccada and
S. plumieri have been the prominent colonizers, giving rise to
inland species on each of the high island groups where they
have established. This hypothesis predicts that island endemics
are closely related to populations of the widespread taxon that
occurs on their island. Alternatively, if birds can disperse
fleshy fruits long distances, islands could be colonized directly
from other islands or Australia independent of oceanic dis-
persal of these widespread species.

The largest number of species in a single archipelago occurs
in the Hawaiian Islands, which is home to S. taccada and nine
endemic species, of which eight are diploid and one is tetra-
ploid (Patterson, 1990). Using morphological data, Patterson
(1995) concluded that the endemic diploid taxa form a mono-
phyletic clade. The sister group to the Hawaiian diploids was
S. taccada (Patterson, 1995), a taxon relationship favoring a
scenario in which inland species are derived from widespread
progenitors. Scaevola glabra, the single tetraploid species, is
quite different from the Hawaiian diploids, being instead sim-
ilar to the New Caledonian S. coccinea, with which it shares
a similar tubular flower (Carlquist, 1969). Scaevola glabra is
the only clear example of a stable tetraploid species known in
the genus, although a few Australian species have varying
chromosome numbers and many species have not been ana-
lyzed (Peacock, 1963; Carr, 1998). Patterson’s (1995) analysis
supported this conclusion, suggesting that, in this case, long-
distance dispersal between islands has occurred. However, be-
cause Patterson (1995) included only a small number of taxa,
none of them Australian, these suggestions are in need of con-
firmation.

In 1996, a new Hawaiian Scaevola species was described
from the island of Maui (Wagner, 1996). This species, Scae-
vola hobdyi, still known only from a holotype with floral buds,
is now presumed to be extinct. Based on its linear, spirally
arranged leaves, which are very different from all other Ha-
waiian species, Wagner (1996) suggested that S. hobdyi rep-
resents an additional dispersal event to the Hawaiian Islands.

To examine the relationships and dispersal patterns of the
extra-Australian Scaevola species, we sequenced the internal
transcribed spacers and 5.8S gene (collectively, ITS) of nucle-
ar ribosomal DNA for 51 Scaevola species and eight outgroup
taxa. The outgroup includes species from Goodenia, Diaspas-
is, Velleia, and Verreauxia and were chosen based on their
positions close to the Scaevola lineage in both rbcL and mor-
phological studies (Gustafsson et al., 1996, 1997). The ITS
region has the appropriate variation for intra-generic phylo-
genetic analyses, is flanked by highly conserved genic regions
(18S and 26S), and encompasses the 5.8S gene, simplifying
primer design and sequence alignment (Baldwin et al., 1995).
These data were analyzed using phylogenetic methods to elu-
cidate the dispersal patterns, biogeography, and evolutionary
history of Scaevola.

MATERIALS AND METHODS

Plant material and extraction—Sampling of taxa was designed to attempt
to include most of the Scaevola species that occur outside of Australia. Twenty-
six species (listed in the Appendix [see Supplementary Data acccompanying
the online version of this paper]) were sampled, including samples from all

the geographical areas occupied by Scaevola except Hainan, which contains
a single species, S. hainanensis Hance. Multiple specimens from different
localities were used for widespread species. Additionally, 25 Australian spe-
cies were sampled, selected to encompass each subsection and series recog-
nized by Carolin et al. (1992). The DNA was extracted from fresh material,
silica gel samples, or herbarium sheets. The fresh material (which included
only the Hawaiian species) was extracted and purified with a modification of
the cetyl trimethyl ammonium bromide (CTAB) isolation method (Doyle and
Doyle, 1987). These samples were accessioned into the Hawaiian Plant DNA
Library (HPDL; Morden et al., 1996). Silica gel and herbarium material were
extracted with CTAB buffer, glass milk, and NaI solution (Bio 101, Qbiogene,
Carlsbad, California, USA) as described in Struwe et al. (1998).

