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ABSTRACT

This research investigates the systematics and biogeography of the Pandanaceae, an
angiosperm family in the monocot order Pandanales. In the first stage of this research, | tested
relationships among the genera of the Pandanaceae and subgenera of the genus Pandanus in a
time-calibrated molecular phylogenetic framework. The phylogeny reconstruction was then used
to infer the biogeographic history of the family and the evolution of key traits related to dispersal
and population establishment. In the second phase of this research, | investigated the origins,
membership, population dynamics, and dispersal pathways of the widespread ocean-dispersed
“Pandanus tectorius complex.”

The impetus for this study stems from the fact that there has been considerable taxonomic
debate as to the delimitation of species, and relationships between taxa were poorly understood
impeding research on the group. Further, although ocean-dispersal is one of three main modes of
transport for colonizing organisms to reach islands, there have been few systems studied thus far
to explore biogeographic patterns among ocean-dispersed angiosperms. The P. tectorius complex
represents a useful system to this end due to its widespread distribution, aspects of its dispersal
biology, and the morphological diversity represented within the group which suggests an atypical
degree of diversity for an ocean-dispersed angiosperm lineage.

Results include the first well supported molecular phylogeny of the Pandanaceae. The
family likely originated in the Late Cretaceous in Laurasia and subsequently spread across the
paleotropics through the actions of long-distance-dispersal. Berries are the ancestral fruit
condition while aerenchyma-containing drupes capable of floatation evolved in the common
ancestor of Martellidendron, Benstonea, and Pandanus. The P. tectorius complex has its origins
in coastal eastern Queensland Australia within the past five million years. Pandanus tectorius is
part of an adaptive radiation of species in Australia, each of which inhabits a specific habitat. The
P. tectorius complex has subsequently spread throughout the tropical Indo-Pacific. Limitations to
migration between geographic regions and the establishment of inland populations away from
coastal areas have resulted in substantial population substructure. In some cases, isolated

populations have evolved into unique species.
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CHAPTER 1
INTRODUCTION

1. Background to the Pandanaceae

“Many of the enigmas of insular floras would be solved if we could interpret aright the 156

species of Pandanus that are enumerated and described by Dr. Warburg in his monograph.”

(Guppy, 1906 p. 157)
The Pandanaceae is a family of dioecious monocot flowering plants in the order

Pandanales. Taxa vary in habit but all species share the diagnostic characters of spirally arranged,
strap-like, armed leaves that are “M” shaped in cross section. The flowers of the Pandanaceae are
arranged in bracteate inflorescences and generally lack perianth parts. The family consists of
approximately 800 species classified in five genera: Sararanga Hemsl., Freycinetia Gaudich.,
Martellidendron (Martelli) Callm. & Chassot, Benstonea Callm. & Buerki, and Pandanus

Parkinson. Characteristics of each of the genera are presented in Table 1.1 and a map of the

distributions of each genus is shown in Figure 1.1.

Figure 1.1 Natural distributions of the genera of the Pandanaceae and the Cyclanthaceae.
Black: Cyclanthaceae, Orange: Sararanga, Green: Freycinetia, Purple: Martellidendron, Red:
Benstonea, Blue: Pandanus.



Table 1.1 Key characteristics of the Pandanaceae genera

Genus Distribution Pollination | Fruit Type | Dispersal Reproductive
Growth Form / syndrome | (Seeds per | Syndrome Characteristics
# Species / fruit)
Sub-generic
classification
Sararanga Philippines, Insect 10-80, Zoochory — | Dioecious
Trees Solomon Islands, | Pollination | fused, 1- Dispersers Agamospermy
2 species and the northern seeded unknown unlikely given
portion of New carpels very low seed
Guinea and set.
nearby islands
Freycinetia New Guinea (>50 | Vertebrate | (1-) 2-multi | Zoochory Mostly
Lianas species), Pollinated | carpellate, | Several dioecious,
180-200 species | Indonesia (>30 multi- Vertebrate Monoecy
19 sections species) the seeded dispersers observed in
(Stone, 1968) Philippine Islands berry. recorded some species,
(>20 spp.), several agamospermy
Southeast Asia ovules per not found in
(>25 species) carpel F. arborea
Sri Lanka (2 (Cox, 1990a).
spp.), New
Zealand (1 sp.),
and many islands
of the remote
Pacific including
Hawai'‘i
Martellidendron | Six species Wind Bi-locular | Zoochory & | Dioecious,
Trees endemic to Pollinated? | drupe Hydrochory | vegetative
7 species Madagascar, one reproduction
2 sections species endemic
to the Seychelles
Islands
Benstonea India and Ceylon, | Wind Single- Zoochory & | Dioecious,
Trees, Shrubs through South Pollinated? | seeded hydrochory | vegetative
60 species East Asia to drupe (rare) reproduction,
4 sections Indonesia, agamospermy
(Stone, 1974, Northern suspected (B.
Stone, 1978). Australia and the parvus).
Islands of
Melanesia to Fiji.
Pandanus Paleotropical: Wind Single- Zoochory Agamospermy
Trees, Shrubs, West Africa to Pollinated? | seeded and confirmed for
Lianas, the islands of drupe or hydrochory | P. tectorius,
Epiphytes, Polynesia polydrupe | including suspected in
semi- thallasochory | other species,
herbaceous vegetative
~500 species reproduction

6 subgenera




1.1 Generic Relationships

An understanding of the relationships among the genera within the family and between
the subgenera of Pandanus has been elusive. Stone (1972) divided the family into two sub-
families: Pandanoideae Stone composed of the genus Pandanus (which at the time included
Benstonea and Martellidendron) and the genus Sararanga and Freycinetioideae Stone composed
of the genus Freycinetia. This set of relationships was supported by a “preliminary cladistics
analysis” using 15 vegetative and reproductive characters (Cox, 1990a). Callmander and Laivao
(2002) similarly recovered the following set of relationships: (Freycinetia (Martellidendron
(Sararanga + Pandanus))). Rudall and Bateman (2006), however, found a conflicting set of
relationships, (Sararanga (Freycinetia (Martellidendron + Pandanus))), in a parsimony analysis
based on 35 vegetative and reproductive characters.

Molecular (DNA sequence based) phylogenetic studies have continued to produce
conflicting results. Callmander et al. (2003) conducted the first molecular phylogenetic analysis
of the Pandanaceae. They used three cpDNA regions to compare 27 species from each of the
genera. That study recovered the following set of relationships ((Sararanga (Freycinetia +
Martellidendron)) Pandanus). A subsequent molecular phylogeny by Buerki et al. (2012a) using
three cpDNA makers from 134 species recovered the following: ((Sararanga (Freycinetia +
(Martellidendron, Benstonea, Pandanus))). Buerki et al. (2012) found a close relationship
between Martellidendron, Benstonea, and Pandanus, and these three genera have been referred to
as the MBP clade. However, a subsequent study based on cpDNA markers recovered the
following set of relationships: ((Sararanga (Martellidendron + Freycinetia)(Benstonea +
Pandanus)) (Nadaf and Zanan, 2012a).

1.2 Subgeneric Relationships in Pandanus

Concurrent subgeneric classifications of the genus Pandanus were developed by Harold
St. John and Benjamin C. Stone although these two authors disagreed on the circumscription of
subgenera, sections, and species (St. John, 1960; Stone, 1974, 1978, 1983a). St. John (1960)
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recognized two subgenera based on carpels united (subg. Pandanus) or mostly free (subg.
Lophostigma). On the other hand, Stone (1974) recognized eight subgenera, (Kurzia,
Lophostigma, Rykia, Vinsonia, Martellidendron, Coronata, Pandanus, and Acrostigma) using
several reproductive and vegetative characters. A ninth monotypic subgenus Eydouxia (Gaudich.)
Huynh was subsequently added by Huynh (1991) who had adopted Stone’s system. A historical
review of previous classification systems of Pandanus were reviewed and discussed by Stone
(1974) and is not repeated here.

While St. John contributed a great deal to the recognition of diversity within Pandanus at
the species and subspecific level, Stone’s (1974) infrageneric classification of Pandanus has been
more widely accepted (Huynh, 1991; Callmander et al., 2003). Stone, however, considered his
subgeneric classification as a “tentative progress report... provisional and flexible” and the
classification was subsequently amended (Stone, 1975, 1978, 1983a, ¢; Huynh, 1991). Based on
cpDNA phylogenies, the two Pandanaceae genera, Martellidendron (Callmander et al., 2003) and
Benstonea (formerly Pandanus subgenus Acrostigma) (Callmander et al., 2013) were each raised
to generic level. In addition, Buerki et al. (2012a) found P. eydouxia (Gaudich.) Balf. f. (subg.
Eydouxia) to be nested within subg. Vinsonia. The distribution of each of the six currently
recognized Pandanus subgenera is shown in Figure 1.2 and the more recent hypotheses of
subgeneric relationships within Pandanus are summarized in Table 1.5.

The three cpDNA-based molecular phylogenies produced thus found conflicting results
and failed to resolve relationships at the subgeneric level within Pandanus. However, in the
analysis by Buerki et al. (2012), two well supported groups within Pandanus were recovered. The
first is a clade “subclade 1” consisting of species of the subgenera Rykia, Kurzia, Lophostigma,
and Coronata all primarily found in the western Pacific extending into continental Asia. The
second clade, “subclade 27, is composed of subg. Vinsonia distributed in Madagascar, Mauritius
and Africa, three ocean-dispersed species of subg. Rykia, and species of subg. Pandanus from
Australia including the widespread coastal P. tectorius complex.
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1.3 Characters related to dispersal and population establishment

The fruit of Pandanaceae species are adapted to utilize different dispersal modes. Species
of Sararanga and Freycinetia have fleshy multi-seeded fruit attractive to animals and are known
to be dispersed by birds and bats (Cox, 1990a). In contrast, species of the MBP clade generally
have fruit with a fleshy lower mesocarp, a protective hard endocarp surrounding single-seeded
locules, and a specialized aerenchyma tissue, often situated in the upper mesocarp. The fleshy
tissue is attractive to a wide array of animal dispersers and the aerenchyma tissue allows the fruit
to float on fresh or saltwater. Further, the propagules of species in the MBP clade are either
single-seeded drupes or polydrupes which have been interpreted as consisting of several fused
adjacent carpels.

Within the genus Pandanus, several species, particularly in subg. Pandanus and subg.
Vinsonia, are known to be ocean-dispersed and this has likely contributed to the larger geographic
distribution of these subgenera as compared with the others (see Figure 1.2). In contrast, most
species of subg. Kurzia are primarily animal dispersed; their fruit do not have substantial
aerenchyma tissue to facilitate floatation. Subg. Lophostigma, subg. Rykia, and subg. Coronata
have species which likely utilize animal dispersal as well as floatation. Several species formerly
assigned to subg. Rykia, including P. dubius in the western Pacific, are ocean-dispersed; however,

Buerki et al. (2012) found these species to be more closely related to subg. Pandanus.



Figure 1.2 Natural distributions of the currently recognized Pandanus subgenera (Modified from
Stone 1975). Blue: subg. Pandanus, Brown: subg. Vinsonia, Green: subg. Kurzia, Purple: subg.
Rykia, Yellow: subg. Lophostigma, Orange: subg. Coronata.

Several reproductive characters may play an important role in the establishment of a
viable population following dispersal. A greater number of seeds per propagule provides
potentially greater genetic diversity for an establishing population and increases the probability,
for these mostly dioecious species, that an incipient population will include both male and female
plants (Cox, 1990). Another character, agamospermy, that would allow an asexual population to
establish, has been demonstrated for P. tectorius (Stone, 1972; Cox, 1990a). There are several
anecdotal cases of agamospermy throughout the genus Pandanus and possibly in Benstonea as
well (see Cox, 1990a and Gallaher pers. obs. in Chapter 2). In addition to agamospermy,
vegetative reproduction from fallen terminal branch clusters and occasionally from axillary
plantlets has been observed in species throughout the MBP clade. Members of the MBP clade are
also believed to be wind-pollinated eliminating dependency on animal pollinators. However,
pollination studies in the Pandanaceae, with the exception of studies on Freycinetia and P.
tectorius, are lacking (Cox 1990). The absence of a good understanding of relationships within
the family has prevented an understanding of the sequence of the evolution of these characters.
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1.4 Pandanaceae Biogeography - Origins of the Family

The Pandanaceae is distributed in the Paleotropics, and, with few exceptions, species are
restricted to areas with a wet tropical climate. The distribution of Pandanaceae species on several
Gondwanan derived continents including Madagascar, Africa, India, and Australia led to the
suggestion that the family is Gondwanan in origin and that the distribution can be in part
explained by the breakup of that supercontinent (Stone, 1975; Callmander and Laivao, 2002;
Callmander et al., 2003; Nadaf and Zanan, 2012b). This hypothesis, however, ignores the
potential role of long distance dispersal in achieving that distribution. Several groups within the
Pandanaceae achieve a very wide distribution due to dispersal. Chief among these is the
Pandanus tectorius complex, a group of one or several closely related species that are ocean
dispersed and have spread throughout the Paleotropics from coastal east Africa to the islands of
eastern Polynesia encompassing virtually the entire range of the family.

The hypothesis that the Pandanaceae has a Gondwanan origin was also influenced by the
assumption that the family itself was an old angiosperm lineage. The dioecious condition, a lack
of perianth parts, and the presence in the genus Pandanus of incompletely fused (in some species)
conduplicate ovaries were thought to be pleisiomophic characters inherited directly from
Gymnosperm ancestors (Stone, 1972). Some early classification systems placed the Pandanaceae
as the sole family in the order Pandanales and placed it at the base of the monocot lineage,
suggesting that the family is very old (Engler and Prantl, 1899). The order has since been re-
circumscribed to include five families (Velloziaceae J. Agardh, Stemonaceae Caruel,
Triuridaceae Gardner, Cyclanthaceae Poit. ex A. Rich., and Pandanaceae) with the Pandanaceae
in a relatively terminal position. The resolved phylogeny of the Pandanales allows for a
reinterpretation of character development within the lineage. Many of the characters of the
Pandanaceae once thought to be ancestral are now known to be derived (Chase et al., 2000)
(Figure 1.3). Further, the order Pandanales is no longer inferred to be situated at the base of the

monocotyledon lineage (Bremer et al., 2009).



1 I Pandanaceae (Paleotropics)
3 I
_I_ Cyclanthaceae (Neotropics)

I Stemonaceae (Paleotropics)

Triuridaceae (Pantropical)

[~ g

Velloziaceae (Pantropical)

Figure 1.3 Relationships among the families of the Pandanales (after Mennes et al. (2013) and
select character state changes (after Rudall and Bateman 2006). 1. Loss of septal nectaries,
monoecy; 2. mycoheterotrophy, dioecy; 3. Loss of floral trimery; 4. Near complete reduction of
the perianth; 5. Dioecy, incompletely conduplicate ovary wall (Pandanus).

The hypothesis of a Gondwanan origin also received further support after the finding that
the sister family to the Pandanaceae is the Cyclanthaceae which is found only in the American
Tropics (Chase et al., 2000). This relationship suggested a vicariance event corresponding to the
rift between West and East Gondwana (Figure 1.4). In order for this hypothesis to be supported,
however, the Pandanaceae (and likewise the Cyclanthaceae) would need to have an origin in the
Late Jurassic, corresponding with the separation of West and East Gondwana, and infra-familial
lineages on each of the former Gondwana-derived continents must be older than the Late

Cretaceous (> 65 Ma) when the breakup of East Gondwana was completed (McLoughlin, 2001).

. ¥

1 us
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;‘.._‘___; b — o - K
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| — - ~ Martellidendron Freycinetia

,j*L Cyclanthacea;}& -

Figure 1.4 The breakup of Gondwana and the Gondwana hypothesis for the evolution of the
Pandanaceae. a) The Late Jurassic and b) The Late Cretaceous. Maps by Ron Blakey



Recent fossil discoveries, fossil reassignments and available age estimates for the
Pandanaceae cast some doubt on the Gondwana hypothesis. The earliest fossil Pandanaceae are
not from former Gondwanan continents, but rather are from North America and Europe dating to
the Late Cretaceous (Jarzen, 1983; Cox, Huynh, and Stone, 1995b; Kvaéek and Herman, 2004;
Popa et al., 2011). A summary of fossils formerly and currently assigned to the Pandanaceae is

presented in Table 1.2 and their distributions in space and time are summarized in Figure 1.4.

Figure 1.5 The occurrence through time of fossil

a8 Pandanaceae. a) Late Cretaceous (Pandanites); b)
Eocene (Dryptopollenites & Lateropora — Australia
and Pandanus (India); c) Oligocene (Lateropora —
Australia - New Zealand); d) Miocene (Megaporites
— Taiwan, Pandanus — Sumatra and the Pacific; e)
Pliocene (Pandanus — Widespread Pacific and
Freycinetia - Australia. Maps by Ron Blakey.




Table 1.2 Summary of fossil taxa assigned to the Pandanaceae

Taxon Fossil Type Location Age Current
classification
Pandaniidites Pollen North Americato  Late Arecaceae (Sweet,
Elsik Europe Cretaceous 1986; Stockey,
Hoffman, and
Rothwell, 1997)
Pandanites Leaves Rocky Mountains  Late Pandanaceae
Tuzson and New Mexico  Cretaceous (Kvacek and Herman
(North America) Campanian -  2004)
Austria and Maastrictian
Romania (Europe)
Pandanaceoxylo Rhizome India Cretaceous Commelinid
n Patil & Datar Monocots or the
Araceae (Bonde,
2005)
Dryptopollenites  Pollen Australiaand New Eoceneto late aff. Freycinetia
Stover Zealand Paleocene (Hill, 1994; Stoian,
(33-62 Ma) 2002).
Lateropora Pollen Australiaand New Late Eocene  aff. Freycinetia
Pocknall & Zealand (Hill, 1994; Stoian,
Mildenhall 2002).
Viracarpon Infructescence India Eocene (34-  Araceae (Bonde,
Sahni 56 Ma) 2005). Bande and
Awasthi (1986) (Cox,
Huynh, and Stone,
1995b)
Pandanusocarpo Fruit India Eocene Ambiguous
n Bonde Herman and Kvacek
(2010), (Bonde, 2005)
Pandanus Leaves India Lower Pandanaceae (but not
eocenicus Eocene (41-  necessarily Pandanus
Guleria & 56 Ma) (Kvacek and Herman,
Lakhanpal 2004)
Pandanus Leaves Sumatra Neogene Pandanaceae (but not
helicopus Kurz. (2.5-23 Ma) necessarily Pandanus
(Kvacek and Herman,
2004)
Megaporites Pollen Taiwan Miocene (5-  Freycinetia (Huang,
Krutzsch 23 Ma) 1980)
Pandanus Pollen Eniwetok atoll, late Miocene  Pandanus
Marshall Islands (Leopold, 1969).
Pandanus Infructescence Kaua‘i, Hawai‘i Late Pandanus tectorius
tectorius Pleistocene to  (Burney et al., 2001b;
Holocene Burney, 2002).
Freycinetia sp. Pollen Northern Late (Truswell and
Queensland Pleistoceneto  Kershaw, 1987).
Holocene
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Several studies have indirectly inferred the age of the Pandanaceae through molecular
clock based analysis. Janssen and Bremer (2004) estimated the origin of the Pandanaceae at 98
Ma based on a plastid rbcL sequence-based phylogeny of the monocots which utilized eight fossil
calibrations. However, in an analysis based on 36 fossil calibration points scattered throughout
the angiosperm lineage, Bell et al. (2010) calculated the age of the Pandanaceae at 47 (31-62) Ma
or 52 (36—71) Ma depending on whether an exponential or lognormal relaxed clock algorithm
was implemented. These age estimates for the family are later than the rift between West and East
Gondwana suggesting that the origin of the family does not correspond to that particular
vicariance event. Further, there are no published age estimates for sub-familial lineages to support
or reject the hypothesis that the breakup of East Gondwana is responsible for cladogenesis of the
genera of the Pandanaceae.

1.5 The Pandanus tectorius complex (a model system for the biogeography of ocean-
dispersed angiosperms)

One of the most problematic clades in terms of taxonomy within Pandanus is subsection
Pandanus. It is unclear if there are multiple species or one widespread polymorphic species. This
group is referred to as the Pandanus tectorius complex. While Stone recognized as many as 12
species in this subsection, St. John recognized several hundred species. Stone and others have
argued that many of the species described by St. John assigned to this subsection, were based on
trivial character differences and many of these have been subsequently synonymized with P.
tectorius or P. odorifer (Stone, 1974, 1976; Fosberg, 1977; Whistler, 1980; Stone, 1982, 1988).
The lack of consensus on the identity of taxa within this subsection has also been referred to as
“Pandanus tectorius problem” (Stone, 1976).

The P. tectorius complex is the most widespread clade within the Pandanaceae stretching
from east Africa to eastern Polynesia and virtually encompassing all coastal areas along the entire
extant range of the family with the exception of coastal West Africa and Madagascar. Members

of subg. Pandanus appear to be well adapted for long distance dispersal (LDD) via floatation on
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the ocean and these species share characters that promote establishment of new remote
populations including agamospermy, vegetative reproduction, a multi-seeded propagule and a
wind-pollination syndrome.

Within the P. tectorius complex, there are two patterns of diversity that have been
observed; differentiation between coastal populations in geographic regions and differentiation
between coastal and inland populations, suggesting that this clade may exhibit some degree of
population structure (i.e., is not a homogenous group). One example of differentiation among
coastal populations was recognized by Stone (1974) who suggested that all species within the
complex are potentially in close affinity with one of three taxa: P. tectorius in the Pacific, P.
odorifer in the region extending from the South China sea to India, and P. kirkii Rendle in coastal
east Africa. While P. odorifer has consistently different fruit and leaf morphology and a
distinctive juvenile growth form when compared with the other two species, P. kirkii has a
morphology and growth form that closely approaches that of P. tectorius but has a distribution
which is disjunct with P. tectorius (Stone, 1973). In addition, among taxa with closer affinities to
P. tectorius, a large-fruited form, P. tectorius var. fischerianus, is found in Micronesia, while a
small-fruited form is found in coastal Australia and New Caledonia (P. tectorius var.
microcephalus). Distinct species have been recognized often at the periphery of the range of P.
tectorius including P. douglasii (Hawai‘i), P. boninensis (Ogasawara Islands), and P. fragrans
(Mariana Islands) all of which were accepted taxa according to Stone (1974). Geographically
structured morphological variation such as has been observed for the complex suggests that
genetic isolation (barriers to gene flow) may exist between populations in different regions or
island groups. Such isolating mechanisms might include prehistoric restrictions to gene flow,
such as the closing of the Sunda shelf between the Indian and Pacific oceans during times of

lower sea levels, predominant ocean current patterns, or linear distance.
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The second pattern that has been observed is a consistent notable difference when
comparing coastal populations with inland populations. The inland populations tend to exhibit a
loss of characters related to ocean-dispersal including a reduced carpel number, a reduction of
propagule mass dedicated to floatation tissue, or an increase in mass associated with edible tissue
(Brown, 1931). These character differences have often been significant enough to warrant the
recognition of distinct species (at least by some authors). These character shifts could indicate
genetic isolation and perhaps selection for the loss of dispersibility which is often associated with
insular species (Carlquist, 1966b). Examples of this include P. mei F. Br. from the Marquesas, P.
kusaicolous Kaneh. from Kosrae, P. arapepe St. John from Mauke island in the Cook Islands, an
undescribed Pandanus species on Makatea island in the Tuamotu archipelago and P. reinekei on
American Samoa among others.

Stone (1974) placed subsection Pandanus into subg. Pandanus. That subgenus as
modified by Huynh (1980) includes approximately 60 species (St. John’s synonyms excepted) in
13 sections and nine subsections (Table 1.3). Relationships among these sections are unknown.
Given that ocean-dispersed taxa may also be dispersed inland by animals, one or more of these

sections may have evolved from the widespread section Pandanus lineage.
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Table 1.3 Sections and subsections of subg. Pandanus

Section or subsection # of species Distribution Habitat
section Pandanus
subsect. Pandanus (1-300) Widespread Coastal and inland
probably <
20
subsect. Austrokeura 3-4 Australia: Western Inland
Australia —
Queensland
subsect. Insulanus 1 Lord Howe Island Inland
section Australibrassia 2 Australia: Inland
Northeastern
Queensland
section Semikeura
subsect. Semikerua 1 Australia: Western Inland
Australia —
Queensland
subsect. Elaphrocarpus 1 Australia: Northern Inland
Territory
section Excavata 1 Highland Papua Inland
New Guinea
section Intraobtusus 4 Lowlands Papua Inland, possibly also
New Guinea coastal
section Athrostigma 1 Philippines Inland
section Corythocarpus 1 Philippines Inland
section Elmeria
subsect. EImeria 4 Philippines Inland
subsect. Pyriformes 1 Philippines Inland
section Fagerlindia
subsect. Divaricatistigma 8 Philippines Inland
subsect. Oceanothauma 1 New Guinea Possibly coastal
section Gaudichaudia 1 Solomon Islands Inland
section Umbonati 2 Philippines Inland
section Palauenses 1 Palau Inland

Pandanus tectorius may represent a model system to detect population structure within

an ocean-dispersed angiosperm lineage due to aspects of its dispersal biology. Many of the

common coastal strand species such as Scaevola taccada (Gaertn.) Roxb. or Hibiscus tiliaceus L.

are widespread and have propagules that can float for a long period of time on the ocean

(Nakanishi, 1988) (Figure 1.6). Other species like Cocos nucifera L. and various species of

viviparous mangroves have propagules that float for shorter durations, similar to that of

Pandanus. However, these have relatively restricted geographic distributions, perhaps due to
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factors affecting establishment (Dennis and Gunn, 1971; Rabinowitz, 1978; Harries, Baudouin,
and Cardena, 2004). A limited floating duration time makes regular immigration events less
likely (Nakanishi, 1988). As a result, it is much more likely that we will be able to detect patterns
of gene flow between populations of such species and therefore we would be able to use those

populations to detect barriers between geographic regions both within or between ocean basins.
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Figure 1.6 Buoyancy of select ocean-dispersed propagules (modified from Nakanishi 1988).
Polynomial trendline for P. tectorius (in white) R=0.985
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2. Goals and hypotheses
Goal 1: Generic and sub-generic relationships.
Ho: One of the existing phylogenetic hypotheses (See Table 1.4 and 1.5) is supported by
chloroplast and nuclear DNA sequence data.
H;: Some other set of relationships is supported.

The first goal of this research is to test phylogenetic hypotheses among the Pandanaceae
genera and Pandanus subgenera. Representative samples from each of the Pandanaceae genera
and Pandanus subgenera will be included. A phylogeny will be constructed using maximum

likelihood and Bayesian methods using both nuclear and chloroplast DNA sequence data.

Table 1.4 Summary of phylogenetic hypotheses among Pandanaceae genera.

Study Methodology Results (Hypotheses)

Stone, 1972 Expert opinion [Freycinetia [Sararanga + Pandanus
incl. Martellidendron and Benstonea]]

Cox, 1990 Parsimony [Freycinetia [Sararanga + Pandanus

Callmander and
Laivao, 2002

Callmander et al,.
2003

Rudall and
Bateman, 2006

Buerki et al., 2012

Nadaf and Zanan,
2012

15 vegetative and
reproductive characters
Parsimony

39 morphological
characters

Parsimony

Chloroplast loci: trnL
intron, trnL-trnF, trnS-ycJ9,
and atpB-rbcL

Parsimony

35 vegetative and
reproductive characters
Maximum Likelihood and
Bayesian analysis
Chloroplast loci: matK,
trnQ-rpsl6, trnL-trnF
Neighbor Joining
Chloroplast loci: atbB-rbcL,
trnL-trnF

incl. Martellidendron and Benstonea]]

[Freycinetia [Martellidendron
[Sararanga + Pandanus incl.
Benstonea]]]]

[[Sararanga [Freycinetia +
Martellidendron]] Pandanus incl.
Benstonea]

[Sararanga [Freycinetia
[Martellidendron + Pandanus incl.
Benstonea]]]

[Sararanga [Freycinetia
[Martellidendron + Pandanus +
Benstonea]]]

[Sararanga [Martellidendron +
Freycinetia][Benstonea + Pandanus]]
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Table 1.5 Summary of phylogenetic hypothesis among Pandanus subgenera.

