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ABSTRACT

The objective of this project is to describe and analyse the reproductive biology of
pohutukawa, by integrating information from floral biology, breeding system and

pollination biology.

New Zealand pohutukawa (Metrosideros excelsa Sol. ex Gaertn). a member

of the Myrtaceae. is a mass-flowering tree endemic to northern New Zealand

coastlines. Compound inflorescences develop over a period of ten weeks in six

morphologically distinct stages. Trees flower over a peak period of two weeks, and

the inflorescences contain an average of 14.3 large, hermaphrodite, red 'brush'

flowers that remain open for seven days. Most pollen is viable (93.6%) and the

receptivity of the wet-papillate stigma extends for at least nine days. Each flower

produces approximately 46 pL nectar per day, containing l8% (w/v) sllcrose. Neither

dichogamy nor herkogamy prevent pollen and stigma interference, and floral design

and display are consistent with high levels of autogamous and geitonogamous self-

pollination.

The stigmatic exudate of unpollinated pistils stains intensely for

carbohydrates, Iipids and proteins, but shows a notable decrease in lipids and proteins

following pollination. The style has a solid transmitting tissue with large mucilage-

filled intercellular spaces which stain weakly for polyanions and pectins irrespective

of pollination. Although starch grains in the stylar cortex are depleted following

pollination, stylar resources in general appear to be sparse and this results in a low

speed of pollen tubes (2 mm / d) through the intercellular spaces of the transmitting

tissue.

Seed capsules of pohutukawa contain a mixture of fertile (embryo-containing)

and infertile (embryo-lacking) seeds. Fertile seeds weigh approximately 0.15 mg.

stain positively with lo/o tetrazolium chloride, and are randomly disposed on the

placenta. Their germination rate exceeds 90o/o after up to one year of cold storage, but

decreases rapidly when stored at room temperature.

iv



Controlled pollinations with self- and cross-pollen from single donors and a

pollen mixture from five unrelated parents showed that seven out of ten trees were

sellincompatible, suggesting that natural populations may consist of a mosaic of self-

incompatible and self-compatible individuals. Self-incompatibility is late-acting as

pollen tubes from selfs and crosses reach the ovary simultaneously l0 - 15 d after

pollination. In common with other Myrtaceae, the seed / ovule ratio in pohutukawa is

low and not limited by the stigmatic pollen load. The pollen / ovule ratio of 462.5

(SE +43.4) places the breeding system of pohutukawa between facultative selfing and

facultative outcrossing.

Mainland populations of pohutukawa have been reduced to fragmented stands.

and the original suite of bird pollinators has been largely replaced by introduced

species. In contrast, the native pollinator fauna of several offshore islands remains

intact. including the three species of the New Zealand honey eaters (Meliphagidae)

and solitary bees. Using allozyme analyses. multilocus outcrossing rates were

estimated for Little Barrier Island and Tiritiri Matangi Island and for three mainland

populations in comparison. They were among the lowest in the Myrtaceae (t,,: 0.22

- 0.53) and the loss of native pollinators has no measurable effect on the mating

system. Although there is no difference in the germination percentage of fertile seeds

from self- and cross-pollination treatments (98.4o ), 'selfed' seedlings show marked

inbreeding depression in height after six months. Wright's fixation index is

consistently higher for seedlings (F/ than for mothers (F^) in all populations,

indicating that selection may eliminate selfed offspring from populations prior to

reproductive maturity.

Exclusion experiments were undertaken on Little Barrier Island to assess the

effect of native birds and bees on outcrossing and seed production. In bird exclusion

experiments in the lower canopy (2 - 4 m) with flower access to bees only. estimated

outcrossing rates were lower (r,, : 0.40) than in open pollination (/,,, = 0.58),

suggesting that bees effect more self-pollination than birds. The highest outcrossing

rates (/,r:0.71) were found for open pollination in the upper canopy (> 4 m).

Ntrmbers of fertile seeds per capsule were 45o/o higher after open pollination than in

treatments with bee visitation only. and 28% higher than in treatments where all

flower visitors were excluded. The results suggest that native bees visiting

pohutukawa flowers reduce seed set and effect less outcrossing than birds" and that a

large proportion of seeds arises trom automatic self-pollination. In trees of a modified



mainland population with predomjnantly introduced birds anel a rnixture of inuoduced

and nativc bees there was no decrease intse-ed set forthe tr€atment allowing flower

access by bees only-, indicatrng that - in eontrast to'rultive bees - honeybees did not

reduoe seed setif,n pohutukawa.

In eonplus-ion, although the floral biology of pohutukawa permiB

geitonogarny, a combination of outcrossing (Bredominantly by bird pollinamrs), self-

incompatibility, and inbteeding dgpression acl to maintain heterozygosity and result

inth€ pro-ductionof suffieient offspling that will ensurethc survival of the species.
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GLOSSARY

Breeding systom AII aqpeets of sex expression inplants that affeot

(mating System) ithe relative genetie sontribution to the next

genetation of individuals within a species (Wyatt

le83).

Cymose inflorescence Here: three-flwrre*ed strusturesterminating

eoo.Udhq Jr anes of cornpound infl orescenc.Bs

(Dawsol 197'0a).

Compound inflotrescence Here: floral system sf main (primary) axis

temrinating in a dsrmant v.egetative bud and

lateral (seeondary.) dxes teminating in cyrnose

inf,lorescenees (Drawsog 7 97 Ail.

Dichogamy Separatiorr ofBollen and stigma presentation in

time. Two types: protandry (male function before

female) and protog,yny (fernale function before

male);, gtrnerally reduces intraflower self-

pollination (Lloyd and T[-eb-b 1986, Barrett 19 8).

F'loral design Chamcteristics o individual flowers including

their size, stnrcture,, colour, scent, neotar

production and degree ofherko-gauy / diehogamy

(Banett 1998):
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Floral display

Geitonogamy

Habitat fragmentation

Herkogamy

Inbreeding depression

Index of self-incompatibility

(rsr)

Muftilocus outcrossin g rate (t o)

Number of open flowers on a plant and their

arrangement within and among inflorescences

(Banett 1998).

Pollination of flowers by pollen tiom other

flowers within the same plant; genetically

equivalent to self-pollination (de Jong et al. 1993).

Reduction of continuous habitat into several

smaller spatially isolated remnants (Young et al.

I 996).

Separation of pollen and stigma presentation in

space; generally reduces intraflower self-

pollination (Webb and Lloyd 1986, Barrett 1998).

Reduction in viability and fertility of inbred

offspring in comparison to those from outcrossed

matings; results primarily from homozygosity of

deleterious recessive alleles (Barrett 1998).

Percentage of fertile seeds per capsule after self-

pollination divided by their percentage after cross-

pollination (Kenrick I 986).

Mating system parameter; estimated from

genotype frequencies at multiple marker loci

among parents and progeny of a given population

(Ritland 1983, Brown et al. 1989).

Reproductive structure containing female

gametophyte with egg cell; develops into seed

after fertilisation (Raven et al. 1986).

Ovule
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Ovulode S-terile owlar su'rlcture; common in some

Myrtaceae such as eucalS.pts (Can and Carr 1962:).

Polleh / orule ratio Ratio of the numbe.r o,f pollen grains and the

number of ovules per flower (Cruden 1977).

Pre-energcntreproductlve Productofthefru,itlflowerratioandthe

success (PERS) seed / oWle ratio (Wiens ef al. 1987),

Seed / ovule ratio Percentage of ovulcs developing into seeds (Wiens

1984).

Self-incompatibiltty Inability of eosexual plant to set (abundant) seed

followiug selflpollinatisn; most eomsron anti-

selfing mechanism @arrett 1998).

Tmusmitting tract Secretory stylar tissue which exudes a

muoilagenous extracellular (intercellular) mahix

thlotrghwhish lmllen tubes migrate (Herrero and

Hornnaza 1996).

Wright's fixation index (-f) Measure of the Effect of inbreeding based on the

(inbreeding coefficient) reduction of heter.ozygosity, when compared with

random mating. F:0, no inbreedingi F: l,
co,rnpllE{e inbreeding (I{artl 1 991)-
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PRBFACE

This thesis has been written in the format of individual papers, several of which have

already been accepted for publication. This requires that the chapters form separate

entities, and should be able to stand by themselves. However, they also represent

different aspects of the reproductive biology of pohutukawa and thus cross-reference

each other. While the link between individual chapters is not equally strong, they all

rely on the information given in others to some extent. Each chapter introduces its

particular topic separately and discusses the results in detail. In contrast, the general

introduction and the conclusions both refer to the thesis as a whole.

Chapter 2 has been accepted for publication as:

Schmidt-Adam G., and K.S. Gould. 2000. Phenology of inflorescence development in
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687-702.
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Schmidt-Adam G., Young A.G. and B.G. Murray. 2000. Low outcrossing rates and

shift in pollinators in New Zealand pohutukawa (Metrosideros excelsa, Myrtaceae).

American Journal of Botuny (in press).



CHAPTER 1

GENERAL INTRODUCTION

Pohutukawa, Melrositleros excel.ra Sol. ex Gaertn., belongs to the family Myrtaceae and

the subfamily Leptospermoideae which includes woody species with capsular fruit
(Beardsell et al. 1993, Nic Lughadha and Proenga 1996). The genus Metrosideros
Banks ex Gaertn. was redefined by Dawson (1976 and 1984) and now comprises two
subgenera. Metrosideros and Mearnsia. The subgenus Metrosideros consists of
approximately 23 species in the Pacific. including the five New Zealand tree species M
excelsa, M. kermadecensis, M. robusta, M. umbellata and, M. bartlettii (Connor and

Edgar 1987' Wilson 1996). The scientific name for pohutuk awa, Metrosideros excelsa,

was devised by Daniel Solander, the botanist travelling with Banks to New Zealand in
1769 '1770. The name Metrosideros had been used earlier by Rumphius in 1743 (cited

in Dawson 1970a) and refers to the hardness and durability of the wood (greek metra,

matrix, heartwood; sideron, iron; Moore and Adams 1963). The specimens Solander

examined were collected from Opuragi (Mercury Bay) in October 1769 and from
Totaranui (Queen Charlotte Sound) in January / February 1770. The location of the

second collection is of particular interest, as it shows the existence of pohutukawa well
outside their current natural range, suggesting transplantation by Maori. Solander's

work remains unpublished, and the first species description was published by Gaertner

in I 788 (cited in Dawson 1970a). Unaware of its earlier discovery, Richard ( I S32)

classified pohutukawa as Metrosideros tomentosa, and it was under this name the

species was known until Oliver (192S) synonymised it with M. excelsa. However. the
name M' lomentosa persisted in some botanical publications until tfie late 1950s

(Cockayne l95S).

Quite apart from its scientific name, Metrosideros excelsa is also called the

'Christmas tree' (Andersen 1926), but it is best known by its Maori nuune 'pohutukawa'.
According to crookes (1926), pohutukawa means ,.splashed by the spray", a fitting



rurme referring to the species' coastal habitat. Although pohutukawa is the most widely

used name, others have been compiled by explorers, missionaries. and botanists in the

nineteenth century, showing that traditional names such as hutukawa. raataa and kahika

have also been in use (Beever l99l).

Pohutukawa is a tree up to 25 m tall, which shows variable growth fbrm. Trees

are commonly multi-stemmed or have a short trunk up to 2 m in diameter (Cockayne

1958, Allan 1961, Poole and Adams 1990). On rocky cliffs. they are characterised by

spreading branches. but their growth form in coastal forests is erect (Kirk I 369).

Individual trees bear compound inflorescences at the periphery of the canopy and flower
profusely for a peak period of a few weeks in summer (December to January). The

flowers are hermaphrodite, pentamerous red 'brush' flowers that produce copious nectar

(Dawson 1968a, 1970a).

Conservation status

Pohutukawa occupies New Zealand's northem latitudinal vegetation zone, which

extends from the Three Kings Islands to latitude 39o S, forming coastal forests south to
Poverty Bay and to Urenui (Allan I 961 , Wardle l99l ). The populations presumably

formed a more or less continuous forest along the sea shores of the northern half of New
Zealand prior to human settlement. But present day populations represent only a small
fraction of the original; approximately 90o/o of pohutukawa populations have been

destroyed (Forest Research Institute l9S9).

Pohutukawa is a species 'in decline', following a recently devised classification
system for threatened and uncommon plants (de Lange and Norton 1998). Taxa within
this category are "still abundant but are either under threat from serious adverse factors

throughout their range, or occur as widely scattered, typically small populations, many

of which are undergoing declines through loss of reproductive ability, recruitment

failure, predation, or through other processes of often subtle habitat change"-

Several factors have contributed to the decline of pohutukawa populations in the

past and still have the potential to affect extant populations. Among these are habitat
fragmentation, changes in the pollinator fauna, damage by introduced herbivores, and

poor natural regeneration of the species.



Forest destruction and habitat fragmentation

The first evidence of forest disturbance appeared to follow the arrival of Polynesian

settlers. Rapid deforestation due to clearing by fire and accidenta[ fires was under way

in the North Island 600 - 800 years ago, as documented by soil instability, pollen

analysis and charcoal deposits (McGlone 1983). Areas with low rainfall (< 800 mm /
yr) were particularly affected and coastal habitats were more likely to be burned than

inland sites, as they were preferentially settled by Polynesians (McGlone 1983. l9S9).

Thus, the early land clearing would have affected pohutukawa populations more than

inland forests.

Against this background, it is perhaps not surprising that Joseph Banks,

circumnavigating New Zealand in 1769 - 1770 on James Cook's first voyage, described

the coast in his 'Account of New Zealand'as 'generally barren' (Morrell 1958,

Beaglehole 1962). Banks quickly recognized the durability of pohutukawa timber and

its usefulness for any purpose for which hard wood is required. upon anival of

European settlers in the early nineteenth century, forest destruction accelerated due to

land clearing, and pohutukawa timber was used in large quantities for the growing ship-

building industry (Dieffenbach 1843, Hawkins 1978). The extent of depletion is

difficult to judge. as no direct written accounts of logging operations exist (P. McCurdy,

New Zealand National Martime Museum, pers.comm.), but records show that, for

example. during 1885 alone 403 boats and 53 larger vessels were built in the colony,

and pohutukawa timber was used extensively in their construction, mostly for ribs and

knees (Kirk 1889). Despite botanists such as Colenso (1863) and Kirk (1869, 1870,

1878) lamenting the continuing destruction of pohutukawa on several occasions, felling

persisted well into the 20th century. This is illustrated by the repon on a remnant

pohutukawa grove of one to two hundred trees near Kawhia, which still existed in 1935,

but is now reduced to 30 - 40 trees (Schnackenberg 1935, Diane Ferris, Kawhia

Museum, pers. comm.).

Changes in the pollinator fauna

Progressive fragmentation and reduction of forests over both the Polynesian and the

European eras led to the extinction or decline of many potential pollinators, especially

birds (Bell l99l). Among the previously abundant flower visiting birds were the three

species of New Zealand honey eaters, Prosthemadera novae.seelandiae (tui), Anthornis

melanura (bellbird) and Notiomystis cincta (stitchbird) and several other nectar feeding



birds. Today, many of these species are only found on some off-shore islands such as

Little Banier and Hen Island. or they have been translocated to predator-free habitats

such as Kapiti or Tiritiri Matangi Island as part of conservation programmes (Diamond

and Veitch l98l).

Simultaneous with the widespread loss of native birds was the introduction of at

least 143 exotic species during the lgth century, with 34 remaining established

(Diamond and Veitch l98l ). Among these were common European passerines such as

Sturnus vulgaris (starling). Passer domesticus (house sparrows) and also Acridotheres

tristis (nryna), originating from India. Zosterops lctleralis (silvereye), self-introduced

from Australia during the last century, is one of the most abundant bird species in

forests and open habitats (Moon 1992).

Two groups of endemic nocturnal flower visitors are known to regularly visit

pohutukawa flowers. Geckos of the genus Haplodactylus and short-tailed bats

(Mystaciner tuberctilala) feed on nectar and have been proposed as pollinators of

pohutukawa (Daniel 1976, Whitaker 1987. Eifler 1995. Arkins 1996). They presumably

once occupied many habitats on the mainland, but are now absent from large areas of

their former range and mostly confined to predator-free islands (Whitaker 1987. King

1984).

The New Zealand native bee fauna consists of approximately'40 solitary species.

among them the genus Leioproctus, which have a close association with the flowers of

the Myrtacaeae (Donovan and Macfarlane 1984). Their distribution is New Zealand

wide. and they are seasonally very cornmon (Donovan 1980). While some

environmental changes, such as the colonisation of soils by exotic grasses, reduced

nesting opportunities for native bees, the inadvertent creation of new nest sites due to

earthworkings, may have partly balanced this loss (Donovan 1980).

Honeybees (Apis melliJbra) were first introduced to northern New Zealand

(Hokianga) in 1839 and spread rapidly. In addition to wild hives colonising many

hollow trees, honey bees w'ere soon kept in both main islands and are now ubiquitous in

New Zealand (Donovan 1990). However, native bee species frequently outnumber

honey bees on a variety of flowers. and on the whole native bees have probably been

less affected by environmental changes in the past few hundred years than vertebrates.
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Introduced herbivores

A major factor contributing to the continued decline of whole populations of

pohutukawa is the brush-tailed possum (Trichosurus vulpecula). These marsupials were

introduced on several occasions from Australia during the l gth century, and today few

forested areas on the main islands of New Zealand remain uncolonised (Cowan 1990).

Possums damage foliage and vegetative buds of mature pohutukawa trees and pose an

immediate threat to their survival (Skeates 1980, Hosking and Hutcheson 1993, Carlaw

teeT).

ln contrast to possums, insect damage is less important. Damage by the native

weevil Neomycta rubida Broun. to newly expanded foliage, and shoot wilting

associated with Dothiorella sp. fungus do not represent serious health threats (Hosking

and Hutcheson 1993).

Natural regeneration

While herbivores threaten the survival of many old pohutukawa stands. the poor rate of
natural regeneration is even more alarming. Fewer than 15o/o of 190 surveyed sites

showed regeneration, and in many areas, especially in Northland, pohutukawa has

disappeared entirely, without any prospect of regeneration (Forest Research Institute

1989). A major factor impeding seedling recruitment is the browsing by feral and

domestic stock (Hosking and Hutcheson 1993) and almost certainly also by possums

and other herbivores (pers. observation). A study on the regeneration of pohutukawa

found that a cover of exotic grass species such as Paspalttm dilatatum arrd Dactylis

glomerata inhibited regeneration more than the native grass speci es Microlaena

stipoirles. Sites where regeneration could occur had relatively low litter and 50 - 60%

bare ground (Wotherspoon 1993). Competition with other plant species and the lack of
safe germination sites can therefore hamper regeneration.

Rationale of this study

While our understanding of some of the contributing factors to poor regeneration, such

as the impact of herbivore browsing, is growing, its underlying causes are largely

unknown. Seed production in pohutukawa is reported to be generally low. and the

majority of the seeds are sterile (Dawson 1968a, 1970a). Only 8.4% fertile seeds were

found in three mainland locations (Wotherspoon 1993), and less than l0% on Tiritiri

Matangi Island (Anderson 1997). It is possible that the low number of fertile seeds



affects the poor regeneration ability. There is a lack of infbrmation on the breeding

system of pohutukawa to date, knowledge which could help to clarify the issue of low

production of fertile seedso and their genetic origin as to either self- or cross-pollination.

Research into the reproductive biology of pohutukawa is essential to elucidate

the possible causes of low fertility. While information on the breeding system is

directly linked to quantity and quality of reproductive output. knowledge of the floral

biology and pollination biology of the species is also important. Floral biology is

concerned with floral design and display and their functioning in promoting mating, and

can determine levels of reproductive success in natural populations (Wyan 1982, Harder

and Barrett 1996). Pollination biology provides the essential link between flowers and

breeding systems and addresses the dynamics of pollen transfer and plant-pollinator

interactions (Lloyd and Barrett 1996).

Traditionally. floral and pollination biology have proceeded in isolation from the

study of breeding systems. Research on plant-pollinator interactions was largely

descriptive, and the implications of floral morphology and pollinator behaviour for

population genetics were overlooked. Likewise, the study of plant breeding systems

ignored their interdependence of ecological issues, and the importance of plant-

pollinator interactions was undervalued (Wyatt 1983, Barrett and Harder 1996). This

project attempts to unite these aspects of reproductive biology of pohutukawa and

emphasizes an integrative approach. Fig. l.l illustrates the relationship of these

different research areas within the field of reproductive biology for the purpose of this

study, and also shows how these relate to the regeneration of the species.

While there are many factors contributing to low reproductive success in

angiosperms. some possible scenarios that are pertinent to pohutukawa are summarized

below. They anticipate the kinds of questions that will be addressed in this study, and

outline their potential to unravel the species' reproductive biology.

