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two general responses in non-native plant species. One group of species was
apparently dependent on ungulate disturbance; in ungulate-free areas, these
species began to decline immediately. One example in Kipahulu rain forests was

thimbleberry (Rubus rosifolius), whose local dominance was largely replaced by

native ferns following ungulate removal. The other group of species, problematic
for land managers, was those that did not decline following ungulate removal but

continued to spread.

After protection from feral pigs, native plant species in Kipahulu have become
increasingly more dominant as indicated by the increasing cover of native
herbaceous species and increasing occurrence of younger size classes of shrubs
and trees. In many areas within Kipahulu Valley, recovery of native vegetation
has restored an apparently intact native ecosystem. Though over 100 non-native
naturalized plant species have been recorded in Kipahulu Valley (Medeiros et al.
1998), only a few species continue to pose a significant threat to the long-term
conservation of this area. Three of them have been identified as among the most

invasive and modifying of invasive plant species: Clidemia, Hedychium, and

Psidium (Anderson et al. 1992; Medeiros et al. 1995).

II. STUDY SPECIES

Clidemia hirta is native to Mexico, the West Indies, Central America and northern

South America to Bolivia and southern Brazil (Gleason 1939; Smith 1992)
(Figure 1). In its native range in Trinidad and Jamaica, C. hirta is a species of
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secondary succession, characteristically found in moist, shaded localities, on the
edges of clearings and stream-banks, in ditches, along paths and roadways and
in moist pastures and thickets from 30-900 m elevation (Cronk and Fuller 1995).
Inadvertently introduced throughout much of its non-native range, presumably
with seed-infested soil, it has become widely naturalized and, in many areas, is

considered to be a threat to native vegetation (Table 1, Figure 1).

In the Hawaiian Islands, Clidemia was first reported in 1941 (on O’ahu) and on
Maui on Haleakala (East Maui) in 1976 and West Maui in 1982. On O’ahu where
the species has had the longest tenure, Clidemia is ubiquitous in wet areas and
in many places comprises the dominant vegetation. Populations increased
dramatically on Kaua'i following hurricane-induced canopy disturbance. In areas
such as Lumahuli, increases in Clidemia after Hurricane lwa (1992) were

estimated as fifty-fold within a few years (S. Perlman and K. Wood pers. comm.).

Eleven years after the first report of Clidemia on Maui in 1977, the area of its

occupation in wet windward forests was estimated at 1200 ha (Medeiros et al.

1989). In 1988, Clidemia was first discovered in Kipahulu Valley at 855 m
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Table 1. Naturalized range of Clidemia hirta. In areas indicated by an asterisk,
the species is considered to be a threat to native vegetation.

Area Reference

Africa;

*Tanzania

(“On the African continent, the unique Eastern Usambara mountain range of
Tanzania is under threat from alien vines and shrubs, including Clidemia hirta
and Lantana camara” Murphy 1998); Sheil 1994

Asia:

Borneo (Brunei, Sabah) Cronk and Fuller 1995; pers. obs.

Java Cronk and Fuller 1995

India Cronk and Fuller 1995

*Peninsular Malaysia Peters 2001; Wee 1970

*Singapore

(“...only a tropical American, bird-dispersed shrub Clidemia hirta (L.) D.

Don...(occurs) in primary and tall secondary forest patches” Teo et al. 2003)
also Turner and Tan 1992

*Southeast Asia Weber 2003; Cronk and Fuller 1995
Sri Lanka Ashton et al. 2001
Taiwan Yang 2001

Eastern Australia:

*northern Queensland

(This species, first discovered in 2001 at a former tropical palm nursery site, has
apparently been present since at least 1996. Based on field observations, local
dispersal of seeds by birds (possibly fruit-eating doves and pigeons) appears
very likely. An early eradication program is underway.) Smith 2002; F.D. Panetta
pers. comm.; G. Werren pers. comm.
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Indian Ocean islands:

Comores Cronk and Fuller 1995
*La Reunion Strasberg 1994; S. Baret pers. comm..
Madagascar Binggeli 2003

*Seychelles (Silhouette and Mahe islands. Control and restoration program
ongoing in Morne Seychelles National Park.) Weber 2003; Gerlach 1993;
Friedmann 1994; Cronk and Fuller 1995

Pacific Ocean islands:

*American Samoa
(Tutuila, Ta'u, Ofu, and Olosega islands)
T. Togia pers. comm.; Whistler 1983

*British Solomon Islands Weber 2003; Cronk and Fuller 1995

*Fiji (Viti Levu, Vanua Levu, Taveuni, Kandavu, Yasawas islands)
Smith 1985a; Meyer 2000

*Futuna Cronk and Fuller 1995; Meyer 2000

Guam Cronk and Fuller 1995

*Hawaiian Islands (Kaua'i, O'ahu, Moloka'i, Lana’i, Maui, and Hawai'i islands)
Smith 1992

Palau (Belau) Whistler 1995

*Solomon Islands Weber 2003; Swarbrick 1997; J. Space pers. comm.

Tonga

(reported by Cronk and Fuller 1995 but not seen in recent survey — possible

mistaken report) Space and Flynn 2001

*Vanuatu Weber 2003; Swarbrick 1997; J. Space pers. comm.

