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Abstract.—Specialists studying the genus Viola have consistently allied the Hawaiian violets comprising section
Nosphinium—most of which are subshrubs or treelets—with putatively primitive subshrubs in certain South American
violet groups. Hawaiian violets also possess inflorescences, a floral disposition otherwise found only in other genera
of the Violaceae, thus strengthening the hypothesis of a very ancient origin for the Hawaiian species. A survey of
phylogenetic relationships among infrageneric groups of Viola worldwide using nuclear rDNA internal transcribed
spacer (ITS) sequences reveal ed adramatically different biogeographic origin for the Hawaiian violets: A monophyletic
Hawaiian clade was placed in a close sister relationship with the amphi-Beringian tundra violet, V. langsdorffii s. |.,
in a highly derived position. This remarkable and unforeseen relationship received strong clade support values across
analyses, and monophyly of the Hawaiian lineage was further indicated by a unique 26-base-pair deletion in section
Nosphinium. The high polyploid base chromosome number (n = 40) in the Hawaiian violets relates them to Alaskan
and eastern Siberian populationsin the polyploid V. langsdorffii complex. More than 50 species of the 260 allochthonous
birds wintering in the Hawaiian Islands are found to breed in the Arctic, occupying habitats in which individual birds
might have encountered ancestral V. langsdorffii populations and served as dispersers to the central Pacific region.
Acquisition of derived morphological traits (e.g., arborescence and inflorescences), significance of a confirmed Arctic
origin for a component of the Hawaiian flora, and the likelihood of other ‘‘cryptic’’ Arctic elements in the Hawaiian

flora deserving independent molecular phylogenetic corroboration are discussed.
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Extraordinary geographic isolation of the Hawaiian archi-
pelago (more than 3500 km from the nearest continent), a
diverse flora of nearly 1000 native angiosperm and approx-
imately 180 pteridophyte species, and an unparalleled 86%
endemism in angiosperms and about 70% in pteridophytes
(Wagner et al. 1990; Sakai et al. 1995; Wagner and Funk
1995) make the Hawaiian flora one of the most tantalizing
foci for evolutionary inquiry. Earlier explicit inferences on
the minimum number of successful colonizations responsible
for the modern-day Hawaiian vascular flora (Fosberg 1948;
Carlquist 1970) have recently been updated to 291 putative
events for angiosperms and an additional 115 for pterido-
phytes (Wagner 1991; Sakai et al. 1995). The Hawaiian flora
thus offers unique opportunities for biogeographic and evo-
lutionary studies of oceanic island systems (Carlquist 1965,
1974; Wagner and Funk 1995; Givnish 1998). Comprehen-
sive higher-level phylogenetic studiesincluding endemic Ha-
waiian plants have the potential to elucidate the biogeograph-
ic origins of those plant groups and reevaluate previous hy-
potheses of dispersal and character evolution. Well-estab-
lished geologic dates pinpoint the time of origin of islands
that formed ‘‘conveyor-belt’”’ fashion (Carson and Clague
1995), permitting the coupling of island age with dispersal
eventsto theislands, diversification, and interisland dispersal
(e.g., Givnish et al. 1995; Baldwin 1997).

Adaptive radiation in island floras may yield dramatically
different-looking sister taxa and, conversely, morphologi-
cally similar species of similar habitats on different islands
that are not phylogenetic sister taxa (Givnish et al. 1995;
Bohle et al. 1996; Baldwin 1997; Francisco-Ortega et al.

1997). Such misleading growth forms hamper identification
of homologous structures and may misdirect efforts to infer
relationships between island endemics and continental
groups. The references cited above confirm this phenomenon
and raise doubts about using macromorphological features
alonein insular groups, especially where characters have not
been investigated carefully and rigorously examined through
appropriate explicit methods, that is, cladistics. Macromor-
phological changes resulting from an adaptive radiation may,
even after rigorous scrutiny, prove problematic as indicators
of phylogenetic relationship. Indeed, several morphological
and ecological traits such as stem woodiness and dioecy are
recurrent and well-known adaptations of island plants (Dar-
win 1859; Carlquist 1970, 1974; Givnish 1998). Thus, es-
pecialy in insular settings, molecular data can provide an
escape from the possible circularity of using morphological
characters to reconstruct phylogenetic relationships and then
to infer patterns of evolution with the same characters—a
problem argued to be most severe in such cases of adaptive
radiation (Sytsma et al. 1991; Givnish et al. 1995, 1997
Givnish and Sytsma 1997b,c). Phylogenetic analyses of mo-
lecular data provide an ideal framework for testing hypoth-
eses of morphological and biogeographic relationship and
clarifying patterns of character evolution. The use of mor-
phological and molecular data in examining evolution in is-
land taxa has increased in recent years (see chaptersin Wag-
ner and Funk 1995; Givnish and Sytsma 1997a; Grant 1998),
and hypothesis testing of relationships and evolutionary sce-
narios has become more rigorous with the application of ex-
plicit (e.g., cladistic and other) analytical methods. Never-
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Fic. 1.