The floral biology of pohutukawa presents a paradox: The species has large red

flowers with abundant rewards. These features of the floral design are likely to play a

key role in the attraction of pollinators and present the potential for cross-pollination.

But the species is also mass-flowering and as such has a high potential for geitonogamy.

The breeding system determines to what extent pollination events will result in self- or

cross-fenilisation. In woody angiosperms self-incompatibility is the most common anti-

selfing mechanism.
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Fig. l.l: I{ow diagram of the relationships between reseiuch areas relevant to this

study.

If geitonogamy were common in pohutukawa, self-incompatibility would prevent - or at

least reduce the ability - of the species to form seed upon self-pollination and thereby

result in low fertility. It is also possible that selfed progeny show inbreeding depression

which may act at different life-history stages. Inbreeding depression thus could

interfere with the full development and / or germination of 'selfed' secds or at later

developmental stages such as during seedling establishment.

Quite apart from the self-compatibility status of the species, reproductive

success also depends on pollinator^s. Pollinator numbers and the nature and frequency

of ptant-pollinator interactions determine the quantity and quality of pollen transfer to

the stigmas. Seed set may be limited if insufhcient amounts of pollen are transfelred to

the stigmas. Whereas it is known that birds and bees are the most important pollinator

groups of pohutukawa, it is largely unknown how they differ with respect to their



potential to lrfomote outcrossing. It is possible that the shift from native to

predouoiuaqtly introduced pollinators in nrainland Nelrr Zealand contributes to the poor

repnod[etive suceess of pohutukawa. The suite sf native pollinatofil or! sorme off.-shore

islands may be able to effect higher outcrossing and fertility levels tlran the

predominantly introduced bifds and honeybees on the mainliand.

ln mnrmary; this project attempts an inte.grative approach to the inve.stigation of

some aspecB of,the floral biology, potlination biology and breeding sys-tem of,

pohutukawa in order to exalnine how its reproductive bislogy contributes to the,zurvival

of the species in the present day envjronnrent.



CHAPTER 2

INFLORESCENCE DEVELOPMENT

ABSTRACT

We describe the development of compound inflorescences in Metrosideros excelsa

over a ten week period. We identifu six developmental key stages according to

morphological characteristics and present a time course of inflorescence development.

Vegetative and compound inflorescence buds are initially morphologically identical,

with several bud scales and a spheroidal shape (stage I). Allometric changes result in

ellipsoidal buds for approximately eight days (stage II). Deciduous bracts subtending

the secondary inflorescence axes partly cover cymose inflorescence buds at stage III.

These bracts abscise by stage IV. A pair of bracts and two pairs of bracteoles.

subtending lateral flower buds in each cymose inflorescence, become visible at stage

V. After all bracts and bracteoles have abscised, individual flower buds appear

clearly separated, and petals become visible (stage VI).

Keywords: Development, flower, cymose inflorescence. Metrosideros excelsa,

pohutukawa.

INTRODUCTION

A wide range of inflorescence types is found within the Myrtaceae (Briggs and

Johnson 1979, Beardsell et al. 1993, Nic Lughadha and Proenga 1996). Both for the

Myrtaceae in general, and for the Pacific capsular Myrtaceae, the analysis of

inflorescence structure has been used to unravel taxonomic relationships (Dawson

1 968a, 1970a and 1976, Briggs and Johnson 1 979).



Although the structure of the mature inflorescence in Melro.sideros has been

studied intensely, little is known about its development. This is in spite of several

benefits such as a better understanding of inflorescence architecture for the study of

reproductive ecology. The development of inflorescences, for example. determines

the opening seqllence of flowers within inflorescences and thereby has an impact on

the floral display of a species (Wyatt 1982). Knowledge of inflorescence

development is equally important in horticulture, where plant growth regulators have

been used to study bud break and flowering (Clemens et al. 1995). Moreover, the

increasing number of genetic and molecular studies on inflorescence and floral

development require a morphogenetic framework in which to identify key stages in

gene suppression and activation (Alvarez et al. 1992, Hempel and Feldman 1994).

Pohutukawa (Metrosideros excelsa Sol. ex Gaertn.) is one of trvelve species of

New Zealand Metrosideros described by Dawson ( 1968a. 1970a, 1985). A common

feature in the four tree species studied to date is the ability of the main (primary)

floral axes to give rise to vegetative shoots. ln M. excelsrr. compound inflorescence

buds can be formed from 'overwintering' buds on shoots that have themselves arisen

from either non-flowering branches or from compound inflorescences (Dawson,

1968a and 1968b). Vegetative and compound inflorescence buds appear

morphologically identical throughout winter; there is no obvious morphological

marker which would indicate future flowering before bud development is activated in

spring. Thus, there is a need to distinguish developing inflorescences from vegetative

shoots at the earliest possible stage.

The aim of this study is to describe morphogenetic events in the compound

intlorescences of M. excelsa from dormancy to bud break. We provide the frarnework

for further developmental study by identifying key stages in the time course of

infl orescence development.

MATERIALS AND METHODS

Use of terminolory

In M. excelsa, a pair of axillary compound inflorescences is formed lateral to and

sometimes also below an abortive branch apex. During the period of winter

dormancy these buds are protected by several pairs of deciduous scales. A main
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(primary) axis bears several lateral (secondary) axes that in turn terminate in three-

flowered sub-structures, termed cymose inflorescences. The primary axis terminates

in a vegetative bud that is inactive during flowering. but may subsequently develop

into a leafy shoot. The compound inflorescence is thus 'open' and indeterminate.

The cymose inflorescences, in contrast. end in a flower bud, and thus are determinate.

Each secondary axis is subtended by a bract and cymose inflorescences have six

further bracts: lateral flowers are subtended by a deciduous bract each and by a pair of

bracteoles. while the central flower remains ebractate. Bracts and bracteoles are

deciduous and broad (Dawson 1968a, 1970a, and 1976).

Observations

The development of compound inflorescences in M. excelsa was observed on two

trees on Auckland's North Shore over a period of fourteen weeks from mid October to

the end of December 1996, and frorn late September to early December 1997,

respectively. At the beginning of each observation period, vegetative and compound

inflorescence buds were about to emerge from winter dornrancy and appeared

morphologically identical. A total of 35 buds per tree w'ere randomly selected, tagged

and morphological changes were recorded for compound inflorescence buds at three

day intervals. These buds were assigned to six developmental stages according to

their morphological characteristics. The lengths of twenty buds were recorded for

each of the six developmental stages, frorn the lowest bud scale or scale scar to the

apex of the compound inflorescence. Width measurements were limited to the three

first stages because subsequent elongation of axes resulted in an overall irregular

shape.

RESULTS

Compound inflorescences, set in pairs adjacent to abortive branch apices, developed

over a period of ten weeks in both trees. Six developmental stages were distinct on

the basis of the allometry of the compound inflorescence buds (Figs. 2.1,2.2 and

Table 2.1). At the end of the dormant winter phase. both vegetative and compound

inflorescence buds were spheroidal and covered by several deciduous bud scales

(stage I). Allometric changes over the next eight days resulted in an ellipsoidal bud

ll



I'ig.2.l: compound'itrf,lglssgencedevelopment inMetrosideros exce,lsu. A-F:

stages I . 6. A.: stuige Ibuds showing spheroidal compound infloresc€nee buds at

end of,winter dormaney,,colered by b-ud,scales,(arows). B = ellip,soidal s'hape of

buds at stage Itr with $enescing bud scales (arrows)" C - stage Itr b'uds drowing

bracts subtending secondary anss (arrows). D: primary rxes(white arrow:head) aud

secondarJ ores (black arro\il head) dominate,the appeEunnce of buds at stage IV.

Lateral flowers within oyrnose inflolesoens-aes ar€ subtended by one bracteach

(anows). E = braeteotes (q,rrow,s) subtend lateral flower buds at stage V. F =

indirvidual florryers have separated,at stage Vtr showiqgpetals (arrows). Scale bars

represent l0 mrn.
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Table 2.1: Key characteristics of stages in compound inflorescence development.
Symbols in brackets refer to Fig.2.2.

Stage Keycharacteristics Reference
to Fig.2.l

I l. Compound inflorescence buds indistinguishable from vegetative buds. L / A
W ratio approximately I - 1.5, buds near to spheroidal in outline.

2. Each compound inflorescence bud enclosed by several pairs of bud scales
(s).

II l. Change of bud proportions, L / W ratio approximately 2.0, buds of B
compound inflorescences now ellipsoidal in outline.

2. Bud scales (S) senesce, then abscise predominantly in acropetal sequence,

scale scars (ss) appear.

3. All cymose inflorescence buds (CI) completely covered by bracts (B).

III l. Bracts (B) subtending secondary axes partly cover two to three proximal C
inflorescence bud pairs (CI). The primary axis (AI ) has elongated, and the
formation of secondary axes (A2) has commenced.

2. Distal inflorescence buds (CI) remain covered by bracts (B).

M. System of primary and secondary floral axes dominates overall appearance. D

2. The bracts (B) subtending secondary axes (A2) have abscised fronr
proxinral cymose inflorescences (CI) and these inflorescence buds appear
enclosed by two bracts (b) subtending the two lateral flowers in a cymose
inflorescence each.

V l. Within each of the inflorescence buds (CI), three individual flower buds E
(F) are distinguishable.

2. The pair of bracts (b) in each inflorescence (Cl) abscise and tu'o pairs of
bracteoles (bo), also subtending the lateral buds within an inflorescence
(CI) become visible. The terminal flower in each inflorescence remains
ebractate.

VI l. Within the entire compound inflorescence, all bracts (b) and bracteoles (bo) F

have abscised and the flower buds (F) in the inflorescences are separated.

2. In the centre of each flower bud (F), red petals (P) are visible.
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Fig. 2.3: Mean duration of inflorescence stages in days (d) for two trees.
Error bars represent +l S.E.
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Fig.2.4: Bud allometry. Mean length and width of bud stages of compound
inflorescences (mm). Error bars represent tl S.E.
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shape which was distinct from the more elongate vegetative buds at the same time

(Fig. 2.18, stage II). Over the following 30 d, inflorescence development was

characterised by successive presentation ofbracts and bracteoles, and the elongation

of primary and secondary axes (stages III to V). For approximately 20 d, separate

flower buds with red petals became visible and this was followed by anthesis.

All tagged buds in Tree I were found to be compound inflorescence buds and

no abortion was observed. In Tree 2, however, ten buds (29%) were found to be

vegetative at stage II, and three compound inflorescence buds (9%) aborted at stage

III. Commonly, one or both members of the proximal pair of cymose inflorescences

stopped growing at stage III and then aborted.

Although bud break and commencement of flowering in the two trees were

approximately three weeks apart, their respective periods of inflorescence

development were almost identical (68 d in Tree I and 7l d in Tree 2). The duration

of each inflorescence stage varied for the two trees (Fig. 2.3). Bud length and width

increased linearly over time in the development of compound inflorescences; bud

elongation, however. took place markedly faster than the increase in width (Fig. 2.4).

DISCUSSION

During the period of winter dormancy prior to bud development in September /

October, compound inflorescence buds appear identical to vegetative buds. The

change in proportions from a spheroidal to ellipsoidal shape in compound

inflorescences (stage II) is an important diagnostic feature indicating rapid

development of reproductive meristems. This change in bud allometry is due to both

the loss of bud scales and the increase in volume of cymose inflorescence buds.

Vegetative bud break occurs at the same time as the onset of inflorescence

development, but the initial allometric changes in these are not as pronounced.

However, scales of vegetative buds persist for a longer duration whilst buds elongate.

This is in contrast to other woody perennials that show a separation of several weeks

between flower and vegetative bud break (Lord and Eckard 1985, Steeves and Steeves

1990).

The duration of inflorescence development in both trees was similar. This

points to a rather constant. perhaps genetically determined regulation of inflorescence
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development, but observations on more trees are needed to confirm this. In a study of

Metrosideros species with the aim to induce flowering in micropropagated seedlings,

M. excelsa cultivars did not respond to treatments that commonly lead to early

maturation and flowering in plants (Oliphant et al. 1992). This resilience to a variety

of environmental and hormonal stimuli with regard to the induction of flowering also

indicates strong genetic control.

The onset of inflorescence development in the two trees studied was separated

by approximately three weeks. This is consistent with strong inter-tree variation in

the onset of flowering described by Godley (1978). However, inflorescence

development within a tree showed a high degree of synchronisation. The mean

duration of individual inflorescence stages varied only by approximately one day,

meaning that a large number of inflorescence buds are at the same stage in a given

tree. The peak flowering time of an individual tree lasts for approximately two

weeks, anthesis in a large number of flowers occurs within a short time span, and

flowers within individual inflorescences are open for twelve days (Godley 1978,

Chapter 3). Close synchronisation of inflorescence development is therefore an

essential prerequisite for a mass-flowering tree such as pohutukawa.

This study is a first step towards the understanding of inflorescence

development in pohutukawa. Future work should be directed to fine structural work

on inflorescence and flower development.
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CHAPTER 3

FLORAL BIOLOGY

ABSTRACT

Post-anthesis floral development, stigma receptivity and nectar production of pohutukawa

(Metrosideros excelsa Sol. ex Gaertn.) were examined in the light of the species' mixed

mating system with a high level of selfing. Trees flower over a peak period of two weeks

and compound inflorescences contain an average of 14.3 showy, hermaphrodite, red

'brush' flowers that remain open for seven days. A brief female flower stage is followed

by the main hermaphrodite phase that lasts for four days. Neither dichogamy nor

herkogamy prevent pollen and stigma interference. Pollen is highly viable (93.6%) and

stigma receptivity extends for at least nine days, as indicated by peroxidase activity,

pollen gemrination, pollen tube length 24 h after pollination, and seed production.

Stigmatic exudate production appears to increase up to five days post-anthesis. Each

flower produces approximately 46 FL nectar per day, containing 18% (w/v) sucrose.

Floral design and display of pohutukawa are consistent with high levels of autogamous

and geitonogamous self-pollination and may be an unavoidable cost of requiring a large

floral display with abundant rewards to attract pollinators.

Keywords: New Zealand, Metrosideros excelsa, floral biology, floral sequence, plant-

pollinator interaction, stigma receptivity, nectar production, herkogamy. dichogamy,

geitonogamy, breeding system.
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INTRODUCTION

Floral biology is concerned with how flowers function to promote pollination and mating

(Lloyd and Barrett 1996). Floral design, longevity and the display of flowers in

inflorescences and the entire plant can determine levels of pollination and reproductive

success in natural populations (Wyatt 1982, Harder and Barrett 1996).

Flowers of many angiosperm species have evolved traits to avoid self-pollination

and the consequences of inbreeding (Darwin 1876). Among these is the separation of
pollen and stigma presentation in time (dichogamy) and space (herkogamy) (Lloyd and

Webb 1986. Webb and Lloyd 1986, Barrett 1998). These mechanisms do not only occur

in self-compatible, but also in self-incompatible species. It has therefore been suggested

that the traditional view of dichogamy and herkogamy as outcrossing mechanisms be

modified to interprete them as a factors which in general avoid interference between the

presentation of pollen and stigmas. Self-interference, for example, may occur when

stamens restrict access to stigmas or when self-pollen causes stigma clogging. Selection

for the avoidance of such self-interference may be responsible for diversified floral

features (Lloyd and Webb 1986, Webb and Kelly 1993).

Individual flowers are important operational units of male and female function,

but interfloral pollen transfer within and between inflorescences. and the degree of
synchrony of flowering within one plant. also influence the degree of interaction between

pollination surfaces. Geitonogamy, the pollination of flowers by pollen from other

flowers within the same plant (de Jong et al. 1993), varies between and among species

depending on factors such as daily flower number (Stephenson 1982), pollinator

behaviour (Frankie et al. I 976) and plant density (Klinkhamer and de Jong 1990).

Pohutukawa (Metrosideros excelsa), a large tree of northern New Zealand

coastlines, is mass-flowering and therefore has great potential for geitonogamy. The

inflorescences are set on the periphery of the canopy and bear hermaphrodite, large red

brush flowers that produce copious nectar. This contrasts with common features of the

New Zealand flora which is characterised by a high frequency of inconspicuous, small

white and yellow flowers (Godley 1979,Lloyd 1985). Plant-pollinator relationships in

New Zealand are generally unspecialised and flowers of a wide range of taxa are visited
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by relatively few promiscuous pollinator species (Godley 1979, Lloyd 1985).

Pohutukawa is sirnilar in this respect as the native New Zealand honey eaters

(Meliphagida), a range of introduced birds, native and introduced bees (Donovan 1980,

Salmon 1980) and also geckos and bats, visit its flowers (Whitaker 1987. Eifler 1995,

Arkins 1996).

A recent study on the breeding system of pohutukawa reported low multilocus

outcrossing rates (/,,, :0.22 - 0.53) in natural populations, demonstrating an unusually

high level of selfing for a long-lived species (Chapter 7). This result was consistent with

reports of a pollen / ovule ratio of 462.5 (SE *.43.4, Chapter 6), as it suggests a breeding

system between facultative selfing and facultative outcrossing (Cruden 1977). Several

trees in a controlled pollination study were self-incompatible. suggesting that natural

populations may consist of a mosaic of self-compatible and incompatible individuals

(Chapter 6).

The aim of this study is to investigate the relationship between the floral biology

and breeding system of pohutukawa. We study aspects of the species' floral biology that

have the potential to aff'ect its pollination biology and focus on the developmental stages

of individual flowers from anthesis to the beginning of capsule formation. We examine

the possibility of herkogamy and dichogamy throughout this floral sequence and describe

the timing of pollen presentation, stigma receptivity, production of stigmatic exudate and

nectar. This information is integrated with the flowering phenology of trees and

discussed with a view to the breeding system of the species.

MATERIALS AND METHODS

Plant material

Field studies were performed in December and January 1996 on l0 m tall mature trees in

public reserves and gardens on Auckland's North Shore.
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Pollen viability

Pollen grains were stained with DAPI (4,6-diamidino-2-phenyl-indole) and examined

under UV light to observe the nuclei. In addition. at least 500 pollen grains from each of

seven trees were tested for viability in vitro using the fluorochromatic procedure with

100/o sucrose (Heslop-Harrison and Heslop-Harrison 1970). This method tests principally

the integrity of the plasma membrane.

Numbers of flowers and floral sequence

Numbers of inflorescences per branch tip and flowers per inflorescence were counted on

30 branch tips from each of three trees. The area of the canopy bearing 100

inflorescences was measured, and from the number of these areas per tree. the numbers of
inJlorescences and flowers per tree were calculated. Peak flowering time was defined as

the time from which the proportion of 75% buds in the canopy had decreased to 25olo.

Proportions of flower buds and open flowers were monitored weekly, then daily to

indicate the peak flowering period in individual trees.

For the description of morphological changes in the development of individual

flowers (floral sequence), 25 to 30 flowers per tree for four trees were monitored daily

from anthesis to style abscission. Floral stages were assigned to six dift'erent observation

classes according to their morphology. Lengths of the style and of all stamens per flower

were measured for each floral stage in five flowers from two of these trees (a total of l0
per stage) to assess the possibility of herkogamy in the ontogeny of individual flowers.

Stigma receptivity

Stigma receptivity was assessed at time intervals of 1,2,3. 4, 5. l0 and 20 days after

anthesis for a total of 5 I 8 flowers. Within each of these seven age classes. l5 to 26

flowers from the same tree were bagged at bud stage, emasculated two days after anthesis

to avoid self-pollination, re-bagged, and then subjected to four different assessment

techniques. These techniques tested for stigmatic enzyme activity, pollen germination,

length of pollen tubes 24 h after pollination, and seed set:
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Stigmatic enzynxe act ivity

Surfaces of fresh stigmas were examined under a dissecting microscope. and damaged

specimens were discarded. Undamaged stigmas were separately tested for presence of
stigmatic esterase and peroxidase. Alpha-naphthol acetate (0.05% wlv) was used as a

substrate in the test for esterase (Chayen and Bitenski l99l ), and a method for staining of
starch gels using 0.03% hydrogen peroxide as substrate was adapted for the peroxidase

test (Wendel and Weeden 1989). A colour change of the stigma from light yellow to

purple indicated the presence of the enzyme in both tests. Stain intensity was used as an

indicator of enzyme activity and classed as light, medium or dark. Style apices of
approximately 5mm length per flower stage were immersed in the test solution for five

min, rinsed with 0.05M acetate buft'er (pH 5.0), and the stigma surfaces were then

observed using a dissection microscope. Controls omitting the substrate were run parallel

in both tests.