*Wallis Cronk and Fuller 1995; Meyer 2000

*Western Samoa (Upolu and Savai'i islands)
Meyer 2000; Whistler 1983
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Figure 1. Native and naturalized range of Clidemia hirta (green dots are native
range; red dots are invasive range).

19



elevation (Medeiros et al. 1998). Despite substantial control efforts by
management since that time, well-established populations of Clidemia persist in

the valley and continue to spread at 825-1040 m elevation.

Hedychium gardnerianum is a cold tolerant, large (to 2 m height) ginger, native to

the Himalayas and adjacent regions (Nagata 1990) (Figure 2), where it occurs at
least up to 2500 m elevation (Graf 1992). The species was first collected by Dr.
Nathaniel Wallich in Katmandu in the early 1800s, cultivated at the botanical
gardens at Calcutta, India, and introduced to England in 1823 (Clay and Hubbard
1987). Widely cultivated in the tropics for its attractive, fragrant flowers, it has
become widely naturalized and is considered to be a threat to native vegetation

(Table 2, Figure 2).

In Hawai'i, Hedychium was introduced relatively recently (before 1943), yet is
widely cultivated and considered one of the most attractive and desirable gingers
for home gardens (Kuck and Tongg 1943; Neal 1965). It is well known as kahili

ginger or “awapuhi kahili for the similarity of the yellow and red inflorescences to

Hawaiian feather staffs, the kahili (Kuck and Tongg 1943). The Hawaiian name,
kahili ginger, is now used worldwide as the common English hame for this
species (Graf 1992); the local Creole name on Reunion island is longose (Strahm

1999).
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Table 2. Naturalized range of Hedychium gardnerianum. In areas indicated by an
asterisk, the species is considered to be a threat to native vegetation.

Area Reference

Africa;

*South Africa (Natal; declared Category 1 Weed by the National Botanical
Institute of South Africa http://www.plantzafrica.com/miscell/aliens2.htm) Weber
2003; Henderson 1995; Cronk and Fuller 1995

Australia (northern New South Wales and southern Queensland) Weber 2003;
Lazarides, Cowley, and Hohnen 1997

Atlantic Ocean islands:

*Azores (Sao Miguel, Pico, Flores, and Terceira islands) Weber 2003; Cronk and
Fuller 1995; C.W. Smith pers. comm.

Madeira Cronk and Fuller 1995

Caribbean islands:

*Jamaica (e.g., Blue Mountain National Park)

(“The gradual change of the floristic composition of the forests due to invasion by
aggressive alien species in underway in some parts. Particularly troublesome in
the Blue Mountains are Pittosporum undulatum and Hedychium gardnerianum”
http://www.nmnh.si.edu/botany/projects/cpd/ma/cb10.htm) Weber 2003; Grubb
and Tanner 1976.

Indian Ocean islands:

*La Reunion (In 2000-2001, this species eradicated from Les
Makes Biological Reserve, C. Lavergne in litt.) Strahm 1999; Macdonald et al.
1991; Cronk and Fuller 1995

Pacific Ocean islands:

*Hawaiian Islands (Kaua'i, Lana’i, Maui, and Hawai'i islands)
Nagata 1990; Wagner, Herbst, and Sohmer 1990
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*New Zealand (North Island and the north and west portions of South Island
including Adele and Mercury islands) Weber 2003; M. Newfield pers. comm.; C.
Buddenhagen pers. comm.

South America;:

Brazil C. Smith pers. comm.

Figure 2. Native and naturalized range of Hedychium gardnerianum (green dot is
native range; red dots are invasive range).
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In Hawaiian wet forests, this ginger forms dense thickets and is now recognized
as one of the worst invasive plants of that community on the islands of Lana’i,
Maui, and Hawali'i (Wagner et al. 1990). In rain forests of the Kilauea district of
Hawai'i island, near Hawai'i Volcanoes National Park, this species has reached
such densities in the understory of Metrosideros-dominated rain forest that it

apparently threatens the long-term survival of that ecosystem

On Maui, Hedychium was introduced as an ornamental to the Nahiku and Hana
districts of windward East Maui (Haleakala) in the 1950s (L. Oliveira pers.
comm.). Currently, at least three major naturalized Hedychium populations are
known from Maui: upper Makawao F.R., Nahiku- Hana, and Kipahulu Valley. In
Kipahulu Valley, Hedychium was first recorded in 1988 (Higashino et al. 1988).
Currently, four primary populations and numerous satellite populations of this

species are known in the valley at 730-1160 m elevation.

Psidium is native from Brazil to Uruguay in South America (Wagner et al. 1990)
(Figure 3). Common English names include strawberry guava (used in Hawai'’i),
Chinese guava (Indian Ocean islands), cherry guava (Australia), and purple
guava (Caribbean, New Zealand) (Owen 1997; Tankard 1987; Wagner et al.
1990). Introduced and cultivated worldwide in tropical and subtropical areas by
humans for its edible fruit, Psidium has become widely naturalized (see below)
and, it has become widely naturalized and is considered to be a threat to native
vegetation (Table 3, Figure 3).
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Figure 3. Native and naturalized range of Psidium cattleianum (green dot is
native range; red dots are invasive range).
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Table 3. Naturalized range of Psidium cattleianum. In areas indicated by an
asterisk, the species is considered to be a threat to native vegetation.