(a) Viola langsdorffii: herbaceous, amphi-Beringian, bog and meadow species revealed by ITS sequences as sister to Hawaiian

violets; (b) V. kauaensis; sprawling, herbaceous, bog species on Kauai; (c) V. chamissoniana ssp. tracheliifolia: spindly, dry forest treelet
on Kauai, Oahu, and Molokai; (d) V. helenae: subshrub of stream banks on Kauai; (e) V. stipularis: semishrub of Mesoamerican and
Andean cloud forests, previously allied with Hawaiian violets; (f) V. rubella: semishrub of Chilean coastal forests, member of basal
section in Viola based on ITS sequence data. Scale bar = 1 cm. Photo credits: (@) J. Pojar; (b—d) R. Gustafson; (e) H. Ballard; (f) T.

Hashimoto.

theless, few molecular phylogenetic studies have unambig-
uously confirmed the biogeographic origins of insular plant
groups (e.g., Baldwin et al. 1991; Kim et al. 1996; Mes and
Hart 1996; Mes et al. 1996; Francisco-Ortega et al. 1997;
Howarth et al. 1997).

The genus Viola, a moderate-sized and largely herbaceous
group of about 550 species worldwide, includes approxi-
mately 10 Hawaiian species and infraspecific taxa (Wagner
et al. 1990). The entirely woody stems of most Hawaiian taxa
are highly unusual in the genus, and their few-flowered cy-
mose inflorescences are unique. The genus has undergone a
modest adaptive radiation (Givnish 1997; see also for review
of definitions) in the Hawaiian archipelago, yielding diver-
gent morphological phenotypes occupying different habitats
at high elevations on theislands. Taxainclude the decumbent,
herbaceous V. kauaensis with reniform leaves (Fig. 1b); the
tall, spindly treelet V. chamissoniana ssp. tracheliifolia with
hastate leaves (Fig. 1c); and the knee-high, woody shrub V.
helenae with lance-linear to ovate-lanceol ate leaves (Fig. 1d).

Taxonomic treatments of the group vary considerably. The

most recent treatment of the Hawaiian flora recognizes seven
species and three subspecies (Wagner et al. 1990), whereas
a nearly simultaneously published monograph recognizes 14
species (St. John 1989). Differing taxonomic viewpoints
aside, taxonomists have interpreted certain morphological
traits in the Hawaiian violets as putatively primitive features
shared with Latin American sections (Fig. 1e, f) and argued
that Hawaiian Viola represent an ancient lineage in the genus.
Specialists disagree, however, over whether the Hawaiian
violets are monophyletic (Becker 1917; Skottsberg 1940;
Wagner et al. 1990) with all taxa in section Nosphinium or
polyphyletic with woody taxa in Nosphinium and herbaceous
taxa in Leptidium (St. John 1989). Proponents of a mono-
phyletic Hawaiian violet group do not agree on whether it is
derived from or related to Latin American section Leptidium
or section Rubellium (Becker 1917; Wagner et al. 1990) or
represents the most basal and most isolated group in the genus
(Skottsberg 1940).

A genuswide phylogenetic study of Viola was undertaken
using nuclear rDNA internal transcribed spacer (ITS) se-
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guences (Ballard 1996; Ballard et al. 1998). Availability of
new molecular data for most species and subspecies of Ha-
walian violets in addition to sequences for most infrageneric
groups worldwide and those distributed around the Pacific
basin (Ballard 1996; Ballard et al. 1998) allowed us to test
the monophyly, phylogenetic position and biogeographic af-
finities of Hawaiian Viola. Our study addressed five key ques-
tions: (1) Are Hawaiian members of Viola monophyletic,
therefore resulting from a ‘‘single’’ dispersal event? (2) Do
they occupy a basal or near-basal phylogenetic position,
therefore representing a comparatively ancient and possibly
relictual group in Viola? (3) Are they sister to or derived
from within Meso-American and Andean section Leptidium
or section Rubellium (Figs. 1e, f), thus supporting a montane
Neotropical biogeographic origin? (4) Are woody stems and
inflorescences synapomorphies or symplesiomorphies shared
between Hawaiian and Latin American violets? and (5) When
did seeds of Viola arrive in the Hawaiian archipelago?

MATERIALS AND METHODS

I TS sequences were obtained for eight Hawaiian Viola taxa
(following taxonomy of Wagner et al. [1990] with addition
of V. hosakai) and 40 non-Hawaiian ones, as well as out-
groups Hybanthus concolor and Noisettia orchidiflora based
on ongoing rbcL studies of the Violaceae (see Appendix). At
least one representative was sequenced for most morphol og-
ically and cytogenetically distinct infrageneric groups pre-
viously recognized in Viola (seefig. 1 in Ballard et al. 1998).
Non-Hawaiian representatives encompassed nearly all cau-
lescent and acaulescent groups, most Latin American groups
including all those postulated to be related to the Hawaiians,
and nearly all groups with ranges bordering on the Pacific
Ocean basin. Nearly all groups with polyploid chromosome
numbers and groups with an actual or potentially derived
base chromosome number of n = 10 as well as multiples of
this, were also sampled. Thus, all potential sister groups to
the Hawaiian taxa in the genus were sampled comprehen-
sively and, in many cases, were represented by two to several
species.