Pollen germination and length oJ'pollen tubes

Flowers were bagged, emasculated, and cross-pollinated at the same time intervals as

described above. They were harvested 24hafter pollination and fixed in FAA (l : 1 : l8
v/v formalin : glacial acetic acid : 70Yo ethanol). Numbers of germinated pollen grains on

the stigma were assigned to three pollen load classes (described below) and the maximum

length of the pollen tubes was recorded after staining with 0.1% aniline blue in 0.lM

K:PO+ using UV epi-fluorescence microscopy (Martin 1959).

In a separate experiment, 20 stigma squashes from flowers that had been

artificially cross-pollinated three days after anthesis were also observed. The stigmatic

pollen load was assessed according to brightness of fluorescence and classed as low,

medium or high. Sub-stigmatic portions of the same styles were fixed as above,

dehydrated in a graded ethanol series, infiltrated and embedded in glycol methacrylate

resin (Feder and O'Brien 1968) and sectioned transversely with a glass knife at 2.5pm.

Sections were stained with aniline blue and pollen tubes were counted under UV

epifluorescence. Pollen tube counts were then correlated to the pollen load classes

assigned to the respective stigmas.

22



Seed production

Mature seed capsules from cross-pollinated flowers were harvested four months after

pollination and the number of capsules harvested per pollinated flowers were recorded.

Capsules contain a mixture of filled seeds with a fully developed embryo and empty

seeds. The proportion of filled seeds per capsule was assessed by counting random

samples of 100 seeds per capsule under a light microscope.

Stigmatic exudate

Morphological changes of the stigma and the production of exudate were assessed for

eight to ten fresh stigma samples per age class up to ten days. Style tips were excised and

mounted on copper specimen stubs using carbon tape, frozen in liquid nitrogen and

sputter coated with gold using an Emscope SP2000 sputter-cryo system. Material was

observed in a Philips PSEM 505 (7.5 kV) on a cold-stage allowing low temperature

scanning microscopy (< -150 oC) to be carried out.

Nectar production

The production of nectar and its sucrose concentration were measured daily over the

course of the floral sequence for two trees. To protect the flowers from precipitation. to

minimise evaporation, and to exclude all flower visitors, an inverted paper cup covered

by a gauze bag was positioned over each inflorescence. Nectar from ten inflorescences

per tree and 4 - l5 (SE +0.64) flowers per inflorescence was collected w'ith a

microsyringe every morning between 6 and 7 am. The nectar volume per inflorescence

was recorded, and nectar production per flower per day calculated. Percentage sucrose

concentration was estimated from these nectar samples with an Atago hand refractometer

(No. 8603) and the energetic value was calculated (Dafni 1992). The ambient

temperature was measured at7 am each day and precipitation was recorded using the

appropriate daily climatological record of NIWA (National Institute of Water and

Atmospheric Research).
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R-ESULTS

Pollen viability

Pollen grains of pohutukawa were bi-cellular, with the vegetative and the generative cell

both clearly visible. Pollen viability was consistently high for all trees (93.6%. SE +3.2).

Numbers of flowers and floral sequence

The number of inflorescences per tree ranged from 900 to 2800 and at every flowering

branch tip there were 2.0 (+0.1 I ) inflorescences with 14.3 (*0.4) flowers each. Flower

numbers per tree ranged from 13,000 to 40.000 (+6700) and the mean peak flowering

time per tree was 14.6 d (r0.7). Fig. 3.lA illustrates the floral display at peak-flowering.

The morphological changes during flower development are shown in Fig. 3.1B

and a summary of the floral sequence including the mean duration of stages and their

characteristics are listed in Fig. 3.2. Until anthesis, both style and stamens were tightly

folded inside the flower buds. Within one day, the style had straightened while the

stamens remained curved inwards towards the style. The filaments unfolded completely

the following day, while the anthers remained intact as indicated by their red colour. The

anthers dehisced over the course of the next four days, and bright yellow pollen was

presented. The stamens then wilted over a period of two days, and stamens and the petals

abscised, with the style persisting on the ovary for approximately ten further days (Fig.

3.lB).

Stamens were consistently shorter than styles in flowers of all stages and the

stamen / style ratio remained virtually constant at 0.84 (t0.01) in all flower stages (Table

3.1). Because the hypanthium extends above the ovary and the stamens are set in a single

whorl on the hypanthial rim approximately 2 mm above the origin of the style, the stylar

base lies below the base of the stamens. The style was therefore projected approximately

4 mm beyond the mean length of the stamens. The horizontal distance between anthers

and stigma within one flower at the hermaphrodite stage varied, but a separation of l0 -

15 mm was common. The mean number of stamens per flower was 27 .2 (+0.5).
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Flg 3.1: Floral display and design in pohutukauna. A: Portion of canopy showin€ large

floral display at peak flowering. B: Develop:uental stages of flowem fionn bud Stage to

styie abscission. Stage 0: Closed bud; Stage I: Opening flower; Stage II: Filarnents

straightened; anthers hrmot. Stagp lli: HennaphroditE st4ge, Stage IV: Stamens wilt and

abscise; Stage V: Sf,yle pe.rsists" Scale bars =- 10 nnr.
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Fig,32: Surnmary of floral soquenee showing flower age, flower stages and their mea0

duration, artd otber flower c.haracteristics as indic,ated. Flower stag€: Undehisoed anthers

are sho-wn in red dehisced anthers in yellow, and wilting is indicated by blaek.

Reprodrrctive phase: Female phase up to l0 d post-ailhesis as verified by receptlve

stigma, thereafter (g) by pollan tube travel through style. Dashed lines indicate an

increase sf the respeotive function, and solid liRes mean maximum furtction. Assessment

of stigmareceptivity is based on seed production.
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Stigma receptivity

All four tests for stigma receptivity showed that stigmas were receptive for at least nine

days. commencing two days after anthesis (Table 3.2, Fig. 3.2). Peroxidase activity was

highest in two to five day old flowers, and control stigmas did not stain at all. The

esterase test was unsuitable, as control stigmas without substrate also showed staining.

The mean numbers of pollen tubes counted in the sub-stigmatic transverse

sections of styles were 262 (*67) for the low pollen load class, 455 (+49) for the medium,

and 940 (+90) for the high class. Estimates of the number of stigmatic pollen grains from

fluorescence intensity and pollen tube counts were highly correlated (r: 0.83, p:
0.0001). Both pollen germination and maximum length of pollen tubes 24 h posG

pollination indicated peak receptivity in two to ten day old flowers, but residual stigma

receptivity was still detected in flowers pollinated 20 d post-anthesis (Table 3.2).

In spite of a poor capsule harvest (35%), and a resulting small sample size for

seed counts, the pattern of seed set at different flower stages was consistent with the other

test results. As Table 3.2 shows, pollination of flowers betw'een two and ten days post-

anthesis resulted in maximum seed set, but seed set was poor at day two. No seeds were

formed in flowers pollinated one day and twenty days post-anthesis.

Stigmatic exudate

Scanning electron micrographs showed increasing exudate production from day two after

anthesis until about day five, when the stigma surf'ace was still covered in fluid, but

secretion of new exudate presumably had ceased. At day ten, the surface had dried up

and the stigma was deformed (Fig. 3.3).

Nectar production

Full nectar production was first observed two days after anthesis and this continued for a

period of five days (Fig. 3.4). The mean nectar volume per flower per day was 46 pL

(r5.9) and a total of 0.33 mL was produced during the life-span of one flower, resulting

in approximately l0 L per tree over a flowering season. The mean nectar sucrose

concentration per flower was 17.7%o. corresponding to a mean energetic value of 160 J
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Fig. 3.3: SEM photographs of stigma surfaces of flowers at | . 2, 3. 4" -5 and I 0 d post-

anthesis. Scale bars : 0.I mm. A - F: Stigmas l. 2' 3, 4' 5. and l0 d post-

anthesis, respectively.
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per flower per day (Fig. 3.5). The temperature during the experimental period varied

from I 7 "C to 22 "C and a small amount of precipitation was recorded on two days only.

DISCUSSION

The f'loral characteristics of pohutukawa are not efficient at preventing self-pollination.

There is no evidence for dichogamy in individual flowers because the main functional

phase of flowers is hermaphrodite and characterised by the simultaneous presentation of

pollen and stigma for a period of approximately four days. As during this time span

pollen and nectar are offered as rewards to flower visitors and pollen may be deposited

onto the stigma of the same f'lower, autogamous selflpollination is possible and self-

f'ertilisation of ovules may result. This hermaphrodite phase is both preceded and

followed by female phases which both permit pollination resulting in seed set. The initial

female phase is brief, and the stigma is not fully receptive as indicated by poor seed set.

However. as the red stamens advertise the flower and copious nectar is available, some

geitonogamous self-pollination or cross-pollination may occur in nature, resulting in

some seed production. The late female phase lasts longer and the stigma is still receptive

up to at least ten days post-anthesis, but pollination events may be rare during this phase

as all floral attractants and rewards are depleted. Pollen tube travel through the style is

slow and varies from l0 - 15 d between trees (Chapter 6). As the style abscises at I 9 - 20

d post-anthesis, pollination events in flowers 5 - l0 d of age may infrequently result in

seed set and are very unlikely beyond l0 d post-anthesis in nature.

Herkogamy is not important in pohutukawa flowers. The stigma is positioned

only a few millimeters beyond the stamens throughout the floral sequence and this is too

slight a separation to efficiently avoid interference of pollen and stigma. Webb and

Lloyd (1986) pointed out that'unordered herkogamy' is a characteristic of the many-

stamened 'brush' flowers of the Myrtaceae. As the distance between anthers and stigmas

in these flowers is small conrpared to the size of the pollinator, precise movement is not

required to operate these flowers, and self-pollination may frequently result from visits

(Webb and Lloyd 1986). Such self-pollination is likely to occur in pohutukawa when
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flowers are visited by birds foraging for nectar, but it may be less likely fbr pollen

gathering insects. Relative to their body size, there is a wide horizontal separation

between stamens and stigma and pollen-stigma contact within one flower may be

uncommon for these visitors. While this would avoid autogamour tg11'-pollination, it may

also reduce the pollination efficiency of these flower visitors. Thus, herkogamy, is not a

mechanism operating per se, but has to be considered in context with the body size and

the type of foraging activity of the respective pollinators.

With its almost complete lack of floral traits promoting outcrossing, pohutukawa

differs from many other Myrtaceae, although flower characteristics relating to dichogamy

or herkogamy are variable among species. A variety of mechanisms have been described

that may decrease the likelihood of self-pollination in the Myrtaceae (Beardsell 1993).

Protandry is widespread among Australian genera such as Eucalyptus (Pryor 1976.

Griffin and Hand 1979. Sawa et al. 1988), but there may be some overlap of male and

female phases within flowers, rendering them incompletely dichogamous (Beardsell et al.

1993). In Kunzea ericoides, pollen presenting stamens bend away from the developing

style and herkogamy reinforces protandry (Webb and Lloyd 1986). In two protandrous

species of Leptospermum, the style is very short at anthesis and becomes fully extended

to the level of the anthers only 4 d post-anthesis. This delayed stylar extension has been

described as a form of herkogamy and is common in the Myrtaceae. but it cannot prevent

within flower or plant self-pollination (O'Brien and Calder 1993). Similar to our

observations in pohutukawa, a study of the mass-flowering Hawaiian Metrosideros

collina shows no evidence of dichogamy. as there was a complete overlap of male and

female flower functions in two trees (Carpenter 1976).

Geitonogamy is presumably the dominant type of self-pollination in pohutukawa.

Within individual inflorescences, flowers are open for l2 days (Godley 1978). and as the

life span of individual flowers is approximately one week, there is a high degree of
synchrony of flowering within inflorescences. High levels of geitonogamy are also likely

because the peak flowering time of individual trees is only approximately two weeks and

thousands of flowers per tree are open during this time. These features together with the

inefficiency of mechanisms that prevent interference of pollen and stigrna in individual

flowers support the notion of geitonogamy. Individual flowers within and between
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inflorescences on one branch tip are frequently in close contact and mechanical stigma-

pollen interference unaided by pollinators is likely. These features point towards a high

level of geitonogamy and are in accordance with the reported low outcrossing rates in

pohutukawa (Chapters 7 and 8).

Geitonogamy does not necessarily result in low outcrossing rates. In mass-

flowering eucalypt species such as Eucalyptus regnens, outcrossing rates are high in spite

of predominant geitonogamous pollination (Griffin 1980. Griffrn et al. 1987) and pre- and

post-zygotic mechanisms have been proposed to control low levels of self-fertilisation

and to maintain preferential outbreeding (Griffrn et al. 1987, Ellis and Sedgley 1992). ln

pohutukawa. the incidence of self-incompatibility shows that outcrossing is promoted

(Chapter 6). But not all individuals are self-incompatible and the production of a large

number of selfed seeds (60%) in natural populations (Chapter 7) shows that this

mechanism is not strong enough to prevent high levels of selfing. Little is known about

the breeding system of other Metrosideros species, but Carpenter (1976) reports that red-

flowered individuals of Metrosideros collina are partially self-incompatible and that bird

pollination leads to significantly higher fruit set than insect pollination.

Pohutukawa has previously been classified as ornithophilous (Godley 1979) and

the proportion of outcrossing may be due to bird pollinators (Chapter 7). Several flower

characteristics such red stamen colour, almost complete lack of scent. and copious nectar

production are features that are generally interpreted as adaptations to bird-pollination

(Faegri and van der Pijl 1980, Wyatt 1983). The large volume of nectar produced per

flower and its mean energetic value is sufficient to satisfy the energy requirements of
birds. The mean energetic value per flower we found (160 J) was similar to values

reported for pohutukawa (127 J) by Castro and Robertson (1997) and also to bird-

pollinated plant species in general (Pyke and Waser l93 I ). In the Australian flora, birds

are thought to be more likely to promote outcrossing than insects as they fly further

between plants (Ford etal.1979) and several studies on bird-pollinated eucalypts report

high outcrossing rates consistent with this concept (Hopper and Moran 1981. Sampson et

al. 1995).

In conclusion, the floral characteristics of pohutukawa do not prevent the

interference of stigma and pollen within flowers, inflorescences and the whole plant.
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lhis leads to a high degree of self-pollinationn and is consistent with high levels of selfing

in the $pecies. However the proportion of outcrossing observed in natural populations of
pohutukrluna sho'ws th'at ctosspollination do-es rtake place and may be efffested by nectar-

ficraging birds. As rpointed our b)i'Snow et al. (1996), geitouogarnols pollinat-ion rnay be

an unavoidable cost ofrequiring alarge floraldisplay with abuudarit rewards to atfraot

pollinatots.
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CHAPTBR 4

STRUCTURE AND HISTOCHEMTSTRY OF THE STIGMA AND STYLE

ABSTRACT

The anatomy and histochemistry of pollinated and unpollinated pistils of pohutukawa

(Metrosideros excelsa) were examined. The wet stigma consisted of unicellular papillae.

The style comprised a cutinised epidermal layer, cortical tissue and a central triangular

transmitting tissue with loosely arranged cells. They were surrounded by large

intercellular spaces filled with mucilage that progressively increased in size towards the

centre of the transmitting tract. The stigmatic exudate of unpollinated pistils stained

intensely for carbohydrates, lipids and proteins, whereas the intercellular rnucilage of the

transmitting tissue stained weakly only for polyanions and pectins. Following

pollination, the stigmatic exudate showed a notable decrease in lipids and proteins, and

starch grains were depleted in the stylar cortex. Upon pollen germination on the stigma,

numerous pollen tubes travelled through the intercellular spaces of the stylar transmitting

tissue. These results are discussed in relation to the breeding system of Jul. excelsa.

Keywords: Style, stigma, histochemistry, anatomy, self-incompatibilty. transmitting

tract, intercel lular mucilage, pohutukawa, stigmatic exudate.

INTRODUCTION

The two parts of the angiosperm gynoecium that allow the male gametophlte access to

the ovary are stigma and style. Stigmas have been categorized as being papillate or

smooth and having either a wet or a dry receptive surface (Heslop-Harrison and Shivanna
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1977). All Myrtaceae studied to date have papillate stigmas, but there are differences

with respect to the presence of surface secretions. In contrast to genera such as

Leptospermum, Feijoct, Eugenia or Syzygium which have dry papillate stigmas,

Melaleuca and Callistemon have wet stigmas, a feature which is commonly associated

with gametophytic self-incompatibility (Heslop-Harrison 198 I ).

Pollen tube growth in angiosperms is confined to the extracellular matrix of the

central core of the style (Sanders and Lord 1992). Dicot genera commonly have a solid

style with compact transmitting tissue. and pollen tubes grow through the mucilage filled

intercellular spaces between the transmitting tract cells (e.g. Webb and Williams 1988,

Herrero and Dickinson 1979, Clifford and Sedgley 1993). Among the Myrtaceae,

Leptospermrm (O'Brien 1994) and Dant,inia (Prakash 1969) have compact solid styles,

but stylar canals of varying lengths have been reported for more than 90 species of
Eucalypttts and two of Angophora (Boland and Sedgley 1986, Ellis and Sedgley 1992).

However, despite the presence of a stylar canal. the pollen tube pathway in these taxa is

confined to the intercellular spaces of the solid part of the transmitting tissue.

Pohtrtukawa (Meuosidero.s excelsa Sol. ex Gaertn.) is a large mass flowering tree

of northern New Zealand coastlines. Individual red "brush' flowers have approximately

27 stamens and a style up to 32 nrm long. Mature styles terminate in a dome-shaped, pale

yellow stigma that glistens upon microscopic observation and stigmatic exudate

production appears to increase up to five days after anthesis. The stigma is receptive for

at least nine days in total, as indicated by peroxidase activity, pollen germination, pollen

tube growth and seed production (Chapter 3). A recent analysis of the breeding system of

pohutukawa showed that the species contains both selt'-compatible and self-incompatible

individuals and self-incompatibility is late-acting. Pollen tubes travel through the style

very slowly (2 mm / d) and reach the ovary at 10 - l5 d after hand pollination (Chapter 6).

In this study we describe, for the first time, the anatomy and histochemistry of a

pistil of a Melrosideros species. Our specific aims were

(l) to characterize the anatomical and histochemical properties of the unpollinated

stigma and style

(2) to examine possible causes for slow pollen tube growth and

(3) to compare these results to the pistil characteristics of other Myrtaceae.

To achieve these goals, we used a range of staining schedules in combination with bright

field and fluorescence microscopic techniques.
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MATERJALS AND METHODS

Four trees, including at least one self-incornpatible individual (identified as 'Tree 6' in

Chapter 6) from public parks on Auckland's North Shore were used in this study.

Flowers were bagged at bud stage, emasculated two days post-anthesis. re-bagged and

harvested the following day for the examination of unpollinated pistils. Some

unpollinated styles were also harvested thirteen days post-anthesis to compare structural

and histochernical characteristics of styles in different age classes. To study effects of

pollination on pistils, flowers were treated as above. self- or cross-pollinated three days

post-anthesis. re-bagged and then harvested after a further ten days. By this time, the

pollen tubes were known to have completed their travel through the style in the trees

studied (Chapter 6).

Styles were fixed either in FAA (l : I : 18 v/v fonnalin : glacial acetic acid :70%o

ethanol) or inZ.So/o glutaraldehyde in 0.025 M phosphate buffer under vacuum fbr 24 h.

Segments were taken from the stigmatic portion of the pistil, from the upper style

approximately 3 mm below the stigma, the centre and the base of the style. They were

dehydrated in a methyl cellosolve series, and embedded in glycol methacrylate resin

(Technovit 2100, Kulzer Histotechnik, Germany). Transverse sections.2.5 pm thick

were cut with glass knives and examined using bright field or fluorescence microscopy.

Additionally, longitudinal sections of frozen stigmas and upper styles were cut at 7 pm

using a kryo-microtome and observed to further examine the anatomy of stigmatic

papillae and transmitting tract cells. The stains used to examine the histochemical

properties of the pistil are listed in Table 4.1. In addition to these, the presence of

cuticular waxes was examined with auramine O and callose was localised with aniline

blue (Linskens and Esser 1957). Pollen germination and pollen tube growth were

observed in squashes of pollinated styles after aniline blue staining using epifluorescence

microscopy (Chapter 6). To test for the presence of lipids in pollen grains, frozen pollen

samples were stained with nile blue A and observed using epifluorescence as before.
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RESULTS

The stigma was circular in transverse section and had a diameter of approximately 0.63

mm (Fig. 4.lA). The diameter of the style increased basipetally to 0.75 mm. Styles

comprised an epidermis layer with cuticle, a parenchymous cortex and central

transmitting tissue. Immediately beneath the stigma, the transmitting tract formed a solid

cylinder in the centre of the style (Fig. 4.I B). More proximally, it appeared triangular

and occupied approximately l6Yo of the total style area throughout the remainder of the

style (Fig. 4.lC and D).