DNA sequencing and alignment—The ITS region, including ITS 1, 2, and
5.8S, was amplified using primers 90 (59-TATGCTTAAAYTCAGCGGGT-39)
and 91 (59-AACAAGGTTTCCGTAGGTGA-39) modified from Baldwin
(1992) or primers 4 (59-TCCTCCGCTTATTGATATGC-39) and LEU (or ITS-
I) (59-GTCCACTGAACCTTATCATTTAG-39) (White et al., 1990; Urbatsch
et al., 2000). These primer pairs were also used for sequencing along with
two internal primers, 2 (GCTGCGTTCTTCATCGATGC) and 3b (GCA-
TCGATGAAGAACGTAGC) (White et al., 1990; Baum et al., 1998). Am-
plifications utilized the following cycling program: 958C, 50 s; 608C, 50 s;
728C, 1 min 50 s; repeat 30 cycles; hold 48C. The reactions were performed
using Taq DNA Polymerase (Boehringer Mannheim, Indianapolis, Indiana,
USA or QIAGEN Valencia, California, USA) in 25 mL, with final concentra-
tions of 2.5 mmol/L MgCl2, 0.5 mmol/L of each primer, 0.8 mmol/L dNTPs,
0.004% BSA (New England Biolabs, Beverly, Massachusetts, USA), and
0.001 mmol/L TMACl (Sigma, St. Louis, Missouri, USA). The samples were
cleaned with the Qiagen PCR cleanup kit (Qiagen). The PCR products were
sequenced using BigDye or dRhod systems (PE Applied Biosystems, Foster
City, California, USA) according to the manufacturer’s instructions and
viewed with an ABI 377 (Applied Biosystems). Sequences were initially
aligned with Clustal W (Thompson et al., 1994) using a gap open penalty 5
15 and gap extension penalty 5 6.66. The alignment was modified by eye in
Sequencher 3.0 (Gene Codes Corporation, Ann Arbor, Michigan, USA).

Phylogenetic analyses—In initial analyses all characters were coded as
unordered with equal weight, and gaps were coded as missing. The matrix
was analyzed using the maximum parsimony criterion (Fitch, 1971) with
PAUP* 4.0b8 (Swofford, 2001). Heuristic searches were performed with 100
random taxon addition replicates using tree bisection-reconnection (TBR)
branch-swapping, with steepest descent off. Internal branch support was es-
timated with a bootstrap analysis (Felsenstein, 1985) from 1000 pseudorepli-
cates subject to simple taxon addition heuristic searches as described but with
MaxTrees set to 1000.

To evaluate the dependence of the phylogeny on the model of evolution
assumed, we explored alternative weighting schemes: (1) transition : trans-
version (ti : tv) bias 5 2:1 and 3:1, (2) gapmode 5 newstate, and (3) gaps
scored as additional characters weighted 1, 2, or 3. Searches were conducted
as in the flat-weighted analysis. These analyses are not reported unless they
bear on the specific conclusions reached.

We tested a number of a priori hypotheses of monophyly (see Results) using
the Wilcoxon signed ranks (WSR; Templeton, 1983) and Kishino-Hasegawa
(KH; Kishino and Hasegawa, 1989) tests as implemented in PAUP*. The 864
most parsimonious trees were compared to the optimal trees found during
constrained parsimony searches (using the same settings as for unconstrained
searches). The Kishino-Hasegawa test was performed using a maximum like-
lihood optimality criterion with the HKY85 model of molecular evolution
(Hasegawa et al., 1985) with empirical base frequencies both with and without
allowance for heterogeneity of rates among sites using a discrete approxi-
mation to a gamma distribution.

RESULTS

The aligned matrix had a length of 805 characters with 329
variable and 236 parsimony-informative sites. The percentage
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Fig. 1. Strict consensus of 864 most parsimonious trees. Bootstrap values
are given above the branches. Asterisks indicate a lack of support for the
clade under other weighting schemes. Section and subsection delineations
based on Carolin et al. (1992) are indicated on the right (Enan. 5 Scaevola
sect. Enantiophyllum; Xero. 5 Scaevola sect. Xerocarpa; Scae. 5 Scaevola
sect. Scaevola;). Long dashes 5 single species dispersals, short dashes 5
Southern clade, medium dashes 5 Northern clade. SP 5 South Pacific, HI 5
Hawaiian Islands, SA 5 South America, A 5 Africa. Taxa in boldface type
occur outside Australia.

Fig. 2. Phylogram of one of the most parsimonious trees. Bold lines in-
dicate hypothesized dispersal events from Australia with a question mark on
the Bornean endemics. Each hypothesized dispersal is labeled 1–6. Solid lines
5 single species dispersals, short dashes 5 Southern clade, medium dashes
5 Northern clade. SP 5 South Pacific, HI 5 Hawaiian Islands, SA 5 South
America, A 5 Africa. Taxa in boldface type occur outside Australia. Fleshy
fruited taxa have a black dot at the end of their name, while partially fleshy
fruits taxa have black diamonds.of sequence divergence between taxa ranged from 0 to 8%

within the ingroup taxa and from 0 to 18% including the out-
groups. Fourteen parsimony-informative indel events were in-
voked to achieve this alignment. The complete matrix and in-
dividual sequences have been submitted to Genbank (acces-
sion numbers AY102728–AY102795).