Study Methodology Results (Hypotheses)

1 St John Expert Opinion [subg. Lophostigma + subg. Pandanus]
1960

2 Stone 1974,  Expert Opinion [[subg. Vinsonia + subg. Martellidendron] [subg.
1978 Pandanus] [subg. Acrostigma + subg. Coronata]

[subg. Kurzia, subg. Lophostigma + subg. Rykia]]

3 Buerkietal. Maximum Likelihood  *“Subclade 1” + “Subclade 2” composed of
2012 and Bayesian analysis  [[subg. Coronata, subg. Kurzia, subg. Lophostigma
Chloroplast loci: matK, + subg. Rykia] [subg. Vinsonia + subg. Pandanus]]
trnQ-rpsle, trnL-trnF

Goal 2: Infer the origins of the Pandanaceae and whether the extant distribution is a result
of vicariance or dispersal.

The second goal of this research is to infer the origins of the family and test whether an
age calibration of the phylogenetic reconstruction can support or reject whether the various sub-
familial lineages may have resulted from Gondwanan vicariance or more recent long distance
dispersal.

H,: The Pandanaceae has a Gondwanan origin with an extant distribution resulting in
part by vicariance events related to the breakup of Gondwana supercontinent.
H;: The Pandanaceae has a Laurasian origin with an extant distribution resulting

primarily from long distance dispersal.

Goal 3: Infer the composition of Pandanus section Pandanus (a.k.a. the P. tectorius complex)
In order to address the “Pandanus tectorius problem” numerous samples representing
numerous putative taxa from within the group and taxa from outside the group are necessary to
first assess the monophyly of the group and secondly to test whether sequence data can support
the recognition of multiple species within the complex.
Ho: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is

monophyletic
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H;: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is not
monophyletic

&
Ho: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is
genetically homogenous (i.e. low levels of sequence divergence).
H;: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is
genetically heterogeneous and bifurcating structure can be detected using standard

phylogenetic inference.

Goal 4: Test for geographic structure (suggesting genetic breaks) between coastal
populations of the P. tectorius complex from throughout its range and infer the
mechanism(s) likely responsible for the observed structure.

The geographically structure morphologic diversity that has been observed within the P.
tectorius complex from throughout its wide range may represent detectable genetic breaks. If
such genetic breaks exist they may inform us about mechanisms which contribute to those breaks

such as ocean currents or prehistoric barriers to gene-flow.

H,: Coastal populations of P. tectorius (and closely related taxa) from throughout its range
do not exhibit significant subpopulation structure (populations panmictic — no genetic
breaks).
H;: Significant subpopulation structure exists between coastal populations of the P.
tectorius complex from throughout its range.

&

H;: Ocean currents are responsible for genetic structure among coastal populations of the
P. tectorius complex.
H,: Structure between coastal populations within the P. tectorius complex is caused by

some other mechanism.
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Goal 5: Using the P. tectorius complex, test whether dispersal inland from a coastal ancestor
has resulted in new species.

Several sections assigned to subg. Pandanus have characters similar to those of the
widespread P. tectorius complex. These sections which are found in New Guinea, the Philippine
Islands and Australia may represent inland radiations derived from a coastal ancestor. In addition
several single island endemic “species” assigned to section Pandanus are likely derived from a
coastal ancestor. Alternately, these inland species may not be closely related to or nested within
the P. tectorius complex or if they are, they may not exhibit significant genetic differentiation
from their coastal counterparts.

Ho: The widespread coastal P. tectorius complex has not given rise to inland species.

H;: The widespread coastal P. tectorius complex has given rise to inland species.

3. Overview of the Dissertation

In the first phase of this research (Chapter 2), molecular sequence data from chloroplast
and low-copy nuclear genes along with substantiated fossil Pandanaceae and Cyclanthaceae taxa
were used to reconstruct a well resolved age-calibrated phylogeny of the Pandanaceae. Species of
Cyclanthaceae were used as the out-group and representative species from each of the
Pandanaceae genera and Pandanus subgenera were included. The main purpose of this work was
to test existing phylogenetic hypotheses and allow for inference into character evolution and the
biogeographical history including the origins of the family and subsequent spread of the sub-
familial lineages. This work also addresses the origin and composition of the P. tectorius
complex.

In the second phase of the research (Chapter 3), over 550 samples from 51 populations of
P. tectorius and other closely related taxa from within the P. tectorius complex, were analyzed in
a microsatellite-based study. The outcomes of this work are (1) a quantification of the genetic

diversity within the complex, (2) an understanding of how that genetic diversity is structured over
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the large spatial scale of the tropical Indo-Pacific and (3) the development of new hypothesis
about potential dispersal barriers which may exist between and within ocean basins.

The genus Pandanus includes many species with high utilitarian value. An overview of
human relationships with Pandanus and a discussion of the natural history of P. tectorius in
Hawai‘i are presented in Chapter 4. The final chapter is a discussion of the overall results of this
study and a call for future work to resolve the research questions with regards to the Pandanaceae
that remain unanswered at this time.

4. Broader Impacts

This work represents a significant contribution to our understanding of the evolution,
systematics, taxonomy, and biogeography of the Pandanaceae, undoubtedly enabling further
research on the family. In addition, this work provides a model system to understand the
biogeographic patterns produced of ocean-disperse inform models of Pacific Island
biogeography.

The Pandanaceae includes 23 taxa rated vulnerable or higher by the IUCN (2013) redlist
however only 30 species out of approximately 800 have been assessed and the conservation status
of the vast majority of species is unknown. Many species exist as small populations in isolated
areas. In some cases, the taxonomic identity of species is in debate and many species are only
known from the initial collection. This work will help to identify evolutionarily significant
lineages and will refine the species concept for the Pandanaceae. It is hoped that this work will
promote additional collection and further study on the group leading to an improved

understanding of the conservation requirements for this fascinating plant family.
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CHAPTER 2
LONG-DISTANCE-DISPERSAL

AND THE ORIGINS AND BIOGEOGRAPHY OF THE PANDANACEAE

Abstract

The Pandanaceae (screwpines) is a monocot family composed of ~ 800 species widely
distributed in the Paleotropics. Several authors have proposed that the distribution of the family is
due to vicariance resulting from the breakup of Gondwana; however, dispersal has not been
considered in previous biogeographic analyses distribution of the family and several lineages
have species capable of long-distance-dispersal (LDD) using animal vectors as well as floatation
over water. Biogeographic inference has also suffered due to conflict among previous
phylogenetic studies and low clade support in recent studies based on cpDNA sequences. In the
present study, use nuclear and chloroplast sequences were used to reconstruct a well-supported
age-calibrated phylogeny of the family. The Pandanaceae has a Late Cretaceous origin, likely in
Laurasia, and much of the extant distribution can be explained by relatively recent LDD. Ocean
dispersal followed by inland species radiations explains the presence and richness of the family
on former Gondwanan landmasses. The distribution of the Pandanus tectorius species complex
which nearly encompasses the entire geographic range of the family, can be explained in part by
the use hydrochory as well as characters, such as agamospermy and multi-seeded propagules that

facilitate the establishment of new populations in remote locations.

Keywords: Adaptive radiation, Gondwana or Laurasia, long-distance-dispersal, Pacific

biogeography, Pandanus tectorius complex
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1. Introduction
1.1 Pandanaceae genera, dispersal modes and key-character innovations

The Pandanaceae is a family of mostly dioecious species in the order Pandanales
composed of branched trees, shrubs, and lianas. The family gets its common name, the screw pine
family, due to the characteristic growth of its spirally arranged, strap-like, armed leaves. Over 800
species are currently recognized. The family is distributed throughout the Paleotropics from
Africa to the islands of Polynesia in the eastern Pacific and this distribution has been previously
discussed in the context of vicariance from a presumed Gondwanan origin (Callmander et al.,
2003). It is unclear, however, what role long-distance-dispersal (LDD) has played in the historical
biogeography of the family. Different fruit types have evolved in the Pandanaceae to take
advantage of zoochory, hydrochory (floatation) or a combination of these two dispersal modes
(Figure 2.1). Birds and bats are known to disperse fruit over great distances and the fruit of
species within the Pandanus tectorius complex, and other lineages can float on seawater and
remain viable for months (Nakanishi, 1988). The P. tectorius complex in particular has achieved
a very wide distribution as a member of the Indo-Pacific coastal strand community (Mueller-

Dombois and Fosberg, 1998).
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Growth form of Pandanus sp. Cross section of a single Male inflorescence of

polydrupe of P. tectorius P. tectorius

Infructescence of F. arborea

Floating propagules of P. polycephalus, Infructescence of
P. tectorius, and M. hornei P. cumingianus

Infructescence of P. vandermeeschii | Infructescence of P. dubius var.
dubius

 NOF -\

Figure 2.1 Vegetative and reproductive characters of the Pandanaceae.
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A reconstruction of the biogeographic history of the family and an understanding of the
potential role of LDD has been elusive due to conflict among previous studies (summarized in
Chapter 1 Table 1.4). The family traditionally consisted of three genera: Sararanga, Freycinetia,
and Pandanus. Recent phylogenetic work has resulted in the elevation of two former Pandanus
subgenera, Martellidendron and Acrostigma (now Benstonea) to the rank of genus (Callmander et
al., 2003; Callmander et al., 2013) bringing the total number of genera in the family to five.
Previous studies have supported the monophyly of each of the recognized genera; however, they
have disagreed on the relationships between genera and further, recent molecular studies based on
chloroplast markers alone had low clade support at the generic and infra-generic level.

Several lineages within the Pandanaceae have characters which may facilitate dispersal
and successful establishment. Species of Sararanga and Freycinetia have multi-seeded fruit
composed of sweet, fleshy, animal-dispersed berries. While seed dispersal has not been observed
in Sararanga, the fruit of Freycinetia is known to be dispersed by birds and bats (Cox, 1990b;
Ingle, 2003). The fruit of Martellidendron, Benstonea, and Pandanus (hereafter the MBP clade
after Buerki et al., 2012) on the other hand have both a fleshy lower mesocarp that attracts a
variety of seed dispersers as well as, in most species, aerenchyma tissue which allows the fruit to
float on water.

One character that may promote establishment following LDD, particularly important for
dioecious species, is a propagule containing several seeds. The berries of Sararanga and
Freycinetia each contain numerous seeds. However, the propagules of species in the MBP clade
are either single-seeded drupes or polydrupes that have been interpreted as consisting of fused
adjacent carpels. Cox (1985) surveyed polydrupes of P. tectorius Parkinson, that each contain 5-
10 seeds, and found that 69% of them produced 2-6 seedlings increasing the probability that both
a male and female will establish. The establishment of both sexes should increase the long term

viability of an incipient population.
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Another character promoting establishment is agamospermy. Several species in the genus
Pandanus and possibly species of Benstonea are capable of producing viable seed in the absence
of pollination. This is believed to result from nuclei that move into the embryo sac and are able to
fuse with the egg resulting in a parthenogenic embryo (Stone, 1972; Cox, 1985). Seed set is often
low in Sararanga indicating that agamospermy does not occur in that genus (Cox, 1990b).
Likewise, Cox (1985) tested for agamospermy in Freycinetia and found that bagged
inflorescences do not produce viable seed; however, some species of Freycinetia are known to
occasionally produce monoecious individuals potentially capable of self-pollination (Cox, 1981).
In addition to agamospermy, vegetative reproduction from fallen terminal branch clusters and
occasionally from axillary plantlets, both of which have been reported in species of the MBP
clade, could allow a single founding individual to establish a non-breeding population until
additional propagules should arrive to reinstate sexual reproduction (Cox, 1990b).

Species of the MBP clade are believed to be wind-pollinated which facilitates the
establishment of a new population by eliminating dependency on pollinators (Cox, 1990b). By
contrast, Sararanga is believed to be insect pollinated and Freycinetia is known to be vertebrate
pollinated (Cox, 1990a). The characters of multiple seeds per propagule, agamospermy,
vegetative reproduction, and wind-pollination, individually or in combination, would likely
increase the probability of the successful establishment of new populations following LDD.

1.2. Origins and age of the family

The family has an extant paleotropical distribution with a main center of diversity in the
islands of Malesia and the Western Pacific, and secondary centers of diversity in South East Asia,
Madagascar-Africa, and Australia (Chapter 1, Figure 1.1). This distribution suggests an east
Gondwanan origin for the family with sub-familial lineages potentially resulting from the breakup
of the supercontinent during the Cretaceous (Stone, 1975; Callmander and Laivao, 2002;
Callmander et al., 2003; Nadaf and Zanan, 2012b). However, recent fossil discoveries, fossil
reassignments, and available age estimates for the Pandanaceae, casts some doubt on the
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Gondwana hypothesis. The oldest Pandanaceae fossils are leaf fragments (Pandanites Tuzson)
from Maastrichtian (66.4-72.5 Ma) strata from the Rocky Mountains and New Mexico and from
Campanian - Maastrictian (74.5-84 Ma) strata in Austria and Romania (Kvac¢ek and Herman,
2004; Popa et al., 2011). Several other fossil taxa previously assigned to the Pandanaceae from
Gondwana-derived continents including Pandanaceoxylon Patil & Datar from Cretaceous (66-
145 Ma) India and Viracarpon Sahni and Pandanusocarpon Bonde from the Eocene (34-56 Ma)
of India have been subsequently found to be not attributable to the Pandanaceae (Cox, Huynh,
and Stone, 1995a; Bonde, 2005; Herman and Kvacek, 2010).

The age of the earliest Pandanaceae fossils are towards the older age estimates for the
family. Janssen and Bremer (2004) estimated the origin of the Pandanaceae at 98 Ma using a
plastid sequence-based phylogeny of the monocots which utilized eight fossil calibrations.
However, in an analysis based on 36 fossil calibration points scattered throughout the angiosperm
lineage, Bell et al. (2010) calculated the age of the family at 47 Ma (31-62 Ma) or 52 Ma (36-71
Ma) depending on whether an exponential or lognormal relaxed clock algorithm was
implemented. There have been no published age estimates for the genera and infrageneric taxa of
the Pandanaceae.

In order to support a Gondwanan origin and vicariance diversification pattern for the
family, Pandanaceae lineages that occupy the former Gondwanan continents would have had to
diverge in the Cretaceous prior to the final breakup of that continent. An alternate explanation for
the current distribution of the Pandanaceae is LDD. This is particularly likely in light of the fact
that several lineages within the Pandanaceae have evolved characters which facilitate both LDD
and the successful establishment of new populations.

1.4 The Pandanus tectorius complex

The most widespread group in the Pandanaceae is Pandanus subg. Pandanus. Over 300
species have been ascribed to this subgenus, particularly to section Pandanus; however, many
have been synonymized with two widespread coastal species, P. tectorius and P. odorifer

26



(Forssk.) Kuntze based on the observation that a great deal of the morphological variation used to
distinguish between species within the section can often be observed within a single population
(Fosberg, 1977; Stone, 1982). As a result of this taxonomic uncertainty, this group has been
termed the Pandanus tectorius complex (Stone, 1976). This lineage is distributed from east
Africa to east Polynesia, nearly encompassing the entire geographic range of the family. Taxa are
primarily coastal although several inland species are included in this group (Stone, 1974; Huynh,
1980). Fruit of many of these species can float in water for months and the multiple seeds
contained within each propagule remain viable (Nakanishi, 1988). The fruit of species of subg.
Pandanus are also dispersed by animals and this may lead to dispersal inland and away from
coastal populations. Further, the subgenus includes species with confirmed agamospermy,
vegetative reproduction, and wind pollination, all of which are characters that can promote
establishment of new populations following LDD (Carlquist, 1967). Since the composition of the
P. tectorius complex is debated and its relationship to other sections has not been tested,
biogeographic patterns of this most widespread ocean-dispersed lineage remain obscure.

In order to test the origins and geographical spread of the family, and the evolution of
dispersal mechanisms and characters that might promote establishment following LDD, both
chloroplast and nuclear molecular markers were used along with with fossil data to reconstruct an
age-calibrated phylogeny of the Pandanaceae. In addition, the origins and composition of the
widespread, ocean-dispersed Pandanus tectorius complex was inferred in a network based
analysis.

2. Materials and Methods
2.1. Data Generation

Specimens were selected to cover each of the Pandanaceae genera and Pandanus
subgenera as recognized by Stone (1974, 1978, 1983a) as revised by Callmander et al. (2003;
2012b). Samples of three species from the sister family Cyclanthaceae were selected as
outgroups. Permits related to this work include a collection and export permit issued by the
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Queensland Government: Permit number WITK10374211 and a USDA import permit # PDEP-
11-00269.

Genomic DNA was extracted from desiccated leaf tissue using the QlAamp DNA Stool
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocols with the lysis
phase increased from 5 to 120 minutes. Three regions of the chloroplast: trnL-trnF, ndhF-rpl32,
and the trnQ-rps16 intergenic spacers; and two nuclear regions: the FLORICAULA/LEAFY
second intron (LFY) and a coding portion of the phytochrome C gene (PhyC) were amplified.
PCR parameters and primer references are given in Table 2.1. Amplifications were cleaned with
EXO-SAP (Affymetrix, Santa Clara, California, USA) and sequencing was performed with a
3730XL DNA Analyzer (Applied Biosystems, Carlsbad, California, USA). In total, sequences

from 126 samples were newly generated for this study (Table 2.2).
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Table 2.1 DNA loci used in the analyses. All PCR protocols used the following sequencing chemistry per sample: Biolase Red: 12.3 ul H20, 2.0
ul dNTP’s,, 2.5 ul Supplied Buffer, 1.3 MgCl., 4 ul Genomic DNA, 1 ul / primer and 0.5 ul Biolase Red. Immolase: 11.7 ul H20, 2.0 ul dNTP’s,,
2.5 ul Supplied Buffer, 2.0 MgCl., 4 ul Genomic DNA, 1 ul / primer and 0.3 ul Immolase. Thermocycler Protocol: 94° for 120 sec, 35 cycles of
(94° for 120 sec, ‘Annealing temp’ for 30 sec, 72° for 30 sec) final elongation at 72° for 240 sec. (Enzyme and annealing temp. given below):

. . - # Parsimony T
Regions /Genome _ ) Annealing Aligned length (BP) # Variable Informative Substitution
(Source) Primer pairs Temperature Analvsis 1/Analvsis 2 Characters ch Model
and Enzyme nalysis LiAnalysts Analysis 1/Analysis 2 haracters Implemented
Analysis 1/Analysis 2

trnLe-trnF / Plastid | trnLC 5'>CGA AAT CGG TAG

noncoding ACG CTACG >3 62° C

(Taberlet et al. trnF: 5'>ATT TGA ACT GGT Immolase 10007931 108/18 54/11 HKY+

1991) GAC ACG AG>3'

Ndhf-rpl32 / ndhF: 5>GAA AGG TAT KAT

Plastid noncoding CCAYGM ATATT>3 54°C

(Shaw et al. 2007) | rpL32-R: 5'>CCA ATA TCC Immolase 1105/979 199/33 93/20 HKY+
CTTYYTTTT CCA A>3

trnQ-5'rps16 / trnQ(UUG): 5>GCG TGG CCA

Plastid noncoding | AGY GGT AAG GC>3' 58°C

(Shaw et al. 2007) | rpS16x1: 5>GTT GCT TTY Biolase Red 1331/1076 216/24 12613 HKY+G
TAC CAC ATC GTT T>3'

Leafy (LFY)/ LFY. F2 (Pandanaceae): 5>CGT

Nuclear noncoding | GGG AAA AAG AAT GGT

Modified from TTR GAT TA>3' 58°C

Howarth and LFY. R1 (Pandanaceae): 5>ATT Biolase Red 1341/709 28173 166/37 HKY+G

Baum 2005 TTG GGG BTT GTT GAT
GTA>3'

Phytochrome C Analysis 2-3: Asp_PHYC_P1F:

(PHYC) / Nuclear | 5> GAG CCW GTT AAC CCW

coding gene GCY GAT GTA CC>3' 62° C

(Pires lab Asp_PHYC_P1R: 5> GMA Biolase Red 1006/976 280/45 196/20 HKY+G

UoM-Columbia) TCC ATY TCS AYR TCT TCC
CA>3'
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Table 2.2 Samples included in this study

Taxon Analysis | Analysis Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Benstonea affinis (Kurz) Callm. . . Ho‘omaluhia
& Buerki X 72 NA Malaysia, Indonesia Gardens, O‘ahu Gallaher 269
Benstonea lauterbachii (K. Queensland Australia Anderson Park
Schum. & Warb.) Callm. & X 151 NA - ' Botanical Garden, | Gallaher 368
. New Guinea .
Buerki Townsville, Aust.
Benstonea monticola (F. Muell.) . Queensland,
Callm. & Buerki X 143 NA Queensland, Australia Australia Gallaher 322
Carludovica palmata Ruiz & X 79 NA Tropu_:al South Waimea Botanical Gallaher 283
Pav. (Cyclanthaceae) America Garden
Cyclanthus bipartitus Poit. ex A. Tropical South Waimea Botanical
Rich. (Cyclanthaceae) X 8 NA America Garden Gallaher 276
Freycinetia arborea Gaudich. 65 NA New Ca_ledonla, O‘ahu, Hawai‘i Gallaher 195
Polynesia
Freycinetia banksii A. Cunn. 91 NA New Zealand New Zealand Cantley s.n.
Anderson Park
Freycinetia multiflora Merr. X 133 NA Queensland, Australia Botanical Garden, | Gallaher 379
Townsville, Aust.
\'j\;gg'”e“a novocaledonica X 131 NA New Caledonia NTBG, Kaua‘i Gallaher 466
Anderson Park
Freycinetia scandens Gaudich. X 175 NA Indonesia - Australia Botanical Garden, | Gallaher 364
Townsville
. Tropical South Waimea Botanical
Ludovia sp. (Cyclanthaceae) X 80 NA America Garden, O“ahu Gallaher 285
Martellidendron hornei (Balf. f.) Waimea Botanical
Callm. & Chassot X 19 NA Seychelles Garden, O“ahu Gallaher 281
Pandanus aff. aridus H. St. John X X 82 Vinsonia Madagascar Waimea Botanical Gallaher 284

Garden, O‘ahu
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Anderson Park
Pandanus aff. brassii X 154 Pandanus New Guinea Bot. Garden, Gallaher 349
Townsville
Pandan_us aff. dauphinensis X X 457 Vinsonia Madagascar L¥on Arboretum, Gallaher 311
Martelli O‘ahu
Pandanus aff. leptocaulis Merr. . . . S. A. James
& L.M. Perry X 196 Kurzia New Guinea New Guinea 130
Pandanus aff. schizocarpus X 195 Pandanus | South Pacific Vaiava F.J. 1491
Pandanus aimiriikensis Martelli X 202 Kurzia Palau, Micronesia Palau, Micronesia | Costion 3480
Pandanus amaryllifolius Roxb. 30 Kurzia South East Asia (I3¥:}rl1uArboretum, Gallaher 468
] . . W. Cooper
Pandanus aquaticus F. Muell. X 1798 Pandanus | WA, NT, Australia Western Australia 1967
Pandanus aquaticus X 1799 Pandanus | WA, NT, Australia Western Australia \{\éégooper
Pandanus aquaticus X 1774 Pandanus | WA, NT, Australia Western Australia | Mule 861
Pandanus aquaticus X X 164 Pandanus | WA, NT, Australia Western Australia | Barrett 4903
Pandanus arapepe H. St. John X 169 Pandanus | Cook Islands Mauke Island, McGregor s.n.
Tuamotu Islands
Anderson Park
Pandanus bakeri Warb. X X 150 Vinsonia Madagascar Bot. Garden, Gallaher 347
Townsville
Pandanus baptistii Misonne X 124 Pandanus Unknown Hon_quIu, Hawai'i Gallaher 301
Cultivated
5\?:;32{' us basedowii C.H. X X 201 Pandanus NT, Australia NT, Australia Cooper 1956
Pandanus boninensis Warb. X 86 Pandanus Ogasawara Islands Waimea Bf) tanical Gallaher 278
Garden, O‘ahu
Eﬂ:?;ﬂus brachyspathus X 71 Kurzia Philippines NTBG, Kaua‘i Gallaher 256
Pandanus conicus H. St. John X 172 Pandanus Queensland, Australia gﬂgterr;ﬂ:nd, Gallaher 355
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Pandanus conicus X X 156 Pandanus Queensland, Australia Mission Bea_ch, Gallaher 343
Qld, Australia
Anderson Park
Pandanus conicus X 146 Pandanus Queensland, Australia Bot. Garden, Gallaher 357
Townsville
Pandanus conoideus Lam. X 76 Kurzia New Guinea (L))‘/:lTuArboretum, Gallaher 273
Pandanus cookii Martelli X X 142 Pandanus Queensland, Australia Zi:?rgia@d” Gallaher 327
Pandanus cookii X 1780 Pandanus Queensland, Australia MT. Mglloy, Qld., | W. Cooper
Australia 1940
Pandanus coo_l_<|| X X 153 Pandanus Queensland, Australia Balgal, .Qld" Gallaher 372
solmslaubachii Australia
Pandanus coo_l_<|| X X 162 Pandanus Queensland, Australia Queens_land, Gallaher 372
solmslaubachii Australia
Pandanus coo_I_<|| X X 168 Pandanus Queensland, Australia Queens_l and, Gallaher 332
solmslaubachii Australia
Pandanus cookii x tectorius X 173 Pandanus Queensland, Australia gﬂgterr;ﬂ:nd, Gallaher 362
. . . S Ho‘omaluhia
Pandanus cumingianus Martelli X 81 Kurzia Philippines Gardens, O‘ahu Gallaher 266
Pandanus dubius X 125 Pandanus | Western Pacific Kosrae Cianchini s.n.
Pandanus dubius var.
compressus (Martelli) B.C. X X 189 Rykia Western Pacific Palau, Micronesia | Costion 3283
Stone
zs:ednznus dubius var. dubius X X 135 Rykia Western Pacific Punalu‘u, O‘ahu Gallaher 317
Pandanus forsteri C. Moore & F. X 157 Pandanus Lord Howe Island Melbo_urne Stajsic 5770
Muell. Botanical Garden
Pandanus fragrans Gaudich. X 187 Pandanus | Guam Guam M. Thomas 566
Pandanus fragrans X 188 Pandanus | Guam Guam M. Thomas 570
Pandanus fragrans X 69 Pandanus | Guam NTBG, Kaua‘i Gallaher 280
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Pandanus fragrans X 186 Pandanus | Guam Guam M. Thomas 565
Pandanus gemmifer H.St.John X X 160 Pandanus | Queensland, Australia Crystal Casce_xdes, Gallaher 323
Qld., Australia
Pandanus kanehirae Martelli 193 Pandanus Palau, Micronesia Palau, Micronesia | Costion 3259
Pandanus kimberleyanus X 1804 Pandanus | WA, NT, Australia Western Australia \1/\é.7(1200per
Pandanus kirkii Rendle X 622 Pandanus East Africa Tanzania gégbAbe'd
. . . Kosrae, . .
Pandanus kusaicolus Kaneh. X 177 Pandanus Kosrae, Micronesia - . Cianchini s.n.
Micronesia
Pandanus luzonensis Merr. 216 Pandanus | Philippines Luzon, Philippines | Gallaher 422
;ag:?;ﬂus macrojeanneretia X 191 Kurzia Palau, Micronesia Palau, Micronesia | Costion 3442
Pandanus mei F. Br. X 107 Pandanus Marquesas Islands NTBG, Kaua‘i Gallaher 294
Pandanus mindanaensis Martelli X 220 Pandanus | Philippines Ml_n_dan_ao, Gallaher 440
Philippines
Anderson Park
Pandanus oblatus X 174 Pandanus Queensland, Australia Bot. Garden, Gallaher 360
Townsville
Pandanus oblatus H. St. John X X 152 Pandanus Queensland, Australia Caims Bot. Qarden Gallaher 378
Qld., Australia
Pandanus odorifer (Forssk.) X 134 Pandanus | Taiwan Taiwan P. Lus.n.
Kuntze
Pandanus odorifer 198 Pandanus | S. China Sea to India Sri Lanka fclzggig:nberger
Pandanus odorifer 63 Pandanus Malaysia NTBG, Kaua‘i Gallaher 258
Pandanus odorifer 85 Pandanus Malaysia Waimea Bf)tanlcal Gallaher 282
Garden, O‘ahu
Pandanus pancheri (Brongn.) X 62 Lophostigma | New Caledonia NTBG, Kaua‘i Gallaher 255