DNA extracts were made using a 6% CTAB protocol
(Smith et al. 1991) or a modified mini-extraction protocol
with SDS buffer (Edwards et al. 1991). Amplification used
the polymerase chain reaction (PCR; Mullis and Faloona
1987) with primer sequence 5-GTCCACTGAACCTTAT-
CATTTAG-3' (‘*'ITSleu 1'’; B. Baldwin, pers. comm.) and
5'-TCCTTCCGCTTATTGATATGC-3" (*'ITS 4'"; White et
al. 1990) following previous protocols (Baum et al. 1994).
PCR products were cleaned with a Qiagen (Valencia, CA)
kit and cycle-sequenced with ABI dye-terminator chemistry
using primer sequence 5 -GGAAGGAGAAGTCGTAA-
CAAGG-3' (*'ITS5"; White et a. 1990) for ITS1 and 5'-
GCATCGATGAAGAACGTAGC-3' (“'ITS3B’; Baumetal.
1994) for ITS 2. Reactions were analyzed on a Perkin Elmer
(Norwalk, CT) Cetus/ABI (Foster City, CA) Prism automated
sequencer. Thel TS 1 and ITS 2 spacer boundaries wereiden-
tified against sequences for Epilobium (Baum et al. 1994) and
Daucus carota (Yokota et al. 1989), and sequences were
aligned visually in MacClade 3.0 (Maddison and Maddison
1992) and PAUP* (vers. 4.01b, Swofford 1998), by inserting
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gaps where needed. Data for the 18S and 26S coding regions
flanking the ITS region and the 5.8S coding region between
the ITS1 and ITS2 spacers were excluded prior to analysis
due to the dearth of informative characters and lack of com-
plete data in certain regions for some taxa. Initial Fitch par-
simony analyses of the ITS spacers used a variety of gap
treatments (Baum et al. 1994), whereas other analyses used
only nucleotide variation.

Parsimony analyses in PAUP* used a heuristic four-step
procedure (Olmstead et al. 1993) with 10,000 initial random-
addition sequences and subsequently varied search strategies
(Maddison 1991). Internal support in the Fitch strict con-
sensus tree was measured from 100 replicates in both a boot-
strap analysis (Felsenstein 1985) and a jackknife analysis
(Farris et al. 1996) with 36.8% taxon deletion (Swofford
1998), and Bremer decay values (Bremer 1988) were derived
by the enforced constraints strategy (as implemented by
Baum et al. 1994); consistency index (Cl; Kluge and Farris
1969) and retention index (RI; Archie 1989; Farris 1989)
measured internal consistency of the Fitch parsimony anal-
ysis. Weighted parsimony used empirically determined tran-
sition:transversion ratios for the two spacers separately.
Jukes-Cantor (Jukes and Cantor 1969) and Kimura (1980)
models were employed in neighbor-joining analyses (Saitou
and Nei 1987) in PAUP*. Maximum-likelihood analysis used
a transition:transversion ratio of 2:1 and empirically calcu-
lated base frequencies in fastDNAmI (vers. 1.1.1a, Olsen et
al. 1994). Sequence divergences were obtained from PAUP*,
and mapping of morphological features and geographic dis-
tributions was done in MacClade.

REsuULTS
Sequence Characteristics

Unaligned and aligned lengths of the ITS spacersfor Viola
and the outgroups fall within ranges reported for other an-
giosperm genera (Baldwin et al. 1995). However, the per-
centage of phylogenetically informative charactersin the two
spacers, 45.8%, and percent maximum sequence divergence,
28.8%, within Viola are higher than values for most genera
and are comparabl e to species within Arceuthobium (Nickrent
et al. 1994) and generic segregates of Senecio s. |. (Bain and
Jansen 1995). I TS sequence variation in Viola shows uncom-
monly broad phylogenetic utility in resolving relationships
among infrageneric groups across the genus, relationships
within infrageneric groups, and even among infraspecific taxa
and populations of particular species. Nucleotide divergence
among the Hawaiian violets, 1.3-5.1%, is comparable to or
slightly higher than ranges published for members of the
silversword-greensword alliance in the Hawaiian Islands
(0.04.5% including the 5.8S region; Baldwin et al. 1995),
Dendroseris (0.0—4.1% using Kimuratwo-parameter method,
Sang et al. 1994) and Robinsonia (0.0-6.8% using Kimura
two-parameter method; Sang et al. 1995) of the Juan Fer-
nandez Islands, and the Sonchus alliance of five genera in
Macaronesia (0.0-4.8% using Jukes-Cantor one-parameter
method; Kim et al. 1996). Hawaiian violet divergenceis also
equivalent to ranges observed in continental groups of Viola,
such as the Mexicanae, belonging to the same Viola-Nos-
phinium clade.
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Phylogenetic Analyses

The Fitch analysis treating gaps as missing data and in-
corporating additional gap-code characters yielded eight
equally most parsimonious trees of 980 steps based on 274
phylogenetically informative characters of 564 total, of which
the strict consensus (Fig. 2) is largely resolved. Moderate to
high bootstrap and decay values and jackknife values above
50% support most clades and subclades. Fitch parsimony
analyses of datasets excluding gap codes resulted in some
loss of resolution, increased numbers of trees, and lower ClI
and RI values, but retained approximately the same com-
position in most large and small clades. Weighted-parsimony,
neighbor-joining, and maximum-likelihood analyses pro-
duced phylogenies that were concordant in most respectswith
the Fitch parsimony analysisincluding gap codes and, at | east
concerning the clade containing the Hawaiian violets, were
essentially subsets of the Fitch analysis including gap codes.
All analyses demonstrate that the Hawaiian violets are strong-
ly monophyletic with an equally strong sister relationship to
amphi-Beringian V. langsdorffii (Fig. 1a), and they place this
subclade in aterminal position within the most highly derived
clade in Viola. Thus, a diversity of phylogenetic analyses of
ITS sequence data for Viola confirms the previously debated
monophyly of the Hawaiian violets, demonstrates a highly
derived phylogenetic position for them, and reveals a re-
markable and unexpected sister relationship with the amphi-
Beringian tundra violet, V. langsdorffii—a relationship never
before proposed on the basis of macromorphological features.