Maximum parsimony analysis produced 864 trees of 767
steps, with a consistency index of 0.6310 and a retention index
of 0.8180. Despite the limited sampling of taxa outside of
Scaevola, these data indicate that Goodenia is not monophy-
letic and includes the genera Verreauxia and Velleia (Fig. 1).
Additionally, the ITS data strongly support the removal of
Scaevola collaris from the rest of the genus and the inclusion
of the monotypic genus, Diaspasis, in Scaevola. The genus
Scaevola, excluding S. collaris but including Diaspasis, was
well supported with 100% bootstrap support (Fig. 1).

Within Scaevola, S. sect. Enantiophyllum is weakly sup-
ported as sister to the other Scaevola taxa (57% bootstrap). A
second clade, including taxa from S. sect. Xerocarpa subsect.
Pogonanthera and Diaspasis filifolia is weakly (,50% boot-
strap) supported as sister to the remainder of Scaevola. The
rest of the Scaevola species are divided into four major line-

ages, whose relationships to each other are unresolved. The
first lineage includes all of the sampled species from S. sect.
Xerocarpa subsect. Parvifoliae as well as S. glabra from the
Hawaiian Islands (Fig. 2). The second lineage includes only
S. hookeri (S. sect. Xerocarpa subsect. Pogonanthera). The
third lineage includes all of the sampled taxa from S. sect.
Xerocarpa subsect. Biloculatae ser. Pogogynae. Finally, the
fourth clade includes all of the S. sect. Scaevola species except
S. glabra and all the sampled species from S. sect. Xerocarpa
subsect. Biloculatae ser. Globuliferae.

Within the fourth clade, the Southern Hemisphere lineage
(or southern clade), which includes S. taccada and the South
Pacific and New Caledonian taxa (excluding S. gracilis and S.
beckii), is weakly supported as sister to the rest (Fig. 2). The
remaining species (collectively the globulifera clade, Fig. 2)
are broken into two clades, one containing multiple Australian
species and S. beckii, and another that we refer to as the subgl-
obulifera clade (Fig. 2), which includes most of the taxa from
S. sect. Xerocarpa ser. Globuliferae, the Bornean taxa, and the
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Fig. 3. Plausible dispersal scenario superimposed on a map of the Pacific Basin. (A) Overall pattern of dispersals from Australia. In order to simplify
viewing of the biogeographic patterns each of the following is shown independently. (B) Four single species dispersals (Dispersals 1–4) with dots indicating
localities of that species. (C) Southern Hemisphere radiation (Dispersal 5). (D) Northern Hemisphere radiation (Dispersal 6). Bolded coastlines in (C) and (D)
indicate natural distribution of S. taccada and S. plumieri, respectively. Long dashes 5 four single species dispersals, short dashes 5 Southern clade, medium
dashes 5 Northern clade.

Northern Hemisphere lineage (or northern clade, which in-
cludes S. plumieri, S. socotraensis, S. wrightii, and the Ha-
waiian endemic diploids).

The data strongly reject the monophyly of the extra-Austra-
lian taxa (WSR test, P 5 0.0001; KH test, P 5 0.0001) sug-
gesting, instead, at least six dispersal events from Australia
into the Pacific basin. Four of these dispersal events each led
to single species (Dispersals 1–4, Figs. 2 and 3): one, S. op-
positifolia in S. sect. Enantiophyllum, involved its dispersal
from Australia to the Philippines; another, in S. sect. Xerocar-
pa subsect. Parvifoliae, resulted in the tetraploid S. glabra in
the Hawaiian Islands; and two events in S. sect. Xerocarpa
subsect. Biloculatae ser. Globuliferae, one giving rise to S.
beckii in New Caledonia and the other giving rise to S. gracilis
in New Zealand and Tonga.