No anatomical or histochemical differences were observed among unpollinated

pistils of different age classes (3 d and l3 d). or between self- and cross-pollinated pistils,

respectively. In contrast, there were marked differences between unpollinated and

pollinated pistils.

Stigma

The stigma had densely packed unicellular papillae that lacked a cuticle. The stigmatic

cells appeared circular in transverse section and ranged from 7 to l5 pm in diameter (Fig.

4.1A). Toluidene blue treatment resulted in purple staining of papillar cell walls,

suggesting the presence of polyphosphates and / or polycarbolic acids. The cytoplasm,

however, stained blue upon toluidene blue O treatment and showed a positive reaction to

Ponceau 2R, indicating the presence of polyphenols and proteins (O'Brien and McCully

l 98 l).

The exudate of unpollinated stigmas stained intensely with PAS, nile blue A and

Ponceau 2R indicating the presence of insoluble carbohydrates, lipids and proteins.

Unpollinated and pollinated stigmas were identical with respect to the PAS reaction, but

there were pronounced differences for Ponceau 2R and nile blue A treatments (Table

4.1). Proteins were absent from the exudate after pollination. and the exudate showed an

uneven distribution of fluorescence with nile blue A, suggesting a localised decrease in

exudate lipids. This effect was more pronounced in the outer ring of stigmatic tissue than

in its centre (Fig. 4.2A and B; Table 4.1).
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Fig 41: Bright freld nricrqgraphs of TS of unpol'linated stigma and style stained with

PA,S / TBO showing: A: stigtnatic tissue (s) with exudate (arrows). B = uppor style

approximately 3 rnrn below stigma with cirsmlnr ta$$nitting traet (tt),cortex (co)"

epidemlis (ep) and numerous vtusular bundles (arrowheads). C = rnid-sUle with

ccntratr triangular transnni.tting tract (tt), cortcx (co) and ferv vascular bundles (arr,ow

heads). D,- base of ,styJe with niangrrlar transmlfiing tract (tt), intensely stained esrtical

eells (oo), and vascular bundles (amow heads). Scale bars: 100 pm.
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Table 4.L $tairlngre-ae'tions of stigmatie exudate and interce[ular mreilage of unpolllnated

and poltlina,ted receptive pistils" No differences \Mere observed for both self- and eross-pollinated

styles and fo: both unpollinated styles 3 d and 13 d posFanthesis. PAS - Periodic acid / chiff
IKI - Iodine I potacsiuu. iodide; TB'O - Toluidine Blue O; RIt - Rutheniun red; AB = Alcjan

Blue; NBA -Nile blue d; SBB - Sudan Blaek B; P2R= Fonceau 2R. ff hrtense stairs +

weak stain; - no r.e.agtieq ob.served. a purptre staining; bpatchy digtributiorr of stain. n.a, :'not

analysed.

Stain Speeit[city Reforence Stigpuic exudate Intercellularrnucilags of
slylar transmittin g tissue

Unpo,llin Pollin. Unpollin. Follln

PAS Insoluble carbohydrates O,Brjen and # #
MoCully

(1981)

IKI Starch JErsen

(19"62r

TBO Foty,phosphatesl Federand + + + +

polyear,b.o.xylie acids u O'Brien

(1e68)

RR Peptins Luft + +

(lq?l)

AB Peetin-s Clarfte eJ al. + +

(19?9)

NBA Triglyoerides/ Hargin et al. +r +'b

hydrophobic,stuct. (1930)

SBB T,rigl;ycerldes I Pearse n"a + n.a.

hydrophobic smict. (1968)

P2R Proteins Rae et al. -+
(1e85)
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X'ig, 4.2: Tmnsvetse s.ections through pistils sf M excclsa. A = Fluo.r.g$€cnce

microgpaph of unpollinated stigma (s) stained with nile blue A showing stigmatie exudate

(arrows). e,u = euticle. Sc-ale bar; 50 Fm. B: Fluorescence ndcrogxaph of pollinated

stigrna (s) stained with nilo blue A showi,ng erosjon of exudate (arrows). Scale,bar: 50

prn. C -- Fluorescence micro,graph of aniline blue stained pollinated upper pistil

,approxirnately 3 mrn below stigma Pollentubes (arrows) grow in outer zone of

tranmitting tuact (tt). Scale bar: 100 Fm. D - Bright field rnicrograph of unpollinated

pistil stained with PAS. Cortical oells (co) adjac-ent b trarrmitting tact (tt) oontain

slarch gfains (arrows). Scale bar: 25 pm.
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Fig 43r e = tsrigbl field micrograph of TS of unpol,linated pistil stained with PAS /

TBO showing hans-mitting tract with loose assemblage of secretoly cells, (anow h,eads)

embedded in manix of intercellular substtrnce Gs). Sccle bar: 25 pm. B - Bright field

micrograph of TS of pollinated pistil $ained with PAS / TBO showingfansmittingtact

cells (arrow heads). Pollen tubes,(arrows) grow tttougt the intercellular substilnce (is).

Scale bar:.25 Frrn. C = Sqrmstr prepaation of pollinated stigma after aniline blue

staining showing genninated pollen grains (a,rrows; and pollen tubes (pf). Scalebar:

100 p,rn. D: Squash prep.aralion of pollinated pistil showing style with large nurn-bers

of pollerr tubes (pt). Scale bar: 200 pm.
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Style

Transmilting trucl

Transmitting tract cells were loosely arranged and surrounded by large intercellular

spaces filled with mucilagenous secretion products. Occasionally. these spaces increased

towards the centre of the transmitting tract and formed an area exclusively filled by

mucilage (Fig. a.lC and D; Fig. 4.3 A).

The extracellular material of the transmitting tract generally stained weakly, and

there were no differences between unpollinated and pollinated styles in this respect

(Table 4.1; Fig. 4.3A and B). In unpollinated styles. the cytoplasm of up to 50olo of

cortical cells surrounding the transmitting tract contained starch grains, as shown by PAS

and iodine / potassium iodide staining (Fig. a.2D). In contrast, starch grains were scarce

in pollinated styles. Staining properties of cell walls, cytoplasm and vacuoles of

transmitting tract cells were not different to the stigmatic papillae.

Pollen tubes

Pollen grains stained with nile blue A fluoresced under UV. indicating the presence of

lipids in the exine. They germinated in the stigmatic exudate, and pollen tubes grew in

between the stigmatic papillae. Upon reaching the upper style, they preferentially

occupied the outer portion of the transmitting tissue and travelled in large numbers

through the intercellular spaces of the stylar transmitting tract towards the ovary (Fig.

4.2C; Fig 4.38 and D). From the mid-style downwards, they mostly grew in proximity to

the secretory cells in the outer portion of the transmitting tract. Pollen tubes were smaller

in diameter (4 - 5 pm) than stigmatic papillae and transmitting tract cells and generally

appeared to be empty. Their walls showed a positive reaction with aniline blue for

callose, and stained red-purple with PAS / toluidine blue O, suggesting the presence of
insoluble carbohydrates and acidic polyanions (Fig. 4.3 B and D).

Epidermis, cortex and va.sculctr hundles

Styles had a single layer of epidermis with an unevenly shaped cuticle, 2 - 4 pmthick.

that stained with Auramine O. aniline blue and Nile blue A (Fig. 4.2A - C). Beneath the

stigma, the cortex layer increased progressively in cell number and by mid-style consisted

of a layer of up to twelve thin-w'alled vacuolated cells that surrounded the transmitting

tract. As the contents of these cortical cells showed intense blue staining with toluidene
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blue O, polyphenols may be present in their vacuoles. In the sub-stigmatic region of the

style the transmitting tract was encircled by more than twenty vascular bundles.

However, the cortex in the remainder of the style only contained nine vascular bundles.

An individual bundle was located at each conler of the triangular transmitting tract. but

laterally, most were fused in pairs (Fig. 4.1). All cell walls other than xylem vessels

showed a positive reaction with toluidene blue O (red-purple) and PAS.

DISCUSSION

Following the categories describing the stigma morphology of Myrtaceae such as

Eucalypttrs and Angophora by Boland and Sedgley (1986). pohutukawa stigmas qualiff

as blunt and uniform. According to the classification system by Heslop-Harrison and

Shivanna (1977), the stigma of pohutukawa is of the wet-papillate type with unicellular

papillae (Group III). Within the Myrtaceae, this stigma type is also found in Melaleuca

and Cellistentonl and in many eucalypts such as. for example, E. regnarzs and E

woodu'cu'dii (Heslop-Harrison and Shivanna797J, Griffin and Hand 1979, Sedgley and

Smith 1989).

Wet stigmas are commonly associated with gametophytic self-incompatibility

(Heslop-Harrison 1981). Self-incompatibility in pohutukawa should. accordingly, be

gametophytic. This is endorsed by the occurence of bi-cellular pollen grains and late-

acting (ovarian) self-incompatibility in this species (Brewbaker 1957. Chapter 6).

The lack of differential staining properties for unpollinated stigmas at the onset of
receptivity (3 d post-anthesis) and ten days later illustrates that the stigma may still be

receptive in l3 d old flowers. This is in accordance with earlier repons of a long period

of stigma receptivity for pohutukawa that allows pollen germination and seed set to occur

upon pollination of l0 d old flowers (Chapter 3). However. pollination thirteen days

post-anthesis is unlikely to result in seed set. as pollen tube travel through the style is

extremely slow and styles usually abscise after 20 d (Chapter 6).

The stigmatic papillae of pohutukawa are densely cltoplasmic and stain intensely

for proteins and carbohydrates - cellular characteristics that are in accordance with high

metabolic and secretory activity (Slater and Calder 1990). Extracellular secretions of the

papillae are also rich in lipids. a common condition found in diverse taxa such as for

example Phaseolus vulgaris and Lycopersicon peruvianum (Lord and Webster 1979,
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Webb and Williams 1988). Lipids render the stigma surface hydrophobic and their

presence has been attributed to the role of preventing desiccation of the stigma (Konar

and Linskens 1966). Pohutukawa has open 'brush' flowers. and given its coastal habitat

receptive stigmas may be freely exposed to a windy environment for several days. The

risk of desiccation would be reduced by surface lipids. Lipids in the extracellular fluid of

stigmas may also assist pollen adhesion. ln Armeria maritima,lipids coating the

stigmatic papillae establish contact with the exine oils of compatible pollen grains,

resulting in efficient pollen adhesion and aiding subsequent pollen hydration (Mattsson

1983). Both pollen surface and stigmatic exudate of pohutukawa are lipidic, suggesting

that a similar mechanism may be at work here.

The decline of proteins and lipids in the extracellular stigma secretion after

pollination also points to a possible role of these compounds in assisting germination and

early pollen tube growth. The observed 'erosion' of lipidic material in the stigmatic

exudate appeared more pronounced in the outer area of the stigma than at its centre. This

coincides with preferential pollen tube growth in the outer part of the transmitting tissue

in sub-stigmatic style portions and also in the remainder of the style. These observations

suggest that the outer 'ring' of secretory tissues - in both stigma and transmitting tract -

provide better nutritive conditions for pollen germination and pollen tube growth than

their centres. In common with many other angiosperrn taxa, the style of pohutukawa has

a solid transmitting tissue with loosely packed cells embedded in a large amount of

intercellular mucilage (e.g. Weber and Frosch 1995, Ciampolini et a[. 1995, Cheung

1996). Although these cells were most abundant towards the cortex periphery and this

led to a space entirely filled by mucilage in the centre of the transmitting tissue. a stylar

canal as such was not present. This is in contrast to over ninety species of Eucalyptus

that have a canal fbr at least part of the length of the style (Boland and Sedgley 1986). E

regnans, for example, has a three lobed canal in the upper half of the style which then

becomes solid (Sedgley et al. 1989); in E. woodwardii, a five-pointed stylar canal extends

for about two-thirds of the style. with the rernainder of the style being solid with a central

core of transmitting tissue (Sedgley and Smith 1989). However, the pollen tube pathway

in the eucalypts studied to date is the intercellular matrix of the solid part of the

transmitting tract and not the stylar canal (Sedgley et al. 1989). Thus, pohutukawa

follows a similar pattern of pollen tube growth as these eucalypts.
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The stylar tissues of pohutukawa have to accommodate and provide resources for

the growth of hundreds of pollen tubes. Whereas the intercellular matrix of angiosperm

styles is commonly enriched in secretory materials, including polysaccharides, proteins

and lipids (Knox 1984), only weak staining for polyanions and pectins was observed in

unpollinated and pollinated styles of pohutukawa, indicating sparse extracellular

resources. However, the depletion of starch granules in the cortex adjacent to the

transmitting tract was a consistent histochemical response to pollination, suggesting

starch serves as a nutritional reserve. With regard to the large number of pollen tubes

growing through the transmitting tract that entirely depend on stylar nutrition, resources

are poor. This is likely to limit pollen tube growth and is consistent w'ith the low speed of
pollen tubes in pohutukawa (2 mm / d). Whereas pollen tubes grow commonly much

faster in woody angiosperms (Heslop-Harrison lgTl.Harvey et al. 1987), other

Myrtaceae are similar to pohutukawa in this respect (Sedgley et al. 1989, O'Brien 1994,

O'Brien 1996).

Starch as a nutritional reserve in styles has been described for many species (e.g.

Vasil and Johri 1964 , Gonzalez et al. 1996). Herrero and Dickinson ( 1979) also

established a link between stylar starch depletion and self-incompatibility in Petunia

hybrida. There. a pronounced drop in starch concentration accompanied the stylar

passage of compatible, but not of incompatible pollen tubes. As self'-incompatibility in

pohutukawa is ovarian, a histochemical response of stylar tissue to the passage of self- or

cross-pollen tubes would not be expected. Our observations therefore confirm that the

style is not the site of the self-incompatibility response in this species, but that starch

mobilisation takes place as a response to pollen tube growth independent of the nature of
mating.
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CHAPTER 5

SEED BIOLOGY

ABSTRACT

Mature seed capsules of pohutukawa contain a mixture of filled (embryo-containing)

and unfilled (embryo-lacking) seeds. Both types of seeds were characterised with

respect to their dimensions, weight, viability, and their germination rate under two

different storage regimes. Fitled seeds have a lower length / width ratio, and are

approximately 25o/o heavier than unfilled seeds. Treatment of seeds with l%

tetrazolium chloride at 37 "C resulted in staining of all fertile, but no infertile seeds.

There was no difference in the numbers of fenile seeds occupying the top, centre and

basal portions of capsules. and fertile seeds were randomly disposed on the placenta.

The germination rate of fertile seeds exceeded 90o/o af\er one year of storage at *l oC.

When stored at room temperature, this rate decreased to 54o/o after 6 months and there

was no germination after one year of storage. These results are discussed with respect

to the species' low fertility and the possibility of formation of natural seed banks.

Keywords: Fertile seeds. infertile seeds, germination, seed dimensions" pohutukawa,

viability.

INTRODUCTION

The flowers of the genus Metrosideros Banks ex Gaertn. contain numerous ovules

which appear morphologically identical and are all potentially fertile (Dawson 1976,

Chapter 6). However, low fertility appears to be characteristic of the genus. Studies of

seed fertility in the Hawaiian M. polymorpha and four New Zealand Metrosideros tree
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species have shown that typically, less than 20% fertile seeds are formed (Wardle l97l ,

Dawson 1976. Drake l99?,Ifuightbridge 1993. Wotherspoon 1993).

In pohutukawa (M. excelsa Sol. ex Gaertn.), the mean number of ovules is 933

(S.E. +15). but only 10.2 7o of these develop into fertile (embryo-containing) seeds

upon open pollination (Chapter 6). Experimental studies have shown that availability

and species composition of local pollinators and stigmatic pollen loads do not limit seed

set. While self-pollination is common, and self-incompatibility is a cause of poor seed

production in some trees, seed set per capsule can only be increased to approximately

30% upon artificial cross-pollination (Chapter 6). The low seed / ovule ratio thus

appears to be a flxed trait of the species.

In many species of Eucalyplr.rs, the placentae bear ovular structures of different

types (Boland et al. 1980). Towards the top of the placenta, these have either little

chance of being fertilised or are sterile. Commonly, the sterile structures are

morphologically distinct from ovules and are then termed ovulodes (Carr and Carr

1962). Unfertilised ovules and ovulodes together form the 'chaff of eucalypt seed lots.

In contrast, ovules towards the base of the placenta are more likely to develop into

fertile seeds. Although pohutukawa lacks morphologically distinct owlodes, and all

ovules are potentially fertile, it remains unresolved whether ovule fertilsation occurs at

random across the placenta. If only a proportion of the placenta were able to bear fertile

seeds, this would help to explain the low seed set per capsule.

Seeds of the Metrosideros collina group, including M. excelsa. have been

described as niurow-linear, and they are seven to ten times longer than broad (Dawson

1970a). The testa of both fertile and infertile seeds is derived from the outer integument

only, but differences in the two seed types exist with regard to the cell wall thickenings

of the testa (Dawson 1970a). In contrast. Wotherspoon (1993) found no morphological

differences between fertile and infertile seeds in pohutukawa. and tests to distinguish

them on the basis of viability testing with tetrazolium chloride proved unsuccessful.

Thus, there are conflicting accounts of seed characteristics for pohutukawa and there are

no quantitative data to describe the differences between filled and unfilled seeds.

Approximately 98% of all embryo-containing seeds are viable and germinate

under controlled conditions (Chapter 6). The effect of long-term storage on the

germination rate of pohutukawa seeds is unclear, as two previons studies have reported

conflicting data. In one study, five months storage at room temperature resulted in only

nominal decline in seed viability (Wotherspoon 1993). However, fast viability loss
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without cold storage was noted by the New Zealand Department of Conservation

(Department of Conservation 1996).

Since Fountain and Outred (1991) reviewed the seed biology of New Zealand

native plants, there have been several systematic studies of germination requirements of

native seeds. Burrows ( 1995a-c) provided valuable information on the viability and

germination rates of several species. However. data on the Myrtaceae were restricted to

Myrtus and little is known about Juletrosidenrs seed biology. This snrdy provides

information on the morphology, viability and germination performance of pohutukawa

seeds with the goal of assisting the conservation of genetic resources in the New

Zealand flora.

Specific aims are

( I ) to describe distinguishing characteristics of fenile and infertile seeds. such as

dimensions, weight and viability

(2) to assess the germination rate of fertile seeds under two different storage

conditions

(3) to examine causes of low seed / ovule ratio by assessing the disposition of filled

seeds on the placenta.

MATERIALS AND METHODS

Seed dimensions and weight

Pooled samples of seeds from a total of five trees were used for measurements of seed

dimensions and fresh weight. Tree I and 2 were from Whitianga and KareKare Beach,

respectively, and Tree 3 - 5 were from Auckland city sites. The lengths and widths of
twenty randomly selected filled and unfilled seeds from Tree 2 and 5 were recorded. To

determine the fresh weight of both types of seeds, seeds were stored in a refrigerator for

two weeks after harvest. The weights of five samples of 30 - 50 t-ertile and infertile

seeds per tree were recorded for Tree I - 4.

Seed viability

Seed viability was assessed with the tetrazolium test (MacKay 1972). This uses the

forrnation of red-coloured formazan in the embryo tissue as an indicator of metabolic
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activity in the resting seed. Lip to one hundred filled seeds per sample were treated with

a lo% aqueous solution of 2,3,5-triphenyl-tetrazolium chloride (pH 7.0) either at room

temperature (20'C) or at 37 oC. There were three different treatments per temperature

regime. Prior to submersion in the test solution, seed coat tips were removed to allow

fast imbibition. seeds were either soaked in water for one day, or immediately placed in

the test solution. The seeds were immersed in the test solution fbr one day or until

maximum staining occurred. Controls using unfilled seeds were run in parallel in all

experiments. One sample of 25 filled seeds was subjected to 60 oC treatment for one

day as a further control.

Germination rate

To test seed germinability after different storage regimes for a period of twelve months,

seeds from an equal mixture of two trees in Auckland were either stored at room

temperature, or at +lo C and tested at three monthly intervals. Ten samples of 100 filled

seeds each were placed on sterile filter paper under controlled conditions ( l2 h

dark/light cycle at l2"C and 22"C respectively; PFD 70 pmol m-2 s-l;. Seeds were kept

moist with sterile water as required. Radicle emergence of more than 2 mm was used as

the criterion for successful germination. Every two or three days, newly germinated

seeds were counted and removed fiom the dish. Observations were made for a period

of 2l d, whereupon the overall germination rate was calculated.

Disposition of filled seeds on the placenta

To explore whether fertile seeds were randomly disposed across the placenta. mature

capsules from open pollination were collected and left to dry in an upright position for

one week. The contents were then evenly spread out for counting. The number of
fertile seeds originating from the upper, central and lower third of the capsule were

recorded tbr five to eight capsules from each of three trees.

