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Abstract
The native Hawaiian bird pollinated flora is primarily composed of five ornithophilous lobeliad 
genera, collectively containing approximately 137 species. Historically, these genera were 
believed to have been pollinated by at least some of the ten specialist nectarivorous bird species 
endemic to Hawaii. However, since human colonization, both bird and ornithophilous native 
plant species have undergone widescale declines and extinctions, resulting in the potential loss of
pollination service for a significant proportion of the native flora. In an attempt to assess if 
lobeliad species can produce viable seeds in the absence of pollinators, two pollination 
treatments (open-control and pollinator exclusion) were applied to two Hawaiian lobeliad species
(Clermontia kakeana Meyen and Cyanea angustifolia (Cham.) Hillebr., in single populations of 
each species on Oahu. In each lobeliad species, mean seed counts were not significantly different
in fruits resulting from open pollinated and pollinator excluded flowers. This suggests that both 
species are capable of autogamy and can produce seeds in the absence of pollinators.
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INTRODUCTION

The Hawaiian lobeliads represent one of the most remarkable adaptive radiations in the 

Angiosperms (Givnish et al. 2009). Composed of six genera, the approximately 140 species 

(taxonomy follows Lammers 2007 a, b, Lammers 2009) of herbs, shrubs, trees and stout 

caudiciforms evolved, following a single colonization event, approximately 13 million years ago 

(mya), to fill a diverse range of habitat niches present on the main islands of the Hawaiian 

archipelago (Givnish et al. 2009). Despite this morphological diversity, five Hawaiian lobeliad 

genera, and almost all lobeliad species (n = ca.137 spp.), possess floral features congruent with 

an ornithophilous pollination syndrome (Lammers and Freeman 1986, Pender et al. 2014). Based

on our current understanding, ornithophilous Hawaiian lobeliads are believed to have been 

pollinated by nectarivorous Hawaiian Drepanidinae (Hawaiian honeycreepers) and Mohoidae 

(previously classified as Hawaiian Honeyeaters, see Fleisher et al. 2008) (Perkins 1895, 1901, 

1903, Munro 1960, Speith 1966, Lammers and Freeman 1986).

The congruence between the curved bills of nectarivorous honeycreeper species, 

particularly in the genera Drepanis and Vestiaria, and the flowers of lobeliad species, combined 

with casual observations of honeycreepers foraging from lobeliad flowers (Cassin 1858, Wilson 

1890, Rothschild 1893-1900, Perkins 1895, 1903, Bryan 1908, Amadon 1950, Munro 1960, 

Spieth 1966, Richards and Bock 1973, Berger 1981) has led to much speculation regarding co-

evolution between these potential mutualists (Perkins 1903, Carlquist 1980, Lammers and 

Freeman 1986, Givnish et al. 1995). Perkins (1901) hypothesized that lobeliads were dependent 

upon honeycreepers for successful reproduction. Spieth (1966), Stone (1967), and Ehrendorfer 

(1979) similarly speculated about this relationship. However, Rock (1919) and St. John (in 

Amadon 1950) suggested that honeycreepers are important, but not essential, for the pollination 

of some lobeliad species. Interestingly, the role that Mohoidae may have played as lobeliad 

pollinators has received little attention, despite published observations of several Moho species 
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visiting the flowers of lobeliad species (Wilson 1890, Perkins 1903, Munro 1960) and the more 

recent evidence that suggests that lobeliads and Mohoidae coexisted in Hawaii for approximately

7 million years before the colonization of Hawaiian honeycreepers (Fleisher and McIntosh 2001, 

Fleischer et al. 2008, Givnish et al. 2009).

Due to habitat destruction and the introduction of invasive species following the 

colonization of Hawaii by humans, two of the five specialist nectarivorous honeycreeper species 

and all Mohoidae species are extinct (reviewed in Banko and Banko 2009). The remaining extant

specialist and generalist nectarivorous passerine species (n = 7 spp.) have undergone 

distributional range reductions (Banko and Banko 2009, Gorresen et al. 2009). Primarily due to 

the avian diseases, avian pox (Poxvirus avium) and avian malaria (Plasmodium relictum) that are

transmitted by introduced mosquitoes (principally Culex quinquefasciatus Say), potential 

interactions between lobeliad species and the remaining nectarivorous honeycreeper species (and

particularly ‘i‘iwi) are mostly limited to higher elevation habitats (1100m and higher) on the 

main Hawaiian Islands (Warner 1968, Fancy and Ralph 1998, Gorreson et al. 2009, R. Pender, 

unpublished data). In addition, Japanese white eye, a generalist species that was introduced to 

Hawaii in 1929 (van Riper 2000), is a substitute pollinator for some lobeliad species (Aslan et al.