The phylogeny suggests two additional extra-Australian ra-
diations that have each given rise to multiple island species.
These clades each include one of the two widespread strand
species, S. taccada and S. plumieri (Dispersals 5 and 6 re-
spectively, Figs. 2 and 3C, D). The taxa related to S. taccada

all occur in the southern hemisphere, while those related to S.
plumieri all occur in the northern hemisphere. The southern
clade includes all of the New Caledonian species (except S.
beckii) and all of the southern Polynesian (Fiji, Samoa, Tahiti,
and Marquesas) species (except S. gracilis). The northern
clade is not as well resolved, but definitely includes the Ha-
waiian endemic species (excluding S. glabra), S. socotraensis
(from Socotra), and S. wrightii (from Cuba). Worthy of note,
the morphologically divergent Hawaiian S. hobdyi shows near-
ly no ITS sequence divergence from the six endemic Hawaiian
diploids. The Bornean taxa, S. chanii and S. micrantha, do not
appear sister to the other island taxa in the northern clade on
the most-parsimonious tree. However, inclusion of the Bor-
nean taxa within the northern lineage is not rejected by these
data (WSR test, P 5 0.5637; KH test, P 5 0.1344 respectively
[Table 1]). This clade was not recovered with maximum par-
simony or maximum likelihood (analysis not shown); how-
ever, this area of the tree contains many long branches and
few informative characters. Many of these clades were not
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Fig. 3. Continued.

TABLE 1. Differing species of extra-Australian species of Scaevola
were constrained with the northern island clade (excluding S. ni-
tida) to form a monophyletic group. One of the most parsimonious
‘‘best’’ trees was then compared to one of the most parsimonious
trees derived from each constrained search. The difference in num-
ber of steps between trees is shown below along with the calculated
P value from the Wilcoxon signed ranks and Kashino-Hasegawa
tests. Values were considered significant at P , 0.05 (indicated
with an asterisk).

Monophyletic hypothesis No. steps

Wilcoxon
signed ranks

test P
Kashino-Hasegawa

P

S. chanii 1 S. micrantha
S. gracilis
S. beckii
S. gracilis 1 S. chanii 1

S. micrantha
S. gracilis 1 S. beckii 1

S. chanii 1 S. micrantha

1
7

11
7

16

0.5637
0.0082*
0.0045*
0.0348*

0.0007*

0.1344
0.0023*
0.0004*
0.0033*

0.0001*

supported under different weighting schemes (asterisks, Fig.
1).

DISCUSSION

Classification and character evolution—Monophyly of
Scaevola—The ITS data strongly support the monophyly of
Scaevola, with the inclusion of Diaspasis filifolia and the ex-
clusion of S. collaris. Although no unique synapomorphies
define the genus, a suite of morphological characters delimits
it. The most obvious character is the familiar, fan-shaped co-
rolla of Scaevola, which occurs in nearly all species. In most
Goodeniaceae, the two upper (adaxial) lobes are differentiated,
forming a pronounced upper lip. Another putative synapo-
morphy of Scaevola is fruits that lack a clear demarcation
between the hard endocarp and outer layers with unthickened
cell walls (Carolin, 1966). Additionally, all Scaevola have 1–2
(–4) seeded, indehiscent fruit, although this character is also
present in Dampiera and a few species of Goodenia sensu lato
(including Verreauxia, Carolin et al., 1992). Finally, the pres-
ence of barbulae at the edge of petal wings and in the throat
of the corolla is restricted to Scaevola, although not present in
all species (Carolin et al., 1992).

Diaspasis correctly placed in the genus Scaevola—Dias-
pasis filifolia is a monotypic Australian genus that is very
similar to Scaevola in fruit and seed morphology. The molec-
ular data suggest that it is embedded within Scaevola, appar-
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ently as sister to representatives of S. sect. Xerocarpa subsect.
Pogonanthera (Fig. 1). A similar close relationship was found
with rbcL data (Gustafsson et al., 1996), and the overlapping
similarities of the genera were discussed by Carolin (1978).
These results suggest that the original classification of D. fil-
ifolia R. Br. as Scaevola clandestina F. Muell was correct (von
Mueller, 1859).

The corolla of D. filifolia differs from most Scaevola in
having the lobes arranged almost radially or in a 2 1 3 ar-
rangement (i.e., with two abaxial and three adaxial petals).
However, this condition is approached in S. striata, which is
also in subsect. Pogonanthera (Carolin et al., 1992). Charac-
ters that further support a close relationship of D. filifolia with
S. ramosissima and S. phlebopetala include flowers in terminal
racemes with leaf-like bracts, well-developed peduncle with
obsolete pedicel, and a weak-stemmed (often decumbent, pros-
trate, or ascending) herbaceous habit.