Discussion

The Hawaiian Violets are Monophyletic and Recently
Derived

The Hawaiian violets encompass substantial diversity of
growth form, secondary growth, vegetative features, and re-
productive structures, and, on thisbasis, have been segregated
into two distinct sections within Viola by some (St. John
1989). Likewise, the affinities of the Hawaiian violets have
been debated, but a unanimous consensus has emerged that
they occupy a near basal position within the genus (Becker
1917; Skottsberg 1940; Wagner et al. 1990). This was re-
cently supported by a cladistic analysis of 47 macromor-
phological characters for 150 of the approximately 525 spe-
cies comprising Viola, including representatives of all infra-
generic groups of Viola; nearly all species represented in the
current I TS dataset; V. kauaensis, V. maviensis, and V. helenae
for the Hawaiian violets; and V. langsdorffii (Ballard 1996).
Wagner parsimony placed the Hawaiian violets in a clade
with sections Leptidium and Rubellium at the base of the
genus, but analysis removed V. langsdorffii to aderived clade
consisting of caulescent and acaulescent members of section
Rostratae sensu Clausen.

Nevertheless, the ITS data (Figs. 2, 3) confirm that the
Hawaiian violets are monophyletic and reflect a geologically
recent colonization event followed by an evolutionary radi-
ation. Monophyly of Hawaiian Viola, its close sister rela-
tionship with V. langsdorffii, and low divergence among in-
sular and continental species indicating a recent derivation,
argue for submerging the Hawaiians in the Langsdorffianae
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group in section Viola, to reflect our current understanding
of evolutionary relationships more accurately.

The sampling of potential sister groups across Viola was
relatively thorough, including representatives from all groups
that would likely be sister to the Hawaiians by virtue of
morphology, ploidy level, or proximity to the Pacific basin.
Although, for space reasons, results from a reduced dataset
are portrayed in Figure 2, analyses with additional taxa (not
shown) of sections Andinium and Leptidium, all Hawaiian
taxa plus multiple island accessions of widespread ones, and
an additional V. langsdorffii accession from Japan (K. Inoue,
unpubl. data) yielded identical phylogenetic positions and
comparable or stronger levels of support. The comparative
morphological homogeneity of the Latin American sections
and close genetic identity of sequenced species within each
indicate that these basal groups are indeed monophyletic and
that their distant relations with the Hawaiian violets would
remain unchanged with additions of taxa.

Such dramatic modification of growth habit to yield very
different growth formsin sister taxareinforces emerging con-
clusions from other studies of insular and continental
groups—that features relating to growth habit alone cannot
reliably be used for phylogenetic or biogeographic inference
under such circumstances (Sytsma et al. 1991; Givnish et al.
1995). Molecular phylogenetic investigations of Hawaiian
Cyanea (Campanulaceae; Givnish et al. 1994, 1995) and the
Hawaiian silversword alliance (Baldwin 1997), Neotropical
section Notopleura of Psychotria (Rubiaceae; Nepokroeff and
Sytsma 2000), and Southern Hemisphere Fuchsia (Onagra-
ceae; Sytsma et al. 1991) concur, in that derivations of a
particular growth form in these groups could not be intuited
merely by observation and comparison of morphological
traits. Likewise, restriction-site studies of Brocchinia (Bro-
meliaceae) in the Guayana Shield tepuis of Venezuela have
uncovered a remarkable and complex radiation of evolution-
ary specializations in closely related taxa (Givnish et al.
1997).

Molecular phylogenetic relationships within the Hawaiian
violets provide a clue to the timing of successful colonization
and the relative age of the radiation. Analyses with all avail-
able Hawaiian accessions included place the Oahu endemic
V. chamissoniana ssp. chamissoniana sister to Kaui and Oahu
accessions of V. chamissoniana ssp. tracheliifolia and posi-
tion this clade basal to the rest of the Hawaiian violets. This
suggests that the ancestor initially colonized Kauai and dis-
persed early to Oahu, the geologic age of which is approx-
imately 3.7 million years (Carson and Clague 1995). Oahu
would have become available for colonization some time
after its emergence and cooling, providing a mid-Pliocene
benchmark date for the initial dispersal event from the Arctic
to Kauai.

““Primitive’’ Traits in Hawaiian Violets May Be Convergent
Insular Adaptations

Island floras include a disproportionately higher incidence of
origins of arborescence than expected (Carlquist 1965, 1974).
Among other features, woody stems and increased stature have
been viewed by some as *‘primitive’’ traitsindicative of ancient
age and relictual statusininsular groups (Bramwell 1976; Cronk
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SECTION

Nosphinium

Viola lll

Melanium

Chamae-
melanium |l

Viola ll

Chamae-
melanium }

1viola |
1Andinium
1 Chilenium
|Leptidium
IRubellium

— Noiseftia

Fic. 2. Fitch strict consensus of eight most-parsimonious trees of 980 steps based on 240 phylogenetically informative nucleotide
substitutions and 34 gap codes from the ITS region; Cl = 0.498, Cl = 0.578 with all characters, Rl = 0.732. Bootstrap values > 50%
noted above branches, decay values noted below branches; filled circle indicates > 50% jackknife support. Solid arrow indicates unique
26-bp deletion in Hawaiian taxa. Only subspecific epithets are used for infraspecific taxa of V. chamissoniana.