Balf. f.
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
. J. F. Butaud
Pandanus papenooensis H. St. X 183 Pandanus French Polynesia Moorea,_ French and Lenoble
John Polynesia
2952
Pandanus patina Martelli X 27 Loph(;stlgm Pohnpei, Micronesia (L))‘/:}rl]uArboretum, Gallaher 108
Pandanus peliliuensis Kaneh. X 203 Kurzia Palau, Micronesia Palau, Micronesia | Costion 3307
. L Ho’omaluhia
Pandanus polycephalus Lam. X 130 Kurzia Western Pacific Gardens, O*ahu Gallaher 314
. . S Mt. Apo,
Pandanus polyglossus Martelli X 215 Rykia Philippines Philippines Gallaher 438
. . Ho’omaluhia
Pandanus pygmaeus Thouars X X 83 Vinsonia Madagascar Gardens, O‘ahu Gallaher 268
Pandanus rabaiensis Rendle X X 624 Vinsonia East Africa Tanzania géiéAbe'd
Pandanus radicans Blanco X 217 Pandanus | Philippines Luzon, Philippines | Gallaher 416
Anderson Park
Pandanus rheophilus B.C. Stone X X 147 Pandanus | Western Australia Bot. Garden, Gallaher 351
Townsville
Pandanus sanderi X 129 Pandanus Unknown Ho omaluh!a Gallaher 269
Gardens, O‘ahu
Pandanus sechellarum Balf. f. X X 461 Vinsonia Seychelles \éV;r'dn;ﬁa Botanical Gallaher 567
Pandanus solms-laubachii F. X X 165 Pandanus Queensland, Australia Queens_land, Gallaher 336
Muell. Australia
.. . Cairns, Qld.
Pandanus solms-laubachii X 159 Pandanus Queensland, Australia Australia Gallaher 325
Pandanus sp X 166 Pandanus | WA, NT, Australia Western Australia | Barrett 6552
Pandanus sp X 167 Pandanus | WA, NT, Australia Western Australia | Barrett 7024
Pandanus sp. X 128 Pandanus K(_)srae, . K. Wood 13993
Micronesia
Pandanus sp. X 138 Pandanus Lyon Arboretum, Gallaher 313

Oc¢ahu
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Anderson Park
Pandanus sp. X 171 Pandanus | Queensland, Australia Bot. Garden, Gallaher 360
Townsville
Anderson Park
Pandanus sp. X X 176 Pandanus Bot. Garden, Gallaher 348
Townsville
Pandanus sp. X 380 Lophzstlgm New Guinea New Guinea 38211 James
. Queensland, W. Cooper
Pandanus sp. X 1790 Pandanus | Queensland, Australia Australia 1941
Pandanus sp. "Makatea" X 179 Pandanus Makatea Island Makatea Island F.J. 1540
Tuamotu Islands Tuamotu Islands
. - . Etty Bay, Qld,
Pandanus sp. “Russell River X X 155 Pandanus | Queensland, Australia Australia Gallaher 337
Pandanus spiralis R. Br. X 1792 Pandanus | WA, NT, Australia Western Australia \l/\éég:ooper
Pandanus spiralis X 1793 Pandanus | WA, NT, Australia Western Australia \l/\éégooper
Pandanus spiralis X 1794 Pandanus | WA, NT, Australia Western Australia \l/\éégooper
Pandanus spiralis X 1795 Pandanus | WA, NT, Australia Western Australia \l/\é.Sgooper
Pandanus spiralis X 1807 Pandanus | WA, NT, Australia Western Australia \l/\éégooper
Pandanus spiralis X X 148 Pandanus | Western Australia Western Australia | R. Barrett 6207
Pandanus spiralis X 1773 Pandanus | WA, NT, Australia Western Australia | Mule 925
Pa_ndanus spiralis var. X 163 Pandanus | Western Australia Western Australia | Barrett 6006
latifructus
PanQanus splralls var. X 170 Pandanus | WA, NT, Australia Western Australia | Barrett 4820
multimammillatus B.C. Stone
Pandanus spiralis x aquaticus X 161 Pandanus | WA, NT, Australia Western Australia | Barrett 7030
Pandanus tamaruensis J.W. X 182 Pandanus | French Polynesia Raiatea, French E ] 1468

Moore

Polynesia
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Pandanus tectorius Parkinson X 68 Pandanus | Tonga NTBG, Kaua‘i Gallaher 261
Pandanus tectorius X 77 Pandanus Widespread Pacific CUIt'Yated’ ... | Gallaher 275
Kane‘ohe, Hawai‘i
Pandanus tectorius X 108 Pandanus | Widespread Pacific Kaua‘i, Hawai‘i Gallaher 291
Pandanus tectorius X 116 Pandanus | Widespread Pacific Hana, Maui Gallaher 306
Pandanus tectorius X 119 Pandanus | Widespread Pacific Vitilevu, Fiji SI;/IE).7CaIImander
Pandanus tectorius X 122 Pandanus | Widespread Pacific Hon_quIu, Hawai'i Gallaher 289
Cultivated
Pandanus tectorius X 123 Pandanus | Widespread Pacific Hilo, Hawai‘i Gallaher 469
Pandanus tectorius X 126 Pandanus | Widespread Pacific New Caledonia gl;/EI;.SCaIImander
Pandanus tectorius X 132 Pandanus | Widespread Pacific mgm' Cook rl:/IcCormack >
Pandanus tectorius X 137 Pandanus | Widespread Pacific Wah_lawa, Hawai'i, Gallaher 315
Cultivated
Pandanus tectorius X 139 Pandanus | Widespread Pacific New Caledonia 3?3.3(;allmander
Pandanus tectorius X 140 Pandanus | Widespread Pacific Fiji %'8?7& limander
. . - Kosrae, . -
Pandanus tectorius X 178 Pandanus | Widespread Pacific . . Cianchini s.n.
Micronesia
. . - Hiva Oa, J. F. Butaud
Pandanus tectorius X 184 Pandanus | Widespread Pacific Marquesas Islands | 2899
Pandanus tectorius X 192 Pandanus | Widespread Pacific Palau, Micronesia | Costion 3349
Pandanus tectorius X 199 Pandanus | Widespread Pacific Queens_land, Gallaher 335
Australia
Pandanus tectorius X 200 Pandanus | Widespread Pacific Queens_land, Gallaher 374
Australia
Pandanus tectorius X X 2 Pandanus | Cultivated O‘ahu, Hawai‘i Gallaher 288
Pandanus tectorius X 66 Pandanus | Widespread Pacific NTBG, Kaua‘i Gallaher 260
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Taxon Analysis | Analysis | Extraction Pandanus Natural Rande Collection Herbarium
1 2 number (T#) | Subgenus g Locality Specimen
Pandanus tectorius var. laevis X 84 Pandanus Unknown Honolulu, Hawai‘i | Gallaher 93
(Kunth) Warb.
Pandanus tectorius var. laevis X 115 Pandanus Unknown Honolulu, Hawai‘i | Gallaher 303
Pandanus temehaniensis J.W. X 194 Pandanus Raiatea Raiatea Island, _ E 3 1501
Moore French Polynesia
Pandanus utilis Bory X X 70 Vinsonia geaud;%?‘scar, Mauritius, NTBG, Kaua‘i Gallaher 263
Pandanus vandermeeschii Balf. f X X 127 Vinsonia Mauritius &ZE’F’ Hana, Gallaher 307
Pandanus whitmeeanus Martelli X 113 Coronata South Pacific (L))‘/;)'?UArboretum, Gallaher 308
Palmetum Bot.
Pandanus zea H. St. John X 141 Lophostigm Queensland, Australia Garden . Gallaher 354
a Townsville,
Australia
Sararanga philippinensis Merr. 67 NA Philippines NTBG, Kaua‘i Gallaher 259
Sararanga sinuosa Hemsl. X 73 NA Solomon Islands, New | Ho‘omaluhia Gallaher 272

Guinea

Gardens, O‘ahu
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The nuclear regions for some samples indicated heterozygous sequences as indicated by
two strong peaks at a small number of base-pair positions. These loci were excluded from
subsequent analyses. DNA contigs were assembled using Sequencher 4.9 (Gene Codes Corp.,
Ann Arbor, Michigan, USA) and sequence alignments were produced using MUSCLE (Edgar,
2004) as implemented in MEGA 5.0 (Tamura et al., 2007). Alignments were manually adjusted
as necessary to maximize homology and microsatellite loci with variable numbers of repeats were
removed from the data matrix. The first and second base pairs of each codon of PhyC were coded
as a separate partition from the 3" base pair to allow greater flexibility in modeling the higher
mutation rate in the third codon position.

2.2. Analysis 1: Dated Phylogeny of the Pandanaceae

The first analysis included 56 samples with three Cyclanthaceae taxa and taxa from each
of the Pandanaceae genera: three species of Benstonea, one species of Martellidendron, five
species of Freycinetia, both Sararanga species and 42 taxa representing each of the Pandanus
subgenera.

Maximum Likelihood inference was done using RAXML-HPC2 (XSEDE) (Stamatakis,
2006) using the CIPRES portal (Miller, Pfeiffer, and Schwartz, 2010). Species of Cyclanthaceae
were set as the outgroup taxa and gene partitions were specified. The analysis used the
GTRGAMMA model for tree inference and node support was estimated with 5000 bootstrap
replicates. The analysis was repeated for the chloroplast partitions only and the nuclear partitions
only in order to compare phylogenetic signal between these two genomes.

Bayesian analysis and node age inference were conducted using BEAST 2.0 (Drummond
et al., 2012). The reversible-jump method was used to sample from among DNA substitution
models (Wu, Suchard, and Drummond, 2012). The UCLD mean parameter was allowed to vary
with an unconstrained uniform distribution and a starting value of 0.0001. Mega 5.2.1 (Tamura et
al., 2011) was used to test for a strict molecular clock assuming the HKY+G+l model and the
maximum likelihood tree. The strict molecular clock was rejected (p = 0) and the lognormal
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relaxed clock prior was used in subsequent analyses. In order to record and evaluate age estimate
statistics, clades were identified in Beauti 2.0.2, but not constrained to monophyly. Site and clock
models were unlinked for each partition. The Birth-Death tree prior was used given the
assumption that significant levels of extinction have likely occurred within the lineage (YYang and
Rannala, 1997).
2.2.1. Fossil Constraints

Two independent age constraints were applied to the BEAST analysis. The first
constrained the crown node of the Cyclanthaceae to a uniform prior range of 45-150 million
years. The early age corresponds to the estimated minimum age of well-preserved fossil
infructescences and seeds from Germany and England assigned to the genus Cyclanthus (Smith,
Collinson, and Rudall, 2008), while the upper value was set to a date older than recent estimates
of the Monocot-Eudicot split (Chaw et al., 2004; Janssen and Bremer, 2004; Bell, Soltis, and
Soltis, 2005). Previous studies identified Cyclanthus as the sister to all other extant Cyclanthaceae
(Eriksson 1994) allowing this constraint to be placed on the crown node of the sampled
Cyclanthaceae rather than the stem node. The second age constraint, a uniform prior range of 75-
150 Ma, was applied to the root age of the tree. This constraint is based on minimum age
estimates of Austrian Pandanaceae leaf fossils assigned to the extinct genus Pandanites (Kvacek
and Herman, 2004). For this analysis, the dataset was run for 100,000,000 generations in BEAST
with trees sampled every 1000 generations. Upon completion of each BEAST run, the resulting
log file was inspected with Tracer 1.5 (Rambaut and Drummond, 2011) to ensure that all traces
had reached a stable asymptote and that effective sample sizes were greater than 200. The
first 25,000 trees were discarded, resulting in 75,000 trees. The maximum clade credibility tree
was selected and the posterior probability of sampled trees was annotated onto the tree along with
mean node heights in TreeAnnotator 1.7.5 (Drummond et al., 2012). The resulting tree was
visualized in Figtree 4.13.1. The analysis was run three times; the first with only the Pandanaceae
fossil calibration, the second with only the Cyclanthaceae fossil point and the third with both
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calibration points included. Key characters related to dispersal and establishment were mapped
onto the family level phylogeny utilizing a parsimonious approach with data based on species
descriptions and direct observation of morphological and reproductive characters.

2.3. Analysis 2: Section Pandanus

A second analysis was performed to investigate the origins, membership, and geographic
extent of taxa assigned to the P. tectorius complex. Species previously assigned to subgenus
Pandanus but which were found to be not closely related to the widespread species of section
Pandanus in analysis 1 were excluded. Nine species of subg. Vinsonia, and three samples of P.
dubius Spreng. that had been reconstructed as the sister taxon to subg. Pandanus in analysis 1,
were included in the analysis. In total, 92 samples representing 43 putative taxa were included in
this analysis.

For this analysis, a binary partition coded with the presence/absence of indels was
included. The indel partition was coded manually with a gap present in any sequence in the
alignment given a score of 0 and an insertion given a score of 1. This resulted in a partition of 10
characters. BEAST 1.7.5 was used for this analysis in order to implement the simple substitution
model for the binary indel partition. The best-fit model of molecular evolution and model
parameters for the remaining five partitions was determined using the Bayesian information
criteria calculated with jModelTest (Posada and Crandall, 1998) (Table 2.1). For this analysis, the
dataset was run for 100,000,000 generations with trees sampled every 1000 generations. To
visualize the data, a consensus network (Holland and Moulton, 2003) was created in SplitsTree 4
(Huson and Bryant, 2005) from 20,000 trees with the first 80,000 trees removed as a burn-in.
Consensus networks were displayed using mean edge lengths and a threshold value of 0.20.

3. Results
3.1. Analysis 1: Dated Phylogeny of the Pandanaceae

The nuclear, chloroplast, and combined analysis strongly support the monophyly of the

five described Pandanaceae genera (Figure 2.2). The phylogenetic tree supports the generic
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relationships recovered by Buerki et al. (2012b) with a confirmation of Benstonea as the sister
genus to Pandanus. In addition, three of the six Pandanus subgenera are polyphyletic. A
comparison of the maximum likelihood analysis based on the chloroplast partition with that of the
combined nuclear regions indicated no substantial conflict between the genomes (Figure 2.2).

The analysis also recovered two Pandanus subclades consistent with the results of Buerki
et al. (2012). As with that study, the first subclade, “subclade 1” includes species from subg.
Coronata, Lophostigma, Kurzia and Rykia. There is sufficient resolution in the combined nuclear
and chloroplast dataset to confirm that subg. Kurzia and subg. Rykia are not monophyletic. In
addition, species from several sections of subg, Pandanus are nested within subclade 1 and
therefore subg. Pandanus is also not monophyletic. Three species assigned to subg. Pandanus
from the Philippines, each with large multi-seeded fruit are in a clade together with species from
subg. Kurzia from the Philippines and Palau which have single seeded small animal-dispersed
fruit. Two other species assigned to subg. Pandanus, P. forsteri Moore & Muell. (section
Pandanus subsect. Insulanus) from Lord Howe Island and P. kanehirae Martelli (section
Palauensis) from Palau were also inferred to be within subclade 1.

The second Pandanus subclade, “subclade 2”, includes a monophyletic subg. Vinsonia
that is sister to a clade consisting of P. dubius (formerly assigned to subg. Rykia) plus the
Australian species of subg. Pandanus and species of the widespread P. tectorius clade (hereafter
subg. Pandanus sensu stricto.). Clade support within subg. Vinsonia and within subg. Pandanus
s.s. is low in this analysis and the phylogenetic network from analysis 2 (Figure 2.4) indicates that

the low support is the result of conflicting topologies recovered in the analysis.
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Clade support values

ML bootstrap combined / Bayesian posterior Probability Combined

ML bootsrap chloroplast only / ML bootsrap nuclear only
“--" Indicates analysis did not infer the given relationship
“*' Indicates missing data prevented analysis of relationships

98/1.0
26/98
—

100/1.0
99798
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Figure 2.2 Phylogeny of the Pandanaceae (56-sample analysis). Clade support for the maximum
likelihood analysis with all partitions compared with the Bayesian analysis with all partitions as
well as the Maximum likelihood analysis for chloroplast regions only and nuclear regions only.
Branch lengths represent the average number of substitutions per site over all DNA regions.
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Age estimates were similar among analyses relying on either the fossil Cyclanthus, fossil
Pandanaceae or both fossils (Table 2.3 and Figure 2.3). All analyses inferred a root age with the
HPD centered in the Late Cretaceous with a 95% HPD between 47.8-133.1 Ma depending upon
the analysis. In all analyses, the ages of the constrained nodes were close to the minimum age
estimates of the two fossils indicating that the lower bounds of the fossil calibration points had a
strong effect on age estimations whereas the upper bounds were not as influential. Substitution
rates estimated for each partition (Table 2.4) are within the range of rates published for other
angiosperm groups (Wolfe, Li, and Sharp, 1987; 2000; 2000; Senchina et al., 2003; Willyard et

al., 2011; Huang et al., 2012; Nauheimer, Metzler, and Renner, 2012).
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Figure 2.3 Time-calibrated Bayesian phylogeny of the Pandanaceae inferred with BEAST 2.0.1. Bayesian posterior probabilities (BPP)
are given along branches. Only probabilities greater than 0.7 are displayed. The blue bars represent the 95% highest probability density
(HPD) interval of age estimates. For the two nodes with a truncated HPD due to a fossil constraint, the age of the node was adjusted: the
age of the crown node of the Cyclanthaceae was adjusted to represent the age at the peak of the HPD in the two-fossil analysis rather than
the mean age; The root age was set to the mean node age as inferred in the analysis based on the Cyclanthus fossil only.
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Table 2.3 Mean node age and 95% highest posterior density (HPD) estimates in millions of years
for all three permutations of the 56-sample family-level analysis (Analysis 1). For constrained
nodes, indicated by an asterisks, the peak of the HPD estimate is reported rather than the mean

value.

Mean and 95% highest

Node Analysis posterior density (Ma)
Cyclanthus Fossil Only 84.9 (47.8 - 127.4)
Root Age Pandanaceae Fossil Only 75* (75-112.6)
Both Fossils 75* (75-133.1)
Cyclanthus Fossil Only 45% (45 - 66.9)
Cyclanthaceae Crown Pandanaceae Fossil Only 36.7 (17.9 - 58.4)
Both Fossils 45% (45-71.1)

Pandanaceae Crown

Cyclanthus Fossil Only

47.9 (22.6 - 76.6)

Pandanaceae Fossil Only

478 (29.6 — 68.5)

Both Fossils

54.9 (33.8 - 81.4)

Freycinetia / MBP split

Cyclanthus Fossil Only

29.1 (13.6 - 46.2)

Pandanaceae Fossil Only

28.7 (17.8 - 41.3)

Both Fossils

33.2 (20.4 - 49.2)

Martellidendron /B+P split

Cyclanthus Fossil Only

184 (8.6-29.2)

Pandanaceae Fossil Only

18.0 (11.2 - 26.2)

Both Fossils

21.1 (12.7-313)

Cyclanthus Fossil Only 15.7 (7.3-25.1)
Benstonea / Pandanus split Pandanaceae Fossil Only 15.3 (9.2 -22.3)
Both Fossils 17.9 (10.7 — 26.8)
Cyclanthus Fossil Only 5.7 (2.0-10.2)
Sararanga Crown Pandanaceae Fossil Only 5.6 (24-9.2)
Both Fossils 6.5 (2.8 -11.0)
pand Cyclanthus Fossil Only 9.4 (4.4-15.1)
andanus crown Pandanaceae Fossil Only 9.1 (5.5-13.4)
Both Fossils 10.7 (6.3 -15.9)
Cyclanthus Fossil Only 8.3 (3.9-13.2)
Pandanus subclade 1 Pandanaceae Fossil Only 8.0 (4.9-11.8)
crown age -
Both Fossils 9.4 (5.5 -14.0)
Cyclanthus Fossil Only 6.0 (2.6 -9.7)
Pandanus subclade 2 Pandanaceae Fossil Only 5.8 (3.4-8.8)
crown age -
Both Fossils 6.8 (3.7-10.4)
Cyclanthus Fossil Only 3.9 (1.7-6.4)
Subg. Pandanus s.s. Pandanaceae Fossil Only 3.8 (2.1-5.8)
crown age -
Both Fossils 4.5 (2.4-6.9)
Australi ies of sUb Cyclanthus Fossil Only 2.7 (1.2-4.5)
ustralian Species of subg. Pandanaceae Fossil Only 2.7 (1.5-4.0)
Pandanus crown age -
Both Fossils 3.1 (1.7-4.8)
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Table 2.4 Molecular clock rates and 95% highest posterior density estimates in substitutions per
site per million years from the family-level analyses (Analysis 1).

DNA Partition Estimated Substitution rates
Mean and 95% HPD

trnL (chloroplast/noncoding) 2.5598 E-4 (1.4800 E-4 — 3.7571 E-4)
trnQ (chloroplast/noncoding) 6.1348 E-4 (3.3747 E-4 — 9.0779 E-4)
ndhF (chloroplast/noncoding) 9.6605 E-4 (5.2705 E-4 — 1.4392 E-3)
LFY (nuclear/noncoding) 1.9146 E-3 (1.0424 E-3 — 2.8292 E-3)
PhyC (1+2) (nuclear/coding) 4.6914 E-4 (2.6651 E-4 — 6.6837 E-4)
PhyC (3) (huclear/coding) 1.3877 E -3 (7.9457 E-4 — 1.9988 E-3)

3.2. Analysis 2: The Pandanus tectorius complex

The 92 sample analysis recovered several well supported lineages within subg. Pandanus
(Figure 2.4). A lineage composed of four species distributed from Western Australia through
western Queensland is supported as sister to an eastern Queensland lineage composed of seven
species in 82% of the sampled trees. The P. tectorius complex is nested within the eastern
Queensland group and is sister to the east Queensland endemic P. oblatus St. John and the
cultivated species P. sanderi Sander. The combined P. tectorius complex + P. oblatus and P.
sanderi is reconstructed as sister to P. cookii Martelli in 76% of the sampled trees or as sister to a
group consisting of P. solms-laubachii Mueller, P. gemmifer St. John, P. sp. “Russell River”, and
P. cookii in 23% of the sampled trees. Pandanus tectorius is here recovered as paraphyletic with
respect to several recognized species nested within this portion of the network.
4. Discussion
4.1. Origins and Diversification of the Pandanaceae

The congruence between the estimated stem age of the Pandanaceae in all analyses and
the age of Pandanaceae fossils in Europe and North America, suggests that Laurasia is the likely
area of origin for the Pandanaceae. Further, the relatively recent inferred age of Pandanaceae
lineages on former Gondwanan continents including Africa, Madagascar, and Australia fails to
support a Gondwana origin. The Pandanaceae therefore joins a growing group of lineages once

thought to be Gondwanan but which were subsequently found to have colonized former
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Gondwanan landmasses via LDD (Cook and Crisp, 2005). Examples include Nothofagus (Cook
and Crisp, 2005), Malphigiaceae (Davis et al., 2002) and Asteliaceae (Birch and Keeley, 2013)
among others.

In the Early Oligocene, the higher latitudes became too cold to sustain a tropical flora.
Lineages unable to adapt to cooling conditions either went extinct or escaped to the present-day
tropics along overland or overwater routes (Tiffney, 1985; Morley, 2003). The Pandanaceae
today are strictly found in wet tropical habitats and it is unlikely that Pandanaceae species would
have survived in temperate latitudes following the Oligocene cooling. Three Pandanaceae
lineages, Sararanga, Freycinetia, and the combined MBP clade survived into the Oligocene. The
common ancestor of these lineages may have been present in Southeast Asia or up to three
dispersal events to that region may be inferred to explain the modern overlap of these lineages.
Assuming dispersal, Sararanga and Freycinetia may have utilized animal dispersal (the ancestral
character state) while the ancestors of the MBP clade, which had evolved the dual dispersal mode
found in most members of this clade, may have utilized either animal dispersal or floatation from
the Tethys seaway (Figure 2.6) (Harzhauser et al., 2007). Crown diversification in the MBP clade
occurred after the onset of the Oligocene suggesting that this clade originated within the extant
Paleotropics. Diversification within the extant genera has occurred primarily on islands of the
western Pacific and the Sunda region of Asia with subsequent dispersal and diversification on
former Gondwanan continents. This sequence of events is remarkably similar to the Sapindaceae
which also originated in Laurasia and then dispersed to South East which served as a staging area

for subsequent dispersals to its extant worldwide distribution (Buerki et al., 2011).
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Much of the diversification within the genera and subgenera of the Pandanaceae took
place in the Late Miocene to Pliocene (2.6-11.6 Ma). During this time period, changing sea-levels
and the orogenesis and movements of landforms of Asian, Australian, and Pacific-plate origins
contributed to the availability of new habitat (Hall, 2001). Much of the land area of the
Philippines, New Guinea, and nearby islands emerged above sea level during this time period
(Hall, 2002) representing new opportunities for colonization and diversification. Today, these
areas are important centers of Pandanaceae diversity.

Stem group Sararanga diverged in the Late Cretaceous to Early Eocene and the two
extant species diverged from each other in the Late Miocene to Pliocene (Table 2.3). The genus
has a modern distribution in the Philippines, the Solomon Islands, northern mainland New
Guinea, and Yepen and Manus islands (Papua New Guinea). Curiously, the extant distribution is
restricted to land derived from related landmasses of Pacific plate origin suggesting that
vicariance, rather than dispersal, may explain the distribution of this genus (Cox, 1990b; Hall,
2002). The restricted distribution of this genus and the low species diversity may result from a
lack of some of the mechanisms such as pollination mode or agamospermy that facilitates
successful establishment in the remaining Pandanaceae lineages.