Area Reference
East and West Africa:
Ghana Sem 1984

*South Africa

Tanzania

Northeastern Australia:

*Queensland

Southern Asia:

India

Sri Lanka

Caribbean islands:

Bermuda

Cuba

Jamaica

Trinidad

Central America:

Guatamala

Indian Ocean islands:

Weber 2003; Henderson 1995

Sem 1984

Weber 2003; Lazarides, Cowley, and Hohnen 1997

Sem 1984

Adams 1972

Sem 1984
Sem 1984
Adams 1972

Sem 1984

Sem 1984

*Comores (Grand Comore and Anjouan islands)

J. Mauremootoo pers. comm.
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*La Reunion Strahm 1999; Macdonald et al. 1991

*Madagascar Cronk and Fuller 1995

*Mauritius Strahm 1999; Lorence and Sussman 1986; Cronk and
Fuller 1995

*Rodrigues W. Strahm pers. comm.

*Seychelles (common by 1870s; currently found in most habitat types)
Friedmann 1994; W. Strahm pers. comm.

Southeastern North America:

*Florida (approximately southern half of the state)
Weber 2003; Sem 1984

Pacific Ocean islands:

*American Samoa (Western Tutuila island. Two trees in Pavai'ai village, one tree
in Leone village; and 27 individuals in small naturalized population near Afau
village, all sites discovered from 2003-2004)

T. Togia pers. comm.

*Austral Islands (Rapa, Tubuai, and Rurutu islands)
Meyer 2004; J.-Y. Meyer pers. comm.

*Cook Islands (Rarotonga, Mangaia, and Miti'aro islands)
Meyer 2004; Meyer 2000; Merlin 1985; Smith 1985a; J. Space pers. comm.

*Fiji (Viti Levu) Smith 1985a; J. Space pers. comm.

*Hawaiian Islands (Kaua'i, O'ahu, Moloka'i, Lana’i, Maui, and Hawai'i islands)
Wagner, Herbst, and Sohmer 1990

*Kermadec Islands (Raoul island)
Webb, Sykes, and Garnock-Jones 1988;
M. Newfield pers. comm.

*Lord Howe Island Pickard 1984,

1994<http://www.deh.gov.au/biodiversity/threatened/recovery/lord-howe-wood-
hen/previous.htm|>
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*Marquesas (Hiva Oa and Fatu Hiva islands)
Meyer 2004; J.-Y. Meyer pers. comm.

New Caledonia Sem 1984
*New Zealand (North Island north of Auckland)
Webb, Sykes, and Garnock-Jones 1988; M. Newfield pers.

comm.

*Norfolk Island T. Rodd pers. comm.; N.E. Gillett, pers. comm.;
Mueller-Dombois and Fosberg 1998

*Palau (Belau) Meyer 2000; Whistler 1995
Pitcairn Meyer 2004; P. Binggeli pers. comm.

*Society Islands (Tahiti, Moorea, and Raiatea islands)
Meyer 2004; J.-Y. Meyer pers. comm.

*Solomon Islands Weber 2003; Sem 1984

Western Samoa (e.g., Malololelei forest, ‘Upolu island)
T. Togia pers. comm.

Psidium, first introduced in 1825 to the Hawaiian Islands, is now widely
naturalized in wetter regions to 1220 m elevation and is one of the most serious
plant pests (Smith 1985b; Wagner et al. 1990). In Hawali'i, feral pigs disperse
viable Psidium seed (Diong 1982). Fruit eating birds are also presumed to
disperse Psidium seed (Anderson et al. 1992; Huenneke and Vitousek 1990;
Wagner et al. (1990). LaRosa et al. (1987) demonstrated that, in captivity, mynah

birds (Acridotheros tristis) and Japanese white-eyes (Zosterops japonica)

consume and pass viable seeds of Psidium. This aggressive tree displaces
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native wet forests with dense, monospecific thickets that may possess

allelopathic properties (Wagner et al. 1990).

OBJECTIVES

. GENERAL OBJECTIVES

The general objective of this research is to examine key life history

characteristics of Clidemia hirta, Hedychium gardnerianum, and Psidium

cattleianum, three problematic plant invaders of Hawaiian rain forests.
Regionally, the data are intended to provide information pertinent to a more
accurate assessment and prioritization for land managers leading to better
informed control strategies for these invasive plants. At a broader level, this
research is intended to provide information on critical junctures (fruit production,
dispersal, and establishment) of the life histories of the three study species. This
information may assist in predicting which non-native species have the potential

of becoming problematic plant invaders.

[I. SPECIFIC HYPOTHESES

The four specific hypotheses of the proposed research are:

1. Ho: there is no annual pattern of ripe fruit production in the study species

(to quantitatively assess the phenology of study species, focusing on the timing

of the production of ripe fruits).
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2. Ho: seeds of the study species are not dispersed by resident vertebrate

species (to identify methods of seed dispersal and assess them in terms of

importance for the study species).