1992). Opponents of this ‘‘relict group’” hypothesis have re-
garded modifications of growth form, reproductive structures,
and other macromorphological features as recurrent, recent, and
expected adaptations to island life (Darwin 1859; Carlquist
1965, 1970, 1974; Givnish 1998). Well-developed secondary
growth is common in the Hawaiian violets and very few other
groups of Viola, including the Latin American sections previ-

ously hypothesized to be the closest relatives to the Hawaiian
species, but is all but ubiquitous in the remaining generain the
Violaceae. Multiflowered inflorescences typical of some Ha-
walian species are otherwise unique in Viola, but are the norm
in other genera of the family. These features have previously
argued for abasal phylogenetic position for the Hawaiian violets
in the genus.
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Biogeography
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Fic. 3. Biogeographic distribution of Viola groups by continent,
mapped using MacClade onto reduced I TS phylogeny of Figure 2;
branches are collapsed to portray distinct infrageneric groups with
jackknife support > 50%. Primary ‘‘center of endemism’’ is char-
acter state coded for groups distributed on more than one continent;
continents with fewer species are noted in parentheses below the
branch.

Distinguishing between the plesiomorphic or apomorphic
nature of woodiness and other ‘‘island’’ traitsis an important
challenge of phylogenetic studies involving a radiation. Re-
liance on these features alone may be misleading and circular
in reasoning (Sytsma et al. 1991; Givnish et al. 1995, 1997,
Givnish 1997, 1998; Givnish and Sytsma 1997a,b,c; how-
ever, see Brooks and McLennan 1994; Luckow and Hopkins
1995; Luckow and Bruneau 1997). Molecular data often pro-
vide an independent assessment of the nature of these traits.
Whereas molecular phylogenetic investigations have repre-
sented some woody groups in Hawaii and other islands as
retaining secondary growth from woody ancestors (e.g., Cy-
anea, Givnish et al. 1995), they have indicated that other
woody groups are derived from herbaceous ancestors (e.g.,
the Hawaiian silversword alliance, Baldwin et al. 1991; Aeon-
iumin Macaronesia, Meset al. 1996). Inthe Hawaiian violets,
secondary growth (Fig. 4) and inflorescences (Fig. 5) are
clearly secondarily derived in the context of an ITS phylog-
eny for Viola, with woody stems having multipleindependent
origins across the genus. Thus, woody stems and inflores-
cences in Hawaiian Viola are best viewed as convergent,
apomorphic traits originating in a herbaceous, single-flow-
ered ancestor flourishing under tropical oceanic island con-
ditions.
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Fic. 4. Growth habit of Viola groups based on predominating char-
acter state in each group, mapped using MacClade onto reduced
phylogeny given in Figure 3; less frequent alternative states are
noted in parentheses below the branch.

Darwin (1859) first suggested woodiness as a means of
avoiding competition by ‘‘overtopping’’, whereas Wallace
(1878) and Bohle et al. (1996) later stressed the advantage
of “‘longevity’’ of a woody habit in island taxa. Carlquist
(1970, 1974) has argued that ideal growing conditions and
availability of new ecological niches for colonists drive the
repeated evolution of woodiness. Woody growth would el-
evate leaves above competing vegetation and improve access
to sunlight for photosynthesis (Givnish 1998), whereas in-
creased flower number and staggered maturity of flowersin
an inflorescence could potentially raise the level of outcross-
ing (Carlquist 1965).

Both V. langsdorffii and V. kauaensis possess reclining
stems, a herbaceous habit, and reniform leaf blades and both
occupy bogs and boglike habitats, suggesting a close rela-
tionship. However, ITS sequence data in both the reduced
and expanded datasets remove V. kauaensis (and Oahu V.
hosakai) to an intermediate phylogenetic position and unite
it with V. waialenalenae from swamp forests on Kauai.
Whether the herbaceous ancestor to the clade containing V.
kauaensis gave rise to multiple woody-stemmed lineages, but
retained the herbaceous habit in the lineage leading to V.
kauaensis, or the herbaceous habit was lost initially and sec-
ondarily regained cannot be determined with available data.
Anatomical studies of stem tissue in these taxa may provide
future clarification.
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Fic. 5. Flower disposition of Viola groups, mapped using
MacClade onto reduced phylogeny given in Figure 3; less frequent
alternative states are noted in parentheses below the branch.

The Hawaiian Violets Originated in the Arctic

In contradiction to previous hypotheses of a South Amer-
ican origin, the I TS data(Fig. 2) identify the amphi-Beringian
violet V. langsdorffii as the sister to Hawaiian Viola. The
revelation is one of only a few published molecular phylo-
genetic studies (e.g., Baldwin et al. 1991; Mes et al. 1996;
Howarth et al. 1997) to narrow the biogeographic origin of
an oceanic island plant group to a single continental taxon
from a particular geographic region. It is the first molecular
phylogenetic study to discern a northern Pacific, and more
specifically a probable Arctic, origin for a group of oceanic
island endemics by explicit (molecular) phylogenetic anal-
ysis.