Statistical analyses

Differences between seed lengths and widths, weights and the disposition of t-rlled seeds

on the placenta were tested with a nested ANOVA with trees as blocks (SAS 1989).

Seed numbers were log transformed prior to the analysis of seed disposition.

Significance levels of 5Yo w'ere used for all statistical tests.
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RESULTS

Filled seeds weighed approximately 25o/o more than empty seeds, and differences

between trees were significant (Fig. 5.1). Fertile seeds were plump in shape, and this

was reflected in the lower length / width ratio for these seeds than for unfilled seeds

(Table 5.1). Measurements of length and width varied less than their allornetric ratio.

Although differences in width between the two seed types were small (p = 0.0575),

there were no differences in terms of length (Table 5.1).

Filled seeds stained strongly with tetrazolium chloride at 37 oC after 1 d, both

with and without pre-treatment (Fig. 5.2A" Table 5.2). At room temperature, by

contrast, filled seeds from all treatments showed only weak staining after 3 d. but

soaking increased the proportion of stained seeds to 100%. No staining was observed in

unfilled seeds nor from the 60 "C control treatment (Table 5.2). Mature dehiscing seed

capsules are shown in Fig. 5.28.

Upon harvesting, 99% of filled seeds germinated and the germination rate

remained virtually unaffected by seed storage at +l oC fbr a duration of twelve months.

However, storage at room temperature resulted in only 58.3% germination after six

months, and there was a progressive reduction in percentage germination over time.

Germinability had ceased twelve months after harvest (Fig. 5.3).

There were no significant differences in the number of seeds at the top, centre and

bottom portions of the capsules from three trees. At each location, the mean percentage

of fertile seeds was 33.3%o (Table 5.3). Thus, filled seeds appeared to be randomly

distributed over the placenta.
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Fig. 5.1: Mean fresh weight of filled and unfilled seeds. A nested ANOVA
showed significant differences between the weights of filled and unfilled
seeds (Fr.+o: 15.104; p:0.081) and there were significant differences

between trees (F1.a6 :12.753; p: 0.000). Error bars represent tl S.E.
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Tabtre:5.1: Mean leng$h and width of filifled and unfrlled seeds. n : sample.size, -A nestd
ANOVA ghow-ed no differenoes between filled and uqfiUed seeds for len$ ffr:,6- 1.6.22; p
- 0"3308) and for width (Fr.ze : 15.898; p = 0.0575), Trees differed with respect to seed
width (Fz,ts,= 5.72;p = 0.0048), but not to lengtt CFr.ro 

: 0.8:74; p = 0.4214).

Tree n
oode

Filled seeds

Length /
width
ratio

Unfilled seeds

Mean
lengh
(mm)

Leuglh /
widrh
ratio

Mean
lengh
tum)

Mean
width
(nrn)

i\{ean
width
(rnri)

Meau

3.21
(0,09)

3.18
(0.1t

3.19

4,42
(0.01)

0,39
(0.02)

0.40

0.20
(0.0r)

0,29
(0.02)

4.24

2.,8X

(0.15)

3. 15

(0"20)

3.01

L4.4

11.3

72-5i,

7:6

8.2

20:

2t0

z

8.0
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Fig.5.2: Photographs of seeds and seed capsules. A: Two unfilled (left) and two

filled (right) seeds after staining with tetrazolium chloride. Scale bar: I mm. B :

Mature dehiscing seed capsules. Scale bar: l0 mm. (Photo of seed capsules by J.E.

Braggins).
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Table 5.21 Seed viability tests with l% 2,3,5-hipheny.l-tenazotium chlsiide (pH 7.0 .

Sa,rnple
co.de

he-
tieafrnent

CutSoak

Stain

Ternp Duration
( oc) (d)

Filled seeds

%
stainEd

weak sho-ng

U,nfilled seed
(control)

sla

stained

0

0

0

0

:8

0

50

30

30

50

zs

25

25

0

0

100

100

100

100

86

59

0

50

28

29

100

25

25

2s

z0

2Al

2A

37

37

11

60

cut
tip

out
;tip

ssak
forld

soak
forld

6

7
(oonuol;
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Fig. 5.3: Percentage germination of filled seeds upon cold storage (+l 'C) and at
room temperature over a period of twelve months. Error bars represent +1 S.E.
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Table 5.3: Mean nunrber of fillEd seeds in different portions of the c.apsule and tCI'tal
number of fil.led seeds per capsule. n: numAer of eapsules per tee. No diftrcriees nrcre
found in disposition of seeds per eapsule (Fz.+s= 0.81; p :0.449) and betrarcentrees (Fr.+e

- 1.58; p = 0.217). The toal number sf seed pet eapsulew,as not different (Kruskal-
Wallis; P = 0.321).

Tree
Code Top

Fortion of cgpsule

Centre Bottom Total

4

13.6
(4.7)

73.6
(7.s)

33.8
(s.4)

25,3

t5.6
(6.3)

16.0
(s"+)

162
Q.2)

202
(7.8)

13.3
(6.0)

15.0

4s.4

59.8

6in.3

59.4

2A:'3

(4.8)

trvtrean l8.t
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DISCUSSION

Morphological differences and staining properties of filled and unf-rlled seeds proved

suitable to distinguish between embryo-containing and embryo-lacking seeds.

The tetrazolium test is a reliable indicator of seed viability in pohutukawa. All

fertile seeds stained strongly and all infertile seeds remained unstained. This test thus

provides a quick assessment technique for the viability of a particular seed lot, without

the necessity for microscopic observation or germination trials. The tetrazolium test is

widely used for commercial seed lots, and although it cannot be regarded as a substitute

for controlled germination tests. it provides valuable information on the condition of

seeds (MacKay 1972). In previous work where tetrazolium chloride was used to test the

viability of native angiosperms seeds, the results were variable (Bunows 1995a-c). It

was a reliable indicator of viability fbr. for example, Myrtus. Coprosma and

Pseudowintera.but not for Macropiper and Sche/.flera.

No differences were observed between filled and unfilled seeds with respect to

length, and differences in seed width were small, but length / width ratios for both seed

types were distinct. The higher fresh weight of filled seeds indicates that filled seeds

have a greater volume due to the presence of the embryo. In undehisced mature seed

capsules. seeds are tightly packed. Spatial constraints may impact on seed

development. impose a limit on the number of fertile seeds per capsule, and thereby

contribute to the low seed / ovule ratio. However, controlled pollination experiments

show that it was possible to increase the production of fertile seeds approximately three-

fold relative to those from open pollination, demonstrating that the capsules are able to

accommodate variable numbers of fertile seeds (Chapter 6). Gill et al ( 1992) studied 2l

species of Eucalyplll.s, and observed an increase in capsule wall weight (as a measure of
capsule size) with the mean number of seeds per fruit. Whether a similar link of seed

number and capsule size exists in pohutukawa remains to be explored.

Filled seeds are randomly distributed across the placenta. There is no obvious

preferential distribution with regard to upper, mid or lower portions of the capsules in

pohutukawa. Rocha and Stephenson (1991) found that in Phaseolus coccineus, 60Yo of
the mature seeds were produced by owles at the stylar end of the ovary and only 37%

by basal ovules. This was due to preferential fertilisation of ovules in stylar positions

by the fastest growing pollen tubes. Here, we did not study fertilisation frequencies and

we consequently camot detennine the abortion rate of fertilsed ovules. However. we
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know that no ovulodes are present, and that all ovules are fertile (Chapter 6, Dawson

1970a). Thus, unfilled seeds must represent either unfertilised ovules or early aborted

seeds.

pohutukawa seeds share important characteristics with the seeds of the Hawaiian

Metro.yideros polymorpha. Inthis species, only 8.9 % ot l4o/o of seeds were found to be

filled and contained an embryo (Corn 1972. Burton 1982), and of these, more than 90 %

gemrinate (Drake lgg2.lg93). However, in comparison to pohutukawa. M'

polymorpha seeds are even smaller, and their fresh weight is much lower (0'057 mg for

fertile and 0.047 mg for infertile seeds, Corn 1972). Because of their small size and

weight, Ivletrositler-os seeds are commonly believed to be effectively dispersed by wind'

and are capable of long-distance dispersal (Carlquist 1974. Wilson 1996)'

The germination rate of seeds at room temperature was drastically reduced from

six months onwards when compared to those stored at +l oC. Low storage temperatures

are known to sustain seed viability in a wide range of plant species (Roberts 1972)'

pohutukawa seeds lack endospemr tissue, are almost entirely filled by the embryo and

have a thin tw.o-layered seed coat (Dawson 1970a). These characteristics render the

seeds vulnerable to water loss and it is likely that they show recalcitrance. This is a

characteristic of seeds with a high water content and rapid loss of viability upon drying

(Fountain and Outred 1991). Studies on New Zealandnative angiosperms have shown

that some species such as Corynocarpus laevigcrnts and Griselinia littoralis have

recalcitrant seeds (Bannister et al. 1996). Among the native Myrtaceae, seeds of

Syzy-gium muire cannot be stored for any length of time. which may indicate

recalcitrance (Platt l9S7). In other Myrtaceae, horvever. such as the majority of

eucalypts, seeds can be stored at room temperature for 10 years with only small loss of

viability (Boland et al. 1980).

While laboratory tests of seed viability provide useful information. it is also

important to relate these to field conditions. The mean temperature in the Auckland

region over the past 30 years (1969 - 98) was 15.1 "C (minimum l0'4 oC in July and

maximum lg.7 "C in February; National Institute of Water and Atmospheric Research

1999). These temperatures are presumably lower than the mean room temperature in

our experiments, and it is likely that seed viability is lost at a somewhat slower rate

under natural conditions. In the New Zealand forest environments, seed banks of most

species that are well studied remain viabte for only a few weeks or months (Enright and

Cameron 1988, Burrows 1994). Despite the presence of large numbers of pohutukawa
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seeds in the seod rain of Tiritiri Ma$rrgi Islamd, no ,seeds w.ere found in, the soil seed

b.ank (West l9S0). trn a study on seed ecology of the Flawaiian forest, Drake (lggE)

found tha.t sEeds of lttlenosideros polymorphapersist in the soil for only a short time

followingdisp.ersal. It therefore appearsthat pohutuftarva follows the same pattm, and

seeds in namr,al popUlations are only ableto germinate during the cool season following

fteir dispersal.
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CHAPTER 6

SELF-INCOMPATIBILITY AND POLLEN TUBE GROWTH

ABSTRACT

Pohutukawa (Metrosideros excelsa) is a large, mass-flowering tree of northern New

Zealand coast lines. We examined the effect of controlled pollinations using self- and

cross-pollen from single donors and a pollen mixture from five unrelated parents on capsule

and seed production, and also on pollen tube growth in seven trees. Three trees in the

experiment were self-incompatible, suggesting that natural populations may consist of a

mosaic of self-compatible and incompatible individuals. Self-incompatibility is late-acting,

as pollen tubes from selfs and crosses reach the ovary simultaneously at l0 - l5 d after

pollination. In common with other Myrtaceae, the seed / ovule ratio in pohutukawa is low

and this is likely to be genetically determined rather than limited by stigmatic pollen load.

Germination of fbrtile seeds from all pollination treatments was equally high (98.4%),

indicating that inbreeding depression is not acting at this stage of the life cycle. The pollen

/ ovule ratio of 462.5 (S.E.+43.4) places the breeding system of pohutukawa between

facultative selfing and facultative outcrossing.

Keywords: Breeding system. Metrosideros excelsa, pollen / ovule ratio, pohutukawa, New

Zealand, pollen tubes, seed / ovule ratio, self-incompatibility.
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INTRODUCTION

Self-incompatibility. the inability of a plant to set seed following self-pollination (Barrett

1998), is a common characteristic of woody perennials (Bawa 1974, Bawa and Beach

1983). A high proportion of the New Zealand flora is composed of long-lived woody

species, but few have been found to be self-incompatible (Godley 7979, Webb and Kelly

1993).

In the New Zealand flora, the Myrtaceae are represented by several conspicuous

genera such as Lepto,spermum, Kunzea and Metrosideros. There are I I species of
Metrosideros in mainland New Zealand (Dawson 1968a. 1985; Poole and Adams 1990)

including fbur large tree species. Three of these are mainly found in inland forests, namely

M. robusla, M. umbellata and M. burtlettii. whereas M. excelsa Sol. ex Gaertn.

(pohutukawa), is typically found in coasral habitats.

Individual trees of pohutukawa flower abundantly for a peak of approximately two

weeks in summer between November and January. Inflorescences contain an average of

14.3 (S.E. +0.4) large hermaphrodite. red brush flowers that remain open for a period of

about one week and produce copious nectar for most of this time. Peak stigma receptivity

coincides with the presentation of highly viable pollen on dehisced anthers (Chapter 3).

Mass-flowering enhances pollinator attraction but also facilitates geitonogamy with an

increased risk of inbreeding (de Jong et al. 1993). A recent study of the breeding system of
pohutukawa found low outcrossing rates (t,n:0.22 - 0.53) in five natural populations,

indicating a high level of selfing (Chapter 7). Seed production is reported to be generally

low. Only 8.4% fertile seeds were found in three mainland locations (Wotherspoon 1993),

and less than l0% on Tiritiri Matangi Island (Anderson 1997). It is possible that the low

seed production is a consequence of self-incompatibility.

In this study. we investigate aspects of the breeding system of pohutukawa, that may

contribute to the observed low fertility, including capsule and seed production, self-

incompatibility and pollen tube growth following controlled and open pollination.
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MATERIALS AND METHODS

Plant material and location

Eleven presumably unrelated trees. some of which may represent relicts of the original

vegetation, were used in this study. They were of approximately l0 m height and growing

in private gardens or public parks dispersed in an area of approximately l0 km2 on

Auckland's North Shore.

Hand pollinations

To analyse the effect of pollen source on the reproductive success of pohutukawa, seven

trees in total were used in controlled pollination experiments in December 1996. Four trees

were either selfed (S), intercrossed with each other in all possible single combinations (C),

cross-pollinated with an equal mixture of pollen derived from five unrelated trees (M), or

left untreated for open pollination (O). For treatments S and C, a dehisced anther from a

flower within the same tree or from a pollen donor tree was brushed against the stigma of

the recipient flower until its surface appeared dusted. For treatment M, the pollen mixture

was applied with a fine brush. To test for potential differences in stigmatic pollen load for

both pollination techniques, ten samples of pollinated stigmas from each method were

treated in 5 M NaOH for 4 h, stained with aniline blue and the number of fluorescent pollen

grains were counted in squashes under incident UV light (Martin 1959). Approximately 60

flowers per treatment per tree were randomly selected from up to l2 inflorescences. Flower

buds were bagged just before bud break, emasculated two days after anthesis, and

pollinated the following day. Flowers were then re-bagged for another two weeks to

prevent pollen contamination and mature capsules were harvested four months after

pollination. Capsule and seed set was analysed in these trees. In three other trees, styles

were analysed for pollen tube growth and seed set was assessed following S, C and M

treatments. In a pilot study of four trees in December 1995, seed production had been

assessed after self- and cross-pollination for six flowers per treatment per tree.
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Stigmatic pollen load and pollen tube growth

The stigmatic pollen load on hand pollinated flowers was compared to pollen tube counts of

sub-stigmatic portions of the same styles and classed as low, medium or high as previously

described (Chapter 3). The same assessment technique was applied to estimate the pollen

load on a total of 59 stigmas of open pollinated flowers l0 d post-anthesis.

For the observation of pollen tube growth, flowers from three trees were pollinated

on the third day afier anthesis as above, and harvested at intervals of 1. 2. 3, 5, 10, l5 and

20 d after pollination. At20 d, some styles had abscised from the ovary and were collected

from the pollination bags. Gynoecia were fixed in FAA (l : I : l8 v/v formalin : glacial

acetic acid:70%o ethanol) and the length of the styles w'as measured. Pollen tubes were

observed in style squashes in approximately l0 samples per treatment per tree (total of 616

samples) using fluorescence microscopy as described above (Martin 1959).

Capsules and seed production - Seed germination

The effect of pollination treatments on capsule production was assessed by calculating the

ratio of capsules harvested / flowers pollinated. Capsules, which contain a mixture of filled

seeds with a fully developed embryo and empty seeds, were examined with a light

microscope. The percentage of filled seeds per capsule was assessed by counting random

samples of 100 seeds. From the weight of this sample and that of the remaining seeds per

capsule, the total number of filled seeds per capsule was estimated.

One hundred seeds per pollination treatment from each of four trees were

germinated on filter paper under controlled conditions (12 h dark / light cycle at l2"C and

22"C, respectively) for 2l days to assess viability.

Self-incompatibility

The index of selt'-incompatibility (ISI) was calculated as the percentage of fertile seeds per

capsule after self-pollination, divided by their percentage after cross-pollination.

Individuals with an ISI of 0.2 or less r',,ere considered self-incompatible (Zapata and Arroyo

1978, Kenrick 1986).
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Pollen - ovule ratio and ovule morphology

Three flowers from each of three trees were used to estimate the pollen-ovule ratio

(modified after Cruden 1977). Three closed anthers per flower with mature pollen grains

were crushed in 50 pl water and vortexed for 30 s to disperse the pollen. Pollen grains were

then counted using a haemocytometer. The pollen / ovule ratio was the ratio of the mean

number of pollen grains per flower and the mean number of seeds (ovules) per capsule.

To investigate ovule morphology and examine whether sterile ovulodes were

present, ovaries from unpollinated flowers were dissected, sputter-coated with gold and

observed under an ISI DS / 130 scanning electron microscope at 6 kV.

Statistical analyses

Two-way ANOVAs were used to compare capsule and seed set between C and S treatments

(a priori comparisons). Separate two-way ANOVAs were also used to compare treatments

S. O and M. C and M crosses were analysed with nested ANOVAs (single crosses'C'

nested within maternal trees). All data were log transformed to meet the assumptions of the

generalised linear model (SAS Institute 1989).

Differences in the number of pollen grains on the stigmas following the two

pollination techniques were compared using a Mann-Whitney rank sum test. Pollen tube

growth rates were analysed by testing for significant differences between slopes of simple

linear regression lines (Zar 1984).

RESULTS

Capsule and seed production

There were no significant differences in the number of germinated pollen grains on the

stigmas regardless of the application method used in the pollination experiments. Overall,

cross-pollinations (both C and M) resulted in the production of more than twice the
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Table 6.2: I{ean number of owles / flower, mean number of,fertil'e seeds per

capsule, seed / ov'ule ratios and pre-ernergent rep.roductive suceesg (PtsR,S) for f.out

opeqr pol,tirtatd tees in 1996. Nunber of eapsules usE{,per Eee: n : 20. Sta,ndard

error ($E) in patenthesesr

Meanrunrher of,

owlffi per flower

Meatr nuuaber of
fedile seeds per

capsule

$eed/ovule

rati6

Fruit/'f[ower PERS*

mtio (%)

Ttee I

Tr,ee 2

Ttee 3

Tree 4

0verall

mean

1 3e (1e.2)

e46 (3O.s)

882 (30.7)

864 (44,1)

933

31.3 ( 5,3)

155.3 (18.6)

t43.e (16.3)

35.5, ( 6.1)

0.030

0.175

0.163

0.037

0.718

0.705

4.749

0.263

9.022

4.123

a.122

0.010

94 0.102 0.637 0.064

* (eap-sules har,vestedr / Flowers :Bollinatedl*6er,tirle seeds per capsule / ovules per

flower)
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Fig.6.3: SEM photograph of one locule in ovary of pohutukawa

shorving ovules. Scale bar: 250 pnt.
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number of capsules than self-pollination (Fig. 6.1) and similar results were obtained for

seed production (Table 6.1). There were significant interactions between matemal trees and

pollen parents in treatments S and C for both capsule and seed production.

The number of seeds per capsule was significantly lower for open pollination than

for treatments C and M. For capsule production, treatment O was intemtediate between S

and M and each of these differences were significant (Fig. 6.1 and Table 6.1).

Treatment M consistently yielded the highest mean number of fertile seeds per

capsule in all trees relative to other treatments (Table 5.1). Although a ttvo-way ANOVA

showed significant differences in seed production between S and O treatments, these

differences were not significant in a pairwise comparison within trees. Fruit / flower ratios

were much higher than seed / ovule ratios and the resulting pre-emergent reproductive

success (PERS) (Wiens et al. 1987) is 0.064 (Table 6.2).

Seed germination

The mean germination rate of filled seeds fiom four trees was 98.4%. l'here were no

differences between trees or treatments in germination rate.

Self-incompatibility

Three out of six trees were clearly self-incompatible (Fig. 6.2). The capsule yield in Tree 7

was insufficient to determine seed production. In the pilot study, seed set on selfing was

also consistently lower than on crossing in four trees and they were all self-incompatible

(lSI range: 0.I I to 0.18).