Diversification among the species of Freycinetia sampled here is inferred to have taken
place during the Late Miocene to Pliocene. Freycinetia includes 180-200 species and has a center
of diversity in New Guinea an Indonesia (Stone, 1967; Stone, 1968; Stone, 1969). The genus has
achieved a wide distribution reaching Hawai‘i and Sri Lanka suggesting that part of its range at
least has been achieved through LDD. The ability to self-pollinate, in some cases, as well as the
copious number of seeds per propagule characteristic of Freycinetia may have facilitated
establishment. The ability to attract an array of vertebrate pollinators including birds and
mammals may have also contributed to the successful establishment of the lineage on remote
islands. Greater sampling of Freycinetia and a better understanding of the extent of monoecy in
the genus is required to understand the origins and subsequent evolution of this group.
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The MBP clade has achieved the widest extant distribution among Pandanaceae lineages
reaching Africa, Madagascar, much of Southeast Asia and nearly all of the islands and coasts of
the tropical Indo-Pacific. The aerenchyma tissue promoting fruit floatation has a single origin in
the ancestor of the MBP clade and the retention of a fleshy sweet mesocarp allows species to
utilize two dispersal modes. This aerenchyma tissue is nearly lost in several lineages including
Benstonea and species classified in Pandanus subg. Kurzia (in subclade 1). These latter species
rely primarily on animal dispersal.

The fruit of Benstonea are strictly single-seeded drupes while that of Pandanus, are either
drupes or polydrupes, with the later condition believed to result from fusion of adjacent single
seeded floral units. This suggests that that the ancestor to Benstonea and Pandanus had a floral
unit composed of a single carpel. The fusing of floral units in species of Pandanus may promote
successful establishment resulting in the wider distribution of that genus. This character appears
to be quite variable in Pandanus with several likely reversals which can be inferred from the
phylogeny (Figure 2.6). Members of the MBP clade may also share in the condition of potential
anemophily as was demonstrated with P. tectorius; however, pollination studies are lacking
outside of that species. Further, evidence to evaluate the extent of agamospermy in the family is
lacking. Anecdotal accounts suggest that the condition may be widespread in Pandanus and the
report of supernumerary nuclei in B. parvus suggest that the condition may be found in Benstonea
as well (Cheah and Stone, 1975).

The Martellidendron lineage, with six species in Madagascar and one in the Seychelles,
diverged from the ancestor of Benstonea and Pandanus in the Late Oligocene to Early Miocene.
Madagascar has been isolated from other land masses since the Cretaceous, and prior to the Late
Eocene, the climate was mostly arid. In the late Eocene, the continent entered a period of stable
wet-tropical to subtropical climate suitable for Pandanaceae (Yoder and Nowak, 2006). Given the
presence of ample aerenchyma tissue positioned between the longitudinal mesocarp fibers in the
fruit of extant species, the lineage may have colonized Madagascar through long-distance ocean-
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dispersal from the Western Pacific following prevailing westward ocean currents established in
the Eocene (Ali and Huber, 2010). In lab conditions, the fruit of M. hornei (Balf. f.) Callm. &
Chassot remain buoyant in fresh water for several months (Gallaher, unpublished data). Dispersal
between Madagascar and the Seychelles rather than vicariance most likely explains the present-
day disjunct distribution of the genus. The biogeographic history of Martellidendron may
represent a close parallel to the Chuniophoeniceae palm tribe that had its origins in Eurasia at the
Miocene/Oligocene boundary, subsequently diversified in Malesia, and reached Madagascar from
Malesia through LDD in the Miocene (Baker and Couvreur, 2012).

Benstonea diverged from Pandanus in the late Oligocene or early Miocene. The genus
includes approximately 50 - 60 species distributed in the Indo-Pacific from India to Fiji with the
majority of species found in Borneo (Callmander et al., 2012). The extant distribution of species
suggests an origin on Asiatic landmasses of the Sunda-shelf region; however, there are not
enough species sampled in this analysis to infer the specific area of origin of this genus. All
species of Benstonea have small single-seeded drupes with a cavernous upper mesocarp and
fleshy lower mesocarp. Most species of Benstonea are poor floaters and are presumed to be
animal dispersed; however, short-distance-dispersal over fresh water is suspected for a few
species (Stone, 1975).

The two Pandanus subclades diverged from one another in the Miocene. Subclade 1 has
a distribution primarily in Southeast Asia and the islands of the Western Pacific (Figure 2.5).
Many of the species in subclade 1 are primarily animal dispersed or are dispersed short distances
over fresh water. Other species, such as P. whitmeeanus distributed on islands of the south
Pacific, P. forsteri on Lord Howe Island and P. kanehirae on Palau, have large multi-seeded fruit
and well-developed aerenchyma tissue. It is unlikely that these species would have been dispersed

by birds over long distances and they may have reached their current distribution by floatation.
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Figure 2.5 Geographic distributions of the two Pandanus subclades reconstructed in this analysis.
Subclade 1: Orange; Subclade 2: Blue showing the overlapping distribution of subg. Vinsonia in
Madagascar and Africa and the widespread distribution of subg. Pandanus s.s., primarily in the
coastal Indo-Pacific.
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Figure 2.6 The evolution of key characters influencing dispersal and establishment. Within the MBP clade, orange branches indicates the
two-seeded bi-carpellate fruit of Martellidendron, red indicates a propagule consisting of a single seeded drupe and blue indicates a
propagule consisting of fused drupes. A green asterisk indicates confirmed and anecdotal cases of agamospermy. Anecdotal cases are
summarized by Cox (1990). To these are added new observations by the author of isolated individuals of P. whitmeeanus and P.
vandermeeschii producing viable seeds in cultivation in Hawai‘i. Supernumerary nuclei in the embryo sac of B. parvus reported by Cheah
and Stone (1975) may indicate that agamospermy occurs in that genus as well.
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Pandanus “subclade 2” has achieved the widest distribution among Pandanaceae lineages
(Figure 2.5). Subgenus Vinsonia, with over 100 species, is distributed in Madagascar, Africa, and
the islands of the western Indian Ocean while subg. Pandanus s. s. is broadly distributed
throughout the Paleotropics, but is notably absent from Madagascar and is restricted to the coast
in Africa. Zoochory and ocean-dispersal are important in both subgenera and many species utilize
both dispersal modes (Stone, 1975). The occurrence of ocean-dispersal in several species within
each of the subclade 2 sublineages strongly suggests that their ancestor was ocean dispersed.

Subgenus Vinsonia and subg. Pandanus diverged in the mid to late Miocene. The
cladogenesis event separating Vinsonia from subg. Pandanus s. s. may have resulted from
dispersal between ocean basins. In the case of Vinsonia, the common ancestor likely traveled
from an origin in the western Pacific through the narrow strait separating the Sunda shelf from
Sahul and across the Indian Ocean to the coast of Madagascar following the prevailing direction
of the Indian Ocean Southern Equatorial current. At approximately six million years ago,
geologic activity may have effectively closed the Indonesian seaway leading to a temporary
isolation of the Pacific and Indian oceans (Martin and Scher, 2006). Vinsonia has diversified with
the aid of animal dispersal in Madagascar and Africa while some species retain floatation as an
important dispersal mechanism. Three Vinsonia sections, Vinsonia, Dauphinensia and
Heterostigma, currently have ocean-dispersed members distributed between East Africa,
Madagascar and the islands of the western Indian Ocean (Stone 1974).

The sister group to the remaining members of subg. Pandanus includes a clade of species
previously assigned to subg. Kurzia. This group includes P. dubius of the western Pacific and
Buerki et al. (2012) found a close relationship between that species, P. elatus Ridley of Christmas
Island (Indian Ocean) and P. borneensis Warburg of Borneo. Together these species straddle the
divide between the Indian and Pacific Ocean; however, unlike its sister group, the lineage has not

diversified inland nor has it spread widely throughout the Indo-Pacific.
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4.3. Adaptive Radiations in Australia and Origins of the Pandanus tectorius complex

The subg. Pandanus lineage arrived on the Australian continent from an ocean-dispersed
ancestor in the Late Miocene to Pliocene and subsequently diversified into a Western
Australia/Northern Territory lineage and a lineage mostly confined to the east coast of
Queensland. It is not possible to determine if an overland or oceanic route resulted in the split
between these two clades. However, both Australian lineages appear to have diversified into
species with specific environmental niches suggesting a recent, rapid adaptive radiation. The
Western Australia/Northern Territory lineage includes four species that occupy distinct habitats.
The sandstone endemic, P. basedowii Wright is unique among the Australian Pandanus in that it
has light fruit which may be dispersed in the wind. All remaining species of Pandanus have fruit
dispersed over water and/or by animals. Pandanus spiralis R. Br., is distributed on the open
savannah near ephemeral water sources and two species, P. aquaticus Mueller and P. rheophilus
Stone are adapted to persistent flooded conditions such as would be found in a swamp or
billabong (Wilson, 2011). Although these last three species are morphologically and ecologically
distinct, there is little genetic differentiation between these taxa as indicated by the network
analysis (Figure 2.4 inset a) indicating a very recent divergence or ongoing gene flow between
these taxa. The eastern Queensland clade likewise includes a savanna species, P. cookii, found
near ephemeral water sources; a coastal swamp species, P. solms-laubachii; two species which
inhabit the banks of large rivers, P. gemmifer and an undescribed species known as “Russell
River”, and two species, P. oblatus and P. conicus St. John, each of which has a narrow
distribution in the tropical rainforests of coastal northeast Queensland. The final member of this
Australian adaptive radiation is P. tectorius that is strictly a coastal species in Australia with a
distribution along the east coast of Queensland from the tip of the Cape York Peninsula to New
South Wales. These geographically separated adaptive radiations are inferred to have taken place

within the past five million years.
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The network analysis reveals a degree of structure, albeit recently derived with potential
reticulation, among samples in the P. tectorius complex (Figure 2.4 inset b). Pandanus conicus,
which was not previously allied to the complex, was found to be nested within it. Several
morphologically distinct taxa including P. odorifer, P. arapepe, P. boninensis, and an
undescribed species from Makatea Island in the Tuamotu Archipelago are also nested within the
lineage resulting in a paraphyletic P. tectorius. The pattern of distinct species nested within an
otherwise widespread species is not unexpected and does not necessarily call into question their
distinctiveness. In this case, coastal populations of P. tectorius from throughout the Indo-Pacific
may continue to be linked by immigration while inland populations derived from coastal
ancestors and even coastal populations on remote islands out of the pathway of major ocean-
currents may become isolated and evolve into distinct species. The analysis also confirms that P.
kirkii of Tanzania and nearby islands off the coast of Africa is a member of the complex. This
suggests that the area of geographic overlap between subg. Vinsonia and subg. Pandanus in the
Western Indian Ocean is relatively recent. The ancestor of P. kirkii probably using the same
ocean-current pathway previously utilized by the ancestor of subg. Vinsonia.

5. Conclusions

The weight of evidence supports a Laurasian rather than a Gondwanan origin for the
family and suggests an important role for dispersal throughout its evolutionary history. The
ancestral dispersal syndrome was zoochory, evidenced by strict zoochory in the Cyclanthaceae,
Sararanga, and Freycinetia. Hydrochory, with the retention of mechanisms to facilitate zoochory,
evolved in the ancestor of the MBP clade. Character shifts between drupes and polydrupes occur
throughout the two Pandanus subclades. This and other characters of fruit morphology which are
highly variable within and between Pandanus species, appears to provide important variation on
which natural selection may act. Several additional characters have evolved in various

Pandanaceae lineages which would likely improve the probability of establishment following

57



LDD. The combination of these characters has likely contributed to the geographic success of
several lineages.

Ocean-dispersal may be responsible for the movement of the MBP lineage out of
Laurasia via the Tethys seaway and dispersal is the mostly likely explanation for the distribution
of Pandanaceae on the former Gondwanan landmasses of Madagascar, Africa, and Australia. This
analysis suggests that LDD to the western Indian Ocean occurred on three independent occasions,
including the dispersals to Madagascar by Martellidendron and Pandanus subg. Vinsonia
separated by approximately 15 million years and the colonization of Africa by both subg.
Vinsonia and subg. Pandanus within the past ten million years. The ancestors of Pandanus subg.
Vinsonia,and Subg. Pandanus likely floated into the Indian Ocean from the Western Pacific via
the Indian Ocean Southern Equatorial current, which has been flowing from the area of the
Indonesian seaway towards the northeastern coast of Madagascar since the Miocene (Woodberry,
Luther, and O'Brien, 1989; Martin and Scher, 2006).

Long-distance ocean-dispersal in the ancestors of Martellidendron, Pandanus subg.
Vinsonia, and Pandanus subg. Pandanus has resulted in subsequent inland radiations facilitated
by the retention of tissue that attracts animal dispersal. In subg. Pandanus, and likely in subg.
Vinsonia as well, lineages that have radiated inland have again recolonized coastal areas having
retained the aerenchyma tissue and other adaptations necessary for floatation. The P. tectorius
complex has achieved the widest distribution due primarily to its ability to float for long durations
on the ocean as well as a combination of characters which facilitate establishment including
multiple dispersal modes, multiple seeds per fruit, confirmed agamospermy, and wind pollination.
The origin of this clade in eastern Queensland also may have contributed to its spread since
currents in this area would potentially allow floating propagules to move into both the North and
South Pacific as well as into the Indian Ocean.

Lineages assigned to subg. Pandanus in the Philippines and single island endemics on
Lord Howe Island and Palau, thought to be allied to the P. tectorius complex, were found not to
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be derived from the widespread complex rather these species were inferred to be members of
Pandanus “subclade 1.” The similar fruit morphology to members of the P. tectorius complex,
the presence of ample aerenchyma tissue in their fruit, and the wide distribution of these species
suggests ocean-dispersal. To answer whether this represents convergence or whether the two
Pandanus subclades share an ocean-dispersed ancestor requires much broader sampling.

While this paper did not address the identity of the numerous taxa attributed to the
Pandanus tectorius complex, results indicate that several distinct species are included and that the
complex should not be considered monotypic. While reticulation among coastal populations is
probably widespread, there appears to be yet unknown mechanisms preserving distinct species
within the complex. In some cases, dispersal inland, into new habitats and away from coastal
populations may result in isolation and the formation of new species. Ocean currents may also
play an important role in maintaining a barrier to gene flow between geographic areas of the
Indo-Pacific.
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CHAPTER 3
BIOGEOGRAPHIC PATTERNS
IN THE PANDANUS TECTORIUS COMPLEX

Abstract

The Pandanus tectorius complex is a poorly understood group of closely related species
widespread in the tropical Indo-Pacific from coastal East Africa to the easternmost islands of
Polynesia. From an origin in coastal eastern Queensland Australia this species complex has
spread through the action of its ocean-dispersed propagules and is a member of the beach strand
community of plants (Guppy, 1906b). The P. tectorius complex encompasses a great deal of
morphological diversity throughout its range which has been attributed to either a high degree of
morphological plasticity or genetic substructure and differentiation. The propagules of Pandanus
have a floating duration time which is shorter relative to many other ocean-dispersed angiosperms
limiting the dispersal potential of the group. The floating duration of its propagules coupled with
the great distances between islands and the directional patterns of ocean-currents may have
contributed to isolation and differentiation of Pandanus populations within the Pacific resulting in
the observed diversity.

Fifty populations from throughout the geographical range of the complex were sampled.
Fifteen microsatellite loci were used to genotype individuals and the dataset was used to detect
population substructure, migration rates, and the presence of barriers to gene-flow between
populations and regions. Overall there is a high degree of genetic differentiation between
populations and isolation by distance, is an important factor leading to genetic differentiation.
Additionally, inland populations exhibit a high level of genetic isolation from their nearest coastal
counterparts suggesting that the dispersal inland is an important factor contributing to population
differentiation. Populations within the S. China sea were differentiated from populations in the
broader Pacific suggesting that the landforms of the Western Pacific may present an important
barrier to gene flow. Populations in the Indian Ocean were likewise differentiated from
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populations in the Pacific. Results also suggest that in some cases, ocean currents play an

important role in structuring populations within ocean basins.

1. Introduction

“...Almost all the interesting problems we have to deal with depend upon the mode of
dispersal...” Alfred Russel Wallace (1895 p. 53)

“A clear understanding of long-distance dispersal is essential to an understanding of
evolutionary trends on oceanic islands...”” Sherwin Carlquist (1966a p. 247)

Since the time of Darwin and Wallace, the islands of the tropical Indo-Pacific have
served as laboratories for the study of biogeography and evolution due to their isolation from
continental source regions and their remarkable biodiversity. It is now widely accepted that these
remote oceanic islands receive their founding biota through long distance dispersal and this has
prompted a search for general biogeographic patterns resulting from dispersal mode and
characters affecting successful establishment and population persistence. Studies have focused on
understanding the geographic distribution of these lineages, the fate of characters that facilitate
LDD following establishment, and the occurrence and rate of speciation after establishment
(Carlquist, 1967; Ricklefs and Renner, 1994; Levin et al., 2003). Several recent studies have
compared biogeographic patterns of lineages with one of the three major LDD modes: avichory
(dispersal of propagules in or on birds), anemochory (dispersal on wind currents), and
thallasochory (floatation on ocean currents) (Price and Wagner, 2004b; Gillespie and Baldwin,
2010; Gillespie et al., 2012).

Although dispersal is a complex process, some generalizations of the patterns resulting
from each of the three main LDD modes have been suggested (Levin et al., 2003). For example,
lineages that initiate through avichory and anemochory may have predictable and direct dispersal
pathways from source to destination as these are likely to follow known avian flyways or a
limited set of global wind circulation patterns (Wright et al., 2001; Geiger et al., 2007; Gillespie

and Baldwin, 2010). Lineages with internal bird-dispersal are more likely to undergo stepping-
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stone dispersal since these lineages often retain the fruit characters that facilitate LDD following
establishment on islands and can therefore continue to move between islands. Wind-dispersed
lineages on the other hand may experience a loss of the syndromes related to LDD following
establishment on islands since propagules that disperse great distances from island sources are
likely to land in the ocean and be killed favoring propagules that tend to disperse locally
(Gillespie et al., 2011). With regard to speciation following establishment, Price and Wagner
(2004a) found that among angiosperm lineages in Hawai‘i, abiotically-dispersed lineages tend to
be species-poor relative to bird-dispersed lineages. This presumably results from relatively lower
immigration rates in bird-dispersed lineages allowing selection and drift to overcome the
homogenizing effect of immigration.

Biogeographic patterns for angiosperms utilizing thallasochory have been poorly
documented relative to other dispersal modes, but they are often assumed to be similar to patterns
generated by anemochory (Price and Wagner, 2004a; Gillespie and Baldwin, 2010). There are,
however, a few important differences. Similar to bird-dispersed lineages, ocean-dispersed
lineages may retain the ability to disperse long distances after colonizing an island since
propagules that land in the ocean are not killed as they would be with anemochorus species and
are able to disperse locally as well as over long distances using floatation. This would suggest
that stepping stones are likely important in the dispersal itinerary of ocean-dispersed lineages.
However, it may be more difficult to infer dispersal routes in ocean-dispersed lineages since these
routes are highly reticulating due to the complex patterns of ocean surface currents and ongoing
frequent migration (Rosati and Miyakoda, 1988; Kudoh et al., 2006). In addition to obscuring
dispersal routes, relatively high immigrations rates associated with ocean dispersal may
counteract genetic drift or selection-based diversification and these lineages are perhaps even
more likely than wind-dispersed lineages to be species-poor (Kudoh et al., 2006; Baldwin and

Wagner, 2011).
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Despite these issues, recent studies indicate that ocean-dispersal may have a more
important role to play in the generation of biodiversity than previously understood. For example,
dispersal between populations can be asymmetric in direction resulting in source and sink
populations or discontinuous in time resulting in spatially overlapping lineages (Kudoh et al.,
2006). Also, in some cases, inland populations may become established which are isolated from
coastal populations and which are able to evolve along a separate trajectory (Takayama et al.,
2005; Takayama et al., 2006).

A good model system to detect biogeographic patterns in ocean-dispersed angiosperms
would be widespread, have immigration rates which are not so high as to obscure dispersal
pathways, and have both inland and coastal populations throughout its range. The Pandanus
tectorius complex satisfies all of these requirements. The P. tectorius complex is a group of
species distributed throughout the tropical Indo-Pacific. The complex has achieved this
distribution due to its buoyant fruit which are capable of floatation over the ocean. However, one
floating study suggests that P. tectorius may have a shorter floating duration than many other
widespread ocean-dispersed angiosperms (Nakanishi, 1988). In addition to having buoyant tissue,
the fruit of Pandanus has sweet fleshy tissue attractive to a wide variety of animals which can
then disperse the fruit inland and away from coastal populations. Further, the complex has
evolved several characters which favor establishment including agamospermy, vegetative
reproduction, a multi-seeded propagule, and wind pollination.

The complex has its origin along the northeast coast of Queensland, Australia within the
past five million years (see Chapter 2). The group is composed of an unknown number of species
due to conflicting taxonomic treatments (St. John, 1960; Stone, 1982). As a result of this
taxonomic uncertainty, this group has been treated as a species complex (Stone, 1983b) (Figure

3.1).
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Figure 3.1 A sample of the diversity within the P. tectorius complex. a) P. tectorius, Australia;
b) P. tectorius cultivated in Tokelau; ¢) Pandanus sp. “Makatea” (Photo J. Butaud); d) P. odorifer
Malaysia; e) P. tectorius Tonga; f) P. conicus, Australia; g) P. mei, Marquesas; h) P. odorifer,
cultivated at NTBG, Hawai‘i; i) P. tectorius, Hawai‘i, j) P. arapepe, Cook Islands (Photo G.
McCormack); k) P. schizocarpus, Tokelau; I) P. baptsitii, cultivated, Hawai‘i.
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Two geographic patterns of morphological variation have been observed concerning the
P. tectorius complex. While there is often a great deal of intra-population morphological
variation, individuals from within different geographical regions often share certain
morphological characters. Likewise, inland populations are often distinguishable from coastal
populations (Brown, 1931). Stone suggested that all of the coastal populations within the complex
could possibly be reduced to synonymy with, or were closely related to, three species situated in
three distinct regions of the Indo-Pacific. These are: Pandanus tectorius distributed widely in the
greater Pacific, P. odorifer found in the South China Sea and in the Eastern Indian Ocean to
Taiwan, and P. kirkii distributed in coastal East Africa and nearby islands. Within each of these
areas, regional forms are found including the large fruited forms of P. tectorius in Micronesia and
small fruited forms which are found in coastal Australia and New Caledonia. This spatially
structured morphological variation suggests the presence of barriers to gene flow between these
geographic areas. Such barriers may consist of landforms such as those that separate the Pacific
and Indian Oceans. Additionally, it is possible that patterns of ocean currents potentially create
barriers to gene flow.

Biogeographic patterns in ocean-dispersed angiosperms have been described from only a
few systems. Takayama et al. (2006) used cpDNA sequences of Hibiscus tiliaceus, an ocean
dispersed species with a similar distribution to the P. tectorius complex, to detect multiple
haplotype lineages throughout the species range. They found that three allied species are likely
derived from H. tiliaceus (Takayama et al., 2003; Takayama et al., 2005; Takayama et al., 2006).
Following up on this work with a microsatellite analysis of populations from three oceans,
Takayama et al. (2008a) found no significant subdivision between Indian and Pacific Ocean
populations but found significant difference between Indo-Pacific populations and Atlantic Ocean
populations suggesting long distance dispersal to the Atlantic prior to the closing of the Isthmus

of Panama and incipient speciation.

65



In another case, very low level of gene flow was detected between populations of the
mangrove Bruguiera gymnorhiza (L.) Lamk. on either side of the Indonesian seaway as
measured by Fst values of nuclear and chloroplast sequences. Populations east of the Malay
Penninsula, Sumatra and Java (or on their east coasts) clustered together and were significantly
differentiated from populations to the west of these islands (Urashi et al., 2013). These results
suggest that the islands and continental landforms that separate the Indian and Pacific Oceans
pose a strong barrier to dispersal, particularly for species such as these that have short-lived
propagules and highly specific ecosystem requirements.

Similarly, a recent study on another mangrove species, Rhizophora, assessed 39
populations on either side of the Isthmus of Panama and in the western Pacific using both
Microsatellites and Chloroplast sequence data (Takayama et al., 2013). They found strong
differentiation between populations in the two oceans indicating that Rhizophora was likely
widespread in the area prior to the closing of the Isthmus of Panama. However, the open expanse
of the Atlantic Ocean was not a strong barrier for Rhizophora dispersal as was evidenced by the
lack of genetic differentiation between South American and West African Populations in the
Atlantic Ocean. A similar pattern in the Atlantic was found for another Mangrove species
Avicennia germinans (Nettel and Dodd, 2007). The eastern Pacific Ocean has also been a near
complete barrier to dispersal for Rhizophora; however, one successful dispersal event from the
west coast of the American continents led to the establishment of an isolated population in the
South Pacific.

While it is highly likely that large continental landmasses are important barriers for sea
drifting plant propagules, few studies have been able to detect whether barriers exist within a
single ocean basin. Such barriers could be generated by the actions of ocean currents. For
example, the equatorial current and countercurrent restricts exchange between the North and
South Pacific in the Pacific. Further, wide stretches of open-ocean without stepping stones may
serve as important dispersal barriers for plant propagules that have limited floatation capabilities.
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Nakanishi et al. (1988) found that there is a great deal of variation in the amount of time that the
propagules of ocean-dispersed plant of various species can remain buoyant and viable in
seawater. While many ocean-dispersed species with a wide distribution have propagules which
can float while remaining viable for well-over 90 days, propagules of Pandanus have a much
shorter duration

Due to its morphological diversity and limited floatation time, the Pandanus tectorius
complex is an ideal candidate system to investigate biogeographical patterns of widespread
ocean-dispersed angiosperms. In order to detect patterns of gene flow between regions and
between coastal and inland localities, populations from throughout the range of the complex were
sampled and genotyped using microsatellite markers, recently developed by Setsuko et al. (2012)

for Pandanus boninensis (a member of the complex), in a population genetics framework.