Exclusion of Scaevola collaris from Scaevola—The molec-
ular data suggest that S. collaris is more closely related to
elements of the non-monophyletic Goodenia than to the re-
mainder of Scaevola, despite having the fan-shaped corolla.
The exclusion of S. collaris from Scaevola is also supported
by seed testa anatomy, which is more similar to Goodenia
species than to Scaevola species (M. H. G. Gustafsson, un-
published data). Additionally, the fruit of S. collaris is unique
in Scaevola because of its beak and sponge-like (although
hard), lacunate endocarp (Carolin et al., 1992). A more thor-
ough sampling of Goodenia and related genera is necessary to
clarify the placement of S. collaris within that genus.

Subgeneric classification—Carolin (1990) used morpholog-
ical characters to separate the genus Scaevola into three sec-
tions—Scaevola, Xerocarpa, and Enantiophyllum. Species in
S. sect. Scaevola are shrubs to small trees with fleshy exocarps.
Although the section was also defined by axillary inflores-
cences (Carolin, 1990), this characterization is problematic be-
cause some species (e.g., S. floribunda from Fiji) assigned to
the section have terminal inflorescences. Scaevola sect. Xer-
ocarpa included all the remaining Australian species, which
range from herbaceous to small shrubs, have terminal inflo-
rescences, and generally have fruit with dry exocarps. Scae-
vola gracilis was also included in S. sect. Xerocarpa (despite
having fleshy fruits) based on its terminal inflorescence. The
third section, Enantiophyllum, has been circumscribed to in-
clude from one to 10 species (Leenhouts, 1957), but currently
includes just two species (Carolin et al., 1992), S. oppositifolia
and S. enantophylla. This section is characterized by fleshy
mesocarps, axillary inflorescences, a vining habit, and opposite
leaves. The latter two characteristics are unique in the family.

Scaevola sect. Enantiophyllum is represented in our study
by both species. Based on ITS data, this section is monophy-
letic and sister to the remainder of the genus. Thus, our data
support its recognition. In contrast, the molecular data do not
support Carolin’s sections Scaevola or Xerocarpa, which ap-
pear intermingled across the entire tree (Fig. 1).

Despite the non-monophyly of S. sect. Xerocarpa, the sub-
sections and series recognized by Carolin et al. (1992) are
broadly consistent with the molecular phylogenetic analysis.
All species sampled from subsect. Biloculatae ser. Globulifer-
ae (except for S. collaris; see earlier) fall in a clade, globuli-
fera, that includes no other subsections or series of S. sect.
Xerocarpa (but does include a number of species formerly

assigned to S. sect. Scaevola). The five species sampled from
the other series of subsect. Biloculatae, ser. Pogogynae form
a well-supported clade. The two species from subsect. Parvi-
foliae form a clade, whereas the three species from subsect.
Pogonanthera fall into two clades. Therefore, despite the lim-
ited sampling within the Australian clades, our data indicate
that many of Carolin’s smaller delineations within S. sect. Xer-
ocarpa are monophyletic, despite the non-monophyly of the
section itself.

Among the sampled species assigned to S. sect. Scaevola,
three (S. glabra, S. tomentosa, and S. spinescens) appear to
each be most closely related to separate species from S. sect.
Xerocarpa rather than S. sect. Scaevola. The rest of S. sect.
Scaevola is divided between two separate clades (northern and
southern clades, Fig. 2) composed of multiple extra-Australian
species (Fig. 1). The southern clade is sister to the entire glob-
ulifera clade, which includes the northern clade.

Some morphological characters are consistent with the
northern and southern clades not being closely related. For
instance, species in the southern clade have inflorescences in
dense, many flowered, terminal racemes, whereas species in
the northern clade have lax, axillary, cymose inflorescences
with no more than eight flowers per cyme (one-flowered in S.
coriacea and S. gaudichaudii). Additionally, the species in the
southern clade have conspicuous barbulae in the throat of the
corolla, a characteristic that is common in the family (Carolin
et al., 1992), but completely absent in the Hawaiian endemic
diploid lineage (although found in other members of the north-
ern lineage).

Biogeography and dispersal—Scaevola dispersal ability—
Our phylogenetic analyses suggest that Scaevola, despite being
nested within a family otherwise confined to the Australian
continent, has considerable dispersal ability. The phylogeny
implies even more dispersal events than a pure count of spe-
cies and geographic distributions would suggest. For example,
it indicates that the most isolated island archipelago in the
world, the Hawaiian Islands, was colonized three separate
times.