Ovule - seed - pollen relationships

All ovules in a flower appeared morphologically identical. No ovulodes were found,

suggesting that all ovules are potentially fertile (Fig. 6.3). Overall, only one third of all

ovules developed into filled seeds in any controlled pollination treatment. Tree 3 was an

exception, as here, up to 54Yo of ovules developed into filled seeds (Table 6.1). After open

pollination, the mean seed / ovule ratio in four trees was 0.102 (Table 6.2).
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As described in a recent study on the floral biology of pohutukawa, estimates of the

number of stigmatic pollen grains and pollen tubes counts in sub-stigmatic style sections

were highly correlated (Chapter 3). An overall mean of 618.7 (SE t51.2; pollen grains

germinated on stigmas and approximately 70% of ovules had the potential to be fertilised

by this pollen load. Clearly, seed production w'as not limited by the stigmatic pollen load in

the controlled pollinations as the maximum number of ovules that ever developed into

seeds (54.3o/o) was lower than the potential nurnber on the basis of pollen availability

(Table 6.1 ). The stigmatic pollen loads did not vary between open and controlled

pollinations. The mean number of pollen grains per flower was approxirnately 412,000 (SE

*38000) and the pollen / ovule ratio was 462.5 (SE +43.4).

Pollen tubes

A dense bundle of several hundred pollen tubes grew through the style and their number did

not appear to decrease from the stigma to the base of the style. Self- and cross- pollen tubes

were identical in morphology and no abnormalities were observed. There were no

significant differences in the growth rate and the percentage of the style travelled for all

pollination treatments in any of the three trees (Table 6.3). In addition. the amount of
pollen on the stigma did not affect the pollen tube growth rate. How'ever. there were

significant diff'erences between trees for these growth parameters. Style length also differed

significantly between trees, but there was no link to growth rate or the proportion of style

travelled (Table 6.3 and Fig. 6.4). More thang60/o of pollen tubes had reached the base of
the style after l0 to l5 days (Fig.6.a).

DISCUSSION

Self-incompatibility

Our results show that individual pohutukawa trees differ considerably in their abiliry to

production seed following self-pollination. Seven out of l0 trees were self-incompatible

with the remaining three trees being self-compatible. The small sample size studied here
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does not permit definitive conclusions about the composition of natural populations but it is

likely that the species consists of a mixture of self-incompatible and self-compatible

individuals. The mass-flowering habit of pohutukawa tbcilitates geitonogamous

pollination. and high levels of selfing occur in natural populations (Chapter 7). Whereas

self-incompatibility clearly leads to reduced seed production, it also plays a very important

role in the promotion of outcrossing of pohutukawa.

Self-incompatibility is the principal and most efficient outbreeding device in

flowering plants, and is found in at least l9 orders and 7l families (Barrett l9S8). While

three quarters of self-incompatible angiosperm species are reported to be woody plants

(Sutherland 1986), self-incompatibility may be a rather rare occurrence in the New Zealand

angiosperm flora. Among the few examples studied so far. there are only few species

within the group of endemic woody perennials that show self:incompatibility. They are

Notho.fagus menziesii, Discaria loumutou, Pseudov,interq colorctla, three species of
Cordyline (C'. kaspar, C. pumilio, C. australis) and Corokia cotoneasrer (Godley lg7g,
Webb 1985, Lloyd and Wells 1992, Webb 1994. Beever and Parkes 1996). The site of the

self-incompatibility response in Discuria toumatou is the stigma (Webb 19S5). and in

Corokia colonea.eler, self rubes appear to reach the ovules (Webb 1994). In Pseudovinterct

colorqtq. the site of action is apparently located in the nucellus (Lloyd and Wells lgg}).

In the Myrtaceae, however, self-incompatibility is widespread and a range of
expressions have been described from complete self-sterility in Eucall,ptu.s moruisDyi (Potts

and Sawa 1988) to partial self-incompatibility in E. regnans (Griffin et al. 1987). Variable

expression of self-compatibility within one species has also been reported for several

eucalypts, such as E. regnans, E. grandis and E cladocalyx and is presumably a common

feature among flowering plants (Potts and Sawa 1988, Ellis and Sedgley 1992, Sedgley

1994).

In pohutukawa, the stigma surface at receptivity produces a fluid secretion and the

pollen grains are bi-cellular (Chapter 3), two features which have been associated with

gametophytic rather than sporophytic self:incompatibility in several plant families (Heslop-

Harrison and Shivanna 1977). In addition, we observed no pollen tube attrition in this

study and the self-incompatibility system in pohutukawa is clearly late-acting. Seavey and
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Bawa (1986) distinguish several categories of late-acting self-incompatibility, namely

ovarian inhibition, pre-fertilization inhibition in the ovule and post-zygoric rejecrion of the

embryo. ln pohutukawa. the site of the incompatibility reaction following entry into the

ovary has yet to be determined. In the present study it was not possible to distinguish late-

acting self-incompatibility from inbreeding depression, and this distinction is often difficult

to make (Seavey and Bawa 1986). However, all seeds, regardless of pollination treatment,

germinated at the same rate, indicating absence of inbreeding depression at the level of seed

germination. But a recent study on pohutukawa showed that inbreeding depression in

seedling height was detectable at six months of growth indicating that selection may

eliminate selfed offspring from populations prior to achieving reproductive marurif
(Chapter 7).

It was not une.rpected to find late-acting self-incompatibility in pohutukawa, as it is

common among the Myrtaceae (Beardsell et al. 1993). Pre-zygotic mechanisms are known

for Ettcalyptus woodwardii (Sedgley and Smith 1989) and,Thryptomene calycina (Beardsell

et al. 1993), and post-zygotic mechanisms operate in several species of Gomide.sla (Nic

Lughadha 1998) and several eucalypts (Griffin et al. 1987, Ellis and Seclgley 1992).

Pollen tube growth

In comparison to the speed of pollen tube growth in a range of angiosperms (Heslop-

Harrison l97l), pollen tube growth in pohutukawa is slow. It is similar. however, to other

members of the Myrtaceae such as Eucatryptus regnans, two species of Leptospermum, and

Chamelaucium uncinatan (Sedgley et al. 1989, O'Brien and Calder 1993, O'Brien 1996).

As the styles in these species are all less than 7 mm long, the pollen tubes reach the ovary

within a few days. In pohutukawa, the slow growth rate and the much longer style both

contribute to the long travel time of l0 - l5 d before the ovary is entered. This may be

relevant lbr the species' reproductive success, as styles abscise 19 - 20 d after anthesis,

meaning that pollination events later than 5 d post-anthesis may not result in seed

production (Chapter 3).

On the whole, pohutukawa shows a fairly uniform response to a range of factors

potentially impacting on the pollen tube growth rate. Differences in pollen tube



perfonnance found in the three trees were not caused by pollen source, self--compatibility

status of the tree, stigmatic pollen load or style length. Genetically determined f'actors, such

as resources in the stylar transmitting tissue and / or a range of environmental factors. may

account for the differences between trees.

Ovule - seed - pollen relationships

Although in pohutukawa the number of flowers that mature fruits is higher than in most

angiosperm species (Stephenson l98l ). the number of ovules that develop into seeds is very

low. This results in a low PERS value in comparison to both outcrossing and inbreeding

species (22% and 90olo. respectively; Wiens et al. 1987). Upon open pollination, only a

snrall proportion of ovules ever developed into fertile seeds ( 10.2%) and the average seed /

ovule ratio even in the self-compatible individuals reached only 17%. ln woody perennials,

the seed / ovule ratio is in general 33Yo, and this appears to be genetically determined rather

than resource or pollen limited (Wiens 1984). Our results provide strong support for the

notion of a genetic determination of low seed / ovule ratios in pohutukawa and there are

several lines of evidence.

In assessing the causes tbr low seed / ovule ratios, it has to be established that the

total number of ovules per flower is an appropriate estimate for the theoretical upper limit

of seed production per capsule. All ovules in pohutukawa ovaries are potentially fertile as

suggested by their similar morphology (Fig. 6.3) and the fact that that they all possess an

embryo sac (Dawson 1970a). Sterile ovulodes often contribute to low f'ertility in eucalypts,

(e.g., f. regnans, E. spathulata, E. cladocalyx, Sedgley et al. 1989. Ellis and Sedgley 1992)

and also in Pacific capsular Myrtaceae such as Arillastrum (Dawson 1970b), but these

structures do not exist in pohutukawa.

Resource limitation is an unlikely cause fbr low fertility in pohutukawa. Seed set is

low (< l0%) in natural habitats as reported by Wotherspoon (1993) and Anderson (1997) in

several mainland and one off-shore island population. If nutrient deficiency were important

in determining levels of seed production. it should be pronounced in natural settings, where

trees are typically growing on exposed coastal sites with low soil fertility. In the well-
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resourced suburban trees we used in this study, seed production upon open pollination was

at a similar level, showing that causes for low fertility lie elsewhere.

Seed production is not pollen limited. Although approximately 70%o of ovules had

the potential to be fertilised by the stigmatic pollen load, rarely more than one third actually

developed into seeds in any treatment. Upon open pollination, the number of stigmatic

pollen grains that had accumulated over a period of 10 d was as large as in hand

pollinations, and seed set was also low here. Low fertility in pohutukawa appears to be

genetically determined rather than resource or pollen limited.

Low levels of seed production are common in the genus Metrosideros. Percentage

seed set in the New Zealand species M. robusta was 3o/o (Knightbridge 1993), 13Vo in M.

umbellata (Wardle 197l) and 2o/o in M. bartlef/ii (Schmidt-Adam 1997). For the Hawaiian

Metrttsideros polymorpha, 15o/o and 8.9% fertile seeds were reported (Burton 1982, Drake

1992). This is also in agreement with generally low seed production in several Pacific

capsular Myrtaceae such as Arillastrum, Mearnsia, Mooria, and Thaleropia (Dawson 1970

b-c,1972, Wilson 1993). Low fertility appears to be widespread in the Myrtaceae in

general (Beardsell 1993) and is lound in Leptospermum scoparium (15%: Prakash 1968), in

many Eucalyptus species (eg. Gill et al. 1992) and in several Brazilian species (Proenga and

Gibbs 1994, Nic Lughada 1998).

Open pollination in trees of suburban settings may be largely due to selfing as

suggested by the consistent low seed set in tw'o self-compatible (Tree 2 and 3) and two self-

incontpatible trees (Tree 1 and 4) following open and self-pollination. The trees used in

this study were isolated specimens and had relatively few flower visitors. These were

predominantly introduced bird species and honeybees, and it is possible that they largely

effect self-pollination. However, in offshore-islands such as Tiritiri Matangi Island with a

higher density of pohutukawa and a large number of native pollinators, seed set was also

low (< l0olo, Anderson 1997). This suggests that the fertility levels found in the suburban

trees are low irrespective of factors such as plant density and the composition of the

respective pollinator fauna. It further supports the notion of a genetic determination of low

seed / ovule ratios.
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Controlled pollinations with a pollen mixture from different pollen parents resulted

in consistently higher seed set than any other treatment, suggesting that pollen competition

promotes fertility (Marshall and Ellstrand 1986). The genetic composition of

microgametophytes is among the factors that will affect pollen tube growth rate and the

ability to penetrate the ovule and achieve fertilisation (Stephenson et al. 1992). Our results

show that the number of pollen tubes in the style and their growth rate do not depend on the

type of pollination treatment. The site of microgametophyte competition therefbre is not

the style. but the ovary, and is likely to influence pre-fertilsation or fertilisation events.

The pollen / olule ratio of pohutukawa indicates a breeding system intermediate

between facultative selfing and outcrossing (Cruden 1977). This is consistent with reports

of low outcrossing rates in the species (Chapter 7) and suggests that both selfing and

outcrossing are important characteristics of the breeding system.

For an assessrnent of the reproductive success of a large woody perennial, the entire

lif-espan and the total number of flowers have to be taken into account. Pohutukawa can

live to several hundred years (Conly and Conly l9S8) and in large specimens, ten thousands

of flowers are produced in a flowering season (Chapter 3). Despite low tbrtility, the

resulting total number of seeds produced per tree in its lifetime, i.e. its reproductive

capacity (Rye and James 1992), is therefore very high.

In summary, we found that the low pre-emergent reproductive success of
pohutukawa is due to a low seed / ovule ratio that is likely to be genetically determined

rather than resource or pollen limited. The incidence of self-incompatibility in the species

contributes to the low fertility and it is likely that nafural populations consist of a mixture of
self-compatible and incompatible individuals. No pollen tube attrition takes place in the

style and the self-incompatibility mechanism is late-acting.
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CHAPTER 7

OUTCROSSING RATES AND SHIFT IN POLLINATORS

ABSTRACT

New Zealand pohutukawa(Metrosideros excelsa), a member of the Myrtaceae, is a large,

mass-flowering tree endemic to northern New Zealand coastlines. Mainland populations

have been reduced to fiagmented stands and the original suite of bird pollinators has been

largely replaced by introduced species. The native pollinator fauna on several offshore

islands is largely intact and includes three species of the New Zealand honey eaters

(Meliphagidae), and native solitary bees. We estimated multilocus outcrossing rates for

three mainland and two island populations and found that they were among the lowest in

the Myrtaceae (t,n= 0.22 - 0.53). The shift in pollinators had no measurable effect on the

mating system. Mass-flowering facilitates geitonogamous selfing, and inbreeding

depression in seedling height was detectable at six months of growth. f, was consistently

higher than.C, in all populations, indicating that selection may eliminate selfed offspring

from populations prior to achieving reproductive maturity. Results indicate that increased

selfing in mainland populations due to pollinator changes is not responsible for current

patterns of poor regeneration of this species.

Keywords: Birds, geitonogamy, inbreeding depression, mixed mating. New Zealand,

pollinator shift, selfing.

8l



INTRODUCTION

The influence of genetic and ecological factors on plant mating systems has been a

recurrent theme in the literature for over a century, and has recently been taken up by

several authors (e.g. Anoyo and Squeo 1990. Barrett and Harder 1996, Hall et al. 1996).

Among the genetically determined parameters,life history, plant size, floral design and

display, as well as factors such as pre- or post-zygotic self-incompatibility and / or

inbreeding depression, are important features influencing the mating system (Banett and

Harder 1996, Kennington and James 1997). Important ecological factors include

population size, density and pollinator numbers and behaviour (Ellstrand et al. 1978,

Watkins and Levin 1990, Karron et al. 1995). The possible effects of changes in this

second set of factors have recently become a particular point of concern regarding in situ

conservation of plant species in light of increasing destruction and fragmentation of
populations due to habitat loss (Murawski et al. 1994; Young et al. 1996). Habitat

fragmentation leading to small populations and loss of pollinators both rvill increase levels

of inbreeding and pose a threat to population viability and species persistence (Banett and

Kohn 1991, Sampson et al. 1995).

Metrosideros excelsa Sol. ex Gaertn. (pohutukawa) is a distinctive, multi-stemmed

tree of rocky coastlines endemic to New Zealand. Individual trees reach a height of 25m

(Poole and Adams 1990) and show mass-flowering with a peak time of about two weeks in

sulrlmer (December to January). The showy red 'brush' flowers are set in large

inflorescences and produce approximately 50 pL of nectar per flower per day (Chapter 3).

Pohutukawa originally occurred as a continuous band of forest along the sea-shores of the

northern half of the North Island. Land clearing for settlement by European immigrants in

the 19th century, subsequent extensive pastoral farming and the need of timber for a

growing ship building industry (Dieffenbach 1843, Colenso 1868) have eliminated an

estimated 90 % of pohutukawa (Forest Research Institute 1989). The species is now

largely reduced to isolated stands or individual trees and its conservation status has been

described as 'declining' (de Lange and Norton 1998). Natural regeneration is very limited

and confined to safe germination sites free of leaf litter and competition from other
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vegetation (Wotherspoon 1993). In open pollinated stands, seed set is generally poor, and

has been reported to be as low as 8.3% (Wotherspoon 1993) or 10.2%o (Chapter 6).

Some of the lack of reproductive success is likely due to browsing by introduced

herbivores such as the brush-tailed possum (Trichosurus vulpecula) that eats vegetative

buds and manlre leaves (Hosking and Hutcheson 1993), and reduces flower production

(Skeates 1980, Carlaw 1997). However, the decline in pohutukawa populations has also

been accompanied by a dramatic shift in the suite of pollinators. On the mainland endemic

birds, such as the three species of the New Zealand honey eaters, have decreased in number

or become locally extinct. At the same time. several bird species native to Europe and Asia

were introduced to New Zealand and became established (Diamond and Veitch l98l). In

the 1830s, honeybees were introduced (Donovan 1990) and are now co-existing with the

native short-tongued bees. On several islands off the New Zealand mainland. however,

there has been little change in the bird and insect fauna since the beginning of European

settlement, and in these locations the original suite of pollinators remains intact.

Such a change in the suite of pollinators as seen on mainland New Zealand has

considerable potential to affect the frequency and pattem of mating events, in particular the

rate of cross vs self-fertilisation. Previous work on the reproductive biology of pohutukawa

using controlled pollinations has shown that selfing results in a significant reduction in seed

set, and that the species is composed of self-compatible and self-incompatible individuals

(Chapter 6). A pollinator induced shift to increased selfing could therefore underpin some

of the observed reproductive failure.

The goal of this study was to examine the mating system of pohutukawa in natural

populations. In particular. our aims were to (l) estimate the frequency of selfing and

examine whether inbreeding depression acts as a selective force on the species and (2)

assess the effects of a shift in the pollinator fauna from native to predominantly introduced

species on the mating system by comparing mainland populations with those on offshore

islands that have experienced little change in the bird and insect fauna.
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MATERIALS AND METHODS

Study populations and collection sites

Locations and sizes of the five populations used in the experiments are shown in Fig. 7.1

and Table 7.2. respectively. Two were island populations and three were located on the

mainland. Little Banier Island (LBI), a 3 053ha volcanic cone in the outer Hauraki Gulf is

among New Zealand's least modified nature sanctuaries. It has approximately 120 ha of
pohutukawa forest occurring mainly on coastal cliffs and as a fringing belt along the cliff
bases (Hamilton I 961 ). Collections were made tiom trees at the south west tip of the island

(Te Maraeroa). The second island was Tiritiri Matangi (TTI,220 ha), 3.5km off the

Whangaparoa Peninsula. Here. mature pohutukawa trees are found on exposed coastal

cliffs and in inland bush remnants. On the mainland, seeds capsules were collected from

trees at Coopers Beach (CB) at Doubtless Bay in the north, Tapapakanga Regional Park

(TP) south east of Auckland and Whites Beach (WB) on Auckland's west coast.

Pollinators

The native avifauna on the two islands used in this study is known to be abundant

compared to the mainland and includes the three species of New Zealutd honey eaters:

Prosthemadera novaeseelandiae (tui\ Anrhornis melanrra (bellbird) and Notiomystsis

cincta (stitchbird). Introduced birds occur in much lower numbers than the native species.

In contrast, native bird species are generally poorly represented on the mainland and

introduced passerines dominate (Diamond and Veitch l9S 1 ). Although little is known

about the occurrence of insects in the studied populations. honeybees were

reported from TTI (Anderson 1997) and native bees and honeybees presumably coexist in

the coastal mainland habitats.

To obtain a relative measure of pollinator numbers at peak flowering in the five

populations, bird and insect species were identified and their relative abundance was

assessed. Stationary standard five-minute bird counts (Dawson and Bull 1975) were made

on five trees per population from late November to late December 1997. In each

pohutukawa stand, a total of 40 - 52 counts were made with two daily moming counts per

tree for at least four days. All birds heard or seen within a 100m range of the observed tree
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were recorded and only those bird species which were observed feeding at least once from

flowers were recorded.

Insects were counted in the two island populations and at WB on the mainland. All
insects landing on flowers within an observation area of approx. 0.2 m2 (50 intlorescences)

per tree were recorded for durations of ten minutes each. In total, l8 to 20 counts per

population were made on two to three trees per population for at least three days. All
observations were restricted to still or near still conditions with no rainfall and insect counts

were only made in full sun. The overall mean abundance of all bird or insect species per

population was given by the mean of all counts made in that population.

Allozyme analysis of outcrossing rates

Within each population, 15 'open pollinated' seeds from a bulked sample of capsules from

five random positions within a tree were sampled from each of l5 maternal trees. Seeds

were gerrninated in a growth cabinet under l2h l5 oC dark and 12 h 25 oC light and three

week old seedlings with fully emerged cotyledons were ground in one drop of chilled 0.05

M borate extraction buffer (pH 7.0) containing I mg/ml dithiothreitol and 20 mglml

polyvinylpyrrolidine (PVP 40). The tissue extract was absorbed by 6 x 4mm wicks

(Whatman No. 3 filter paper) and starch gels (9 percent w/v, 6 mm thick) were run at

constant current at 4oC.