2014), but nectar robs (consumes floral nectar without contacting reproductive organs) the 

flowers of other species (Gardener and Daehler 2006, Pender 2013, Aslan et al. 2014). 

Given the decline of Hawai‘i’s native bird pollinators and the uncertain role of Japanese 

white eye as substitute pollinators for the wider Hawaiian lobeliad lineage, the objective of this 

study was to determine if lobeliad species can produce viable seeds in the absence of pollinators 

by autogamy (selfing). To answer this question, we excluded pollinators from the flowers of Cl. 

kakeana and Cy. angustifolia at a single population of each species on the island of Oahu. Seeds 

were subsequently counted and tested for viability in fruits resulting from flowers that were 

bagged and flowers that were open to pollinator visitation. 
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MATERIALS AND METHODS

Study species

Clermontia kakeana is a large shrub or small tree that grows up to six meters tall. This 

species occurs on O‘ahu, Moloka‘i, and Maui between 245 and 1100 m in elevation (Wagner et 

al. 1999). The tubular perianth lobes are pale green on the outer surfaces and green to white on 

the inner surfaces (Wagner et al. 1999). The flowers usually occur in pairs, with perianths 4.5-5.5

cm long and 0.8-1.4 cm wide (Wagner et al. 1999). The berries are bright orange, sub-globose or 

oblong, and measure 1.8-3.4 cm long and 1.5-3.4 cm wide (Wagner et al. 1999). Clermontia 

kakeana flowers most heavily in the spring and summer, but some individuals have flowers and 

fruits present throughout the year (C. Cory pers. obs.). 

Cyanea angustifolia is a shrub which reaches 1.5-5 m tall (Wagner et al. 1999). The 

species occurs in mesic and wet forest on both the Ko‘olau and Wai‘anae Mountains on O‘ahu, 

Moloka‘i, Lana‘i and West Maui between 150-760 m (Wagner et al. 1999). The flowers are held 

in 6-25 flowered inflorescences. The corolla is white to greenish white, often tinged pink-purple, 

2-3 cm long and 0.2-0.3 cm wide. The berries are purple, globose and 5-10 mm long. Peak 

flowering typically occurs during late spring and early summer (C. Cory, pers. obs.). 

Like all Hawaiian lobeliads, both Cl. kakeana and Cy. angustifolia are protandrous 

(Wagner et al. 1999). The anthers and filaments are fused, forming a tube around the stigma and 

style. Anthers release pollen into the fused stamen tube. Pollen is subsequently expelled out of 

the stamen apex by the immature stigma lobes as the style elongates. Short, stiff hairs on the tips 

of the ventral anthers aid in collecting the pollen, allowing the pollen to be brushed onto 

pollinators. The pollen is then carried to flowers that have passed into the female phase (stigma 

receptive phase). This phase occurs when the style emerges from the anther tube and the stigma 

lobes enlarge and spread (Pender, unpublished data). 
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Study sites

 Single populations of Cl. kakeana and Cy. angustifolia were studied in the southern 

Ko‘olau Mountain Range (Figure 1). The Cl. kakeana study site was situated on the northwest 

slope of Mt. Tantalus at an elevation of 540 m. Average annual rainfall at the site is estimated to 

be 3702 mm (Giambelluca et al. 2013). At the time that the study was undertaken (1980-1984; 

Cory 1984), the forest at the site was composed of the native canopy species ‘ōhi‘a 

(Metrosideros polymorpha Gaud.) and koa (Acacia koa A. Gray), and an understory dominated 

by alien species such as guava (Psidium guajava L.), fiddlewood (Citharexylum caudatum L.), 

thimbleberry (Rubus rosifolius Sm.) and palm grass (Setaria palmifolia (J. König) Stapf). The 

Cl. angustifolia site was located on Wa‘ahila Ridge at an elevation of 420 m. Average annual 

rainfall at the site is estimated to be 3296 mm (Giambelluca et al. 2013). The forest contained 

scattered mature ‘ōhi‘a and koa, while the understory was dominated by strawberry guava 

(Psidium cattleianum Sabine). 