While the traditional classification of Scaevola (Carolin,
1990) implies few origins of fleshy fruit, our molecular data
suggest that fleshy fruits have evolved multiple times (Fig. 2).
In fact, fruit fleshiness may have been a key innovation per-
mitting transoceanic dispersal, given the fact that every species
found outside of Australia has fleshy (drupaceous) fruits.
Fleshy fruits likely facilitate dispersal by migrating sea birds,
which can nest in montane habitats (Fosberg, 1947), and these
birds occasionally add small fruits to their diets (Ziegler,
2002). In each case of extra-Australian dispersal (except in S.
sect. Enantiophyllum), fleshy fruits appear to have evolved
concomitantly (Fig. 2). Not all cases are as clear, however,
because the Australian sister groups of S. gracilis (Dispersal
3) and of the northern clade (Dispersal 6) have partially fleshy
fruits (Carolin et al., 1992; Sykes, 1998).

Single-species dispersal events—Scaevola oppositifolia, dis-
tributed in New Guinea, Indonesia, and the Philippines, is cur-
rently considered a separate species from S. enantophylla (Car-
olin et al., 1992), which occurs in northern Australia. Scaevola
oppositifolia represents a case of dispersal northward from
Australia, without subsequent speciation, although consider-
able morphological variability has resulted in descriptions of
up to 10 separate species (Leenhouts, 1957).
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Additionally, the ITS data suggest that the endemic Hawai-
ian tetraploid Scaevola glabra is sister to the two species in
S. sect. Xerocarpa subsect. Parvifoliae, S. angulata and S. de-
pauperata (Carolin et al., 1992). These two taxa are, like S.
glabra, tall shrubs (#1.5 m) and are often glabrous. The two
Australian species differ from S. glabra in many morpholog-
ical features, e.g., nontubular corollas and terminal inflores-
cences. Some similarity is seen, however, in the calyxes of the
three species, which are basally fused with well-developed,
free lobes. It is noteworthy that S. angulata has dispersed to
islands off the coast of northern Australia, suggesting some
significant dispersal ability.

Furthermore, the New Caledonian species S. beckii is not
related to other New Caledonian species but rather to the Aus-
tralian clade that includes S. globosa, S. humifusa, and S. re-
pens. Phylogenetic reconstruction of the ITS data forcing S.
beckii to associate with other island clades resulted in a sig-
nificant increase in tree length (11 steps, Table 1). Addition-
ally, the three Australian species are morphologically similar
to each other and are united with S. beckii by having tiny
flowers, bearded corollas, and one-seeded fruits. Thus, the ev-
idence at hand supports S. beckii being a separate dispersal
from Australia that has not resulted in subsequent speciation.

Similarly, Scaevola gracilis, occurring in New Zealand, the
Kermadec Islands, and Tonga, is nested within an Australian
lineage in our analysis (Fig. 2). Although, it falls in the general
vicinity of the northern island clade, forcing it into that clade
resulted in significantly longer trees (seven steps, Table 1).

The exact affinities of S. gracilis are unclear based on ITS
data (Fig. 1). Scaevola gracilis is a broader endemic, being
unusual among island species in its presence on multiple is-
lands. This distribution may reflect the fact that this species
has fruit that, unlike other montane species (Guppy, 1906),
have retained the ability to float in seawater for up to 10 d
(Sykes, 1998). Additionally, birds have been witnessed eating
its fruits (Oliver, 1910) and may contribute to inter-island dis-
persal. Carolin’s (1990) morphological analysis resolved S.
gracilis and S. calendulacea as sister species. Other authors
have also noted significant similarities between these two spe-
cies as well as the other members of this clade (S. crassifolia,
S. lanceolata, and S. virgata) in habit, type of indumentum,
and presence of terminal spikes of sessile flowers (Carolin et
al., 1992; Sykes, 1998). Interestingly, Scaevola calendulacea
has white, partially fleshy fruits and occurs on the southeastern
coast of Australia (Sykes, 1998). The relationships among
these taxa require further investigation.

Southern clade—The southern clade comprises three well-
supported lineages: (1) the widespread, strand species S. tac-
cada, (2) the New Caledonian species (excluding S. beckii),
and (3) the South Pacific taxa (excluding S. gracilis). The re-
lationship among these three clades is unresolved.