Thineen out of sixteen enzyme systems initially screened showed either poor

resolution or were monomorphic. Five polymorphic loci for three enzymes were resolved

clearly and consistently on a histidine gel and electrode buffer system at pH 8.0 (Brewer

and Sing 1970): Glucose-phosphate-isomerase (Gpi) E.c.5.3.1.9 ( l locus),

phosphoglucomutase ( P gm) E.C. 5 .4 .2.2.(2 loci) and glucose- I -phosphate-uridilyl-

transferase (Gpt) E.C. 2.7 .7 .9 (2 loci). The banding pattern of putative heterozygotes and

homozygotes suggested Mendelian inheritance of these loci based on expectations from

known enzyme subunit strLlctures (Kephart 1990).

Maternal genotypes were inferred from the genotypes in progeny arrays (Brown and

Allard 1970). Maximum likelihood estimates of single locus and multilocus outcrossing

rates (/) were made using the programme developed by Ritland and Jain ( 198 I ). Standard
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effors of the estimates were based on 500 bootstraps with resampling among mothers.

wright's fixation index (r/ (wright 1965) was calculated for maternal

trees and seedlings using maternal and progeny genotypic frequencies for polymorphic loci.

Seed germination and seedling growth

To assess the effect of selfing on germination and seedling fitness, a total of 240 seeds

originating from hand self- or cross-pollinations from a diallel cross using four trees

(Chapter 6) were germinated in potting mix and seedling height was measured at two

monthly intervals up to one year of age.

RESULTS

Pollinators

Seven native and five introduced bird species were observed feeding from pohutukawa

flowers in the five populations studied (Table 7.1). There was no difference between

mainland and island populations in the overall frequency of flower visits by birds, but there

were clear differences in the relative frequencies of visitation by endemics and introduced

species. The pohutukawa stands on the two islands were almost exclusively visited by

birds endemic to New Zealand. Two of the honey eaters, tui and bellbird, were most

frequently observed. Nestor meridionalis (kaka) was frequently observed only on LBI and

stitchbird was observed on TTI, but rarely on LBI. In contrast, the mainland locations were

dominated by introduced species such as Zosterops laterali.t (silvereye/, Acridotheres rristis

(lndian myna) and Passer domesticus (sparrow). Sturnus vulgaris (starling) was abundant

in TP and contributed to the overall highest bird count in any of the tree populations

studied. The only native bird species foraging from pohutukawa flowers on the mainland

was the tui" and this was at frequencies of less than l0% of its rate of occurrence on the

islands.

The flower visiting insects observed were either native short-tongued bee species or

introduced honeybees (Apis mellifera). Occasional observations of German wasps (Vespa

germanica) were also made. On LBI, high nurnbers of exclusively pollen feeding native

bees (Leioprocttts spp., Colletidae) were found, but no honeybees. Very few insects (native
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Fig, 7.1.: Map of populations used in this study.

Location codes used in text, tables and figures:

LBI : Little Barrier Island; TTI : Tiritiri Matangi
Island; CB: Coopers Beach; WB: Whites Beach;
TP: Tapapakanga Regional Park.



Table 7.1: Relative abundanee of,bird rspeeies fu five populations. Mean nurnber of birds per standard

five-mintfe bird eolmt per population. R = number of csunts per population. + indicates very low

abundance < 0-05. Standard error in parenlhcses. For loeadsn codes see Fig.7.l.
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Table 7J: Genetic diversity and mating syslenr p-arameters based on allloiz,yme analyses. N = rnean

number sf matenral trees used for progeny analysis, n = mean nuulber of pr,ogcny per matemal @e,

.{ ='nean tumber of alleles p.er locus, 16= flv€rage single loeus outcross'ing rates (minimum v'ariamce),

fr: multilocus outcrossing rates, F" = estimate of fixation indices for seedlings, F^: estimate of
frxation indices for rnaternat trces, *Siae of studied subpopulation al Te Maraeroa sitg estimated island

population on Liule,tsarrier Islarad : 120 ha. Standard engrs in parenthmes. For location codes see

Fig.l,
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and introduced bees) were observed on TTI. At WB on the mainland. both honeybees and

native bees (Hyalstlr sp., Colletidae) were recorded in approximately equal numbers.

Allozyme analysis of outcrossing rates

The frequency of self-fertilisation was high in all tive pohutukawa populations, with

estimates of multilocus outcrossing rates ranging from as low as t,n= 0.22 up to a maximum

of l.= 0.53. There was little variation in the outcrossing rates of four of the populations (t-
> 0.4), but TP was much lower (t,,,:0.22) (Table 7.2). No significant differences between

single (L) and multilocus (t,r) outcrossing rates were found. Wright's Fixation Index

(Wright, 1965) was consistently higher for progeny (F,) than for the maternal parents (F,,).

Allelic ricturess (A) was high in all populations providing good power for the estimates of

t, (Table7.2).

There was no significant difference between outcrossing rates of island and

mainland populations (Table 7.2). Nor was there any correlation between outcrossing rates

and abundance of native or introduced pollinators in the five pohutukawa populations (Fig

7.2 and 7.3). Most selfing occurred in the population with the highest overall number of

birds (TP. t,:0.22) and the population with the lowest overall bird numbers (WB) had an

intermediate outcrossing rate (t,:0.45). No link was apparent for insect numbers and

outcrossing rates either.

Seed germination and seedling height

The mean germination rate of seeds fiom self-pollination and from cross-pollination,

respectively, was 41.7% and 46.7Yo, respectively. There were no differences for seeds from

self- and cross-pollination in 04 germination and early growth, and all seedlings survived up

to one year. However, after six months of growth, plants originating from cross-pollination

were significantly taller than those from self-pollination and this effect became more

pronounced for up to one year (Fig. 7.4).
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DISCUSSION

Pohutukawa has a mixed mating system with substantial levels of self-fertilisation. As a

mass-flowering tree, it has a high potential for geitonogamy (Chapter 3) and the low

outcrossing rates reported here show that approximately 60% of seeds originated from

selfing. However. the very small differences between single and multilocus outcrossing

rate estimates suggest that biparental inbreeding is negligible.

The estimated outcrossing rates of 40-50% are intermediate between predominant

selfers and predominant outcrossers in comparison to other animal pollinated species. Only

very few other woody perennials, however, have lower outcrossing rates than

pohutukawa and selfing is therefore unusually high for a long-lived species (Barrett and

Eckert 1990).

The outcrossing rates reported here are the first for a member of the genus

Metrosideros and are among the lowest that have been observed within the Myrtaceae.

Mass-flowering Myrtaceae, such as many species of Eucalyprrls, generally show high

outcrossing rates in the range of t,n:0.70 to 0.86 (Moran and Bell 1983, Peters et al.l990),

and Melaleuca alternifolia has an extremely high outcrossing rate of /,:0.93 (Butcher et

aL.1992).

The high levels of selfing observed for pohutukawa result in the production of large

numbers of inbred progeny, as evidenced by the high seedling fixation indices of up to F" :
0.37. However, the consistenly lower levels of gene fixation in mothers (mean F^:0.07)
in all five populations suggests that adult fitness may be maintained by strong selection

against homozygotes prior to reproductive maturity. This is supported by the lower rates of

shoot growth of selfed seedlings relative to outcrossed seedlings after a six month growth

period.

Although the genetic basis of inbreeding depression is not fully understood

(Damgaard and Loeschcke 1994). it is probable that such late acting inbreeding depression

is due to small effects at many gene loci, rather than major effects at a few loci, which is

more colrunonly expressed as early acting lethals (Flusband and Schemske 1996. Barrett

and Harder 1996). Late acting inbreeding depression has been observed in other

myrtaceous species. In E. globulas ssp globulus, inbreeding depression for height
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first occurred between germination and eight months after planting and in E. gunniiboth

survival and height of seedlings from selfing were depressed after one year's growth in

comparison to wide intraspecific crosses (Potts et al. 1987, Hardner and Potts 1995). In E

regnans, the major phase of post-dispersal selection occurred after four years and was

coincident with canopy closure and onset of strong competition for resources. Inbreeding

depression in survival at l5 years was 67Yo for selfs and was one of the highest reported for

a tree species (Hardner and Potts 1997).

The lack of any difference in outcrossing rates between island and mainland

populations is surprising given the significant differences in the abundance and makeup of

the bird pollinators between these two habitats. Similarly the apparent lack of correlation

between the number of native birds and outcrossing rates in the five populations studied

was unexpected. Our data provides no evidence that native bird species are more efficient

than introduced species in promoting outcrossing in pohutukawa. In addition, our results

do not support the view that birdsper se promote outcrossing. as the total number of birds

per population was not linked to the outcrossing rates.

There is wide support for the notion of birds promoting outcrossing in the

Myrtaceae (e.g., Ford etal.1979, Hopper and Moran l98l), and in Metrosideros in

particular (Carpenter 1976. Anderson 1997), but there are also exceptions. Outcrossing

rates of the bird pollinated E. rhodantha, for example, were at the lower end of the range

found in eucalypts (/,, : 0.59 - 0.67, Sampson and Hopper 1989) and this has been

attributed to a mixed mating system with a significant proportion of selfing and inbreeding

within small neighbourhoods. There was no correlation between outcrossing rates and

insect abundance, either. Observations showed that high numbers of native, solitary bees

were visiting pohutukawa flowers on LBI. Although solitary bees stay predominantly on

one tree rather than moving between trees (Frankie et al. 1976) and therefore are more

likely to effect self- rather than cross-pollination, this was not expressed in the outcrossing

rates in this study. It is difficult to estirnate the relative contributions of both birds and

insects to pollination and outcrossing rates as these could not be considered separately in

the present study.

Outcrossing rates are not merely a consequence of pollinator activity, but are a

complex response to a range of environmental and genetic factors. The outcrossing rate of
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TP, for example, was extremely low (t,,,: 0.22), and it is tempting to assume that the

numerous starlings observed in this population actually promote selfing, but there are other

possible explanations. From previous work on pohutukawa, we know that the species is

composed of self-compatible and incompatible individuals (Chapter 6). If a higher

proportion of trees in TP were self-compatible than in the other populations. a higher rate

of selfing would be the consequence. This example illustrates that self-incompatibility

could be an important factor modifying outcrossing rates of species with a variable degree

of self-compatibility and act as an outcrossing device in the species along with inbreeding

depression.

Conclusions and implications for conservation

The results of this study show the contribution of the mating system of pohutukawa to the

survival of the species in the wild. Overall, the reproductive strategy of the species could

be labelled 'wasteful but sufficient'. The species is primarily a selfer, as mass-flowering

allows a substantial amount of geitonogamous selfrng. There is a large overall output of

selfed seeds in each tree per season, although self-incompatiblity of individual trees may

reduce this number considerably. Selection eliminates a large proportion of the selfed

progeny from popr.rlations and ensures highly heterozygous adult populations.

Furthermore, despite high rates of selfing, the absolute number of outcrossed seeds per tree

is very large and sufhcient to ensure the survival of the species.

The finding that the shift from native to predominantly introduced pollinators did

not have a measurable impact on outcrossing rates shows the limited influence of

pollinators on the mating system in pohutukawa. This apparent ability of the species to

utilise a wide range of pollinators renders the species largely resistant to shifts in the suite

of local pollinators which are often associated with habitat degradation. From a

conservation perspective this also means that increased selfing cannot explain the poor

regeneration of pohutukawa on the mainland, and we must look elsewhere for the

underlying causes of the continued decline of the species on the mainland.

95



CHAPTER 8

THE RELATIVE IMPORTANCE OF BIRDS AND BEES AS POLLINATORS

ABSTRACT

We used exclusion experiments to assess the effect of different pollinator groups on

outcrossing and seed production in New Zealand pohutukawa. The main study site was

Little Banier Island where indigenous bird and native solitary bees are the main flower

visitors. In bird exclusion treatments in the lower canopy (2 - 4 m) with flower access

to bees only, estimated outcrossing rates were lower (/,,,:0.40) than in open pollination

(t,,,:0.58), suggesting that bees effect more self-pollination than birds. The highest

outcrossing rates (/,, : 0.71) were found for open pollination in the upper canopy (> 4

m) where bird visitation presumably is more frequent. The number of fenile seeds per

capsule was 45o/o higher after open pollination than in treatments with bee visitation

only and 28% higher than in treatments where all flower visitors were excluded. Our

results also suggest that native bees visiting pohutukawa flowers - in comparison to

birds - reduce seed production and effect less outcrossing, and that a large proportion of

seeds (66%) arises from automatic self-pollination. In four trees of a modified

mainland population with predominantly introduced birds and a mixture of introduced

and native bees there was no decrease in seed set for the treatment allowing bee access

only. indicating that - in contrast to native bees - honeybees do not reduce seed

production in pohutukawa. Observation of the foraging behaviour of both groups of

bees showed that native bees contact the stigma of flowers less frequently than

honeybees. This is likely to be a consequence of their smaller body size relative to

honeybees.

Keywords: Flower visitation, honeybees, honeyeaters. Leioprocfas, New Zealand,

plant-pollinator-interaction, pollination efficiency, pollinator-stigma contact,

outcrossing rate, seed set.
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INTRODUCTION

Flowers of many plant species are visited by a range of pollinators, whose efficiency

varies greatly among taxa (Cruden 1972, Schemske and Horvitz 1981, Stewart and

Craig 1989, Vaughton 1996. Gross and Mackay 1998). The most effective pollinators

of a plant species are those animals whose floral visitation results in the greatest

reproductive success (Stebbins 1974). Common approaches to measure pollination

efficiency range from comparative studies on pollinator abundance in plant populations,

flower visitation rates, pollen transfer to stigmas, to studies on pollen loads carried by

pollinators (Primack and Silander 1975, Lindsey 1984, Freitas and Paxton 1998).

Whereas these measures are proven and useful tools for the estimation of pollinator

efficiency. they do not directly relate the pollinator-plant interactions to the

reproductive success of the species (Spears 1983). This is. in contrast, achieved in

experiments using fruit or seed set as a measure of pollination efficiency (Schemske and

Horvitz 1984). Experiments designed to exclude particular pollinator groups from

flower visits followed by an analysis of fruit or seed set give a direct estimate of plant

reproductive success, especially when used in combination with indirect methods, as

reported for studies by Vaughton (1996) and Ramsey (1988).

I{owever, pollinators may not only differ with respect to their ability to effect

seed production, but also in their potential to promote outcrossing. In order to fully

assess the importance of pollinators for plant reproductive success, information on the

pollinators' impact on seed set has to be integrated with data on the type of fertilisation

event giving rise to seeds, i.e. self- or cross-fertilisation. Previous studies on pollination

efficiency addressing this problem were generally limited to the observation of

pollinator movement between plants or the measurement of between-plant pollen

transfer (Primack and Silander 1975, Hopper and Moran | 981). Although allozyme

analyses of progeny arays are frequently used for the estimation of outcrossing rates in

plant populations in a variety of contexts (eg. Ritland 1983, Young et al. 1996). they

have, to our knowledge, not been directly applied to address questions of pollination

efficiency. Hereo we combine exclusion treatments with the use of polymorphic gene

markers, in this case allozymes, to assess the efficiency of insect and bird pollinators in

promoting outcrossing in pohutukawa.
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Birds are generally believed to effect high levels of outcrossing (Ford et al.

1979). For example, Hopper and Moran (1981) reported a high rate of inter-tree

movement by birds in populations of Eucalyptus stoatei and this was consistent with a

high average level of outcrossing (t,n: 0.82) in this species. Most studies that have

compared the reproductive success effected by birds and bees have fbund that fruit set

was higher in bird visited flowers than when insects only had access (Carpenter 1976,

Bertin 1982, Ramsey 1988. Vaughton 1996).

The plant studied here, New Zealand pohutukawa (Metrosideros excelsa Sol. ex

Gaertn.) (Myrtaceae), is a large, mass-flowering tree endemic to northern New Zealand

coastlines. Trees flower over a peak period of two weeks and compound inflorescences

contain an average of 14.3 (SE +0.4) showy, hermaphrodite, red "brush' flowers that

remain open for seven days and show neither dichogamy nor herkogamy (Chapter 3).

Floral design and display are consistent with high levels of autogamous and

geitonogamous self-pollination. Pollen is highly viable (93.6%) and the stigma is

receptive for at least nine days. Each flower produces approximately 46 pL nectar per

day, containing l8% (w/v) sucrose (Chapter 3). Pohutukawa has previously been

classed as ornithophilous because of floral characteristics such as red colour, copious

nectar production, and almost complete lack of scent (Godley 1979). The open 'brush'

flower structure, however, allows visitation by a range of diurnal visitors such as native

and introduced birds and bees (Anderson 1997, Chapter 7). Nocturnal visitation to

pohutukawa flowers by Mystacina tuberculala (short{ailed bat) was reported on Little

Barrier Island (Arkins 1996), but the local population is small and short-failed bats do

not occur on the mainland site. Although geckos also visit pohutukawa flowers. their

numbers are extremely low in both study sites and presumably have a negligable effect

on pollination in these sites at the present time (D. Towns, Northern Regional Science

Group, Department of Conservation, Auckland,pers. comm.; A. Whitaker, Motueka,

pers. comm.).

Previous studies of the breeding system of pohutukawa showed that the species

is composed of self-compatible and self-incompatible individuals, and that estimates of

outcrossing rates in five populations were generally low (r- :0.22 - 0.53; Chapter 6 and

7). No conclusive relationship was found between pollinator abundance and

outcrossing rates in two island habitats with a predominantly native avifauna and native

bee pollinators and three mainland sites with mainly introduced bird and bee pollinators.

However, the design of this previous study did not allow for an assessment of the

98



relative contribution of birds and insects to outcrossing. It is the goal of the present

study to separately assess the relative impact of these two pollinator groups.

The specific aims of this study were:

(l) to examine the relative effect of birds and insects on seed production and

outcrossing rates in a population with predominantly native pollinators.

(2) to compare results from (l) with seed production in a location with

mainly introduced bird pollinators and a mixture of native bees and

introduced honevbees.

(3) to compare the foraging behaviour of native and introduced bees with a

view to assess which group is the more efficient insect pollinator of

pohutukawa.

MATERIALS AND METHODS

Study populations and pollinators

The main population used in this study was on Little Barrier Island. a volcanic cone in

the outer Hauraki Gulf approximately 25 km from the coast of the North Island of New

Zealand. This island is among New Zealand' s least modified nature sanctuaries and has

approximately 120 ha of pohutukawa forest occurring mainly on coastal cliffs

(Hamilton 1961). For exclusion experiments and subsequent collections of seed

capsules, trees from a sub-population of approximately 200 individuals at the southwest

tip of the island (Te Maraeroa) were used. To allow for comparisons with this island

location, a mainland site at Whites Beach on Auckland' s west coast was also studied.

On Little Barrier Island, pohutukawa flowers are visited by seven native bird

species including all three species of New Zealand honey eaters Prosthemadera

novaeseelandiae (tui), Anthornis melanura (bellbird), and Notiomystsis cincta

(stitchbird) as well as Nestor meridionqlrs (kaka) and Philesturnus carunculatus

(saddleback). Several introduced bird species also visit the flowers, but they are much

less abundant than native birds (Chapter 7). Native solitary bees (Colletidae:
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Leioproctus sp. l; B.J. Donovan, Crop and Food Research. Lincoln. pers. comm.) are

commonly observed on pohutukawa flowers in large numbers.

At Whites Beach in contrast, the main flower visitors are introduced passerine

birds such as Zosterops lateralis (silvereye) and Sturnus vttlgaris (starling) and a

mixture of native solitary bees (Hylaeu.s relegatus) and introduced honeybees (lpis

mellifera). Bird and insect counts in the two locations showed that overall, more than

three times as many birds and approximately twice as many insects visited flowers on

Little Barrier Island than at Whites Beach (Chapter 7).

Exclusion experiments

Field experiments were conducted in December 1997 atpeak flowering of pohutukawa

in the two populations, and seed capsules were collected in March 1998. On Little

Barrier Island, fifteen trees were assigned to each of four different treatments with two

repeats per tree, and at Whites Beach four trees were used.

On Little Barrier Island, three of the four treatments were applied at2 - 4 m

canopy height within each tree. Because casual observation showed that birds appeared

to visit flowers in the higher canopy more frequently than in the lower canopy, capsule

collections were also made for open pollination at 4 - 6 m canopy height. This

treatment was omitted at Whites Beach, as the tree canopy there was windswept and

generally low. The four treatments were:

At2-4m
BIS: Open pollination, with access to flowers by both birds and insects.