3. Ho: the reproductive potential of the study species is not substantially

reduced by seed predators (to determine if seed predators are present, and if so,
to quantitatively determine their overall impact on seed production of the study

species).

4. Ho: establishment of the study species is not affected by microhabitat type

(to determine the establishment response of each study species in four sites
characteristic of Kipahulu rain forests i.e., alien grassland, native matted fern,

mechanically scalped areas, and epiphytic sites).

METHODS
|. Reproductive phenology and quantitative assessment of reproductive potential:
This work was conducted within invasive populations of the study species in
Kipahulu rain forest in areas approved by Haleakala National Park Resource
Management personnel. Ten to twenty-five reproductively mature
individuals/units of the study species were located and tagged. Within the
population, study individuals were selected non-randomly based on ease of

access and on having achieved sufficient size as to be reproductive. At monthly
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intervals for a year, the reproductive units on each tagged plant were counted
and recorded. Reproductive units included flower buds, open flowers, immature

fruits, and mature fruits (Kearns and Inouye 1993).

Il. Seed dispersal: Observations of visiting birds were made at fruiting patches of
study species. The date, time of day, bird species, plant species, and bird
behavior was entered in field notebooks. Mist nets were set up within and at the
periphery of fruiting patches of the study species. These nets were extended
during periods of high bird activity (e.g., morning) and monitored closely for
captures. Captured non-native birds were held in cloth bags for 20 minutes. After
the holding period, all birds were banded and released. With each capture, the
holding bag was tagged and the bird species, date of capture, location, study
species fruiting nearby, and presence of juvenile plumage were recorded. Later,
the dropping was removed from the bag by scraping or by washing with water.
Extracted seeds of all plant species were identified and counted. Invertebrate

parts were pooled per site and per bird species and preserved in 90% ethanol.

In a second component of this study, rain forest passerine birds that have been
identified as important frugivores were captured and offered study plant seeds.
By periodically removing the uppermost cage papers, droppings were
chronologically segregated and seed passage time estimated. Study plant seeds

were extracted from droppings and washed. The seeds were counted and placed
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on paper discs in Petri dishes to test viability. By regularly monitoring the Petri

dishes, the rate and final percentage of germination was determined.

Fresh droppings of other vertebrates were opportunistically collected at rain
forest study sites and later examined under a dissecting microscope. If intact
seeds of the study plant species were obtained, the study plant seeds were
extracted and washed. The seeds were counted and placed on paper discs in
Petri dishes to test viability. The Petri dishes were monitored regularly and the
germination rates of seeds extracted from droppings of vertebrates, such as
rodents, were compared with germination rates of seeds dissected from fresh

fruit.

lll. Seed predation: Fruits of study plants were examined and held in rearing out
jars to determine if insect seed predators were present. Observations were made
in rain forest conditions of fruits of study species and the surrounding area for
evidence indicating vertebrate seed predation, such as gnawed fruit fragments

and rodent feces with seeds, seed fragments or fruit pulp.

Where there was evidence of seed predation by rodents, 50-100 individuals of
the study species that were beginning to flower were non-randomly selected and
marked. These sequentially numbered individuals were quantitatively assessed
periodically throughout the flowering and fruiting period to assess seed predation
by rodents. Determination that flower and fruit damage was due to rodents
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versus that by birds were based on the presence of discernible gnaw grooves
and of rodent droppings on flowering plants. Trapping was done near fruiting
plants to determine specific identification of rodents as one of three locally

common species: black rat (Rattus rattus), Polynesian rat (Rattus exulans), and

house mouse (Mus domesticus).

IV. Seedling establishment sites: Within invasive populations of the study species
in Kipahulu rain forest, a number of transects were established in two dominant
groundcover vegetation types. In areas dominated by alien grasses, transects
totaling 60 meters were laid out. In adjacent areas dominated by native matted
ferns, transects totaling 30 meters were laid out. Transect locations were

determined non-randomly primarily to facilitate maximum site utilization without

crossing existing trail networks. Along these transects, 0.25 m2 plots (0.5 m x 0.5
m) were located and marked with 1 meter spacing between them as a buffer
between plots. This arrangement yielded 40 quarter-meter plots in alien grass

areas and 20 quarter-meter plots in native fern areas.

To evaluate the response of the study species to disturbed sites (simulating pig

diggings), half of the 0.25 m2 plots (i.e., 20 plots) in areas dominated by alien
grasses were mechanically scalped of all living vegetation and leaf litter and
scraped down to mineral soil. Selection of which sites in alien grass areas were
to be scalped was random. As a result, sixty quarter-meter plots were randomly

selected, 20 scalped to mineral soil, 20 in sites dominated by alien grasses, and
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20 in sites dominated by native ferns. To consider epiphytic sites for suitability to
establishment, 20 sections of elevated moss-covered living tree branches were

identified and marked.

Because of ethics associated with distributing seeds of invasive plant species in
a nature reserve such as Kipahulu and as stipulated by Haleakala National Park
Service personnel, these experiments were conducted within known populations
of the study species being considered. As a result, three separate experimental
areas (one for each study species in a preexisting population) must be used.
Control plots were needed in which study species seed are not added to account
for seedlings produced from stored seed bank and seed rain of the study

species.