Scaevola taccada occurs on tropical Pacific and Indian
Ocean coasts including most islands that house endemic mon-
tane Scaevola species (Fig. 3C). The fruit morphology of S.
taccada is distinct from the island endemics in its white fleshy
exocarp and an additional corky layer underneath, which aids
in oceanic flotation. The potential for S. taccada to disperse
between islands appears greater than that for the montane en-
demics (Guppy, 1917; Lesko and Walker, 1969), supporting
the possibility that on each island strand S. taccada have
spawned montane endemic radiations. However, this hypoth-
esis is contradicted by the fact that all accessions of S. taccada,

from diverse geographic locations, form a well-supported
monophyletic clade (Fig. 1).

An alternative scenario to explain the distribution of island
endemics is via stepping-stone dispersal eastward from New
Caledonia across the South Pacific into Fiji, Tahiti, Samoa,
and the Marquesas Islands (Fig. 3C). This scenario is com-
patible with an apparent trend in inflorescence evolution. Is-
land endemics in the southern clade have characteristically
dense thyrsoid inflorescences. This feature becomes succes-
sively more pronounced from west to east, with the inflores-
cence in the Marquesan Island species superficially resembling
a capitulum.

Northern clade—The northern clade contains four island lin-
eages: (1) the widespread Scaevola plumieri, (2) the endemic
Hawaiian diploids, (3) S. socotraensis (Socotra), and (4) S.
wrightii (Cuba). Also included in the clade is S. nitida (Aus-
tralia). Monophyly of this clade is not well supported based
on ITS data nor is the relationship among the five component
lineages resolved. Additionally, due to a lack of variation, the
ITS data does not rule out the possibility that the Bornean
taxa, S. chanii and S. micrantha, may be part of the same
dispersal from Australia.

Scaevola plumieri is a widespread strand species that occurs
on coasts of the tropical Americas and Africa, Madagascar,
Ceylon, southern India, the Mascarenes, and the Galapagos
Islands (van Balgooy, 1975, Fig. 3D). This species occurs in
coastal habitats and has seeds that can float and remain viable
for 4–5 mo (Guppy, 1917; Carlquist, 1974), although it lacks
the corky layer of S. taccada. The finding that S. socotraensis
and S. wrightii are closely related to S. plumieri is not sur-
prising, given the biogeography of these species and their mor-
phological similarity (M. H. G. Gustafsson, personal obser-
vation). Biogeographically, the relationship of the Hawaiian
endemic diploids to these lineages is more anomalous because
S. plumieri does not occur in the Hawaiian Islands, although
the coastal species S. coriacea (from the Hawaiian Islands)
shares more morphological similarity with S. plumieri than
with S. taccada (observed by Carlquist, 1969). Additionally,
St. John (1962) described S. coriacea as being the most similar
to S. socotraensis.

Due to a lack of parsimony informative variation, the north-
ern clade is a polytomy in the strict consensus tree. A single
point mutation supports a clade of S. plumieri and S. soco-
traensis, and a different point mutation supports a clade of S.
plumieri and the Hawaiian diploid clade. No base changes sup-
port the clade of S. plumieri and S. wrightii with the exclusion
of the other two taxon groups. As with S. taccada, the mono-
phyly of S. plumieri accessions (from Baja California to Se-
negal) argues against S. plumieri itself being the progenitor of
multiple insular endemics.

The placement of S. nitida within this clade is not well
supported by molecular data nor are there morphological char-
acters that support this result. Therefore, S. nitida may be mis-
placed by these data (due to insufficient taxon sampling of
Australian species), and a single, widely dispersed fleshy-fruit-
ed ancestor may have given rise to the northern clade (and
perhaps also the Bornean species).

Colonization of the Hawaiian Islands—Fosberg (1947) hy-
pothesized a single origin for all Hawaiian Scaevola species.
The morphological analysis by Patterson (1995) with limited
taxon sampling, on the other hand, supported at least two dis-
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persal events with S. glabra clearly separate from the rest.
Patterson (1995) argued for a third introduction; however, this
was not strongly supported by his data, which resolved S. tac-
cada as sister to the endemic Hawaiian diploid taxa. Most
workers (Carlquist, 1967; Patterson, 1990, 1995; Sakai et al.,
1995) have proposed three separate introductions, which con-
curs with our molecular phylogeny. Wagner (1996) suggested
that S. hobdyi represented a fourth, separate introduction. In
fact, because the single known specimen of S. hobdyi has
anomalous vegetative features (narrowly linear, whorled
leaves) and only a single floral bud, its relationships to Scae-
vola were initially overlooked. However, the ITS sequence
from DNA extracted from the type specimen of S. hobdyi is
identical to S. kilaueae, thus firmly placing it within the Ha-
waiian diploid clade and rejecting the four introductions hy-
pothesis.