<<Figure 1 (map) around here>>

Pollination experiments

Autogamous (bagged) and open-pollinated pollination treatments: To test for autogamy, 

pollinators were excluded from 46 flowers across six Cl. kakeana plants and 157 flowers from 23

inflorescences across seven Cy. angustifolia plants using 10 cm2 pollinator exclusion bags made 

from mosquito netting (<1 mm2 gauge). The number of flowers utilized per plant ranged between

four and 22 for Cl. kakeana and between eight and 37 for Cy. angustifolia. Bags were placed 

over pairs of Cl. kakeana buds and entire immature inflorescences of Cy. angustifolia and 

secured with either nylon string or wire twist ties. The proportion of flowers bagged ranged from

10 to 50% of the total number of flowers on any given plant. Open-pollinated (control) flowers 

were not formally allocated at the time that the autogamous pollination treatment was executed. 
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However, mature, open-pollinated fruits were randomly collected from the same plants that had 

flowers bagged for the autogamous pollination treatment. Several additional non-pollination 

treatment plants from each species were utilized to collect open-pollinated fruits due to low fruit 

set on the treatment plants. 

Fruit collection and seed counting: Fruits resulting from each pollination treatment were 

collected from the Cl. kakeana and Cy. angustifolia study plants approximately two to three 

months after flowering. In the bagged pollination treatment, seeds were counted from fifteen 

fruits (between two to six per plant) from four Cl. kakeana plants and 36 fruits (between four to 

16 per plant) from four Cy. angustifolia plants. For the open-pollinated treatment, seeds were 

counted from 18 fruits (fruit collected per plant not recorded) from four Cl. kakeana plants and 

31 fruits (between three and eight per plant) from five Cy. angustifolia plants.  Seeds from each 

treatment fruit were extracted by smearing the fruit on paper to separate the seeds from the fruit 

pulp. In some fruits, all the seeds were counted and in others either ¼ or ½ of the seeds were 

counted and then multiplied by two or four, respectively, to calculate total seed counts. 

Seed viability: To test seed viability, 15 fruit resulting from bagged flowers and 18 open 

pollinated fruits, collected from four and five Cl. kakeana plants, respectively, were selected.  In 

Cy. angustifolia, 36 fruit resulting from bagged flowers (collected from four plants) and 17 open 

pollinated fruits (collected from three plants) were selected. The number of fruits collected per 

plant in each treatment ranged between one and eight in Cl. kakeana and between three and 

sixteen in Cy. angustifolia. Either all, or a subset of seeds (between 10-500 seeds/fruit) were 

assessed for viability. In total, 22,852 and 16,339 Cl. kakeana seeds and 2,506 and 1,396 Cy. 

angustifolia seeds were counted in the bagged and open pollinated fruits, respectively. Seed 

viability was primarily assessed based on the gross morphology of seeds; those that were dark, 

firm and plump were considered to be viable. The seeds were subsequently pooled from the two 

separate pollination treatments in each separate species from which a small subset were selected 
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(870 Cl. kakeana seeds and 75 Cy. angustifolia seeds). These seeds had their seed coats split by 

gently applying pressure using a scalpel and were subsequently soaked in a 1% tetrazolium 

solution (Porter et al.1947) for 48 hrs to further verify their viability. 

Statistical analysis

In cases where multiple fruits were collected from an individual plant in an individual 

year, mean seed counts per fruit per plant were first calculated. Anderson-Darling Normality 

Tests were subsequently used to confirm equal variances. The mean number of seeds per fruit 

was compared between treatments (open vs. bagged) in each lobeliad species using two-sample t-

tests. Means are presented ± 1 S.D. Statistical analyses were undertaken in Minitab 15 (Minitab 

Inc. State College, PA, U.S).