Ten of 20 plots of each of four potential establishment sites (grass-dominated
areas, fern-dominated areas, bare ground, and epiphytic sites) were randomly
selected to add seed of the study species. Where assigned, seed were added at
the center of the plot, crushed and incorporated into a small amount of mud to
reduce its attractiveness to vertebrates. Copious seed were added to help assure
that the effects of stochastic events were minimized. For the large-seeded
species (Hedychium and Psidium), 25 seeds were added per plot; for the very
small-seeded Clidemia, three fruits were added per plot (approximately 1800
seeds). One year after the experiments start, all plots were examined and the
number and size (height and basal diameter) of all emergent seedlings of the
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study species recorded. By comparing numbers of seedlings present in plots
where seed had (treatment) and has not been added (control), the number of
seedlings contributed by the stored seed bank was roughly estimated. By
comparing the number and size of seedlings found in the four establishment sites
(grass-dominated areas, fern-dominated areas, bare ground, and epiphytic sites),

suitable establishment sites can be identified for each study species.

DISCUSSION
Though trends are changing, remarkably little research is ongoing regarding
understanding the biology or control of invasive species considering their global
impacts. The magnitude of the problem of invasive plant species in the long term
conservation of Hawaiian ecosystems suggests that unless more information
becomes available and effective prevention and control strategies are
forthcoming, other threats to Hawaiian forest and their denizens may become

irrelevant.

Even otherwise knowledgeable scientists and managers seem to have
developed an unrealistic ideological dependence on biological control to
implement a long-term solution to problems posed by invasive plants. Yet for
each non-native plant targeted, a biological control program costs on average
approximately one to two million US dollars (Andres 1977). Biological control has
a record of successes that averages between one in two (Markin et al. 1992) to
one in six cases (Hobbs and Humphries 1995). Biological control has been a
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critical factor in control programs for a few selected invasive plant species, but on
the whole, is not considered to constitute an important factor in the control
strategies of the majority of invasive plant species (Hobbs and Humphries 1995).
It must be noted that valiant efforts to find and screen biological control agents
are underway for all three of this study’s target weeds with some hopeful

progress (R.C. Anderson, P. Conant, and C.W. Smith pers. comm.).

In dealing with the number of serious invasive plant species that threaten
Hawaiian ecosystems, the critical phases of an effective management strategy
appear to be public education, the implementation of legal restrictions, early
detection and control, and in some cases, effective population containment and
eradication. The success of each of these phases is greatly benefited by

information provided by focused investigations into the biology of invasive plants.

In a practical sense, the results of this research may be most useful in
developing realistic management strategies for these three invasive species in
protected rain forest tracts in Hawar'i. Recently a project was initiated by a
coalition of private and public land agencies to exclude feral pigs from an
additional 9,788 acres (3961 ha) of upper elevation native rain forest, adjacent to
Kipahulu Valley on Haleakala with exclosure fences (East Maui Watershed
Partnership 1996). When completed and the fences joined, this management
effort will exclude feral pigs from much of the middle to upper elevation windward
rain forest on Haleakala, the largest ungulate-free rain forest in the state.
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Information such as this study provides will likely aid in the timing and methods of
management implemented in this rain forest reserve. Land managers will have
more refined answers for key questions such as, ‘which invasive plant species
are likely to spread faster?’ ‘which invasive plant species are likely to survive in
areas with disturbed ground and pig populations, and which are likely to continue
to spread even after primary vegetation recovery following pig removal?’ Better
information will inevitably lead to better decisions in determining priorities and

strategies for invasive plant control.

On other oceanic islands where these invasive species also occur, this research
can assist in many of the same ways. For oceanic islands without these species,
the greatest benefit is the documentation of the invasive potential of these
important invasive plant species that may act to increase awareness which leads
to the implementation of measures designed to prevent their inadvertent or
intentional import. The three study species are most invasive in medium to
relatively high elevation wet forests (150-1500 m elevation). Tropical oceanic
high islands that appear particularly vulnerable to invasion by the study species
include the Society Islands, the Marquesas, the Austral islands, New Zealand,
the Cook Islands (Rarotonga), Madagascar, and Mascarene Islands. Other areas
that may also be susceptible to invasion by the study species include the island
groups of Fiji, Tonga, American and Western Samoa, Tasmania, Galapagos,
Juan Fernandez, Madeira, Azores, Canary, Saint Helena, and continental areas
such as Australia, Florida, and South Africa.
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By continuing to refine our knowledge of life history stages of invasive species, it
is hoped progress can be made toward creating a model of invasive species
biology and ecology. Such a model has the potential to assess key life history
traits of non-native species and predict which have traits that indicate the
potential to become serious invaders. The ultimate criterion which defines
success in these ventures, however, were whether real progress can be made in
preventing new invaders from becoming established, and managing the worst of
the extant invasive species threatening natural ecosystems in Hawai'i, on other

oceanic islands, and elsewhere.
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ABSTRACT
The objective of this investigation was to quantitatively determine the