Hawaiian Scaevola represents immigrations from Australia
(S. glabra), Polynesia (S. taccada), and possibly the Americas
(the diploid endemic clade from Pacific coast S. plumieri).
Molecular phylogenetic studies of other Hawaiian plant groups
have found evidence of affinities with various geographic ar-
eas: Africa/Madagascar (Kokia [Seelanan et al., 1997], Hes-
peromannia [Kim et al., 1998]), the Americas (mints [Lind-
qvist and Albert, 2002], silversword alliance [Baldwin et al.,
1991], Geranium [Pax et al., 1997], Gossypium [Dejoode and
Wendel, 1992], Bidens [Ganders et al., 2000], Rubus [Howarth
et al., 1997]), the Arctic (Viola [Ballard and Sytsma, 2000]),
Polynesia (Bidens [Ganders et al., 2000], Metrosideros [Wright
et al., 2000], Pittosporum [Gemmill et al., 2001], Tetraplas-
andra [Costello and Motley, 2001], Tetramolopium [Lowrey,
1995]), and Asia (Lobelioideae [Knox et al., 1993]). It is per-
haps not surprising, therefore, that Scaevola lineages appear
to have dispersed into the Hawaiian Islands from three diver-
gent localities.

Despite the fact that multiple introductions into the Hawai-
ian Islands have been hypothesized for other plant groups
(e.g., Fosberg, 1947; Sakai et al., 1995), this case is the first
in which three separate introductions in a single angiosperm
genus have been supported with molecular data. Application
of molecular data, while supporting some hypotheses, has re-
futed many others. The most notable cases where multiple in-
troductions were hypothesized were the three genera compris-
ing the Hawaiian silversword alliance (Argyroxiphium, Du-
bautia, and Wilkesia) and the six genera of the Hawaiian lob-
eliods (Brighamia, Cyanea, Clermontia, Delissia, Lobelia, and
Trematolobelia) that are each now thought to be the result of
single introduction events (Baldwin et al., 1991; Givnish et
al., 1996). Furthermore, the three genera of Araliaceae, Tetra-
plasandra, Munroidendron, and Reynoldsia, are now pre-
sumed to be the result of one introduction event (Costello and
Motley, 2001), while alternatively, the two morphologically
similar species of Hawaiian Rubus are now considered the
result of two introductions, rather than one (Howarth et al.,
1997).

It is also interesting that neither of the Hawaiian endemic
Scaevola lineages (S. glabra and the Hawaiian diploids) share
affinities with any South Pacific or Polynesian species. In other
Hawaiian genera with relatives in Polynesia (Metrosideros
[Wright et al., 2000], Pittosporum [Gemmill et al., 2001], Te-
traplasandra [Costello and Motley, 2001], Tetramolopium
[Lowrey, 1995], and Bidens [Ganders et al., 2000]), the Ha-
waiian groups appear to be closely related to their Polynesian
cousins. Based on the present Scaevola distribution, it is star-

tling that Hawaiian endemic Scaevola species are related to
species in northern Australia and an American/African strand
species, and not to the Polynesian species.

The Hawaiian Islands appear to have been colonized by
both the southern clade (S. taccada) and the northern clade
(the eight endemic diploids). Additionally, it appears that S.
glabra originated from a third long-distance dispersal event.
Therefore, despite their extreme isolation, the Hawaiian Is-
lands have been colonized by three distinct lineages. Given
that areas closer to Australia contain fewer lineages, the mul-
tiple colonizations of the Hawaiian Islands is surprising. One
possible explanation is that, in Scaevola, niche availability is
a greater barrier to ecological establishment than fruit dispers-
al. If so, it should not be surprising that more colonization
could occur on the isolated but ecologically open Hawaiian
Islands than in more proximate but more heavily occupied land
masses. This hypothesis is supported by the fact that no new
species of Scaevola have established themselves on continental
areas outside Australia, despite the colonization by S. taccada
and S. plumieri.
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