2. Materials and Methods
2.1 Sample Preparation

Leaf samples were collected from 538 individual plants from 50 localities (Table 3.1).
Herbarium vouchers were collected to represent each locality. Each population was categorized
as “coastal’ if some portion of the population extended to the coast or as ‘inland’ if the population
was confined to inland areas. Genomic DNA was extracted from the silica desiccated leaf
samples using the E.Z.N.A.® HP Plant DNA Mini Kit (Omega Bio-Tek, Georgia) following the
manufacturer’s protocols. Fifteen microsatellite regions (see Table 3.3) were amplified following
the protocol set out by Setsuko et al. (2012) with the modification that we performed two separate
multiplex reactions per sample (primers 1, 2, 4, 5, 8, 11, 12 in one reaction and primers 3, 6, 7, 9,
10, 13, 14, 15 in a second reaction) which were pooled following PCR. The amplified samples
were genotyped on an Applied Biosystems 3730XL Genetic Analyze (Life Technologies
Carlsbad, CA). Fragment sizes were visualized in GeneMarker V2.4.0 (SoftGenetics, LLC. State
College, PA) using the GeneScan™ 500 LI1Z™ Size Standard. Each peak was visually inspected
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and the fragment sizes recorded. Approximately 30% of the samples were genotyped a second
time to detect errors in the genotyping and fragment scoring process. Only one sample resulted in
different fragment sizes for some markers indicating a very low error rate. We used Micro-
checker (van Oosterhout et al., 2004) to test for other sources of error including stuttering, large
allele drop out, and null alleles. Complex (imperfect) microsatellite repeats were detected in two
of the 15 loci limiting the use of these loci in analyses that assume a perfect stepwise mutation
model. The frequency of null alleles for each locus per population was estimated using the
software FreeNA and corrected global and population pairwise Fst values and Cavalli-Sforza and
Edwards (1967) genetic distances and 95% confidence intervals of each based on 1000 replicates
were calculated (Chapuis and Estoup, 2007). The genetic distance matrix was converted to Phylip
format and visualized using the NeighborNet algorithm in Splits Tree v4.6 (Huson and Bryant,
2005). Expected and observed heterozygosity and average allele richness among loci for each
population was calculated using Genalex (Peakall and Smouse, 2006). We tested overall linkage
disequilibrium among pairs of loci using Genepop 4.2.1 (Rousset, 2008) and within population
linkage disequilibrium using Arlequin 3.5.1.3 (Excoffier, Laval, and Schneider, 2005) using a
significance level of 0.01. Ten out of 99 loci pairs overall indicated significant association.
However, the loci pairs indicating linkage were not consistent among populations and results
could change with the addition or removal of a single individual. Rather than physical linkage,
the results of the linkage disequilibrium tests are likely due to small sample sizes.
2.2 Population Structure

The program STRUCTURE (Pritchard, Stephens, and Donnelly, 2000) was used to infer
population sub-structure. We assessed K = 1 through 20 for the overall dataset for all 15 loci.
This program uses a Bayesian algorithm to assign each individual to a specified number (K) of
populations using an admixture model with correlated allele frequencies. Fifteen simulations were
run for each K value. Each simulation was run for 200,000 generations with a burn-in of 100,000
generation. The results were assessed using the Evanno method (Evanno, Regnaut, and Goudet,

68



2005) via the Structure Harvester website (Earl, 2012). As this method identifies only the highest
level of population sub-structure present in the data, the process was repeated for K = 1 though
K= 2. Sets of simulation from K=2-10 were subsequently analyzed using CLUMPP v 1.1.2
(Jakobsson and Rosenberg, 2007) to produce a mean result from the various permutations of runs
at each K level. This was done for individuals and populations using the ‘Greedy’ algorithm
weighted by the number of individuals per population and the G’ statistic with 2000 random order
iterations. Distruct v1.1 (Rosenberg, 2004) was used to display the results from the STRUCTURE
analysis. A principle coordinates analysis was also used to visualize the clustering of individual
genotypes. The populations were divided into the 11 clusters suggested by the network analysis
and the first and second principle coordinates were visualized using the covariance matrix option
in GenAIEx. AMOVA was performed for K=2, K=11, and K=50 in Arlequin with 1000
permutations of the data. An exact test of population differentiation was done in Arlequin for
each of the three selected K values. A spatial analysis of molecular variance (SAMOVA) test
was conducted using the program SAMOVA 1.0 (Dupanloup, Schneider, and Excoffier, 2002).
This program uses AMOVA as implemented in Arlequin and a clustering algorithm to cluster
groups of sampled subpopulations into a user-specified (K) number of populations which are
maximally differentiated from one another. The program differs from STRUCTURE by
partitioning the dataset at the subpopulation level rather than at the individual level and therefore
migrants from other populations would not be excluded. Population clusters of K = 2 through 20
was assessed (the maximum allowed by the program) and Fcr (variance among groups relative to
total variance) continued to increase at each K level and each was significant (p < 0.0000).
2.3 Isolation by distance

The hypothesis of isolation by distance was tested using a Mantel test implemented on

the Isolation by Distance Web Service application version 3.23 (http://ibdws.sdsu.edu/~ibdws/)

(Jensen, Bohonak, and Kelley, 2005). The null-allele-corrected Cavalli-Sforza and Edwards
(1967) genetic distances estimated by FreeNA and population pairwise Euclidean distances
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calculated in ArcMap (ESRI Redlands, California) using the ‘Point Distance’ tool were used as
the input values. Both genetic and geographic distances were log transformed prior to analysis.
The results were based on 10,000 randomizations of the data. The analysis was done using all
sample pairs with coastal-coastal, coastal-inland, and inland-inland pairs coded as an indicator.
The analysis was also done for coastal-coastal population pairs only. A general linear model
regression analysis was done using the statistics program Minitab (State College, PA) in order to
further explore the pattern of isolation by distance among coastal population pairs, coastal-inland
population pairs and inland-inland population pairs.

The program Barrier version 2.2 (Manni, Guerard, and Heyer, 2004) was used in order to
detect abrupt genetic breaks (i.e., genetic distances greater than would be expected by isolation by
distance alone) within the distribution of sampling localities. One thousand bootstrap replicates of
Nei’s genetic distance (D) (not corrected for null alleles) were generated using MSA Analyzer
(Dieringer and Schlotterer, 2003) and used as input in Barrier. The program calculates the
strength of the genetic breaks and infers the presence of barriers among adjacent geographic
areas. This analysis was run using coastal populations only as well as both coastal and inland
populations in the South Pacific.

2.4 Estimates of migration rates

In order to estimate migration rates between geographic areas, each of the sampling
localities were assigned to 10 population groups following the results from K=10 in the
SAMOVA analysis above. Each corresponded with a geographical area or with a singleton
population. A large group identified by the SAMOVA consisting of populations from the western
Pacific, Australia, and the southwest Pacific was subdivided into three clusters based on
geography. This partitioning scheme was used in the Bayesian implementation of the program
Migrate-n version 3.6 (Beerli and Palczewski, 2010) to estimate effective population sizes and bi-
directional migration rates between all clusters. The Brownian approximation of the stepwise
mutation model was used along with slice sampling for 1 long chain and 10,000,000 steps
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sampled and 5 replicate runs. The burnin was wet to 4,000,000 samples per replicate and prior
distributions for Theta and M were set to a range from 0.0 to 20.0 based on results from
preliminary runs.

3. Results

3.1 Genetic statistics

Overall there was less than 1% missing data present in the data matrix. The missing data
for some populations was higher due to the failure of certain loci to consistently amplify. This is
likely due to mutations present in those populations within the flanking primer regions. Per
population pairwise Fst values were generally high (824/1175 pairs > 0.3) indicating a substantial
level of isolation between populations; however, populations within archipelagos or within
specific geographies (i.e. Hawai‘i, Austral Islands, coastal Queensland Australia) generally had
pairwise Fst values less than 0.1 (Table 3.2). The null allele corrected global Fst was also high
(0.387).

All AMOVA (K=2, K=11, and K=50) were significant at P <0.001. Taking each
sampling locality as an individual population (K=50), 39.4% of the molecular variation as
partitioned between populations while the remaining 60.6% of variation was within populations.
At K=2, 16.5% of variation was partitioned between the two groups, 28.2% of variation was
partitioned between populations and 55.7% of variation was within populations (Table 3.3).

3.2 Network analysis

The Splits Tree analysis supports strong geographic partitioning of the 50 population
dataset (Figure 3.2). Six geographic clusters and five single populations were identified. The
clusters and singletons correspond to populations in (1) Hawai‘i, (2) coastal south-central Pacific
(Tuamotu Island, Austral Island and Cook Islands), (3) noncoastal (inland) populations in the
south-central Pacific including populations in Tahiti, Moorea, Raiatea, and Borabora, nested
among these was the morphologically distinct P. arapepe from the Cook Islands. Close to those
populations in the network were singleton populations in (4) Savaii, (5) Suva, and (6) New
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Caledonia. Singleton populations of (7) P. conicus and (8) P. boninensis were separated on long
branches in the network but were more close in distance to (9) S. China Sea populations, and (10)
Indian Ocean populations. Populations in the western Pacific, including samples from Australia,
Micronesia, and the south-west Pacific, formed a large cluster without geographic subdivision.
The greatest genetic distance apparent in the network is the split between populations in Hawai‘i
plus the coastal south-central Pacific and all other populations (including inland populations in

the south-central Pacific).
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Figure 3.2 Splits Tree Network based on the null allele corrected Cavalli-Sforza and Edwards
(1967) genetic distance matrix.

3.3 Population sub-structure
The Structure analysis, with application of the Evano method, found that at the highest

level of population substructure, all samples clustered in two groups (K=2). One cluster consisted
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of individuals primarily from Hawai‘i and the coastal S. E. Pacific and the other cluster consisting
of all other samples (Figure 3.3, 3.4). Further Structure analysis of the entire dataset for
successive K levels as well as separate analysis of samples only from each of the two clusters
identified when K=2 (results not shown) indicates a high degree of substructure at successive
levels of K. These correspond well with the results from the network analysis discussed
previously.

The principle coordinates analysis (Figure 3.5) shows a degree of population clustering
among the individual genotypes. The first and second principle coordinate explains 17.57% and
9.05% of the variation respectively. Individuals from seapate geographic clusters overlap
indicating that genotypes for each of the specified geographic areas are not fixed. This could
result from the inclusion of recent migrants within our samples, the maintenance of ancestrally
shared genotypes within the sampled population, or may be an artifact of highly polymorphic
microsatellite markers which mutate by gaining or adding repeats which can result in size
homoplasy (Estoup, Jarne, and Cornuet, 2002). An alternate explanation may be a center of
accumulation of genotypes in the Western Pacific or the maintenance of ancestral types in that
area. Three groups of non-overlapping genotypes: Hawai‘i plus south-central Pacific, S. China
Sea to Indian Ocean, and Inland south-central Pacific individuals are mutually exclusive but

overlap with individuals from the western Pacific.
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Figure 3.3 Structure output for K-2-10.
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Figure 3.5 Principle coordinates analysis of the genotypes of all individuals showing partially
overlapping geographic clustering of samples.

3.4 Isolation by Distance

The Mantel test for isolation by distance over all populations was significant with Z =
-1513.8713 and r = 0.4986. The null hypothesis that r = 0 was rejected with p < 0.0001. The mean
and 95% confidence interval of R* from 10,000 bootstraps was 0.249 (0.186, 0.316). Among
coastal populations only, the relationship between genetic and geographic distance was stronger
with Z = -867.3069, r = 0.6686, and a rejection of the null hypothesis that r=0 with a p < 0.0001
and the mean and 95% confidence interval of R* from 10,000 bootstraps = 0.447 (0.358, 0.539).
When coastal-coastal, coastal-inland and inland-inland pairs were separately analyzed for the log-
transformed data using a general linear model, R? values were 44.7%, 13.3%, and 14.1%
respectively. The much reduced R? values among coastal-inland populations and inland-inland
populations indicate that isolation by distance is not an important factor resulting in the isolation

of inland populations from their coastal counterparts (Figure 3.6).
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3.5 Barriers and Migration rates

Several genetic discontinuities were foundi in both Barrier analyses. Among coastal
populations only, barriers of high support as indicated by scores (analogous to a bootstrap value)
greater than 800 (out of 1000) were found separating the P. boninensis population from
neighboring populations, Australian populations from populations in the Indian Ocean, S. China
Sea populations from Indian Ocean populations, and populations in the North Pacific from those
in the South Pacific (Figure 3.7). Barriers of moderate support (values between 400 and 800)
were found separating Hawai‘i plus the coastal south central Pacific populations from populations
to the west, and Pacific populations from Indian Ocean populations.

Genetic discontinuities were also detected between the inland and coastal populations of
the South Pacfic (Figure 3.8). There was a high degree of support for the barrier between P.
conicus and nearby coastal populations in Australia. Moderate to highly supported barriers
separated the five inland populations from their coastal counterparts in the south-central Pacific.
The results were similar for the inland population in Fiji. However, there was little support for a
barrier however between coastal P. tectorius and the inland samples of P. kusaicolus in kosrae.

Due to computing services limitations, regional migration rates calculated by Migrate-n
were only calculated for a limited set of population clusters. Migration rates between Hawai‘i and
the coastal south-central Pacific was biased in the southerly direction while rates between
Hawai‘i plus the south-central Pacific and populations to the west were biased in the westerly
direction. The results of the migration rate estimates are presented more fully in the Discussion

section.
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Figure 3.6 Isolation by distance and GLM results. Regression of the untransformed data (above),
and the results of the log-transformed data (below)
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Table 3.1 Sampling Localities

. Collection . . Approx. #
Putative Taxon Locality Latitude Longitude  Type Elev. (m) samples Group Np Agr Ho He
1 P. tectorius Q”eens'aggyBramStO” 1735 14602  Coastal 5 10 1 2 4071 0471 0553
2 P. tectorius Queensland Etty Bay -17.56 146.09 Coastal 5 6 1 2 3923 0.526 0.585
3 P. tectorius Queensland Cairns -16.58 145.51 Coastal 5 4 1 0 3.000 0.515 0.560
4 P. tectorius Q“ee”s'aglifh'pto” S 1500 14536  Coastal 5 4 1 1 3100 0700 0657
5 P. kusaicolus Kaneh. Kosrae 5.36 163.00 Inland 330 11 1 1 4167 0561 0571
6 P. fragrans Gaudich. Guam 13.45 144.82 Coastal 5 16 1 6 5429 0413 0.554
7 P. tectorius Kosrae 5.26 163.00 Coastal 5 14 1 1 4462 0.489 0.559
8 P. tectorius Palau 1 8.08 134.72 Coastal 5 11 1 0 4583 0,511 0.572
9 P. tectorius Palau 2 7.46 134.53 Coastal 47 8 1 2 4545 0.625 0.641
10 P. tectorius Nauru -0.54 166.91 Coastal 15 3 1 0 2.000 0452 0.452
11 P. tectorius Fiji: Viti Levu -18.15 178.45 Coastal 5 10 1 0 3538 0.600 0.546
12 P. tectorius Tokelau -8.54 -172.49 Coastal 5 5 1 0 3.417 0.483 0.548
13 P. tectorius R e . 20.79 -156.01  Coastal 26 10 2 0 2182 0445 0.389
Waianapanapa, Maui
14 P. tectorius Hawai‘i: East Kaua“i 22.22 -159.42 Coastal 5 8 2 0 2.636 0.398 0.398
15 P. tectorius Hawgli‘é‘ I';'Izrr:‘:k”a’ 1996  -15520  Coastal 20 6 2 1 2917 0417 0422
16 P. tectorius Hawal‘()‘ﬂaKhTe ohe, 2137  -157.80  Coastal 140 12 2 0 2778 0463 0471
17 P. tectorius Hawa“;s:;flza'a’ Blg 2023  .15574  Coastal 20 12 2 0 2583 0403 0.397
18 P. tectorius Hawai‘i: Molokai 21.16 -156.74 Coastal 30 10 2 1 3300 0.440 0.521
19 P. tectorius Hawai‘i: North Kaua‘i 22.21 -159.52 Coastal 5 16 2 0 2909 0.386 0.410
20 P. tectorius Hawallls};n”d“a' Big 1946  -15484  Coastal 5 27 2 0 2727 0370 0375
21 P. tectorius Hawagja\t’l\{la'mea' 21.62  -158.05  Coastal 170 13 2 0 2222 0350 0.362
22 P. tectorius Hawai‘i: West Kaua“‘i 22.21 -159.60 Coastal 25 20 2 0 2.600 0.400 0.436
23 P. tectorius Parkinson A”gﬁ{/gggds; 2386  -147.67  Coastal 5 10 3 1 3700 0513 0520
24 P. tectorius Austral Islands: Rurutu -22.46 -151.34 Coastal 5 9 3 1 3.182 0.273 0.434
25 P. tectorius Cook Islands Mitiaro -19.85 -157.70 Coastal 5 22 3 1 4000 0.384 0.426
26 P. tectorius Marquesas Islands -9.81 -139.02 Coastal 5 8 3 0 2900 0.308 0.388
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Collection

Approx.

#

Putative Taxon Locality Latitude Longitude  Type Elev. (m) samples Group Np Ag Ho He
Hiva Oa
27 P. tectorius Marqﬂ?\s/gso'z'a”ds 982  -139.06  Coastal 5 9 3 0 3143 0365 0411
28 P. tectorius Marq‘%?ﬁjaga”ds 994  -139.11  Coastal 5 2 3 0 2400 0550 0.700
29 P. tectorius Tuamotu Islands Ahe -14.56 -146.39 Coastal 5 10 3 0 2.333 0.217 0.339
30 P. tectorius T“arg;’;‘;h'fr']g“dsz 1598  -14017  Coastal 5 12 3 0 2900 0217 0317
31 P. tectorius Tuamotu Islands: Niau -16.15 -146.33 Coastal 5 7 3 1 2727 0.321 0.348
32 P. tectorius Samoa: Savaii -13.53 -172.27 Coastal 5 10 4 0 3.100 0.440 0471
33 P. papenooensis MTMO”a(E’r‘]‘stfs—Pape”OO 1753 -149.81  Inland 485 10 5 0 3444 0389 0301
34 P. papenooensis Fre”d‘T:ﬁi't}i’ nesia. 1757 -14955 Inland 200 9 5 0 3250 0389 0412
35  P.tamaruensis Moore Frencga?;)t'eya”es'a: 11679 -151.45  Inland 794 3 5 1 2909 0545 0.600
36 P. tectorius French P‘g‘g?aes'a: Bora 4650  -15173  Inland 280 6 5 2 2818 0364 0438
37 P. temehaniensis French Polynesia: 1678 -151.47  Inland 454 9 5 2 3625 0528 0476
Moore Raiatea 1
38 P. temehaniensis Fre“;gizt";gges'a: 1678  -151.46  Inland 594 7 5 3 3556 0452 0412
39 Pa”da””joizapepe St Cook Islands: Ma‘uke ~ -20.16  -157.34  Inland 20 10 5 0 2667 0350 0.304
40 P. tectorius Fiji: Suva -18.06 178.47 Inland 176 9 6 0 3545 0.404 0412
41 P. tectorius New Caledonia -22.67 167.44 Coastal 5 11 7 2 3300 0573 0524
42 P. conicus St. John Awustralia (cultivated) -12.60 143.16 Inland na 3 8 1 3333 0.444 0.681
43 P. boninensis Warb. Bonin Islands 27.06 142.23 Coastal 5 17 9 3 3.846 0.357 0.355
a7 OdOEfS;tg';orSSk') Philippines: Luzon 1593 12022  Coastal 40 21 10 4 4583 0464 0.490
45 P. odorifer Philippines: Sorsogon 12.94 124.07 Coastal 25 13 10 3 3.643 0.604 0.481
46 P. odorifer Taiwan 23.75 120.21 Coastal 5 19 10 0 2778 0.702 0.521
47 P. odorifer Borneo 1.72 110.44 Coastal 5 10 10 4 3750 0.550 0.538
48 P. kirkii Rendle Tanzania 1 -6.46 38.96 Coastal 5 16 11 0 2.000 1.000 0.515
49 P. kirkii Tanzania 2 -6.77 3929  Coastal 5 15 11 0 2143 0878 0.464
50 P. odorifer Sri Lanka 6.68 79.92 Coastal 5 10 11 1 2600 0.490 0.448
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Table 3.2 Null allele corrected Fst and Carvalli-Sforza and Edwards genetic distance matrix for all 50 sampling localities (Table split into parts).
Fst below diagonal, genetic distances above.

Australia: P. conicus
Cook Isl.: Ma‘uke
Austral Isl.: Raivavae
Austral Isl.: Rurutu
Borneo

Bonin Isl.

Fr. Polynesia: Bora Bora
French Polynesia: Raiatea 2
Cook Isl. Mitiaro

Guam

Hawai‘i: North Kaua‘i
Hawai‘i: Kohala, Big Isl.
Hawai‘i: Kaneohe, O‘ahu
Hawai‘i: Molokai
Hawai‘i: Hamakua, Big Isl.
Hawai‘i: West Kaua‘i
Hawai‘i: Puna, Big Isl.
Hawai‘i: East Kaua‘i
Hawai‘i Hana, Maui
Hawai‘i: Waimea, O‘ahu
Kosrae Coastal

Kosrae Inland
Philippines: Luzon
Marquesas Isl. Hiva Oa 1
Marquesas Isl. Hiva Oa 2
Marquesas Isl.: Tahuata
Mt. Mouaputa

Nauru

New Caledonia

Palau 1

Palau 2

Queensland Bramston Bay
Queensland Etty Bay
Queensland Cairns
Queensland Shipton's Flat

P. conicus

0.73
0.55
0.56
0.39
0.50
0.54
0.59
0.70
0.35
0.58
0.55
0.60
0.53
0.54
0.58
0.60
0.58
0.59
0.68
0.38
0.42
0.41
0.62
0.69
0.41
0.59
0.59
0.44
0.41
0.43
0.39
0.38
0.48
0.47

Ma‘uke

0.69

0.56
0.62
0.54
0.57
0.51
0.49
0.63
0.34
0.56
0.57
0.59
0.55
0.60
0.54
0.54
0.58
0.57
0.66
0.47
0.51
0.53
0.66
0.71
0.66
0.54
0.77
0.48
0.48
0.52
0.44
0.48
0.55
0.61

Raivavae

Rurutu

Borneo

Bonin Isl.

0.48
0.51
0.55
0.50

0.44
0.52
0.59
0.34
0.48
0.42
0.50
0.43
0.44
0.47
0.48
0.49
0.49
0.54
0.37
0.44
0.37
0.50
0.55
0.45
0.49
0.56
0.42
0.40
0.42
0.39
0.39
0.46
0.46

Bora Bora

0.70
0.41
0.45
0.50
0.55
0.52

0.19
0.49
0.22
0.42
0.43
0.44
0.36
0.39
0.42
0.42
0.42
0.43
0.49
0.30
0.36
0.38
0.45
0.54
031
0.29
0.52
031
0.27
0.32
0.22
0.28
0.29
0.40

Raiatea 2

0.67
0.34
0.43
0.50
0.52
0.55
0.35

0.47
0.24
0.41
0.43
0.43
0.39
0.41
0.40
0.41
0.41
0.41
0.50
0.33
0.41
0.41
0.53
0.60
0.40
0.22
0.56
0.29
0.27
0.36
0.24
0.29
0.34
0.44

Mitiaro

0.74
0.41
0.30
0.37
0.50
0.56
0.46
0.38

0.32
0.26
0.33
0.30
0.30
0.27
0.29
0.33
0.33
0.29
0.30
0.29
0.43
0.48
0.36
0.38
0.39
0.45
0.53
0.43
0.29
0.38
0.27
0.27
0.38
0.41

Guam

0.67
0.50
0.48
0.48
0.53
0.54
0.50
0.48
0.47

0.23
0.21
0.23
0.15
0.16
0.21
0.25
0.18
0.21
0.32
0.14
0.18
0.26
0.26
0.32
0.14
0.23
0.31
0.19
0.08
0.13
0.11
0.12
0.16
0.15

o o .
~ =~ North Kaua‘i
~N O

0.29
0.34
0.51
0.54
0.50
0.44
0.30
0.48

0.06
0.00
011
0.02
0.00
0.03
0.04
0.04
0.13
0.25
0.34
0.40
0.26
031
0.33
0.34
0.42
0.37
0.26
0.30
0.26
0.29
0.28
0.36
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Kohala, B.1.

o o o
w A~ D
o © ©

0.35
0.50
0.51
0.53
0.47
0.35
0.47
0.15

0.10
0.13
0.02
0.07
0.09
0.09
0.09
0.25
0.26
0.34
0.32
0.32
0.38
0.37
0.33
0.44
0.35
0.25
0.31
0.26
0.27
0.27
0.34

Kane. O‘ahu

0.71
0.46
0.28
0.33
0.53
0.53
0.49
0.43
0.29
0.49
0.13
0.21

0.09
0.03
0.02
0.06
0.07
0.10
0.19
0.26
0.34
0.41
0.28
0.32
0.35
0.38
0.47
0.39
0.27
0.30
0.27
031
0.33
0.38

Molokai

0.69

0.30
0.34
0.50
0.50
0.47
0.44
0.31
0.46
0.22
0.25
0.20

0.05
0.11
0.15
0.12
0.16
0.28
0.18
0.26
0.36
0.20
0.25
0.24
0.35
0.40
0.30
0.18
0.22
0.21
0.24
0.30
0.32

Hama. B. I.

0.70
0.48
0.31
0.38
0.52
0.51
0.48
0.46
0.31
0.47
0.19
0.22
0.20
0.23

0.01
0.04
0.01
0.06
0.22
0.20
0.28
0.33
0.27
0.34
0.29
0.33
0.42
0.32
0.18
0.24
0.20
0.22
0.24
0.29

W. Kaua‘i

0.70
0.46
0.30
0.34
0.50
0.52
0.49
0.43
0.30
0.45
011
0.18
0.15
0.21
0.21

0.02
0.01
0.05
0.16
0.25
0.33
0.38
0.27
0.33
0.34
0.32
0.43
0.35
0.24
0.29
0.27
0.29
0.30
0.35

Puna, B. I.

0.68
0.46
0.28
0.34
0.50
0.52
0.47
0.42
0.32
0.48
0.11
0.16
0.17
0.23
0.18
0.14

0.06
0.08
0.18
0.29
0.36
0.38
0.30
0.37
0.41
0.33
0.43
0.35
0.28
0.33
0.28
0.32
0.28
0.39

E.Kaua‘i

0.70
0.45
0.35
0.41
0.51
0.54
0.49
0.43
0.32
0.47
0.14
0.18
0.17
0.23
0.20
0.15
0.16

0.03
0.26
0.25
0.32
0.38
0.33
0.41
0.36
0.34
0.48
0.35
0.23
0.29
0.26
0.28
0.29
0.35

Maui

0.70
0.45
0.32
0.38
0.50
0.54
0.50
0.43
0.32
0.47
0.13
0.17
0.19
0.23
0.20
0.15
0.15
0.13

0.17
0.26
0.34
0.38
0.34
0.39
0.36
0.32
0.45
0.36
0.24
0.31
0.26
0.28
0.27
0.35

Wai. O‘ahu

0.47
0.26
0.30
0.52
0.53
0.49
0.43
0.28
0.50
0.16
0.23
0.17
0.25
0.24
0.16
0.16
0.21
0.16

0.30
0.41
0.46
0.35
0.36
0.41
0.43
0.51
0.46
0.32
0.39
0.29
0.33
0.37
0.43

Kosrae C.

0.56
0.41
0.43
0.50
0.52
0.55
0.52
0.41
0.45
0.47
0.47
0.45
0.41
0.44
0.45
0.45
0.47
0.47
0.46

0.15
0.28
0.16
0.23
0.09
0.31
0.14
0.23
0.06
0.10
0.10
0.09
0.19
0.17

Kosrae I.

0.66
0.54
0.45
0.50
0.57
0.58
0.58
0.53
0.45
0.46
0.45
0.47
0.44
0.43
0.45
0.45
0.44
0.45
0.45
0.46
0.36

0.37
0.28
0.35
0.27
0.42
0.36
0.35
0.21
0.21
0.19
0.21
0.27
0.27

Hiva Oa 1

0.72
0.49
0.30
0.33
0.55
0.54
0.48
0.47
031
0.50
0.30
0.34
0.30
0.28
0.34
0.32
031
0.34
0.34
0.30
0.38
0.41
0.55

0.05
0.24
0.52
0.43
0.41
0.24
0.23
0.25
0.28
0.36
0.38

Hiva Oa 2

0.75
0.49
0.29
0.31
0.55
0.54
0.50
0.50
0.28
0.51
0.31
0.35
0.29
0.29
0.34
0.31
0.33
0.36
0.35
0.27
0.42
0.45
0.56
0.18

0.34
0.59
0.53
0.48
0.32
0.32
0.31
0.35
0.47
0.47



French Polynesia: Raiatea 3
French Polynesia: Raiatea 1
Samoa: Savaii

Philippines: Sorsogon

Sri Lanka

Fiji: Suva

French Polynesia: Tahiti
Taiwan

Tanzania 1

Tanzania 2

Tokelau

Tuamotu Isl. Ahe

Tuamotu Isl.: Fakahina
Tuamotu Isl.: Niau

Fiji: Viti Levu

Australia: P. conicus

Cook Isl.: Ma‘uke

Austral Isl.: Raivavae
Austral Isl.: Rurutu
Borneo

Bonin Isl.