reproductive phenology of three important weed species (Clidemia hirta,

Hedychium gardnerianum, Psidium cattleianum) of Hawaiian rain forests and to

provide an estimate of the total reproductive potential of the species. At twelve
consecutive monthly intervals, reproductive units (flower buds, open flowers,
immature fruits, and mature fruits) of tagged plants/units of the three study
species were counted and recorded. The results revealed that Clidemia ripe fruit
production was highest from October through January, Hedychium from October
through December, and Psidium in November. Compared to Psidium of similar
sizes at lower elevations, the production of ripe fruit by Psidium at the study site
appeared limited. Among likely explanations are the suppression of ripe fruit
production at higher elevations and the smaller sizes and lower densities of
Psidium at the upper elevational limit of its invasion. Clidemia was estimated to

produce more than four orders of magnitude more seeds than Hedychium and

Psidium of equal cover. Individual Clidemia plants, which averaged 0.37 m2
cover, produced an average of 3,815,552 seeds/yr. Determination of
phenological patterns and reproductive potential should assist managers in
prioritization and timing of control efforts and in fine-tuning trait assessment used

to screen non-native species for importation restrictions.

39



INTRODUCTION

Virtually every native Hawaiian ecosystem is imperiled by non-native plant
species (Stone et al. 1985; Hawai'i and Pacific Plant Recovery Coordinating
Committee 1998), yet relatively little is known about the biology of most of these
invaders. Since European contact over two hundred years ago, more than
13,000 non-native plant species have been introduced by humans to Hawar'i
(George Staples pers. comm.), outnumbering native plant species (ca. 1,200
species) eleven to one. Of introduced plant species, 1,148 flowering plant
species have become naturalized (Evenhuis and Eldredge 2002) (roughly 8.8%
of all non-native plant species present), of which about 100 species are
considered to be a serious concern to natural area management (Smith 1985;
C.W. Smith pers. comm.). Hence, despite the fact that Hawaiian ecosystems are
being rapidly displaced, only one in 130 non-native plant species has become a
threat to native species in the Hawaiian Islands (0.8% of all introduced plant

species and 8.7% of naturalized species).

Are there discernable traits that predispose some species to have an increased
risk of naturalizing in and threatening areas of native vegetation? One important
trait of invasive plant species critical to successful colonization of new areas is
reproductive strategy (Bazzaz 1986). The ability to produce large numbers of
seeds with minimal duration between episodes of fruit production has been

associated with invasive plant species (Rejmanek and Richardson 1996).
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In this study, reproductive phenology (i.e., production of flower buds, flowers,
immature and ripe fruits) was quantitatively assessed for three invasive and

habitat-modifying plant species of Hawaiian rain forests: Clidemia hirta (L.) D.

Don, Hedychium gardnerianum Ker.-Gawl., and Psidium cattleianum Sabine

(hereafter Clidemia, Hedychium, and Psidium). Based on this assessment,

annual reproductive potential of the study weeds in the study area was
estimated. Detailed phenology of marked individuals such as in this investigation
offer insights into plant reproductive strategies such as the numbers of seed
produced and their timing relative to maximizing utilization of seed dispersers or

avoiding seed predators (Wheelwright 1986).

Windward Haleakala (East Maui) Volcano contains some of the largest tracts of
biologically diverse rain forest remaining in the Hawaiian Islands (Medeiros et al.
1995). Beginning in the 1930s, escaped domestic pigs began to become feral
over broad expanses of Haleakala and facilitating the invasion of regional rain
forests by a variety of non-native plant species (Diong 1982; Medeiros et al.
1998). With its protection from feral pigs beginning in the mid-1980s, the rain
forest of Kipahulu Valley (SE Haleakala) at 245-2135 m elevation is one of the
largest and most diverse protected rain forest units in the state. The canopy is

composed largely of two dominant canopy trees, koa (Acacia koa) in the lower to

middle reaches (25-1680 m) and “ohi‘a lehua (Metrosideros polymorpha)
throughout with native shrub, vine, herb and matted fern layers (Medeiros et al.
1998). After protection from feral pigs, three weeds continued to spread and gain

41



local dominance. One species (Psidium) had been present in Kipahulu for at

least 50 years, but the other two (Hedychium and Clidemia) were first noted in

Kipahulu only in the late 1980s (Anderson and Stone 1993; Higashino et al.

1988; Medeiros et al. 1998).

Psidium, first introduced into Hawai'i in 1825, had become naturalized by the
early 1900s (Diong 1982). In Kipahulu, it became established in pastures and
lower elevation forests by the 1950s and by the early 1960s began to spread
upslope, possibly aided by the upland spread of feral pigs (Diong 1982). By
1967, Psidium was observed up to 670 m elevation (Lamoureux 1968); by 1980,
to 1170 m elevation (Yoshinaga 1980); and by 1998, to 1400 m elevation

(Medeiros et al. 1998). Currently, from 490-915 m, Psidium forms very dense,

monospecific stands with a darkened understory that excludes nearly all native

plant species, perhaps by allelopathy (Loope et al. 1985).