Cladistic biogeographic patterns in the genus, paraphyly
of V. langsdorffii from the American Arctic and Japan, chro-
mosome numbers, and late Tertiary and Quaternary paleo-
climatic evidence provide compelling circumstantial evi-
dence arguing for an Arctic origin for the Hawaiian violets.
Mapping of geographic distributions onto the I TS phylogeny
for Viola groups worldwide using MacClade (Fig. 3) indicates
North America as the source area. An alternative interpre-
tation for the branch leading to the section Melanium-Viola-
Nosphinium clade could be dispersal to Asia from North
America, which would better accommodate high levels of
endemism in the Rostratae and Viola groups found in Asia
and Europe. This latter interpretation would represent early
dispersal to the Old World, further diversification in anumber
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of new lineages, and back-dispersal by certain lineages into
North America with subsequent speciation, thus leaving V.
langsdorffii stranded in the Arctic and subsequently dispers-
ing to Hawaii.

Reanalysis of the dataset was conducted with all available
Hawaiian accessions and an unpublished I TS sequence tem-
porarily provided by Ken Inoue from a Japanese population
of V. langsdorffii (not shown). Parsimony and other analyses
placed the Arctic accession sister to the Hawaiian violets in
an extremely strongly supported relationship and placed the
Japanese accession sister to the Arctic-Hawaiian clade, also
with very strong support.

Several chromosome counts for V. langsdorffii sensu lato
suggest three continental ploidy levels. hexaploids (n = ca.
30) in Kamchatka, decaploids (n = ca. 50) from Kamchatka
to Japan, and dodecaploids (n = 60) in the Queen Charlotte
Islands of the Pacific Northwest (Miyaji 1929; Sokolovskaja
1963; Taylor and Mulligan 1968; Sokolovskaja and Proba-
tova 1986). No counts have been made from American Arctic
material, but would presumably include n = 30 and n = 50
levels. Chromosome numbers for the Hawaiian violets are n
= 38, 40, and 4143 (Skottsberg 1955; Carr 1978, 1985) and
may constitute the ‘*missing’’ octoploid level of n = 40 in
V. langsdorffii. These counts would seem to disqualify in-
volvement of populations in the Pacific Northwest. Most
plausible is either an early hybridization event between the
two Arctic cytotypes, with subsequent dispersal and stabi-
lization of the new Hawaiian lineage, or production of an n
= 40 race (which may still be there or may have disappeared)
early in formation of the complex. Siberian specialists rec-
ognize three to four species in the Langsdorffiianae (Y uzep-
chuk and Klokov 1974). However, neither literature descrip-
tions nor herbarium specimens reveal distinct taxa. The var-
iability noted in flower color and plant size across the range
of V. langsdorffii sensu lato are probably due to the combined
effects of ploidy level and substrate (Ballard 1996). Until
convincing evidence becomes available, Langsdorffianae
should be viewed as consisting of one modestly variable con-
tinental taxon, V. langsdorffii, and its Hawaiian sisters.

Increasingly abundant and diverse paleoclimatic and geo-
logic evidence also supports the hypothesis of a dispersal
event from the Arctic region in the mid-Pliocene. From the
early to mid-Pliocene—the period leading to the inferred tim-
ing of the dispersal event—the climate in the northern Pacific
basin and worldwide was several degrees warmer than at
present, with the temperature difference greatest in the far
northern latitudes (Hultén 1963, 1964; Péwéet al. 1965; Hop-
kins et al. 1982; Kontrimavichus 1985; Zubakov and Bor-
zenkova 1990; Repenning and Brouwers 1992; Graham
1999). In addition, sealevelswere approximately 36 m higher
than present levels and coastal areas were more heavily pre-
dominated by coniferous and temperate deciduousforest, thus
further reducing available habitat for V. langsdorffii. Assum-
ing that V. langsdorffii was already adapted to cold tundra
bogs and similar ‘‘relictual’’ microsites further south, it is
probable that the geographic range of ancestral V. langsdorffii
just prior to dispersal was confined to the Beringian Arctic
region. The restriction of all Hawaiian violets to high-ele-
vation habitats, often bogs and related wetland sites, parallels
to some extent the ecology of the sister species.
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Fic. 6. Geographic subdivision of Pacific basin breeding ranges
for 260 allochthonous native bird species recorded as visitors or
winter-residents in the Hawaiian archipelago. Percent values are
the proportion of these 260 bird species that breed in a particular
region, that migrate to (and sometimes beyond) the Hawaiian Is-
lands, and thus have been recorded there in recent times. Species
whose ranges span geographic boundaries are assigned to more than
one region. Black dots are known site localities for Viola langs-
dorffii, the sister species to all Hawaiian violets.

Arctic-Breeding Birds Carried Violet Seeds to Hawaii

Birds have been proposed as the most plausible and most
common agents of dispersal for carrying seeds and fruits of
colonizing angiosperms to the Hawaiian Islands (Carlquist
1970). Bird dispersal externally or internally is also a plau-
sible dispersal mechanism for violet seeds. Experimental
treatment of violet seeds, including V. langsdorffii, with sul-
furic acid—acetic anhydride hydrolysis for 24 h leaves the
‘‘basement layer’’ of the testa unharmed (H. E. Ballard, un-
publ. data), indicating that violet seeds could pass unharmed
through bird crops during internal transport.