RESULTS

Pollination experiments

Autogamous (bagged) and open-pollinated fruit set: Of the 46 Cl. kakeana flowers that 

were bagged prior to opening, all but one formed a mature fruit.  Of the 157 Cy. angustifolia 

flowers that were bagged prior to opening, 110 developed into mature fruits. Of the 47 buds that 

did not set fruit, 28 died before fruit formation, 5 were missing and 14 were still open flowers 

when the inflorescences were collected. 

Autogamous and open-pollinated seed set: There was no significant difference in mean 

seed counts between fruits from 15 bagged and 18 open-pollinated Cl. kakeana flowers (mean 

seeds per fruit = 2118 ± 864 and mean = 2043 ± 585, respectively; t = 0.16, df = 3, p = 0.880).  

Similarly, there was no significant difference in mean seed counts between fruits from 36 bagged

and 31 open-pollinated Cy. angustifolia flowers (mean seeds/fruit = 207 ± 123 and mean 

seeds/fruit = 214 ± 132, respectively; t = 0.62, df = 7, p = 0.56).
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Seed viability: Almost all (99%) of the Cl. kakeana and all of the Cy. angustifolia seeds 

resulting from bagged and open pollination treatments appeared to be viable based on gross 

morphology. Likewise, all of the Cl. kakeana and Cy. angustifolia seeds from both treatments 

that were tested with tetrazolium were found to be viable. 

DISCUSSION

Based on the results of the pollination treatments, both Cl. kakeana and Cy. angustifolia 

appear to be capable of producing seeds by autogamy. Although this study was only undertaken 

with two species, our results support the earlier propositions of Rock (1919), St. John (in 

Amadon 1950) and Carlquist (1974), who suggested that pollinators were not necessary for seed 

production in at least some Hawaiian lobeliad species. 

The evolution of autogamy in Cl. kakeana and Cy. angustifolia may have arisen via 

different mechanisms. Either the progenitor of Hawaiian lobeliads was self compatible or this 

breeding system evolved in situ. Baker’s-Rule (Baker 1955, 1967) states that self compatible, 

self-pollinating species are better adapted to colonize remote islands as they do not rely upon 

animal pollinators upon colonization. This scenario is more likely than a self-incompatible 

species arriving and subsequently undergoing selection towards self compatibility. However, the 

latter mechanism cannot be categorically ruled out, particularly given that a range of breeding 

systems are known to occur in non-Hawaiian lobeliads (Young 1982, Johnston 1993, Griffin and 

Byers 2012). 

Two physical mechanisms may facilitate autogamy in the flowers of both lobeliad 

species. First, the stigma lobes recurve as they mature, in some cases contacting the anther hairs 

(C. Cory pers. obs.). These stigmas may therefore collect latent pollen attached to the anther 

hairs. Second, self pollen carried on the immature stigma as the flower passes from the male to 

the female phase may also potentially pollinate the stigma as it matures. Unpublished studies 
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(Pender pers. obs.) indicate that the pollen in four additional lobeliad species is viable over the 

life of the flowers (ca. 7 days), allowing sufficient time for pollination to occur by either 

mechanism. Detailed studies are needed to pinpoint the underlying mechanism of autogamy in 

these and other Hawaiian lobeliad species.

Conclusions

This study suggests that both Cl. kakeana and Cl. angustifolia can produce seeds in the 

absence of pollinators. The ability to produce seeds via autogamy may be one of the reasons why

these two species still persist in mid elevation habitats on Oahu where avian pollinators are either

rare or absent (Gorresen et al. 2009). Recent studies by Pender (2013) and Aslan et al. (2014) 

have found that seven other Hawaiian lobeliad species utilize autogamy as part of a mixed 

mating system (seeds result from outcrossing and autogamy: Goodwillie et al. 2005). Similar 

studies utilizing Cl. kakeana and Cl. angustifolia and other Hawaiian lobeliad species are 

needed, both to understand the evolution of breeding systems and the pollination ecology of this 

unique component of the Hawaiian flora.  
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Fig. 1. Locations of the Cl. kakeana and Cy. angustifolia populations used in the study (created 

in ArcMap 10 from layers downloaded from State of Hawai‘i Office of Planning web site: 

http://planning.hawaii.gov/).
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