Hedychium gardnerianum was first collected in the Hawaiian Islands around

1940 (Wagner et al. 1990). Currently, this species has become naturalized in
native rain forest on several islands. It forms dense and extensive thickets that
displace native understory species in some areas, most notably on Hawali'i island
at its original site of naturalization near Hawai'i Volcanoes National Park (Stone
and Pratt 1994). The species was first recorded in the study area of Kipahulu in
1987 (Higashino et al. 1988) and elsewhere on Maui has substantial populations
in native rain forest in Makawao Forest Reserve and above Hana. Currently,

Hedychium populations in Kipahulu are still fairly extensive, despite intensive
42



management efforts by Haleakala National Park staff. In its native Himalayan
range, this species occurs at high elevations up to 1900 m (Stainton 1997).
Based on this, it seems likely that the range of Hedychium could expand from
lower elevations into cooler upper elevation forests of Kipahulu Valley and

elsewhere on East Maui where the tree line is approximately 1950-2070 m.

Clidemia hirta was first reported in Hawai'i on O’ahu (1941), then on Hawali'i

island (1972), Moloka'i (1973), Maui (1976), Kaua'i (1982), and Lana’i (1988)
(Smith 1992). On O'ahu, where it first became established, Clidemia forms dense
thickets that exclude many native plant species (Smith 1992). In 1976, Clidemia
first became established on Maui in the Nahiku district and spread rapidly from
the lower disturbed wet forests into the native rain forests, apparently facilitated
by copious seed dispersal by common non-native resident passerines (Chapter
Three). In 1988, a single Clidemia plant was first discovered in Kipahulu Valley at

855m elevation (Cuddihy and Santos 2240) (Higashino et al. 1988). By the early

1990s, Clidemia had become widely established in the valley at 825-1040 m
elevation, having spread much faster than the other two study species (Medeiros

et al. 1998).

MATERIALS AND METHODS
Three primary study sites were selected on Haleakala Volcano (East Maui) in
Kipahulu Valley, within Haleakala National Park (Figure 4). At each of these sites,
only one of the study species was present and was a dominant component of the

site’s vegetation. Besides this, the primary vegetation type of the study sites in
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Kipahulu Valley is diverse native Metrosideros-Acacia rain forest dominated by

koa with well-developed native shrub, fern, and bryophyte layers. The study site
for Clidemia was at 820 m elevation (804,866E, 2,292,361N UTM-NAD83); for
Hedychium at 825 m elevation (803,520E, 2,290,297N UTM-NADS83); and for
Psidium at 880 m elevation (803,740E, 2,290,231N UTM-NADS83). All study sites

were located in remote areas requiring access by helicopter.

Figure 4. Map of Maui, Hawaiian Islands, showing distribution of rain forest
dominated by native species in black shading and Kipahulu Valley study sites as
white dots. The northernmost white dot marks the location of the Clidemia study
site. The two southernmost study sites (Hedychium and Psidium) are sufficiently
close that the white dots partially overlap.




At twelve consecutive monthly intervals (eleven in the case of Psidium),
reproductive units (flower buds, open flowers, immature fruits, and mature fruits)
of tagged plants/units of the three study species were counted and recorded
(Kearns and Inouye 1993). A few supplemental dates were added at the peak of
the ripe fruit production for each species to enrich this important data point in a
subsequent year. Clidemia phenology was monitored from May 1996 through
April 1997 and as a supplement, September 1997. Hedychium phenology was
monitored from July 1996 through June 1997 and as a supplement, September,
October, and November 1997. Psidium phenology was monitored from July 1996

to June 1997 and as a supplement, November 1997.

Clidemia hirta (Clidemia) is a shrub usually 2-4 m in height, native to Mexico,

West Indies, Central America, and northern South America to Bolivia and
southern Brazil (Smith 1992). It is a serious forest pest that has become widely
naturalized around the world from approximately 20 degrees S to 22 degrees N
latitude on Pacific and Indian Ocean islands, Indonesia, Malaysia, Southeast

Asia, and Africa (Chapter One).

Hedychium gardnerianum (kabhili ginger) is a large rhizomatous herb up to 2 m in

height, native to the Himalayas and adjacent regions (Nagata 1990; Stainton
1997). Hedychium has become naturalized from approximately 42 degrees S to
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22 degrees N latitude on islands in the Pacific Ocean (Hawai’i, New Zealand),
Indian Ocean (La Reunion), and Atlantic Ocean (Azores, Madeira), as well as in

Jamaica, Australia, and South Africa (Chapter One).

Psidium cattleianum (strawberry guava) is a small tree up to 8 m in height, native

to South America (Hodges 1988). Introduced extensively in tropical and
subtropical areas for its edible fruit, Psidium has become widely naturalized from
approximately 27 degrees S to 32 degrees N latitude on islands of the Pacific,
Atlantic, and Indian Oceans, as well as Australia, Central America, Asia, Africa,

the Caribbean, and North America (Chapter One).

Two color forms of Psidium cattleianum are invasive in Kipahulu Valley, a yellow-

fruited type referred to as forma lucidum and a red-fruited type referred to as f.
cattleianum (Medeiros et al. 1998) The two types have been hybridized under
experimental conditions (Hirano 1967), but intermediates are not common in
Kipahulu. The population sampled for phenology was exclusively that of the

more invasive red-fruited form, i.e., Psidium cattleianum f. cattleianum.