Fr. Polynesia: Bora Bora
French Polynesia: Raiatea 2
Cook Isl. Mitiaro

Guam

Hawai‘i: North Kaua‘i
Hawai‘i: Kohala, Big Isl.
Hawai‘i: Kaneohe, O‘ahu
Hawai‘i: Molokai

Hawai‘i: Hamakua, Big Isl.
Hawai‘i: West Kaua‘i

P. conicus

o
i
@w

0.60
0.56
0.38
0.56
0.56
0.61
0.53
0.69
0.59
0.42
0.74
0.67
0.63
0.43

Tahuata

0.51
0.42
0.48
0.55
0.55
0.49
0.47
0.39
0.52
0.44
0.48
0.43
0.42
0.44
0.44

Ma‘uke

0.50
0.40
0.61
0.54
0.68
0.67
0.49
0.61
0.76
0.69
0.57
0.78
0.72
0.70

Raivavae

0.37
0.40
0.33
0.38
0.48
0.37
0.43
0.56
0.51
0.23
0.24
0.20
0.22
0.25

Nauru

0.57
0.40
0.46
0.56
0.59
0.55
0.49
0.40
0.55
0.42
0.45
0.43
0.43
0.44
0.42

New Caled.

e o 9
B w w
S ©

0.49
0.47
0.48
0.45
0.38
0.39
0.47
0.45
0.45
0.44
0.43
0.44
0.43

Palau 1

0.65

0.40
0.43
0.46
0.52
0.47
0.43
0.39
0.36
0.42
0.43
0.42
0.40
0.40
0.41

Bonin Isl.

0.40
0.48
0.55
0.39
0.48
0.55
0.52
0.44
0.58
0.53
0.44
0.62
0.58
0.57

Palau 2

0.66

0.40
0.47
0.50
0.56
0.49
0.48
0.40
0.47
0.45
0.47
0.43
0.41
0.45
0.44

Bora Bora

o
-
~

0.19
0.42
0.35
0.53
0.41
0.28
0.47
0.60
0.57
0.29
0.66
0.57

0.24

& Brams. Bay
oo

0.54
0.41
0.43
0.51
0.57
0.47
0.47
0.42
0.43
0.46
0.48
0.47
0.46
0.46
0.47

Raiatea 2

0.11
0.11
0.42
0.40
0.57
0.52
0.19
0.52
0.66
0.60
0.34
0.67
0.60
0.55
0.28

Etty Bay

0.49
0.41
0.48
0.51
0.54
0.53
0.47
0.39
0.49
0.45
0.45
0.46
0.46
0.45
0.45

Mitiaro

0.38
0.45
0.42
0.48
0.58
0.61
0.45
0.57
0.68
0.64
0.35
0.36
0.35
0.32
0.36

Cairns

0.46
0.41
0.47
0.50
0.56
0.48
0.43
0.40
0.49
0.44
0.45
0.45
0.47
0.44
0.44

Guam

0.14
0.23
0.25
0.23
0.36
0.35
0.23
0.33
0.46
0.41
0.12
0.37
0.34
0.29

Shipt. Flat

o o
ol o
N ©

0.42
0.50
0.53
0.59
0.55
0.49
0.39
0.49
0.46
0.48
0.46
0.48
0.46
0.45

o o .
w w North Kaua‘i
© -

0.43
0.41
0.49
0.55
0.36
0.51
0.59
0.57
0.28
0.25
0.25
0.19

Kohala, B.1.

o oo
BB W
g N -

0.37
0.43
0.53
0.36
0.46
0.57
0.55
0.30
0.31
0.30
0.32

Kane. O‘ahu

0.32
0.41
0.45
0.42
0.52
0.57
0.40
0.53
0.63
0.59
0.30
0.29
0.26
0.21
0.33

Savaii

0.50
0.45
0.54
0.56
0.60
0.48
0.45
0.39
0.49
0.48
0.51
0.48
0.47
0.47
0.48

Molokai

0.24

0.39
0.35
0.47
0.50
0.38
0.46
0.58
0.56
0.21
0.33
0.27
0.27

Sorsogon

0.59
0.51
0.54
0.43
0.53
0.55
0.53
0.55
0.48
0.54
0.52
0.55
0.52
0.53
0.53

Hama. B. I.

0.25
0.39
0.39
0.36
0.46
0.51
0.35
0.47
0.61
0.55
0.22
0.32
0.29
0.28
0.25

Sri Lanka
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0.56
0.49
0.51
0.63
0.59
0.54
0.56
0.55
0.52
0.54
0.55
0.54
0.54

W. Kaua‘i

0.32
0.38
0.43
0.41
0.49
0.55
0.35
0.49
0.59
0.55
0.27
0.29
0.27
0.23
0.31

Suva

0.70
0.56
0.53
0.60
0.62
0.59
0.48
0.52
0.55
0.56
0.61
0.60
0.61
0.57
0.57
0.61

Puna, B. I.

0.33
0.39
0.48
0.42
0.50
0.55
0.35
0.50
0.56
0.54
0.29
0.34
0.33
0.31
0.35

Tahiti

0.33
0.41
0.50
0.50
0.53
0.36
0.28
0.37
0.44
0.39
0.42
0.40
0.42
0.41
0.39

E.Kaua‘i

0.33
0.39
0.44
0.40
0.52
0.55
0.35
0.50
0.64
0.59
0.28
0.42
0.39
0.33
0.30

Taiwan

0.54
0.47
0.56
0.43
0.47
0.54
0.52
0.53
0.51
0.55
0.51
0.55
0.52
0.50
0.52

Maui

0.34
0.40
0.42
0.40
0.51
0.55
0.33
0.50
0.62
0.58
0.29
0.35
0.35
0.28
0.31

Tanzania 1
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0.56
0.44
0.52
0.55
0.53
0.54
0.60
0.53
0.53
0.54
0.53
0.54
0.53

Wai. O‘ahu

0.48
0.50
0.46
0.57
0.60
0.47
0.57
0.67
0.61
0.35
0.34
0.33
0.22
0.37

Tanzania 2
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0.59
0.47
0.53
0.59
0.57
0.56
0.59
0.58
0.58
0.58
0.58
0.56
0.56

Kosrae C.

0.18
0.33
0.29
0.21
0.34
0.39
0.35
0.36
0.46
0.40
0.04
0.31
0.27
0.26
0.14

Tokelau

0.64
0.50
0.40
0.44
0.49
0.55
0.50
0.44
0.39
0.43
0.41
0.44
0.40
0.40
0.42
0.40

Kosrae I.

0.38
0.40
0.33
0.45
0.44
0.43
0.43
0.55
0.48
0.21
0.44
0.40
0.37
0.21

Ahe

0.75
0.55
0.28
0.32
0.54
0.60
0.58
0.53
0.29
0.53
0.25
0.29
0.26
0.31
0.33
0.26

Luzon

0.44
0.46
0.16
0.31
0.47
0.40
0.17
0.37
0.30
0.28
0.50
0.46
0.47
0.31

Fakahina

0.56
0.29
0.33
0.53
0.56
0.55
0.52
0.32
0.52
0.32
0.35
0.32
0.32
0.35
0.31

Hiva Oa 1

0.37
0.47
0.48
0.41
0.56
0.54
0.55
0.52
0.66
0.62
0.23
0.37
0.27
0.30
0.29

Hiva Oa 2

0.47
0.54
0.54
0.46
0.61
0.60
0.62
0.56
0.71
0.66
0.33
0.37
0.29
0.30
0.36

Viti Levu

0.69
0.50
0.43
0.50
0.55
0.54
0.46
0.41
0.44
0.41
0.48
0.48
0.48
0.47
0.47
0.47



Hawai‘i: Puna, Big Isl.
Hawai‘i: East Kaua‘i
Hawai‘i Hana, Maui
Hawai‘i: Waimea, O‘ahu
Kosrae Coastal

Kosrae Inland
Philippines: Luzon
Marquesas Isl. Hiva Oa 1
Marquesas Isl. Hiva Oa 2
Marquesas Isl.: Tahuata
Mt. Mouaputa

Nauru

New Caledonia

Palau 1

Palau 2

Queensland Bramston Bay
Queensland Etty Bay
Queensland Cairns
Queensland Shipton's Flat
French Polynesia: Raiatea 3
French Polynesia: Raiatea 1
Samoa: Savaii
Philippines: Sorsogon

Sri Lanka

Fiji: Suva

French Polynesia: Tabhiti
Taiwan

Tanzania 1

Tanzania 2

Tokelau

Tuamotu Isl. Ahe
Tuamotu Isl.: Fakahina
Tuamotu Isl.: Niau

Fiji: Viti Levu

P. papenoo

0.35

0.35
0.37
0.49
0.51
0.51
0.47
0.49
0.49

0.51
0.30
0.24
0.38
0.28
0.31
0.32
0.42
0.26
0.29
0.43
0.41
0.53
0.51
0.11
0.52
0.63
0.59
0.32
0.62
0.56
0.52
0.31

New Caled.

© o o
PN
EES

0.44
0.43
0.52
0.43
0.45
0.47
0.44
0.40
0.43

0.19
0.28
0.21
0.22
0.29
0.33
0.23
0.32
0.38
031
0.47
0.38
0.33
0.39
0.52
0.48
0.20
0.54
0.50
0.48
0.25

Palau 1

0.42

0.41
0.42
0.33
0.42
0.43
0.40
0.43
0.41
0.41
0.44
0.37

0.10
0.10
0.10
0.20
0.17
0.17
031
0.24
0.22
0.37
0.37
0.27
0.34
0.50
0.43
0.03
0.36
031
0.29
0.10

Palau 2

0.44

0.46
0.45
0.37
0.44
0.52
0.37
0.41
0.45
0.48
0.47
0.43
0.34

0.15
0.17
0.23
0.17
0.21
0.35
0.32
0.27
0.39
0.44
0.41
0.37
0.54
0.47
0.16
0.41
0.36
0.32
0.15

Shipt. Flat

o o
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0.46
0.43
0.44
051
0.50
0.44
0.48
052
0.48
0.49
0.45
043
041
041
041
0.37

0.29
0.44
0.36
0.29
0.38
0.50
0.42
0.40
0.61
0.52
0.22
0.50
0.45
0.40
0.13

Raiatea 3

0.41

0.45
043
047
0.49
052
0.45
047
0.49
0.39
0.46
0.45
0.44
047
0.47
0.50
0.45
054

0.12
0.30
0.26
0.41
0.41
0.24
0.42
0.57
0.52
0.18
0.56
0.44
0.42
0.17
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Savaii

0.49

0.48
0.48
0.51
0.55
0.58
0.48
0.50
0.37
0.46
0.53
0.46
0.44
0.48
0.51
0.52
0.48
0.49
0.43
0.46

0.40
0.54
0.49
0.42
0.53
0.66
0.61
0.32
0.53
0.46
0.43
0.27

Sorsogon

0.54
0.53
0.54
0.47
0.56
0.35
0.54
0.55
0.52
0.53
0.52
0.49
0.46
0.49
0.46
0.51
0.51
0.51
0.51
0.53
0.57

0.34
0.43
0.43
0.22
0.37
031
0.23
0.48
0.43
0.43
0.27

Sri Lanka
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0.54
0.51
0.59
0.44
0.57
0.59
0.61
0.50
0.53
0.52
0.51
0.52
0.53
0.52
0.51
0.49
0.54
0.53
0.59
0.51

0.60
0.55
0.41
0.55
0.43
0.43
0.59
0.54
0.56
0.38

Suva

0.58
0.60

0.60
0.55
0.58
0.58
0.54
0.56
0.53
0.48
0.58
0.45
0.51
0.57
0.55
0.55
0.53
0.62
0.54
0.54
0.53
0.56
0.66

0.53
0.53
0.65
0.60
0.39
0.68
0.62
0.61
0.36

Tahiti

0.38
0.37
0.41
0.54
0.54
0.48
0.49
0.51
0.48
0.25
0.50
0.41
0.43
0.51
0.47
0.47
0.38
0.47
0.38
0.30
0.42
0.53
0.52
0.49

0.53
0.67
0.61
0.37
0.64
0.58
0.55
0.31

Tanzania 1
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0.54
0.55
0.59
0.40
0.55
0.57
0.63
0.49
0.48
0.47
0.54
0.54
0.54
0.55
0.48
0.55
0.53
0.54
0.61
0.46
0.43
0.57
0.52
0.41

0.50
0.54
0.73
0.68
0.71
0.51

Tanzania 2

e o o
SRR
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0.56
0.53
0.59
0.39
0.60
0.61
0.62
0.55
0.57
0.50
0.53
0.54
0.54
0.54
0.56
0.54
0.58
0.58
0.62
0.45
0.38
0.60
0.55
0.42
0.30

0.45
0.68
0.63
0.63
0.47

Tokelau

0.40
0.41
0.41
0.40
0.33
0.43
0.47
0.39
0.42
0.41
0.44
0.38
0.37
0.34
0.40
0.38
0.35
0.42
0.45
0.45
0.46
0.49
0.45
0.54
0.50
0.44
0.49
0.51
0.51
0.40
0.32
0.32
0.16

Ahe

0.27
0.32
0.29
0.23
0.46
0.49
053
0.30
0.25
0.40
0.46
0.40
0.49
0.44
0.45
0.50
0.48
0.46
0.46
0.50
0.50
0.45
0.56
053
0.65
0.48
0.56
054
0.60
0.43

0.07
0.21
0.44

Viti Levu

0.48
0.48
0.48
0.44
0.47
0.52
0.45
0.48
0.45
0.48
051
0.43
0.39
0.41
0.42
0.46
0.43
0.39
0.45
0.43
0.45
0.49
054
051
0.44
0.47
0.56
0.58
0.40
0.52
0.50
0.50



Table 3.3 Results of AMOVA for K=2, K=11, and K=50

AMOVA Fixation Indices Exact test of
Sum of Variance % genetic

Source d.f. squares component Variation Fg7 Fsc: Fer: differentiation
K=2 Among groups 1 387.06 06791  16.05

Among

populations 1321.954  1.19385

within groups 48 28.22

Within

populations 1016 2395068 2.35735 55.73

Total 1065 4104.082  4.23029 0.443* 0.336* 0.161* P <0.00001
K=11 Among groups 10 1125.49 1.07398 26.59

Among

populations 583.524 0.60769  15.05

within groups 39

Within

populations 1016 2395.068 2.35735  58.36

Total 1065 4104.082  4.03902 0.416* 0.205* 0.266* P <0.00001

Among
K=50 populations 49 1709.014  1.53272 394

Within

populations 1016 2395.068  2.35735 60.6

Total 1065 4104.082  3.89007 0.394* P =0.66510
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Table 3.4 Statistics for each of the 15 microsatellite loci

Allele Percent Fst .
Locus Size ii%i?}t missing Na Ho Hg Hs Hy C]E)OI':(;CJ(IE‘Id G'st R,?::I:]er:lecss
range data alleles
1 Pb 4444  24-58 2 0.00% 17 057 0.87 051 0.87 0.36 0.85 3.31
2 Pb 0084 162-78 2 0.00% 4 038 053 032 053 0.35 0.59 2.00
3 Pb 1733 215-155 3 0.19% 12 035 0.66 0.33 0.66 0.49 0.76 2.48
4 Pb 0880 226-248 2 2.42% 15 030 0.70 0.38 0.70 0.48 0.75 1.70
5 Pb 1142 34-112 2 1.12% 33 053 0.76 050 0.76 0.33 0.70 2.86
6 Pb 1138 82-134 2 0.56% 25 053 0.80 0.55 0.80 0.30 0.69 3.05
7 Pb 0195 183-204 3 0.00% 8 017 0.23 0.17 0.23 0.29 0.33 1.47
8 Pb 1425 237-246 3 0.19% 4 0.04 007 0.04 0.07 0.50 0.47 1.14
9 Pb 3868 58 - 72 2 0.00% 6 0.28 040 0.26 0.40 0.31 0.47 1.83
10 Pb_ 0979 84-140 2 1.49% 28 058 0.89 058 0.89 0.31 0.84 3.40
11 Pb_0400 208 -220 2 2.42% 4 0.04 005 0.05 0.05 0.16 0.05 1.10
12 Pb_3859 244 -254 2 1.67% 4 0.06 040 0.09 040 0.79 0.85 1.74
13 Pb 0279 60-102 2 1.12% 17 044 074 039 0.74 0.45 0.78 2.74
14 Pb 2057 104-136 2 0.37% 16 039 049 0.36 049 0.23 0.42 2.10
15 Pb 3598 216 - 237 3 0.19% 7 016 020 0.11 0.20 0.42 0.50 1.42
Mean -- - 078% 133 03 05 03 05 0.39 0.6 2.2

Na, humber of alleles; Ho, observed heterozygosity; Hg, expected heterozygosity; Hs, mean genetic diversity within
populations; Hr, total genetic diversity; G'st, standardized measure of genetic differentiation; Average Allelic
Richness per locus. Calculated with FreeNA, MSAAnalyzer, Genalex, and Arlequin.
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4. Discussion

In contrast with an earlier assumption that widespread ocean dispersed taxa are likely to
be panmictic, several studies from the marine zoological literature and emerging studies on
angiosperms indicate that substantial population substructure often characterizes widespread
ocean-dispersed species (Knowlton, 2000; Lessios and Robertson, 2006; Takayama et al., 2006).
The Pandanus tectorius complex similarly exhibits a high degree of population structure
throughout its range indicating dispersal limitation at multiple spatial scales and revealing
dispersal barriers between and within ocean basins.

The STRUCTURE analysis indicates that at the highest level of population sub-structure,
all populations within the complex can be grouped into two clusters (K=2): Hawai‘i with Coastal
south-central Pacific populations and all other populations. The results could suggest a relatively
early, perhaps stochastic, long distance colonization of the eastern Pacific (Hawai‘i or the south-
central) and a more stepping-stone-like eastward spread into the Pacific by a second lineage
resulting in the pattern observed today. The dispersal barrier between the populations in the
south-central Pacific and populations in the western South Pacific is consistent with the 2000km
stretch of open water between the Cook islands and islands farther west such as Niue, Samoa, and
Tokelau. This area has been previously identified as a likely barrier for larval coral dispersal
(Treml et al., 2008). One pattern which has not been previously reported in the literature is the
inferred close relationship and ongoing dispersal between Hawai‘i and the south central coastal
Pacific. Preliminary Migrate-n results suggest that the predominant direction of dispersal is
southward from Hawai‘i at the rate of 9.29 (8.75-12.62 95% CI) migrants per generation. The
migration rate in the northerly direction was estimated at 1.64 (1.36-2.10 95% CI). The transit
between these two regions would require dispersal against the westward flowing North Equatorial
Current, eastward flowing Equatorial Counter Current, and westward flowing South Equatorial

Current. Numerous studies on marine larval dispersal and surface current simulations have not
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shown a similar pattern, rather, these studies support strong isolation rather than connectivity
between the regions (Treml et al., 2008; Fitzpatrick et al., 2011).

At the next level of substructure (K=3) the South China Sea (P. odorifer in Borneo, the
Philippines and Taiwan), Indian Ocean populations (P. odorifer in Sri Lanka and P kirkii in
Tanzania), and Bonin Islands population (P. boninensis), are differentiated from populations in
the western and central Pacific. The coastal Pandanus within the region of the S. China sea are
morphologically distinct from individuals in the broader Pacific by having much longer marginal
prickles on their leaves, shoulders on the lower portions of the fruit, and a distinctive rosette
growth form of seedlings ( Gallaher personal observations and Stone, 1973). The South China
Sea is mostly isolated from the larger Pacific by the Philippine Islands to the east and Moluccas
islands and New Guinea to the South. These landforms strongly influence ocean currents in the
Western Pacific and serve to partially isolate the Indonesian throughflow from major Pacific
currents resulting in a complex set of poorly understood currents which link the Pacific to the
Indian Ocean through very narrow sea straights (Gordon, 2005). The Indian Ocean populations
represented by P. kirkii in Tanzania and P. odorifer in Sri Lanka most likely originated from
migrants from the South China Sea as indicated by the small genetic distances between
populations of those two regions.

Pandanus boninensis, which is endemic to the Bonin Islands in the northwestern Pacific
was inferred in the STRUCTURE analysis to have admixture (at K= 3) between populations from
the S. China sea and populations from the western to central Pacific. This population also has a
high (>0.35) pairwise Fst values relative to all other populations indicating isolation. The Bonin
Islands, however, is in the path of the Kuroshio Current which brings water, and presumably
floating propagules, from the far western Pacific northward into the Northern Pacific. The origin
of the current, however, is near Taiwan which could also bring propagules from the S. China sea.
The STRUCTURE results suggest a hybrid origin of the P. boninensis populations. However, it is
unclear if there is ongoing immigration maintaining the hybrid genotype, which could inflate the
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observed Fst values, or whether the strong inferred barriers separating P. boninensis from the
remaining populations are real, perhaps due to reproductive isolation.

Subsequent K levels result in additional geographically distinct clusters. At K=4,
populations representing several inland taxa from the central South Pacific including P.
temehaniensis, P. tamaruensis (Raiatea), P. papenooensis (Tahiti and Moorea), P. tectorius
(BoraBora), and P. arapepe from the Cook Islands formed a clade with limited admixture with
other populations and high Fst values (>0.2) relative to other populations. Although
geographically situated in the south central Pacific, these populations were inferred to be more
closely related to populations farther to the west than to their nearest coastal counterparts. Barrier
analysis also confirmed this genetic discontinuity. These results suggest a pattern similar to that
suggested by Takayama et al. (2008a) for Hibiscus in the Bonin Islands where an early initial
colonization of the area by H. tiliaceus led to the evolution of H. glaber and subsequent re-
colonization by H. tiliaceus accounts for the present day sympatry of the two species.

Although the inland populations from the south-central Pacific form a well-supported
group, they do not appear to share morphological similarities. The populations from French
Polynesia are all characterized by large fruit with a high carpel number per fruit while P. arapepe
has distinctively small fruit with 1-2 carpels per fruit. However, Fst value between P. arapepe
and those populations are high (>3.9) and migration rate estimates suggest that dispersal into the
P. arapepe population is highly limited with less than 0.3 migrants per generation from
surrounding coastal populations and only 0.38 migrants per generation estimated from the upland
populations in French Polynesia.

For populations in the western to central Pacific, the STRUCTURE analysis and distance
based network indicate conflicting results. STRUCTURE weakly differentiates populations in
Palau, Kosrae, Nauru and Tokelau from those in Guam, Australia, Fiji, New Caledonia and
Samoa (at K=7-10). The network analysis clusters most of these populations into one group
without clear geographic structure and excludes the New Caledonia, Suva, and Savaii populations
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which are inferred to be closer to other groups. Two inland populations are represented within the
group identified in the STRUCTURE analysis. The single population of the Kosrae high elevation
endemic P. kusaicolus was found to be closely related to its coastal counterpart with an Fst value
of 0.151. Neither the network-based or STRUCTURE analysis distinguished this population from
other populations (at K=2-10). The inland population from Suva, Fiji had a separate position in
the network analysis (although it was not strongly differentiated in the STRUCTURE analysis)
and a high Fst value relative to its coastal counterpart (Fst=0.358) and pairwise Fst >3.5 with all
other populations indicating a high degree of isolation. St. John (1976) recognized 28 species
from Fiji in section Pandanus alone. As the author has at this time only seen photos of the
specimens from this population, further work remains to be done to determine if this upland
population conforms to any of the taxa recognized by St. John. The P. conicus ‘population’
(represented by only three samples from separate cultivated sources) had high pairwise Fst values
(>3.5) with all other populations. This species, which was not formerly considered to be a
member of the complex, was nested within the Western-Central Pacific group and most closely
allied with Australian populations of P. tectorius in the STRUCTURE analysis. The network
analysis on the other hand indicated a closer relationship between P. conicus and S. China sea
populations plus P. boninensis.

The genetic diversity within the P. tectorius complex has a clear geographic component.
Isolation by distance accounts for up to 44% of the observed genetic distances over all
populations. As discussed above, most population clusters are geographically related and 26% of
the molecular variation was partitioned among the 11 population clusters identified in the

network-based analysis.
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Figure 3.7 Barrier analysis raw output (above) and map overlay (below) with estimated migration
rates (arrows) between select regions. Coastal populations only. Population icon sizes in the
lower figure are proportional to allelic diversity. Population colors correspond to colors in the
STRUCTURE analysis.
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Figure 3.8 Barrier analysis and map of coastal and inland populations in the S. Pacific. Coastal
populations are represented by blue circles and inland populations are represented by red
triangles.
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Most of the inland populations, with the exception of P. kusaicolus, show a degree of
isolation from their geographically closest coastal populations and the strengths of the barriers
between coastal and inland populations are greater than would be predicted by geographic
distances alone (Figure 3.8). In general, average allele richness per loci was greater in the
Western Pacific than in the Indian Ocean or Eastern Pacific populations. Western Pacific
populations also had on average a greater number of private alleles (alleles not found in other
populations). This pattern of greater genetic richness in the Western Pacific, particularly in the
Indo-west Pacific, has been observed in populations of plants and both marine and terrestrial
animals. Three hypotheses to explain this phenomenon have been put forward. These are the
‘Center of Origin’, ‘Center of Accumulation’, and ‘Center of Overlap’ hypotheses (Palumbi,
1997). Preliminary results of the analysis of migration patterns in Pandanus are consistent with
assymetric and biased dispersal in the westerly direction suggesting that a center of accumulation
of genetic diversity in the western Pacific. The Western Pacific, specifically coastal Australia, is
the origin of the clade and at least some of the genetic diversity, as indicated by higher number of
private alleles, in this area, would suggest the greater observed genetic diversity in the Western
Pacific is also associated with the center of origin.

This study does not include samples from many of the other taxa recognized from within
the complex. Of particular interest is P. reineckei from the mountains of Tutuila American
Samoa, P. lanutooensis from Upolu, Samoa and an undescribed species from Makatea Island in
the Tuamotus. These taxa have quite distinct morphologies and all are found in isolated inland
locations which suggest that these may represent additional cases of inland populations which
have diverged from their coastal ancestors.

It is premature at this time to determine which ones, or how many of the hundreds of taxa
attributed to the complex should be recognized at the specific or sub-specific level and thus the
“Pandanus tectorius problem” remains (Stone, 1976). This research, however, does indicate that
geographic barriers limiting gene flow exist between regions and even within islands resulting in
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potential separately evolving lineages. These findings satisfy, in some cases, the primary species
criteria of the unified species concept (De Queiroz, 2007) and identifies the more genetically
isolated populations as candidates for recognition at the species level. Additional corroborating
evidence such as morphological diagnosability, ecological specialization, or intrinsic reproductive
isolation is, however, necessary to differentiate species from seemingly differentiated
populations. This is particularly true given that founder effects may overstate the long-term
genetic differences between populations and that substantial time is often needed for those
populations to return to migration/mutation equilibrium given low levels of gene flow (Slatkin,

1993; Grosberg and Cunningham, 2001).

5. Conclusions

There is a high degree of population substructure in the Pandanus tectorius complex.
Populations are isolated by distance however other genetic discontinuities that were detected may
be directly related to ocean currents and vast expanses of open-ocean across which there are few
stepping stones. These results from an ocean-dispersed angiosperm are similar to results from
examples from the marine larval literature indicating shared biogeographical patterns with
organism with a shared dispersal vector. Pandanus is also able to form isolated populations by
migration to inland areas. These inland taxa may be isolated from immigration however their
propagules may be able to reach the ocean. Isolated populations have diverged morphologically
and perhaps ecologically. By identifying significant population structure and low levels of gene
flow, which in some cases appears to correlate with ecological or morphological differences, the
molecular data supports the recognition of multiple species within the P. tectorius complex.
However, given that hundreds of taxa have been described for the complex, future work is needed

to determine which of these should be recognized and which should be synonymized.
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CHAPTER 4

THE NATURAL HISTORY OF HALA (PANDANUS TECTORIUS) IN HAWAI‘I

An essay adapted from: Gallaher, T. (2014). The Past and Future of Hawaiian Hala. In L. O'Neill
Keawe (Ed.). ‘Ike Ulana: The Vitality and Vibrancy of Lau Hala Weaving Traditions in Hawai‘i.
The Hawai‘inuiakea Monograph (Vol. 3). Honolulu: University of Hawai‘i Press.