Present-day migration routes of birds from continental re-
gions to the Hawaiian Islands (Flint et al. 1984; Pratt et al.
1987; Madge and Burn 1988; Kessel 1989; Peterson 1990;
Paulson 1993) illustrate high visitation rates from Arctic and
other northern Pacific summer breeding areas (Fig. 6). Twen-
ty-one species of terrestrial birds, shore and wading birds,
water fowl, and raptors (which could ingest rodents and other
creatures that themselves had eaten seeds or fruits) migrate
annually by the thousands or tens of thousands to the Ha-
waiian Islands. Many of these species (e.g., the bristle-
thighed curlew, wandering tattler, and ruddy turnstone) have
very narrow summer breeding distributionsin the high Arctic.
Such huge seasonal flocks of birds would theoretically pro-
vide innumerable opportunities for dispersal of fruits and
seeds from the Arctic to the Hawaiian Islands.

Other evidence also suggests that northern Pacific (and
Arctic) birds dispersed to Hawaii during prehistoric times.
Mitochondrial studies (Quinn et al. 1991) relate the Hawaiian
nene (Nesochen sandvicensis) most closely to small-bodied
Arctic races of the Canada goose (Branta canadensis). The
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Hawaiian duck, or koloa (Anas wyvilliana), and related forms
on other Pacific islands are related to, or derived from, north-
ern North American populations of the mallard (Anas pla-
tyrhynchos, Weller 1980). Recent discoveries of bird fossils
include small-bodied waterfowl and wading birds, some of
which apparently have boreal or Arctic affinities (Olson and
James 1982). Arctic-to-central Pacific migratory patternssug-
gested by these affinities originated in the late Tertiary and
the early Quaternary as aresponse to the unfavorabl e seasonal
continental conditions brought on by glaciation (Selander
1965; Alerstam 1990; Elhick 1995).

Thus, extant Arctic-breeding birds form an unexpectedly
large proportion of autumn visitors to the Hawaiian Islands
(Fig. 3), and their ancestors may have served as frequent
dispersers of propagules to the central Pacific region. The
‘‘top-heavy’’ pattern of potential propagule dispersal from
the Arctic to the Hawaiian Islands is the reverse of the ‘* bot-
tom-heavy’’ pattern of strong Australasian and South Pacific
biogeographic affinities proposed for indigenous Hawaiian
vascular plants (Fosberg 1948; Carlquist 1981) based on mor-
phological traits. This discrepancy between a theoretically
high dispersal rate from the Arctic to the Hawaiian Islands
and the low proportion of indigenous Hawaiian plants attri-
buted to continental Arctic sources can be explained by two
factors. Assuming frequent dispersal from the Arctic has oc-
curred since the Hawaiian Islands became available for col-
onization, the primary explanation for failure of successful
colonization is probably dueto poor survival of most northern
Pacific disseminulesin the tropical oceanic environment. The
secondary basis for the discrepancy, using the unexpected
Arctic affinities of the Hawaiian violets as an example, in-
volves *‘ phytogeographic suggestion’’ (lItis and Shaughnes-
sy 1960), that is, misinterpretation of tropical affinities for
an indigenous plant group due to influence of the prevailing
phytogeographic viewpoint (i.e., tropical ancestry for most
of the flora).

Other Native Hawaiian Angiosperm Taxa Need
Biogeographic Reevaluation

If morphological convergence has obscured a compara-
tively recent derivation and Arctic origin in the endemic Ha-
waiian violets, as revealed by ITS sequence data, then mis-
interpretation of biogeographic affinities and phylogenetic
relationships is likely with other Hawaiian endemics. The
Hawaiian flora includes 15 endemic taxa other than Viola
section Nosphinium that include Arctic relatives (Hultén
1929, 1968; Yuzepchuk and Klokov 1974; Wagner et al.
1990). Particularly worthy of molecular phylogenetic inves-
tigation are Alsinidendron (four species), Schiedea (22 spe-
cies), Artemisia (three species), Calamagrostis (one species),
Carex (four species), Deschampsia (one species), Festuca
(one species), Luzula (one species), Platanthera (one spe-
cies), Poa (three species), Ranunculus (two species), Slene
(seven species), Sisyrinchium (one species), Trisetum (two
species), and Vaccinium (three species). Molecular phylo-
genetic analyses of Alsinidendron and Schiedea (Sakai et al.
1997) and of Platanthera (Hapeman and Inoue 1997) are
close to uncovering the ancestral stock of these two Hawaiian
groups. In addition, several species are apparently conspecific
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to species of northern latitudes on the mainland, including
Carex echinata, Carex macloviana, and Drosera anglica.
These demand population-level molecular systematic ap-
proaches to identify likely continental source populations.