At the study sites, ten to twenty-five reproductively mature individuals or units of
the study species were located and tagged so as to be re-locatable throughout
the study period. For Clidemia, 25 entire reproductive-sized plants were used as
the study units. The 25 Clidemia plants used in determining phenology had an

average cover of about 0.5m2, heights averaged 84 cm (ranged from 55 to 126
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cm), and basal diameters averaged 1.5 cm (ranged from 0.9 to 3.7 cm). For
Hedychium, individuals were nearly impossible to distinguish because of their

interlocking rhizome systems. To delineate units for assessing phenology of

Hedychium, ten discrete 2 m by 2 m squares (each 4m2) were marked at their
corners with plastic stakes. A straight ruled object placed between corner stakes
was used to help delineate the phenology units. For Psidium, due to the
difficulties of doing repeated counts accurately and non-destructively on large
trees with dense foliage, large branches of 25 different trees were tagged and
used as the units for assessing phenology. Even relatively large thickets of

Psidium cattleianum can be clonal, formed by root suckering (Huenneke and

Vitousek 1990). Because of this and to maximize the likelihood that the 25
phenology plants were distinct, only clumps separated by three or more meters
were selected for this study. Statistical analyses were performed with Minitab

Release 13.30 software.

To assist in tracking the phenology of Hedychium, 100 culms were tagged and
numbered on 29 April 1997 and the height, basal diameter, number of leaves,
and the presence of any budding, flowering, or fruiting was noted. The culms

were re-measured six months later on 29 October 1997.

When marked phenology plants did not appear to be producing fruit, it was
decided to also assess the fruiting status of Psidium in the general vicinity of the

915 m Psidium phenology site. Presence or absence of leaf buds, flower buds,
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and immature and ripe fruits was noted for 50 neighboring non-tagged Psidium
trees, not including study trees. This supplemental monitoring was conducted
monthly for eight consecutive months, October 1996 to May 1997, and

November 1997.

To estimate the reproductive potential of the study species, the number of seeds
present in the reproductive unit (i.e., Clidemia berry, Hedychium inflorescence,
Psidium fruit/berry) was determined for 25-50 individuals. Individuals and fruits
were selected non-randomly but the first individuals with fruit and the first fully
ripe fruit encountered were selected to avoid bias. Clidemia fruit were sampled
from the phenology study site. Psidium fruit were sampled from a lower elevation
population within Kipahulu Valley when fruiting was more prolific. Hedychium

were sampled from the Makawao Forest Reserve.

In Hedychium, fruiting culms are persistent and identified by their wilted
infructescences, allowing the annual number of infructescences to be

determined. In Clidemia and Psidium, ripe fruits are ephemeral and thus poor

indicators of the total numbers of fruits produced. For these species, monthly
counts of immature fruits were used to estimate the total number of fruits
produced per year and as the basis for estimating annual reproductive potential.
If immature fruits ripen slowly, and hence are counted twice by two successive
monthly monitoring trips, the reproductive estimates given here are higher than
actual values. If immature fruit ripen quickly, and hence more fruits are produced
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and shed in a month than are counted, the reproductive estimates given here
would be underestimates of actual values. The rate of ripening is unknown for the

two species.

RESULTS

. PHENOLOGY

In twelve consecutive monthly surveys, all three species demonstrated distinct,
seasonal cycles of flower and fruit production. Clidemia in Kipahulu Valley
produced flowers and fruits year round with maximum fruit production peaking
from late summer through fall (Table 4, Figure 5). Hedychium produced ripe fruits
only in a relatively short but intense period from late fall through mid-winter

(Table 5, Figure 6). Psidium ripe-fruit production peaked in fall (Table 6, Figure 7)

but appeared to be relatively limited at the study site.

Clidemia:
Clidemia flower bud production occurred at low levels from January through April,
building from late spring (May), peaking in the summer and early fall months
(June through October). The highest numbers of flower buds (314 buds/plant)
occurred in July and in the ANOVA model with Tukey’s comparisons July flower
bud production differed significantly from the other 11 sampled months. August
flower production was highest (48.8 flowers/plant) and significantly separate from

the other 11 months. July (34.2 flowers/plant) and September (31.1 flowers/plant)
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Table 4. Mean monthly numbers of reproductive structures (buds, flowers,
immature and ripe fruits) of 25 Clidemia hirta plants at 820 m elevation, Kipahulu
Valley. Supplemental data taken from non-consecutive months and their values
are included and asterisked.

Mean no. of Mean no. of Mean no. of Mean no. of

flower flowers/plant immature ripe fruits/
Date buds/plant fruits/ plant
plant

5/14/96 109.16 13.00 122.04 3.80
6/19/96 183.76 18.68 227.36 4.36
7/25/96 314.08 34.24 364.52 4.92
8/28/96 205.80 48.64 589.48 23.96
9/13/96 163.76 31.08 721.12 11.84
10/20/96 136.12 8.84 761.24 16.80
11/14/96 67.32 15.48 623.64 33.56
12/3/96 65.88 5.16 512.28 29.72
1/23/97 25.40 4.44 253.96 27.04
2/12/97 11.84 3.28 201.88 15.20
3/13/97 6.84 1.00 147.72 10.00
4/21/97 19.84 0.68 65.52 7.60
9/17/97* 176.64* 37.80* 300.72* 3.08*
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