Hala or pii hala is among the most important plants in the ecological and history of
Hawai‘i and the broader Pacific. Once a major native component of the coastal and lowland areas
of Hawai‘i, hala forests have been nearly eliminated by human activity and with them valuable
ecological services may have been lost. Hala has also had a profound effect on the people of
Oceania. Their use of lauhala sails enabled them to move beyond the reef and become an ocean-
voyaging people capable of exploring the vastness of the Pacific. In addition, every part of this
tree has uses that have been critical to the cultural heritage and survival of the peoples of this
region. Because Hawaiian cultural heritage has been so intertwined with this natural resource, it is
important to understand the ecological history of hala, the challenges that have impacted its
survival, and the strategies being used to sustain it.

1. A Botanical Introduction to hala

In Hawai‘i, hala or pithala refers to species of small, often coastal, trees in the genus
Pandanus. This includes Pandanus tectorius which is native to Hawai‘i, and several more recent
introductions. Hala trees are easily recognized by their long strap-like and often prickly leaves
(lauhala), their aerial prop roots (‘ule hala), and by their large softball to basketball shaped
infructescence (ahui hala) which breaks apart when mature into numerous yellow to red wedge-
shaped fruit (Figure 4.1). The spiral appearance of leaves along the stem of juvenile trees is a
distinctive character, from which the first part of the common name ‘screwpine’ is derived. The
second part of this common name refers to the similarities between the fruit of Pandanus and that

of the pineapple.
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Figure 4.1 Parts of the pi hala (P. tectorius). A small grove of planted trees (top); Infructescence
and male inflorescence (middle); A single hala fruit split lengthwise showing the upper floatation
tissue, central hard tissue enclosing the several seeds, and the lower sweet tissue (bottom left);

and the distinctive prop roots of this species (bottom right).
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The genus Pandanus is a member of the plant family called the Pandanaceae. Fossil
evidence and molecular clocking using DNA indicates that the Pandanaceae evolved more than
75 million years ago, probably in Laurasia which consists of present day Europe and North
America (Kvacek and Herman, 2004). At that time, the global climate was much warmer than it
is today and Laurasia was a center of tropical plant diversity. The family has since moved
southward to the present day tropics and has diversified into five genera with approximately 800
species distributed from Africa eastward to Hawai‘i. The center of species diversity is located in
the Western Pacific. The Pandanaceae is not native to the Americas; however, the sister family to
the Pandanaceae, the Cyclanthaceae, is native to South America. In Ecuador, the leaves of one
species of Cyclanthaceae, Carludovica palmata (toquilla palm), are used to make the “Panama
hat”, which is regarded, along with the Hawaiian papale, as the finest plaited hats in the world.

Pandanus is dioecious, which means that there are separate male and female plants. The
male trees produce the hinano, an inflorescence composed of hundreds of small flowers which
release a copious quantity of pollen (ehu hinano). Throughout the sinano are white, strongly-
scented bracts (modified leaves) which have evolved to attract pollinators; however, the specific
animal pollinators are unknown and experimental studies indicate that, in Hawai‘i, the plant’s
pollen is primarily carried to the flowers of female plants by the wind (Cox, 1985). The female
flowers of Pandanus resemble a smaller version of the mature fruit cluster. Like the male flowers,
the female ones lack many of the more obvious flower parts such as sepals or petals and consist
only of the reproductive parts. The various raised black or brown protrusions that one sees on a
Pandanus fruit are the stigma, which receives the pollen. The pollen fertilizes the egg, contained
within the fruit which then develops into a seed. Each stigma represents a single flower; however
in P. tectorius and other related Pandanus species, between three and eight adjacent flowers fuse
to form the typical multi-seeded fruit or key. Fusing of flowers allows each fruit to contain
multiple seeds which increases the probability that the fruit will include both male and female
plants, an important characteristic for founding new populations. Female Pandanus trees are also
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able to form viable seeds even if the flowers have not been pollinated. This process, called
apomixis, allows for the proliferation of plants in new areas even when only a female is able to
establish. An apomictic female-only population can persist until such time that a male seed or
wind-blown pollen should arrive to re-establish a breeding population (Cox, 1985).
Pandanus is unusual in that its fruit can utilize two separate dispersal mechanisms. The fruit of
hala are attractive to animals such as crabs, tortoises, lizards, cassowary, rats, and flying foxes
which have all been observed feeding on the fleshy base of the fruit of various species (Lee,
1985; Ash, 1987; Cox, 1990b; Wiles, Engbring, and Falanruw, 1991; Bennett, 2000a; Gaulke,
2010). Animals are typically unable to damage the seed due to the hard bony endocarp (iwi hala)
which surrounds and protects the seeds. The fruit of many species of Pandanus are also buoyant
in water. These species utilize waterways such as rivers or lakes to disperse their fruit and a few
have evolved specific adaptations to the harsh conditions of the sea and coastal areas and rely on
ocean drift dispersal. Pandanus tectorius is one such species. In addition to tolerating temporary
salt-water inundation and the persistent salt spray associated with coastal areas, its fruit are
specially adapted to buoyancy on the ocean for long periods of time and the seeds contained
within are unaffected by prolonged saltwater exposure (Guppy, 1906a; Nakanishi, 1988). These
adaptations have allowed P. tectorius to spread throughout the tropical Indo-Pacific to become
the most widespread species in the family with a distribution from eastern Africa to Hawai‘i and
the South Pacific. Throughout this range, the species has taken on various regional forms and for
this reason several species are sometimes recognized; however, all of them together are known as
the Pandanus tectorius complex until the precise relationships among them can be more fully
understood (Stone, 1976).

Once a Pandanus fruit reaches a place suitable for establishment, the seeds germinate and
one to several small seedlings emerges from the fibrous end of the fruit. The stem first assumes a
leaning or trailing growth form for up to seven years until prop roots provide sufficient support to
allow the sapling to grow upright. This initial growth form may permit several seedlings to
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survive by allowing them to grow away from one another thus reducing competition for space
(Ash, 1987). After several years, the plant will assume a vertical growth form with limited
branching for approximately 9-12 years achieving a height of 3-5 m (10-15 ft). When grown from
seed, P. tectorius will begin flowering after 10-25 years and the production of flowers
corresponds with branching. Branching can also be induced if the growing apex of the tree is
diseased or suffers physical damage, dormant buds along the stem can develop new branches and
some of these may develop into plantlets complete with roots (Gallaher, personal observation).
Pandanus tectorius can grow to a maximum height of 9 m (30 ft.) and may live to approximately
60 years (Ash, 1987). Of nine hala trees planted (presumably as several year old saplings) at
Webster hall on the University of Hawai‘i at Manoa campus in 1961, four remain today (52+
years old), and these have the appearance of very old trees (Krajina, Rock, and St. John, 1962).
The leaves of Pandanus contain a wide array of natural plant chemicals including
pigments and phenolic compounds such as tannins (Londonkar and Kamble, 2009; Kumar et al.,
2010). These chemicals accumulate in the growing leaves over time and act to deter the activity
of insects and fungi. Some of the chemicals contribute to the red or brown color of the leaves,
while the density of fibers contributes to the durability and pliability of the leaf. Variations in
these leaf characters determine the suitability of the leaf for plaiting (Gwen Kamisugi, Personal
communication). A cross-section of a leaf (Figure 4.2) reveals an upper and lower leaf epidermis
which produces a waterproof wax and a regular pattern of fibrous vascular bundles that extend
from the upper to lower epidermis imparting strength to the leaf. Between these bundles are
nearly clear larger cells where water and leaf chemicals are stored surrounded by darker cells
where photosynthesis occurs. The clear storage cells are absent from the much thinner leaves of
coconut and the toquilla palm. Variation in the mechanical and chemical properties of lauhala
likely has a genetic basis and from out of this natural variation, lauhala practitioners have
selected favored trees with exceptional leaf-quality. Some practitioners have also observed that
the habitat in which the trees grow (i.e. at the beach vs. in the mountains) has a marked effect on
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the texture and workability of the leaves indicating an environmental component to the natural

variation (G. Kamisugi, personal communication).

Figure 4.2 Leaf cross-sections of hala (top), the Panama hat plant (middle) and coconut (bottom).
Fibers have been stained dark (purple/blue) with toluidine blue. This comparison illustrates the
unique structural features of hala particularly the regular arrangement of vascular bundles and
storage cells.

As hala trees age, their leaves and fruit become smaller and prop roots form just below
the terminal leaf clusters. If these branches should break off, perhaps during strong winds, the
entire terminal cluster of leaves and roots can form a new plant. This terminal cluster is
commonly cut from mature trees and used for vegetative propagation by people throughout the
Pacific. This method of propagation will ensure that the resulting tree will have similar properties
as the parent tree. Hala is also propagated by seed; however, the resulting plant may have a
different genetic makeup and therefore different leaf or fruit qualities from the mother plant.

2. Hala in Pre-human Hawai‘i
Pandanus tectorius evolved approximately 2-4 million years ago along the coast of

Queensland, Australia out of a group of Australian endemic species that inhabit various inland
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watercourses such as rivers, ephemeral streams, and swamps (Gallaher et al. unpublished data).
From those origins, the species has spread throughout the tropical Indian and Pacific Oceans
following ocean currents (Gallaher, unpublished data). Ancient (> 1.2 million year old) fossils of
Pandanus fruit found on the north shore of Kaua‘i provides the evidence that this species first
floated to the shores of Hawai‘i without the aid of humans (Cunningham, 1994). In addition to
hala, Freycinetia arborea, or ‘ie‘ie, is an indigenous liana (woody vine) of the Pandanaceae
which is pollinated and dispersed by birds and mammals and can be found growing on trees in
wet interior forests in Hawai‘i and in the South Pacific.

Pandanus tectorius is often among the first plants to colonize the shores of tropical
Pacific islands. For example, P. tectorius was already well established fourteen years after the
1883 eruption of Krakatoa “sterilized” the nearby island of Rakata and the species was recorded
on Anak Krakatau in 1934, only three years after the initial emergence of that island (Whittaker,
Bush, and Richards, 1989).

In Hawai‘i, hala is often an important component of relatively recent lava flows however
‘ohi ‘a (Metrosideros polymorpha) is typically the first flowering plant to establish due in part to
its dust-like seeds which are rapidly dispersed in the wind. Over time, hala may establish,
particularly in coastal areas and tends to replace ‘oA ‘a likely due to a higher tolerance of salinity
(Atkinson, 1970).! Once established, P. tectorius can form dense groves with few other species
present. This is in part due to the species ability to inhabit poor rocky soils and areas with
moderate slope. In addition the leaves of P. tectorius break down slowly over time resulting in the
buildup of a significant leaf litter layer which may inhibit the germination of competitor species®.

Over long time scales, and particularly in inland areas where Pandanus does not benefit from its

! Vegetation succession from ‘Ghi ‘a to hala can be observed today on old lava flows near the coast in Puna
on Hawai i Island.

2 Hawaiians may have taken advantage of this property of Pandanus leaves in the implementation of the pa
hala method of kalo propagation practiced in Puna, Hawai‘i in which kalo was planted within intact hala
groves and branches and leaves were then cut to cover the growing taro (kalo) plants. The leaves were
subsequently burned to provide nutrients for the kalo (Handy, Handy, & Pukui, 1972 p. 104-105).
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competitive advantage of salinity tolerance, Pandanus forest will eventually be replaced by more
long-lived species. In Hawai‘i, this would typically include mixed ‘64i ‘a and koa (Acacia koa)
forests which represents the more stable long term dominant vegetation type in Hawai‘i.
Pandanus may continue to be a part of these forest assemblies particularly along streams and in
areas with a moderate degree of slope.

Large naturally occurring coastal hala forests were once widespread along windward
areas of Hawai‘i. In some cases, these populations extended many miles inland reaching
elevations up to 610 m (2,000 ft.) (Wagner, Herbst, and Sohmer, 1999)%. Remnants of these hala
forests can still be found on O‘ahu, Hawai‘i Island, Maui, Molokai and Kaua‘i. On windward
O‘ahu, the remnants of a once larger hala forest can be found from ‘Olomana and through the
valleys and ridges of the Ko‘olau mountain range to Punalu‘u or even farther north at an elevation
of 120-450 m (400-1,000 ft.). At its southerly most point, the band of scattered hala trees extends
to near the base of the Nu‘uanu Pali where the hala grove known as Na Hala o Kekele, which has
figured prominently in several chants and legends, was once located. At the high elevation Ka‘au
crater on the island of O‘ahu, Pandanus pollen is recorded throughout the 28,000 year pollen
record. Presumably the pollen was blown up into the Ko‘olau mountain range from the windward
Pandanus forests. Pandanus pollen appears only as a trace however in the 3,000 year record of
the coastal Kawainui marsh indicating that the windward Pandanus forests of O‘ahu may not
have extended completely to the coasts in the drier areas such as in South Kane‘ohe, Kailua, or
Waimanalo but was somewhat confined to coastal or inland areas with higher annual rainfall.
(Athens and Ward, 1991; Athens and Ward, 1993; Hotchkiss and Juvik, 1999).

Based on occurrence data of natural populations of P. tectorius throughout the Pacific,
hala thrives in areas with annual rainfall greater than about 1200 mm (47 in.) and minimum

temperatures above 10°C (50°F) (Gallaher, Unpublished Data) (Figure 4.3; Table 4.1). Hala can

® It is unclear how hala reached so far inland. Perhaps now extinct large flightless birds or other unknown
animals were responsible although a slow progression inland without animal seed dispersers or the action
of tsunami waves is possible.
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survive in drier areas if there is an adequate supply of near-surface ground water. Certainly other
environmental factors limit the natural distribution of hala in Hawai‘i and the actual distribution
would be further restricted by limitations of seed dispersal into upland areas and by competition

with other native species.
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Figure 4.3 a) Potential distribution of hala in Hawai‘i (darkened areas) and some of the named
hala groves. The potential distribution is based on the rainfall and temperature tolerances of P.
tectorius based on data from throughout its natural range. This corresponds to areas in Hawai‘i
with a mean annual rainfall greater than 1200 mm (47 inches) a minimum temperature greater
than 10°C (50°F) and an elevation less than 450 m corresponding with the maximum elevation of
known collections (Thomson et al., 2006). b). Potential distribution less developed areas, modern
day agricultural areas and areas of invasive forest. Geospatial climate data from the Rainfall Atlas
of Hawai‘i (Giambelluca et al., 2012) and the Prism Climate Group (Daly and Halbleib, 2006).
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3. Pandanus and people

The genus Pandanus includes many species that are useful to people around the world
and humans have had a long history with the plant. In addition to the leaves, which was and
continues to be the most widely used natural fiber material in Oceania, nearly every part of the
plant has important uses. The role of hala in several aspects of Hawaiian material culture and its
role in expressive oral traditions are explored by other contributors to this monograph however a
few examples from throughout Oceania are also discussed here.

In addition to the ubiquitous use of leaves in plaited items, the large prop roots were a
source of fibers, which could be separated by beating, and fashioned into thread or rope
(Summers, 1990), the large above-ground root tips were a source of traditional medicine and the
trunks of large trees are used as posts for houses and as the main structural supports for much
larger structures®. Throughout Oceania, the highly fragrant male inflorescence is associated with
sexuality and promiscuity, and the scented floral bracts along with the soft and copious quantity
of pollen that is produced is considered an aphrodisiac.

The fruit of several species of Pandanus continues to be an important staple food
throughout the Pacific. Pandanus conoideus from New Guinea produces a fruit, high in beta-
carotene, which is eaten raw or processed into an array of food and beverage products. Pandanus
brosimos, P. julianettii, and P. dubius produce edible seeds, and P. amaryllifolius has aromatic
leaves used in Southeast Asian cuisine (Teng, Shen, and Goh, 1979; Hyndman, 1984; Yen, 1993).
Some of the earliest evidence for human habitation in the Pacific comes from 34,000-36,000
years old sites in the New Guinea highlands. Charred remains suggest that Pandanus was an
important food source for the earliest New Guineans in areas where food resources were

otherwise limited (Summerhayes et al., 2010).

* The author lived for two years on Onotoa Island in the Republic of Kiribati in a large house constructed
from Pandanus stem posts and Pandanus leaf thatch. The wall siding and lashing used to connect
everything together was made from coconut leaves and coconut fruit fiber. Large culturally important
meeting houses known as Maneaba are also made primarily from Pandanus (Maude, 1980).
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The fruit of P. tectorius played a similar role in the human colonization of the resource-
limited atolls of the central Pacific. In Kiribati and the Marshall Islands, Pandanus remains a
staple food source providing nutrients that are a limiting factor for human populations given the
relatively few plant species that can survive the poor coralline atoll soils. While the fruit of all P.
tectorius are edible, most wild plants, including those in Hawai‘i, have calcium oxalate crystals in
their fruit tissue. This is similar to the compound that is found in kalo (Colocasia esculenta). The
crystal is irritating or painful if the raw fruit is consumed; however, the crystal can be removed by
cooking. In the central Pacific, however, many cultivated varieties of P. tectorius have been
developed which are larger and less fibrous than wild forms and which have significantly less
calcium oxalate such that they can be eaten raw”. These varieties are also much more nutritious
relative to wild forms with up to 10 times the usual amount of beta-carotene which is an essential
yet otherwise rare nutrient in the diets of atoll people (Englberger et al., 2003; Englberger et al.,
2007). In addition to its central role as a food source, over 50 additional uses of Pandanus have
been recorded on the atolls of the central Pacific (Thaman, 1992). The importance of Pandanus
on Pacific atolls is also indicated by the hundreds of named cultivated varieties which can be
found on these small islands.

Probably the most important use of Pandanus, and one which is often overlooked, is the
use of lauhala to make /a or pe ‘a (canoe sails). While paddling canoes large and small were used
for short distance travel, near-shore fishing, reef gathering, and recreational activities throughout
the Pacific, these smaller canoes were rarely used for interisland travel. For long-distance
voyages, the people of Oceania relied primarily, if not exclusively, on sailing vessels with sails
made from lauhala. Such canoes were ubiquitous throughout both Polynesia and Micronesia. In

Hawai‘i, the sails were made from plaited lauhala strips that were lashed together and to the mast

® On the atolls of the central Pacific, Pandanus fruit are eaten raw or processed into several products, some
of which can be stored for years to be eaten in case of food shortage or taken on long-duration voyages. In
Kiribati, these preserved forms are still routinely given to friends and family who are leaving the islands for
a long trip abroad.
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with rope made from ‘olonda (Touchardia latifolia) (Haddon and Hornell, 1936). Micronesians
and Polynesians used these vessels to sail to virtually every island and remote archipelago in the
tropical Pacific possibly reaching South America (Balter, 2010; Jones, Matisoo-Smith, and
Ramirez-Aliaga, 2011). In a few cases however these appear to have been one-way voyages.
Hala was not able to establish on either Rapa nui (Easter Island) or in Aotearoa (New Zealand).
The lack of lauhala to make new sails may have resulted in the isolation of the communities on
these outposts of Polynesia and may have had an important impact on the development of those
societies.

4. Hala in Hawai‘i following Polynesian arrival

Over a million years after hala established itself on the shores of Hawai‘i, the first
Hawaiians arrived on voyaging canoes powered by the wind caught in lauhala sails. Those first
human voyagers most likely carried hala seeds or branches with them in order to establish groves
of the plant and ensure a future supply of the valuable leaves. Hala is therefore considered to be
both an indigenous (native) plant in Hawai‘i and a ‘canoe plant’ or Polynesian introduction.

In order to accommodate human occupation following the arrival of the first Hawaiians,
some of the natural forest had to be removed to make way for habitation and agricultural
activities, chiefly taro. For example, in 1789, Captain Portlock described the lowlands and valleys
of Kane‘ohe as being in a “great state of cultivation”. Clearing by Hawaiians either through
manual methods or the use of fire may have directly impacted and in some cases isolated
widespread hala forests away from their coastal origins to valley interiors and to areas protected
by cultural proscriptions. By one estimate, up to 10% of the total estimated potential area of hala
may have been impacted by intensive Hawaiian agricultural activities (Ladefoged et al., 2009).

People in Hawai‘i and throughout the Pacific may have promoted Pandanus by
influencing natural fire regimes or by using fire to clear unwanted vegetation. Pandanus, which
has a tolerance for fire, would have thrived in these recently cleared areas. An increase in
Pandanus pollen following human establishment is evident at Avai‘o‘vuna Swamp in Vava‘u,
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Tonga (Fall, 2005) and Tukou Swamp in Rapa, French Polynesia (Prebble and Dowe, 2008).
Similarly in Mangaia in the Cook Islands the expansion of hala as a dominant vegetation type
was likely influenced by burning of other vegetation types (Kirch, 1996). At Rimatara, in the
Austral Archipelago (French Polynesia), however the pollen record indicates a pre-human habitat
dominated by Pandanus followed by a sudden increase in both charcoal and taro (Colocasia)
pollen and a reduction in Pandanus pollen indicating that the area was converted from Pandanus
forest into taro agriculture. Pandanus pollen and macrofossils such as leaves and fruit became
more abundant at Maha“ulept, Kaua‘i following Polynesian settlement indicating that the early
Hawaiians either directly or indirectly promoted the spread of hala in some cases (Burney et al.,
2001a).

Whether the total extent of Pandanus increased or decreased in Hawai‘i following the
arrival of Polynesians is unknown; however, the act of naming hala groves may be one indication
that the value of maintaining hala groves as a resource was recognized and may also indicate
some degree of protection for these natural resources under traditional resource management
systems. Named hala groves or place names which include reference to hala can be found on all
of the islands of Hawai‘i capable of supporting hala forests. Puna on Hawai‘i island was also
known as Puna paia‘ala i ka hala (Puna hedged with fragrant Pandanus) (Handy, Handy, and
Pukui, 1972) and early European accounts suggest that hala forests on the eastern coast of that
island were widespread and extended many miles inland from Hilo to Kea‘au (Wilkes, 1845). In
Hana, Maui an extensive coastal hala forest, was known as Kahalaoweke (Kamakau, 1961). Na
hala o Nihoa referred to a hala grove near Kalaupapa, Molokai. Na@ Hala o Naue, at Ha‘ena,
Kaua‘i and Na Hala o Kekele on O‘ahu have figured prominently in several legends and chants.

In Hawai‘i, several varieties of hala were recognized and named (see Meilleur, Maigret,
and Manshardt, 1997). Some of the names may refer to varieties brought by Hawaiians from
elsewhere in Polynesia while others may refer to unique forms that first evolved in Hawai‘i and
were recognized for some interesting physical character. It is unclear whether specific varieties
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were propagated and perpetuated along with other useful plants or if the names refer to forms that
were observed from natural groves. The Hawaiian names for hala and other useful plants often
used a binomial or ‘two name’ system. Examples include hala ‘ula (red Pandanus) or hala
melemele (yellow Pandanus) referring to the color of the ripe fruit. This descriptive naming
system is consistent with that used by many other traditional cultures around the world and with
the system used by botanists and other biologists.

5. Hala in Hawai‘i post European contact

The arrival of Europeans in Hawai‘i and the corresponding shift in value systems and
resource requirements had significant effect on all of the natural resources of Hawai‘i including
hala. Natural or managed lowland forests were replaced by new agricultural activities. Chief
among these were the introduction of cattle and other livestock such as sheep and goats, sugar,
coffee, rice, and pineapple, (Devaney et al., 1982). While sugar and rice cultivation dominated the
lowlands, cultivation of coffee and pineapple could take place on terraced hills and the backs of
valleys. Cattle, goats and sheep were sometimes managed on pastures but often allowed to roam
free through native forests and agricultural lands alike.

The history of the hala grove of Kekele represents an interesting case study in the
changing practices of land management in Hawai‘i. In 1821, Hiram Bingham referred to a “dense
wood” at the base of the Nu‘uanu pali in the area known as Na Hala o Kekele (Bingham, 1849).
In 1839, the land was leased by King Kamehameha III and Ka‘ahumanu III to Boaz Mahune,
Jona Pi‘ikoi, and others to be used as cattle pasture. Some portion of the hala grove was still
present in November 1846 as seen by a crew member of the Danish ship the Galathea who
descended the Pali through a “Pandanus thicket” and emerged upon a clearing owned by
“Pikuiha” (possibly Jona Pi‘ikoi) which was occupied by numerous cattle (Bille, 1852). The
“Great Mahele” of 1848 which instituted private land ownership was followed by foreign land
ownership in 1850. The lands of Kekele, now divided, changed hands several times and were the
subject of an 1857 Hawai‘i Supreme Court case where it was established that cattle had been run
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over the land (Davis, 1866). A visitor to Hawai‘i in 1853 observed that the plains below the
Nu‘uanu pali had been cleared stating, “Hundreds of cattle may be seen feeding on the rich
pasture with which these plains are covered” (Bates, 1854). A similar observation was published
in a Hawaiian newspaper in 1866: “Kekele is the land just below Nu‘uanu, so fragrant with the
hala blossoms and fruit used for leis. It was a rich land a while ago but now there are not many
plants because animals (cattle, horses, etc.) are permitted there.” (Sterling and Summers, 1978).
With the abandonment of agriculture in the 1950’s, the area where Na Hala o Kekele was once
located is today covered with secondary forest dominated by alien species and developed areas
occupied by golf courses and houses.

The other named hala groves in Hawai‘i have faced similar challenges. Na hala o Naue
at Ha‘ena Kaua‘i is gone today. Many of the trees were killed by the April 1, 1946 tsunami with
subsequent suburban development taking over areas where the forest may have re-established
(Shepard, MacDonald, and Cox, 1950). A mixed forest which includes hala however can still be
found in nearby Hanakapiai valley. A few tracts of hala forest can still be found along the coast
in Puna on Hawai‘i Island although sugar cane followed by the encroachment of invasive species
and subsequent development has replaced much of these hala forests (Brigham, 1906). Large
groves of hala can still be found at Nihoa above Kalaupapa Molokai and in nearby areas (Bill
Garnett, pers. comm. 2013).

In many of the coastal areas of Hawai‘i where hala was once likely a dominant species,
two invasive species, now directly compete with Pandanus for habitat. The Pacific almond
(Terminalia cattappa) was first introduced to Hawai‘i prior to 1923 and ironwood (Casuaraina
equisetifolia) was introduced in the 1890’s and extensively planted in the 20" century based on
the notion that this species would provide protection from shoreline erosion (Wagner, Herbst, and
Sohmer, 1999; Kaufman and Gallaher, 2011).