In summary, I TS sequence data provide several remarkable
new insights into the biogeographic origin and evolution of
the Hawaiian violets and urge molecular phylogenetic re-
evaluation of other native Hawaiian taxa as well. Genuswide
phylogenetic studies of Violareveal that the Hawaiian violets
are monophyletic and sister to the amphi-Beringian V. langs-
dorffii. Molecular data refute previous hypotheses of a basal
phylogenetic position and a South American origin for the
group. A basal Kauai-Oahu split provides a mid-Pliocene
upper limit of 3.7 million years for successful colonization
on Kauai and the subsequent radiation leading to present-day
taxa. ‘‘Primitive’’ woody stems and inflorescences are re-
interpreted as convergent insular traits with plausible adap-
tive advantages. A biogeographic hypothesis invokes long-
distance dispersal of ancestral V. langsdorffii from the Arctic
to Kauai by migrating birds, with subsequent diversification
following establishment. Arctic-breeding bird species form
an unexpectedly high proportion of the visiting or winter-
resident Hawaiian avifauna and may have frequently dis-
persed Arctic propagules to the Hawaiian Islands. However,
the discrepancy between this heavy potential Arctic floristic
input and the large percentage of Hawaii’s flora attributed to
tropical Pacific sources predominantly reflects poor estab-
lishment success (rather than infrequency of dispersal) of
northern propagules in tropical oceanic island conditions and
perhaps erroneous attribution of tropical biogeographic af-
finitiesto Arctic-derived groups based on morphological con-
vergences. In this latter regard, several native taxa require
molecular phylogenetic investigation as potentially over-
looked examples of Hawaiian plant groups with Arctic ori-
gins.
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APPENDIX

GenBank accession numbers for ITS sequences of taxa of Viola and
outgroups. See Ballard et a. (1998) for voucher information for non-

Hawaiian taxa and older Hawaiian accessions.

GenBank accession numbers

Taxon (ITSL, ITS2)
Outgroups
Hybanthus concolor (T. FE For- AF097218, AF097264
ster) Spreng.

Noisettia orchidiflora (Rudge)
Ging.

Viola

Sect. Chilenium W. Becker
V. reichei Skottsberg

Sect. Andinium W. Becker
V. micranthella Wedd.

Sect. Rubellium W. Becker
V. capillaris Pers.
Sect. Nosphinium W. Becker
V. chamissoniana Ging. ssp.
chamissoniana

V. chamissoniana ssp. robusta
(Hillebr.) W. L. Wagner,
Herbst & Sohmer

V. chamissoniana ssp. trache-
liifolia (Ging.) W. L. Wag-
ner, Herbst & Sohmer

V. helenae C. Forbes & Lyd-
gate

V. hosakai St. John

V. kauaensis A. Gray

V. maviensis H. Mann

V. waialenalenae (Rock)
Skottsh.

Sect. Leptidium Ging.
V. scandens Willd. Ex Roem.
& Schult.

Sect. Melanium Ging.

V. arvensis Murray

V. calcarata L.
Sect. Chamaemelanium Ging.
. barroetana Hemsley
beckwithii T. & G.
. canadensis L. (*“NC")
. canadensisL. (““NM"")
cuneata S. Watson
flagelliformis Hemsley
praemorsa Kellogg
pubescens Aiton
. purpurea Kellogg
. sheltonii Torr.
. vallicola A. Nelson

<<<K<<K<K<LK<K<LKLKLKKL

AF097219, AF097265

AF097223, AF097269
AF097222, AF097268
AF09722, AF097266

USA, HI, Oahu, Makua Keaau
Forest Reserve, Wood 1833,
Perlman & Obata (US);
AF115955, AF115959

USA, HI, Molokai, Pepe’ Opae
Bog, Kamakao Preserve, Ne-
pokroeff 910 (WIS);
AF115956, AF115960

AF09726, AF097307

AF097260, AF097306

USA, HI, Oahu, Koolau Mts., Puu

Pauao, Perlman & Garnett
14704 (NTBG); AF115957,
AF115961
AF097262, AF097308
AF097263, AF097309

USA, HI, Kauai, Waimea District,

Alaka'i Swamp, Warshauer

3383 & McEldowney (BISH);

AF115958, AF115962

AF097221, AF097267

AF097242, AF097288
AF097243, AF097289

AF097224, AF097270
AF097227, AF097273
AF097231, AF097277
AF097232, AF097278
AF097234, AF097280
AF097233, AF097279
AF097228, AF097274
AF097225, AF097271
AFQ097229, AF09727

AF097226, AF097272
AF097230, AF097276

APPENDIX
Continued.
GenBank accession numbers
Taxon (ITSL, ITS2)
Sect. Viola

V. affinis Leconte

V. blanda Willd. var. palustri-

formis A. Gray

. clauseniana M. S. Baker

. cucullata Aiton

. domingensis Urban

. elatior Fries

. hemsleyana Calderon

. hookeriana HBK.

. jalapaensis W. Becker

. langsdorffii Ging.

V. macloskeyi Lloyd ssp. pal-
lens (Ging.) M. S. Baker

V. nagasawai Makino &
Hayata

V. nannei Polak.

. odorata L. (““GDN")

.odorata L (““GY"")

pedata L.

pinnata L.

reichenbachiana Boreau

rotundifolia Michx.

sp. nov. A

sp. nov. B

. striata Aiton

. umbraticola HBK.

<

V.
\%
V.
V.
V.
V.

<

<<<<<<<<LKKLK(L

AF097251, AF097297
AF097238, AF097284

AF097254, AF097300
AF097252, AF097298
AF097237, AF097283
AF09726, AF097292

AF097258, AF097304
AF097257, AF097303
AF097235, AF097281
AF097259, AF097305
AF097236, AF097282

AF097239, AF097285

AF097255, AF097301
AF097249, AF097295
AF027250, AF097296
AF097253, AF097299
AF097240, AF097286
AF097248, AF097294
AF097241, AF097287
AF097256, AF097302
AF097245, AF097291
AF097247, AF097293
AF097244, AF097290