At Hana, Maui, large coastal hala forests can still be found although these are under
imminent threat by the invasive scale insect, Thysanococcus pandani, which was accidentally
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introduced to the area likely on material imported to one of the botanical gardens. Prior to this,
the scale was only known from Java and Singapore. The scale was first observed in Hana in
November 1995 and by October 1996, it occupied a half mile strip along the coast. The scale
reached Ke‘anae by November 2002 and was found on the offshore islets of Keopuka, Moku
Huki, and Pu‘u K in 2005 (Starr, Starr, and Wood, 2006). The scale has presently spread to
virtually all areas of Maui. On September 25, 2013, the hala scale was identified by lauhala
weavers on cultivated hala plants on O'ahu. The scale insect covers the leaves and fruit of
Pandanus and feeds on sugars in the plant weakening or sometimes killing adult plants (Stickney,
1934) (Figure 4.4). Young plants are quickly killed and in any case the leaves of hala trees
infested with the scale are rendered useless to hala plaiters. Although this scale is a wingless
insect, it likely spreads by blowing through the air from plant to plant and may also be dispersed

by people who transport infested leaves or fruit.
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Figure 4.4 The Pandanus scale Thysanococcus pandani on leaves (left) and fruit (bottom) of
hala at Hana Maui. Close up of the scale insects (top and right).

Between 2003 and 2006, the scale was intercepted on five occasions by agricultural
inspectors in Los Angeles County, California. All of these were found on tropical flower
shipments originating from Maui (County of Los Angeles, 2004; Gevork Arakelian, Senior
Biologist, Los Angeles County, pers. comm. 2013). Due to funding and or staff limitations, the
State of Hawai‘i is not able to provide inspection services for interisland shipments and there are
currently no official restrictions on the import of infected Pandanus material from Maui (or
O'ahu) to other islands. In addition, there are no known effective measures to combat or control

the scale (Darcy Oishi, State Dept. of Agriculture, pers. comm. 2013).
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The Hawai‘i Department of Agriculture has recently begun to search for a bio-control for
the hala scale. The first step of this process will be a search within the native range of the scale
for a natural enemy such as a parasitic wasp or predator ladybug which exclusively parasitizes or
feeds upon Thysanococcus. Once a predator or predators are found, testing will be done in the
native range before regulatory approval is sought to conduct subsequent testing and finally
conduct controlled release of the bio-control in Hawai‘i. Any candidate bio-control must be
effective in controlling the scale insect and must not negatively impact any native or
commercially important organisms in Hawai‘i. Funding has recently been obtained by the State
Department of Agriculture to begin to address the hala scale problem and the timeline for these
efforts is 4-6 years following the identification of suitable bio-control candidates (Darcy Oishi,
pers. comm.). If the bio-control program is unsuccessful, the full impact of the scale will be felt in
Hana, Maui, in the next few decades as mature hala trees which make up much of the last
remaining nine square kilometers of P. tectorius forest in Hawai‘i reach the end of their lifespan.

By 1900, three additional species of Pandanus had been introduced to Hawai‘i (Thrum,
1900) and a variegated Pandanus was commonplace by 1915 (Bryan, 1915). The introduced
variegated P. baptistii, believed to be native to New Britain Island in Papua New Guinea, is a
“thornless” species which may revert to an all-green form. This all-green form, or perhaps
another variety with occasional white variegation along the leaf margins, became a favored
variety used by lauhala practitioners known as Kilipaki (lit. Kiribati or the Gilbert Islands) (Gwen
Kamisugi, pers. comm. 2013). The thornless species is today becoming a popular plant, often
replacing native “thorned” varieties in the urban landscape. These have been planted recently on
the University of Hawai‘i at Manoa campus to replace the older Hawaiian hala. Several other
species can be found today in botanical gardens, and private residences including the wide-leafed
P. dubius from the western Pacific. Some lauhala practitioners actively seek out and experiment

with these new introductions to find leaves with desirable color, strength and texture.
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Over the past two hundred years, the combined effect of agriculture, land development,
deforestation, and the introduction of invasive species has had dramatic consequences for the
native species of Hawai‘i. These modern factors have reduced the total potential area for hala
forest in Hawai‘i to approximately 33% of the total pre-human potential (Figure 4.3b; Table 4.1).
An analysis of actual vegetation types in Hawai‘i found that the total area of Pandanus forest is
approximately 9-10 square kilometers or approximately 1% of the total potential habitat (Gon et
al., 2006). Further, nearly all of the remaining hala forest is located on the island of Maui and is
threatened by the invasive scale insect.

6. The Future of hala in Hawai‘i

Despite the threats, hala is a very resilient species. Unlike many of the native species in
Hawai‘i, the survival of the species is not currently threatened. As an important ecological
component of the natural environment and as a natural cultural resource, however, Hala in
Hawai‘i is threatened. Changing values, resource needs, and cultural systems have removed any
protections on historical named groves and favorite trees. Adequate supplies of lauhala that meet
the stringent quality thresholds applied by practitioners are lacking and leaves for use in plaiting
are now being imported from other countries including Tahiti and the Philippines. Faced with
these threats, lauhala practitioners have taken on the role of resource managers. Lauhala groups
actively manage trees and at least one group has begun to establish new groves. The kumu
(teachers) of these groups are educating a new generation of practitioners, not only in the
painstaking skill of plaiting lauhala, but also in the process of propagating and tending hala trees.
They are learning how to recognize the natural diversity within the resource and select the trees
and leaves that will produce the highest quality results. As more individuals become aware of the
growing threats to sustaining this resource so important to Hawaiian culture, it is hoped that even
more solutions will be found to protect, nurture, and restore hala to levels needed to insure
sustainability of the resource and the cultural features it supports. Another positive development
is the use of hala trees in coastal and riparian (riverbank) restoration and erosion control
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programs. Pandanus has also been recommended for planting along suitable shorelines for
protection from the effects of erosion, storm surge and tsunami (Nandasena, Tanaka, and
Tanimoto, 2008). Hala is easy to grow and once established will perpetuate itself quite readily.
Replanting and adequate management along with protection from the scale insect will ensure that
hala will thrive in Hawai‘i both as an important ecological resource and as a treasured cultural
resource.
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Table 4.1 Area statistics for the total pre-human potential, Polynesian impact, and modern potential for Pandanus tectorius forest cover in

Hawai'‘i.

Island Total land Potential Potential  Post Post Estimated Percent Modern Total Actual
area habitat for area % Polynesian  Polynesian loss due to potential estimated modern
(sq. km.) P. tectorius  of total area % of Polynesian habitat loss from estimate

Potential agricultural potential
activities

Hawai‘i 10,433 1,524 15% 1,391 91.3% 8.7% 595 39.0%

Maui 1,883 346 18% 302 87.3% 12.7% 83 24.1% 8.934

O‘ahu 1,545 648 42% 602 93.0% 7.0% 161 24.9%

Kaua'‘i 1,430 662 46% 610 92.1% 7.9% 179 27.0%

Molokai 673 106 16% 99 93.8% 6.2% 72 67.8% 0.262

Lana‘i 364 0 0% 0 0

Ni‘ihau 180 0 0% 0 0

Kaho‘olawe 116 0 0% 0 0

Total 16,624 3,285 20% 3,004 91.4% 8.6% 1,090 33.2% 0.262
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CHAPTER5

CONCLUSIONS AND FUTURE RESEARCH NEEDS IN THE PANDANACEAE
& IN THE BIOGEOGRAPHY OF OCEAN-DISPERSED ANGIOSPERMS.

1. Summary of Key findings

The Pandanaceae includes 600-800 species in five genera and is widely distributed in the
paleotropics from Africa through to the Pacific. Relationships within the Pandanaceae have been
obscure due to conflicting phylogenetic studies and the lack of understanding of character
development in the family. In addition, the correct identification of species within each genus is
quite challenging and following the deaths of Harold St. John (1892 - 1991) and Benjamin Stone
(1933 - 1994) there have been few experts in the family to provide confirmation. With the notable
exception of studies of phytochemistry (for example see Nonato et al., 1993; Takayama et al.,
2000; Al-Turkustani, 2013), there have been few recent studies on the Pandanaceae. This has
unfortunate consequences, as for example, in the Philippines, forest inventory programs often
ignore species of Pandanaceae since there is no one in the country who can identify them
(Regielene Gonzales personal communication).

The first goal of this research was to resolve some of the outstanding systematic and
taxonomic issues in the Pandanaceae. In the first stage of the research (Chapter 2), DNA
sequence based analyses were used to infer a well-supported phylogeny at the generic level
within the family and at the sub-generic level within Pandanus. This work also identified the
origins and composition of the P. tectorius complex. In the second phase of the research (Chapter
3), a population genetics approach was used to address the “Pandanus tectorius problem.” (i.e.
how many species should we recognize within the complex given the observed diversity).
Although the problem was restricted to this particular clade, in this author’s opinion, the problem

cast suspicion on whether species humber in other groups within Pandanus were inflated due to
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species plasticity. The results presented here support a multi-species concept within the P.
tectorius complex given that much of the diversity within the group has a genetic basis.

The second goal of the research was to investigate biogeographic patterns in the family,
particularly with regard to the age and geographic origins of the family and the history of ocean-
dispersal which is partially responsible for the very wide distribution of the family. The age of the
family was inferred in a Bayesian framework using fossil calibrations and characters related to
dispersal were annotated on the resulting phylogenetic tree. The origins and spread of the family
were inferred from the results given our current understanding of global tectonic events. The
patterns found at the family level suggested that ocean-dispersal has had a long history within the
Pandanaceae and that the condition of ocean-dispersal has likely been lost and regained within
several lineages. These, and other biogeographic hypotheses, were examined in greater detail
using the actively ocean-dispersing P. tectorius complex. Our results indicate the presence of
barriers between sub-populations throughout the range of the complex (i.e., populations are not
panmictic). Barriers to gene flow include physical barriers between and within oceans and the
establishment of inland populations away from coastal areas. Isolation by Euclidean distance is
likely an important factor leading to the divergence of populations as well; however, this measure
is likely a proxy for the more complex patterns generated by regular ocean currents. The
incorporation of ocean-current simulations has recently proven to be powerful in estimating
population structure among marine (non-plant) organisms; however, the methods are still in an
early stage and were not implemented in this study (Putman and He, 2013).

This dissertation specifically addressed several hypotheses related to the above two main
areas of research. In the following sections, each of those hypotheses is restated, and the evidence

which rejects or fails to reject each of those hypotheses is summarized.
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2. Hypotheses tested and outcomes

Hypothesis 1:
Ho: One of the existing phylogenetic hypotheses of generic and sub-generic relationships
within the Pandanaceae (See table 4 and table 5, Chapter 1) is supported by chloroplast
and nuclear DNA sequence data.
Hi: Some other set of relationships is supported.

Using both nuclear and chloroplast DNA sequence data with both a maximum likelihood
and Bayesian approach, the data strongly support the following set of generic relationships within
the Pandanaceae (Sararanga (Freycinetia (Martellidendron (Benstonea + Pandanus)))). These
results are consistent with those of Buerki et al. (2012a); however, in that analysis, which used
chloroplast sequences only, the relationships between Martellidendron, Benstonea and Pandanus
were not resolved. The very high bootstrap and Bayesian posterior probability support found in
our analysis (Bootstrap = 100, BPP = 1.0) for generic relationships allows us to reject any other
set of relationships given the available data. It is possible, however, that the addition of more
DNA regions or the inclusion of more taxa in future studies could support an alternative set of
relationships.

Relationships at the subgeneric level within Pandanus are somewhat more difficult to
interpret due to the small number of species sampled within the genus in this study. The analyses
presented here rejects the sub-generic concept of St. John (St. John, 1960) which divided species
into two subgenera based on carpels being free or fused. Additionally, the data show that the
subgenera recognized by Stone (1974), with the exception of subg. Vinsonia are not
monophyletic. Rather, this analysis recovered two major clades within Pandanus consistent with
the two clades identified in the phylogeny of Buerki et al. (2012a). There are also no readily
apparent morphological synapomorphies for each of the two Pandanus clades recovered here. For
example, there was no phylogenetic pattern among the distinguishing characters highlighted by
St. John and Stone as both clades include species with multiple fused carpels per fruit or free
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carpels and there is no consistency in the arrangement or form of the stigma. In addition, both
clades have species with or lacking prickles on the lateral leaf pleats (not to be confused with the
margins where the unarmed condition is quite rare). Synapomorphies to unite species within each
of the two Pandanus clades may be found in the male inflorescence, but such information is
currently lacking for many species as males are only rarely collected and specimens are often
poorly preserved.
Hypothesis 2
H;: The Pandanaceae has a Gondwanan origin with an extant distribution resulting in
part by vicariance events related to the breakup of the Gondwana supercontinent.
H,: The Pandanaceae has a Laurasian origin with an extant distribution resulting
primarily from long distance dispersal.

While it is impossible to know the actual origins of the Pandanaceae, (or for any lineage
with a deep time dimension for that matter) a total evidence approach based on our findings fails
to support a Gondwanan origin (H;) and suggests that a Laurasian origin is more likely (H,). The
previous hypothesis of a Gondwanan origin was based primarily on the extant distribution of the
family on former Gondwanan landmasses (particularly Pandanus in Madagascar, Africa and
Australia), on the notion that the Pandanaceae was a relatively old family which predated the
breakup of east Gondwana, and that the genus Pandanus, with morphological characters once
thought to be pleisiomorphic, was likewise an old lineage within the family. The age-calibrated
phylogeny inferred here suggests that the family had its origin in the Late Cretaceous and that
much of its distribution on former Gondwanan landmasses is the result of long-distance ocean-
dispersal beginning in the Oligocene-Miocene. The genus Pandanus is not particularly old,
rather, it is nested within the family and has its origin in the Miocene. While the Martellidendron
lineage probably reached Madagascar in the Oligocene, the Pandanus lineages which have
colonized former Gondwanan landmasses have done so quite recently. Pandanus subg. Vinsonia
probably reached Madagascar and Africa in the Miocene while subg. Pandanus reached Australia
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in the Pliocene with the P. tectorius complex, colonizing Africa within the past three million
years. In all cases these lineages have an inferred age well after the final breakup of Gondwana.
Hypothesis 3.
Ho: Sub-section Pandanus (a.k.a. the P. tectorius complex sensu Stone 1974) is
monophyletic
H;: Sub-section Pandanus (a.k.a. the P. tectorius complex sensu Stone 1974) is not
monophyletic

The phylogenetic reconstruction presented in chapter 2 shows that the P. tectorius
complex, as described by Stone (1974) and formally recognized as Pandanus subg. Pandanus
section Pandanus subsection Pandanus, is paraphyletic with respect to one species, P. conicus,
formerly assigned to and serving as the type species for Pandanus section Australibrassia. This
species, which is endemic to coastal rainforests in northeastern Queensland, was found to be
nested within the P. tectorius complex.

Hypothesis 4.
Ho: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is
genetically homogenous (i.e., low levels of sequence divergence).
H,: Sub-section Pandanus (a.k.a. the P. tectorius complex) (sensu Stone 1974) is
genetically heterogeneous and bifurcating structure can be detected using standard
phylogenetic inference.

In the phylogenetic study (Chapter 2) genetic structure within the P. tectorius complex
was supported; however, this was based on a very small number of variable base pairs within the
sequence data. Additionally, the data produced in the population genetics study (Chapter 3)
showed structure, albeit with reticulation, within the complex. The greatest genetic distances
observed (Carvalli-Sforza and Edwards distance) indicated a wide separation between the
Hawai‘i + S.E. Pacific populations and all other populations. This result was not apparent in the
phylogenetic sequence based study where samples from Hawai‘i and the S. E. Pacific were
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scattered and nested throughout the complex. It is unlikely, given the data, that there is tree-like
bifurcating structure among the organisms sampled in the P. tectorius complex. The network-like
results, in both sequence-based and microsatellite-based analyses, are consistent with a much
more complex reticulating pattern of gene flow among most populations. The microsatellite-
based analysis in particular showed strong geographic structure among populations. Genetic
distances and Fst values however indicate a degree of isolation among regions indicating that
populations within regions may be connected by only infrequent gene flow either due to the
patterns of ocean currents or due to dispersal inland and away from coastal populations. Some of
the most morphologically diverse taxa within the complex including P. arapepe and P. conicus,
for example, are nested within sub-clades represented by other taxa in these analyses.
Hypothesis 5.

H,: Coastal populations of P. tectorius (and closely related taxa) from throughout its

range do not exhibit significant subpopulation structure (populations panmictic — no

genetic breaks).

H;: Significant subpopulation structure exists between coastal populations of the P.

tectorius complex from throughout its range.

In order to address the question of subpopulation structure within the P. tectorius
complex several approaches were taken based on the microsatellite data-set (Chapter 3). Standard
population genetic parameters including Fsr values and Carvalli-Sforza distance matrices were
calculated per population pair and substructure was tested for using principle coordinates analysis
of individual genotypes, AMOVA partitioning of molecular variance, STRUCTURE analysis of
individual population assignment, Mantel tests of isolation by distance, and BARRIER analysis
which combines genetic distance matrices with geographical position.

All tests support that the sampled sub-populations are not panmictic (Ho), rather,
significant sub-structure is evident among the coastal populations (H,) and the sampled
populations show a high degree of geographic clustering. Isolation by distance is an important
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component explaining the molecular variation among the coastal populations. In addition, certain
genetic-geographic discontinuities, not necessarily related to linear distance, were detected in the
data. The STRUCTURE analysis revealed that the highest level of population substructure
separated samples into two clusters, with the first corresponding to populations in Hawai‘i and
the coastal southeast Pacific and the second comprising all other samples from the western Pacific
through to Africa. The mechanism maintaining this structure is unknown. Elsewhere throughout
the range populations from areas surrounding the South China Sea formed a cluster suggesting
that the passages connecting the South China Sea to the broader Pacific has served as an
important barrier to gene flow. Populations in the Indian Ocean clustered together suggesting that
these have been isolated to some degree from migrants originating in the Pacific. The few narrow
straights of the Indonesian seaway appear to allow only limited migration between the Pacific and
Indian Oceans. At higher stands of the sea, the seaway would have represented a near total
barrier. Other discontinuities indicate isolation among several of the sampled populations in the
western South Pacific while populations in Australia, the central Pacific and North West Pacific
formed a clade without clear geographical separations indicating a situation which more closely
resembles panmixia within that region.
Hypothesis 6.

H;: Ocean currents are responsible for genetic structure among coastal populations of

the P. tectorius complex.

H,: Structure between coastal populations within the P. tectorius complex is due to some

other mechanism.

At this time, the data, or more specifically the available analytical methods, are not
sufficient to test the degree to which ocean currents are responsible for the population
substructure patterns that were observed. There are four main currents in the Pacific which would
likely have an impact on the distribution of floating propagules. The Kuroshio Current is a north
flowing current in the northwest Pacific which begins near Taiwan carrying near-surface water
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towards the North Pacific Current. The current then flows eastward towards north America before
reaching the California Current which moves southward and merges with the North Equatorial
Current which moves westward through the North Pacific Ocean completing a clockwise circuit.
This is the likely pathway for ocean-dispersed propagules, which originate in the west Pacific, to
reach Hawai‘i. A similar but counterclockwise set of currents is found in the South Pacific Ocean
and the two rotating sets of currents are separated by the slow eastward moving Equatorial
Counter Current. Flow between the Indian and Pacific oceans is primarily in the westward
direction through the very narrow passages of the Indonesian seaway (Gordon, 2005). Within the
Indian Ocean, the primary direction of flow is also westward following the South Equatorial
current in the Indian Ocean.

From these general ocean-circulation patterns, several spatial hypotheses of population
substructure for ocean-dispersed angiosperms can be formulated. For example we might expect
North Pacific and South Pacific populations to be more closely related to one another with an
intermixing in the far western Pacific where near-shore surface currents can allow more frequent
interchange between the North and South Pacific (Nikolai Maximenko personal communication).
Crossing of the equator elsewhere in the open Pacific would be less likely due to the slow
westward and eastward flowing currents at the equator. Populations in the South China Sea and
Indonesia, Borneo and New Guinea would likely provide the migrants for populations in the
Indian Ocean and back-dispersal into the Pacific would be unlikely.

Hypothesis 7.
Ho: The widespread coastal P. tectorius complex has not given rise to inland species.
H;: The widespread coastal P. tectorius complex has given rise to inland species.

The P. tectorius complex, while primarily occupying coastal areas, is associated with
several inland lineages. These lineages include several other sections of subg. Pandanus, the
largest of which can be found in Australia (8 spp.), the Philippines (17 spp.) and New Guinea (6
spp.), and several single island or single archipelago endemic species including P. forsteri
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(subsect. Insulanus, Lord Howe Island), P. kanehirae Martelli (section Palauensis, Palau), P.
kusaicolous (Kosrae), P boninensis (Bonin Islands), P fragrans (Guam), P. reinekei (American
Samoa), P. lanutooensis (Western Samoa) P. papenooensis, P. tamaruensis and P. temehaniensis
(Tahiti), P. mei (Marquesas), P. sp. nov. (Makatea Island) and P. arapepe (Cook Islands). To this
list we can add P. conicus (Australia), which was found to be a member of the complex. All of
these putative taxa are represented by inland populations rather than coastal populations (with the
exception of P. fragrans and P. boninensis which are found in both inland and coastal areas).
While not all of these taxa were sampled in the analyses presented herein, several conclusions can
be drawn from the available sampling. First, the phylogenentic study (chapter 2) found that the
lineages in the Philippines, Lord Howe Island and Palau (P. kanehirae) were not closely related
to the P. tectorius complex. With regards to the Australian members of subg. Pandanus, the P.
tectorius lineage is nested within the Australian clade indicating that the Australian clade gave
rise to the P. tectorius lineage and is not derived from it. The remaining single island endemic
species that were sampled (P. conicus, P. kusaicolus, P. arapepe, P. papenooensis, P.
tamaruensis, P. temehaniensis, P. mei, P. boninensis, P. sp. nov. (Makatea Island), and P.
fragrans) were all found to be nested within the P. tectorius complex and could represent species
derived from the complex if sufficient evidence exists to warrant their recognition at distinct

species.

The population genetics study showed significant levels of isolation and divergence for
several of these putative taxa. Pandanus conicus, which is not strictly coastal, but which is found
in coastal rainforests in Queensland, had high Fsr values relative to all other populations within
the complex indicating genetic separation from other populations. The population of P.
boninensis in the Bonin Islands also had a high degree of isolation from other populations,
indicated by high Fst values. Takayama et al. (2008b) similarly found that Hibicus glaber in the

Bonin islands were genetically distant from the closely related and widespread H. tiliaceus and
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suggested that an initial colonization by the widespread species gave rise to the endemic with a
subsequent recent re-colonization of the coastal areas by H. tiliaceus. The upland Pandanus
species from Tahiti represented by P. temehaniensis, P. tamaruensis, and P. papenooensis were
also differentiated genetically from their coastal counterparts (but not from one another) and were
more closely related to populations in the western Pacific and not to the coastal populations now
present in the S.E. Pacific which are more similar to populations in Hawaii. This case is similar to
the pattern described above for Hibiscus in the Bonin Islands. The upland Pandanus lineage in
Tahiti also appears to have been the source of the endemic P. arapepe in the Cook Islands ('Atiu
and Ma'uke islands). Although the upland Tabhiti taxa and P. arapepe form a clade and are very
close genetically, they are highly divergent morphologically as P. arapepe has small fruit with 1-
2 carpels while the upland taxa in Tahiti have large fruit with numerous carpels per fruit. The
upland Suva population also was highly differentiated from its closest coastal counterparts
indicating isolation and divergence of the inland population. The relationship between the coastal
P. tectorius in Kosrae and the upland P. kusaicolous was not very strong perhaps indicating very
recent colonization of the upland areas in that case or ongoing gene flow. Similarly, P. fragrans
which is a mostly inland taxon in Guam was not genetically differentiated from the coastal
populations of P. tectorius from the surrounding region. Overall, three of the five inland
populations examined were divergent from their coastal counterparts indicating that the
widespread lineage has given rise to upland endemic taxa throughout its range supporting that
hypothesis (H,). Several other unsampled taxa including P. mei, P. reinekei, and P. lanutooensis
are good candidates for further study to determine their distinctness as they are both

morphologically divergent and restricted to upland areas on their respective islands.

3. Additional work completed and in progress related to the dissertation

As part of the ongoing dissertation research, several additional projects were initiated.

This includes a revision of the Philippine Pandanaceae and a revision of subgenus Pandanus.
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Unfortunately, due to time constraints, these projects were not completed in time to be included
in the dissertation. A draft key to the Philippine Pandanaceae, however, was completed and
distributed to several people working on the Philippine flora. A further revision of the
dichotomous key which includes approximately 80 species is how available from the author and
will be included as part of the planned published revision. The author received the Jose
Cuatrecasas grant from the Smithsonian institute and visited the exceptional collection of
Philippine specimens held at the Smithsonian for two weeks during the summer of 2013 to record
morphometric data for the project.

The results from the combined studies presented in this dissertation provide a framework
for a revision of Pandanus subg. Pandanus, including a revision of the P. tectorius complex.
Beginning in 2014, the author will conduct a morphological assessment of the numerous taxa
attributed to this clade with the goal of producing a synthetic revision in order to identify the most
likely candidate taxa for recognition at the species level.

4. Research priorities in the Pandanaceae

The results of this research greatly improve our understanding of relationships within the
Pandanaceae and its biogeographic history. The chloroplast and nuclear markers that were
developed also provide a good framework for future phylogenetic and taxonomic studies. This
project also demonstrated a wide utility of the microsatellite markers initially developed for P.
boninensis (Setsuko et al., 2012).

There is a notable lack of ecological studies in the Pandanaceae which is currently
hampering our understanding of some of the mechanisms driving evolution of the group. Much of
the variation which defines species and clades in the family can be observed in the inflorescences
(male and female) and fruit and the bracts subtending inflorescences of various species and clades
differ in color, scent, and texture. The fruit also differ in size, shape, degree of fleshy mesocarp,
proportion of floatation tissue, and the fusion of carpels. The degree of morphological variation
present in the reproductive structures suggests that pollination and seed dispersal have been
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important factors contributing to cladogenesis. While there have been numerous anecdotal reports
of pollination and seed dispersal there have been few studies to quantify these (Cox, 1990a). One
ideal location for the study of pollination and seed dispersal is the Philippines where several
species can often be found growing in sympatry. While P. simplex from the Philippines is known
to be dispersed by monitor lizards (Bennett, 2000b), the dispersal agents are unknown for the
remaining 50+ species of Pandanus and the 27+ species of Freycinetia. Pollinators are also
completely unknown. While collecting Pandanus in Hawai‘i, Australia, and the Philippines, the
author has observed many ecological relationships involving Pandanus including a consistent
relationship with a species of spider and individuals of P. cookii in Queensland. Additionally, on
several occasions in the Philippines, land crabs were observed apparently breeding in the leaf
axils of various Pandanus species. Whether these associations are casual or obligate is unknown
and unfortunately, since these observations were not a main focus of the dissertation, only

photographs remain to document these interactions.
5. Research priorities for the biogeography of ocean-dispersed angiosperms

The P. tectorius complex is an ideal model for future studies on ocean-dispersed
angiosperms, particularly within the Indo-Pacific. Unlike many species that are members of the
coastal strand community that are either widespread without differentiation or localized, the
complex is widespread with differentiation which allows us to detect the biological relationships
between geographic areas and understand the processes which have produced those patterns.
Future work on ocean-dispersed angiosperms should specifically simulate dispersal over ocean
currents and test whether there is concordance between the genetic differentiation and the
simulated dispersal time and frequency between regions for a variety of taxa. This type of work
has recently been implemented with marine organisms. Understanding patterns in angiosperms
would enable us not only to understand the historical biography of ocean-dispersed species but to

predict the spread of ocean-dispersed invasive species. This work could have important
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implications, for example, for the management of marine protected areas and bird sanctuaries
such as the Phoenix islands and the Northwest Hawaiian Islands, both of which have ecosystems

where terrestrial plant, avifaunal, and marine communities are highly interconnected (Gordon,

2005).
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