IS: Bird exclusion. but unrestricted insect access to flowers.

S: Exclusion of all pollinators, allowing self-pollination without any pollen

vector.

At4-6m
BIS-HI: Open pollination in high canopy.

For treatments IS and S, branch tips bearing 4 -7 inflorescences with flowers just before

anthesis were enclosed in cages of the appropriate mesh size to exclude pollinators.

Frames built from three or four 75 cm long pieces of strong wire were fitted around

each flowering branch and covered with either cozuse netting for treatment IS (20 x 20

mm aperture). or with fine netting for treatment S (2 x 2 mm aperture). Up to five
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inflorescences from the centre of the cage were tagged for later capsule harvest, and the

cages remained on the trees for approximately five weeks, at which time flowering in all

studied trees had ceased.

To ensure that bee movement was not influenced by the cage netting, all bee

visits to a canopy area with approximately 50 flowers, both inside and outside of the net

enclosure, were recorded for five minutes each. A total of l8 - 20 such comparative

scores were made on Little Barrier Island for native Leioproctus bees and in comparison

for honeybees at an Auckland site.

Seed counts

At least ten capsules from each of nine trees on Little Barrier lsland and from four trees

at Whites Beach were assessed for seed production for each treatment. The percentage

of fertile seeds per capsule was determined as described in Chapter 6.

Allozyme analysis of outcrossing rates

Fifteen seeds from a bulked sample of capsules from all treatments and replicates within

a tree were sampled from each of l5 maternal trees from Little Barrier Island in March

1998 and subjected to horizontal starch gel electrophoresis. Seed germination, tissue

extraction and running of starch gels were as described in Chapter 7.

Three polymorphic loci for two enzymes were resolved clearly and consistently

on a histidine gel and electrode buffer system at pH 8.0 (Brewer and Sing 1970):

Phosphoglucomutase (Pem) E.C. 5 .4.2.2. (2 loci ) and gl ucose- I -phosphate-uridilyl-

transferase (Gpt) E.C.2.7.7.9 (l locus). The banding pattern of putative heterozygotes

and homozygotes suggested Mendelian inheritance of these loci based on expectations

from known enzyme subunit structures (Kephart 1990).

Maternal genotypes were inferred from the genotypes in progeny ilrays (Brown

and Allard 1970). Maximum likelihood estimates of single locus and multilocus

outcrossing rates (t) were made using the programme developed by Ritland and Jain

(1981). Standard errors of the estimates were based on 500 bootstraps with resampling

among mothers.

Insect observations

To assess any differences in the foraging pattern of native and introduced bees that may

have an impact on pollination efficiency, observations were made on Little Barrier
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Island for native bees and in Auckland for honeybees. Observations were made in full

strn from 9 am to I pm on a total of four trees with 39 - 63 counts per tree. Within each

tree, a canopy area bearing approximately 20 - 40 inflorescences u,ith lully open

flowers simultaneously presenting pollen and nectar were chosen and each bee visit to

an individual flower in a time interval of 15 minutes was recorded. Records were made

of the mean time spent per flower. whether nectar or pollen was collected, and any

incidence of insect-stigma contact.

Statistical analyses

To compare percentage seed set per capsule among treatments within and between

locations, data were log transformed prior to analysis using a General Linear Model

procedure (SAS Institute 1989). Pairwise comparisons between individual treatments

for percentage seed production per capsule within a location were made using Tukey's

studentized (HSD) range test. at a significance level of p < 0.05.

Data for all four trees from pollinator observations regarding the time spent per

flower were also log transformed and evaluated using the General Linear Model

procedure as before (SAS Institute 1989). Kruskal-Wallis non-parametric procedures

were used to separately analyse the time spent per flower by native bees and honeybees.

RESULTS

Seed production

On Little Barrier Island, there were significant differences in seed production between

treatments BIS, IS and S, and this was due to a large reduction in numbers of seeds in

the treatment where birds were excluded (IS) (Fig. 8.I ). This was confirmed by

pairwise comparisons of numbers of seeds per capsule in treatment IS with both open

pollination (BIS) and self-pollination (S). These tests showed that open pollinated

flowers contained 45Vo more seeds per capsule than flowers where birds were excluded

(IS), and 287o more seeds than when all flower visitors were excluded (S) (p < 0.05).

Seed production in capsules of open pollinated flowers in low and high canopy

positions on Little Barrier Island was not different (Fr. rsr: l.38, p:0.242), and no
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Fig. 8.1: Mean percentage of fertile seeds per capsule in cxclusion
experiments on Little Barrier Island (LBI) and at the mainland site
Whites Beach (WB). Number of trees used: n: 9 on LBI: n:4 at WB.
A minimum of ten capsules per tree and treatment was evaluated in seed

counts. Error bars represent +l S.E.

Treatment codes: BIS : Open pollination. Bird and insect access to
flowers. and automatic self-pollination: IS: Birds excluded, insect
access to f'lowers" and automatic self-pollination; S : Automatic self-
pollination only. Canopy height lbr these three treatments: ? - 4 m. BIS.
HI: Identical to treatment BIS, but canopy height: 4-6 nr.

Results of for two-way ANOVAs fbr seed production. Little Barrier
Island: Significant differences in seed production between BIS. IS and S:

p:0.0054 ( p:0.0001 for dilferences betw'een trees; p:0.001I for
interactions between trees and treatments). Whites Beach: Dit'ferences
between all treatments were not significant (p :0.0528). (p = 0.0001 for
differences between trees; p : 0.1 I 14 for interactions betw'een trees and
treatments).
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Table 8.It Mating sy€tem parameters based on allozym.e analyses for exclusion
experiments on Little Barrier Island. Estimated size of sub-population at Te Maraeroa site
used in this study: 200, For treatment codes see Fig. 8.1.

N : Numbcr of rnaternal tree$ used forproggny analysis. n : Mean uumber of progeuy per
maternal tree. ,4. = tnean num.ber of alleles per locus. to: Average single lssus
outerossing rate (minir,num variance). t- : Multilo-cus outcrossfurg rate. Standard deviation
in parentheses,

Treatment
code

trstnAN

2.,3

2.3

14"lt4

N

BIS

BIS-HI

t3.6

0.s8
(0.r4)

:0,40

(0.08)

a.7l
(0,,14)

0.56
(0.0e)

0.42
(0.05)

0.5s
(0.07)

l5.ttl 2.7

Mean l1 t4.7 2.4 0.s6 0,54
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Table 82r Flower visitation by narive,aud introduoed b€e,s-Bec-ies. Mean time spent pei
flowe'r, proportion of flow,er lrisits used for gatherinrg of (a) pollen and (b) neclaf, and (c)
pro,p€flion of fl.ower dsits resulting in potrlinator.stigma contact. Loeation codes : LBi :
Little Barrier Island; AK : Auckland- n: Nurnber of individual flsrryer visits observed.

Pollinatorsr Lsca
-tion
oode

Tree Mean time
spent per
flower (s)

Froponion offlower vieits flz6l

usedforgathering reslltlng
m

(a) (t) (c)
pollen necfar pollinator

'stiglna
contaet

Native bee.s

(Leiopractas sp,)

Mean

Iirtrodueed bees
(Apis rnelliferq)

v.5,

6A

4.0 3,9

63 78

100.0

50.0

AK I 39 62 (8.3)

2 40 s3 (7.e)

LBI (7,61

(12.5)

63

9V.5

98,4

98.1

0.0

50.0

25.3

9,5

10.0

9.7

17.9

35.0

26:6

6.8

Mean 5V 74.7
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significant differences were found between any treatments on Whites Beach (Fz. sz:

3.03, p : 0.0528) (Fig. 8.1).

When comparing the island and the mainland sites. large differences were

observed for seed production in the bird exclusion treatments (lS), but not for any other

treatment. Percentage seed set per capsule for treatment IS was much lower on Little

Barrier Island than at Whites Beach (Fr.,rz : 11.22: p < 0.05). In both locations, there

was a high level of automatic self-pollination (S). This represented 663% of all fertile

seeds per capsule on Little Barrier Island. and82.9o/o at Whites Beach in comparison to

open pollination at the same canopy height (BIS; Fig.8.1 ).

Outcrossing rates

The estimated multilocus outcrossing rate for open pollination in the high canopy (BIS-

HI) was much higher (t,,:0.71) than for the exclusion treatments with native bee

access only (lS) ( l,n: 0.40). and the outcrossing rate for open pollination in the lower

canopy (BlS) was also higher than in treatment IS ( t,,,:0.58) (Table 8.1). Estimates

for single and multilocus outcrossing rates were similar, indicating that biparental

inbreeding in this population was insignificant.

The number of maternal trees that could be used for a reliable estimation of

outcrossing rates was reduced from fifteen to eight for treatment IS due to low

germination. This was more pronounced for seeds of treatment S for which too few

seedlings were available to make a reliable estimate of /,n.

Foraging behaviour of bees

Native bees on Little Banier Island were almost exclusively engaged in pollen

collection (Table 8.2). Pollen and nectar collections were combined in 4.9Yo of all

visits, and nectar foraging was even more rare (1.9%\. This is in contrast to the activity

pattern during honeybee visitation in Auckland. In Tree I only nectar was collected,

whereas in Tree 2 honeybee visits were equally divided between nectar and pollen

collection (Table 8.2).

The foraging ofnative bees did not appear to be disturbed by honeybees and the

movement of native and introduced bees through the net enclosure in bird exclusion

cages was not impeded. There was no significant difference between the number of
visits to flowers inside and outside of the net for both types of bees (U-test; p:0.772

and p = 0.946, respectively). Likewise, the tinre spent per flower did not differ
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significantly for native bees and introduced honeybees in all four trees studied (p :
0.059), although differences were observed for visits of native bees in the two trees on

Little Banier Island (p:0.023) (Table 8.2).

Honeybees were much more likely to touch the stigma during flower visits than

native bees. Stigma contact occurred in26.6Vo of honeybee visits to pohutukawa

flowers as compared to only 9.9oh of native bee visits. There was a clear relationship

between the foraging activity of honeybees and the likelihood of stigma contact. The

stigma was touched in an average of 60Yo of all their visits involving pollen collection

and in only 15.3% of visits for nectar collection.

DISCUSSION

Native birds are more important pollinators of pohutukawa flowers than native bees.

Our results show that seed set was significantly higher upon open pollination allowing

access by birds and bees (BIS) than in bird exclusion treatments (lS) on Little Barrier

Island. Similar results were found by Carpenter (1975) for Metosideros collina on

Hawaii where higher fruit set was found for bird and insect visited flowers than for

flowers where birds were excluded. This is also in accordance with many studies using

a wide range of experimental approaches that show birds to be more effective

pollinators than insects (Bertin 1982, Ramsey 1988, Stewart and Craig 1989, Vaughton

1996, Anderson 1997). Among the factors that help to explain the success of birds in

effecting fruit and seed production are their relative abundance, body size, foraging

patterns and status (Craig 1985, Stewart and Craig 1989).

Among the most abundant visitors to pohutukawa on Little Barrier Island are

large bird species such as Pro.sthemadera novaeseelandiae (tui), //eslor meridionalis

(kaka), and Philesturnus carunculah s (saddleback) (Chapter 7). Because of their local

abundance and their body size, these birds are more likely to efficiently pollinate

pohutukawa flowers and effect seed set than smaller birds. Anderson (1997) reported

that small bird species such as Zosterops lateralis (silvereye) or Mohoua albicilla

(whitehead) were less likely to contact anthers or stigmas when foraging for nectar on

pohutukawa flowers.

Whereas seed production per se is imponant, the degree of outcrossing is

paramount to the reproductive success of pohutukawa. [t has been shown that in
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pohutukawa, high levels of selfing lead to inbreeding depression expressed as reduced

seedling growth rates (Chapter 7). Differences in estimated outcrossing rates between

treatments in this study show clearly that native birds contribute considerably more to

outcrossing than native bees.

The impotance of birds in effecting outcrossing in the present study is

emphasized by maximum outcrossing rates in the high canopy. Here, bird visitation is

more frequent than on lower branches (pers. observation). This view finds support in a

study by Angehr (1986) who reported that tuis and bellbirds preferentially use flowers

in upper and sub-canopy layers on Little Banier Island, whereas stitchbirds concentrate

on under-storey vegetation. Tuis, the most nectarivorous of the New Zealand

honeyeaters, occupy higher feeding levels in the canopy than bellbirds and stitchbirds

(Atkinson and Millener l99l). In addition. Rasch and Craig (1988) found that tuis

foraged on flowers in the top position of an individual pohutukawa tree more tiequently

than in lower positions.

Studies on New Zealand honeyeater ecology exploring the social status, sex and

age of individuals within and between species have shown that there is a strong

hierarchical pattern within and between species with regard to nectar access (Craig

1985). This may lead to non-dominant birds being displaced from the plant they were

foraging on, and move to a nearby plant, thereby potentially effecting cross-pollination

(Craig 1985, Rasch and Craig 1988). Depending on these and other factors, all three

honeyeater species are likely to contribute to outcrossing, but bellbirds (Anthornis

melanura) may be of special importance, as they are numerous on Little Barrier Island

and have lower status than tuis.

The interaction of native bees and pohutukawa flowers is much less beneficial to

pohutukawa than bird pollination. Solitary Leioproctu.s bees actively remove large

amounts of pollen from flowers. and reduce both male and female reproductive function

of the species as less pollen is available for transfer to stigmas. Seed production

consequently decreases. A similar harmful effect on the reproductive success of plants

due to active pollen removal has been previously described for introduced honeybees,

not for native insects. In the Australian bird-pollinated shrub Grevillea barklyana,

pollen removal by introduced honeybees led to a reduction in fruit set by more than

50% in treatments where birds were excluded (Vaughton 1996). Pollen was actively

removed from stigmas by honeybees ln Melastoma ffine in tropical Australia, resulting
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in low seed set in flowers where honeybees were the last visitor (Gross and Mackay

le98).

Whereas seed set is drastically reduced by native bees in this study, our results

also show that they achieve moderate levels of outcrossing. In comparison to birds,

however, they are 'second rate' pollinators. For a species such as pohutukawa that

crucially relies on outcrossing for reproductive success, exhaustion of the outcross-

pollen pool is an unavoidable cost of pollinator service by native bees.

Among other factors, the probability of outcrossing is related to flight distance

of pollinators (Waser 1982) and quantity of floral rewards. The main constraint to

population levels of native bees is the availability of nest sites (Donovan 1980) which

for Leioproctus on Little Barrier Island occur in steep coastal cliffs, consisting of clay-

rich Haowhenua breccia (pers. observation, Lindsay and Moore 1995). Although there

is no data on flight distances for native Leioprocttts bees. it is likely that foraging trips

for these bees mainly cover short distances from a nest site to a near pollen source.

Furthermore, pohutukawa is mass flowering, and pollen shedding from anthers of

individual flowers occurs over a period of several days (Chapter 3). Thus the available

pollen pool of an individual tree at peak flowering is very large and individual bees will

move infrequently between trees, thereby effecting little outcrossing.

A substantial amount of selfed seed per capsule (66% of open pollination) is set

unaided by pollinators on Little Barrier Island. This large amount of automatic self-

pollination is consistent with the high number of densely packed flowers per

inflorescence, the large number of open flowers at peak flowering time, and the

proximity of the flowers within and between neighbouring inflorescences (Chapter 3).

Automatic geitonogamy is the result and may well be enhanced by wind movement.

Although this is disadvantageous to the reproductive success of pohutukawa, it is

clearly a consequence of the floral design and display of the species.

Unlike on Little Barrier Island. the mean percentage seeds per capsule for all

treatments at Whites Beach were similar. Neither birds and bees together (BIS) nor

bees by themselves (lS) had a measurable impact on seed set in comparison to

automatic selfing (S). In contrast to the island location, the total number of available

pollinators at Whites Beach are low, and their impact on seed set may in fact be

negligible. Automatic selfing could be the prevalent type of pollination and this would

be enhanced by the frequent strong wind at this location. If the majority of seeds were

indeed formed upon automatic selfing. we would have to assume that the studied trees
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were self-compatible - a realistic scenario given the species consists of sell--

incompatible and self'-compatible individuals (Chapter 6). Due to the small number of

trees studied at this location, it rvas not possible to estimate outcrossing rates, and we

have to rely on seed set data only.

It is possible to explain the large difference in seed set for the bird exclusion

experiment (IS) at Whites Beach and on Little Banier Island in terms of the foraging

behaviour of native and introduced bees. There is no difference in time spent per flower

for native and introduced bees, but body size and type of foraging activity (pollen or

nectar collection) both have a strong impact on pollination efficiency. The native

Leioproctnr sp. I bees found on Little Barrier Island are much smaller than honeybees.

Their body lengths rmge from 8.3 - l0 mm, as compared to 13.5 - 15.4 mm in

honeybees (n:20, B. J. Donovan, Crop and Food Research, Lincoln. pers. contm.).

When collecting pollen. the small female Leioproctus bees contacted the stigma of the

flower they visited in less than l0% of all visits. whereas honeybees were

approximately six times as successful in that respect. This diff-erence is largely due to

their body size. During pollen collection, honeybees are able to effectively bridge the

gap between stamens and stigma in the open 'bmsh' flowers of pohutukawa, whereas

native bees move from anther to anther and therebv mostlv circumvent the central

stigma.

However, honeybees w'ere less likely to touch the stigma of flowers when nectar

collecting. In approaching a flower, they directly land on the floral cup and push

through the basal parts of the filaments to reach the nectar. Alternatively, they land on

the anthers and move vertically down the stamens to reach the floral cup, a movement

pattern that makes stigma contact more likely. These observations show clearly that

stigma - insect pollinator contact in pohutukawa is essentially determined by the

morphology of the individual flower, the body size and type of foraging activity of the

pollinator.

There is a positive correlation between pollen collection and presence of brood

in a honeybee colony (Free 1993). In New Zealand, worker bees spend most of the

spring months (September to November) on pollen foraging to satisfy the protein

requirements of their brood and then switch to predominant nectar collection in summer

(M. Stuckey, Waitemata Honey Co. Ltd. Redvale, Auckland, pers. comm.). The peak

flowering time of pohutukawa (December and January) thereby coincides with
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predominant nectar foraging of honeybees, thereby lessening their importance in the

pollination of pohutukawa.

Conserryation implications

The current study illustrates that two groups of native pollinators can play different

roles in the reproduction of a species. Birds are clearly very important to the

reproductive success of pohutukawa because they strongly promote outcrossing and

effect high seed production. In contrast, native bees have conflicting roles: Although

they have a harmful effect on the quantity of seed production, they are also able to

effect some outcrossing. Although evidence of tight co-evolution is lacking, both native

bees and birds have co-existed with Metrosideros for millennia (Donovan 1983, Clout

and Hay 1989). Characteristics of the reproductive biology of pohutukawa such as high

levels of automatic selfing and inbreeding depression (Chapter 7) show a complex web

of interactions that - although conflicting in part - are successful as a whole.

Honeybees, as relative newcomers to this scenario, do not hamper the reproductive

success of the species. Birds play an important role in the promotion of outcrossing,

and caution has to be applied with regard to a reduction of both native and introduced

birds in pohutukawa populations.
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CHAPTER 9

CONCLUSIONS

Floral biolory

An important characteristic of the reproductive biology of pohutukawa is its mass-

flowering habit which sets the scene for geitonogamous self-pollination. The closely

synchronised development of inflorescences within trees prepares individual trees for a

short period of mass-flowering in summer. For approximately two weeks, up to 40,000

flowers are open on each tree permitting interfloral contact within and between

inflorescences. This large floral display promotes both automatic and pollinator-

mediated geitonogamy (Chapters 2 and 3).

Likewise, at the level of individual flowers, there is no impediment to self-

pollination. The main functional flower phase is hermaphrodite, and viable pollen and

the receptive stigma are presented simultaneously for a duration of four days. The

'brush' flower design results in an almost complete lack of outcrossing mechanisms,

such as dichogamy or herkogamy and autogamous self-pollination may frequently result

from pollinator visits (Chapter 3, Webb and Lloyd 1986).

Whereas both floral display and design of pohutukawa point towards a large

potential for self-pollination, the mass display of large red flowers also serves as a

powerful attractant for pollinators. During the hermaphrodite flower phase, copious

nectar rewards are available to native pollinators such as the New Zealand honey eaters,

and native bees feed on large amounts of pollen (Chapters 7 utd 8). Although, in a

large mass-flowering species, pollinators move frequently between llowers of one tree,

they also move between trees and thus potentially effect outcrossing. In essence, the

flowering strategy of pohutukawa caters for both scenarios, self- and cross-pollination.

Within self-pollination, three different pathways are possible, namely pollinator-aided

and automatic geitonogamy, and autogamy (Fig. 9.1).
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Breeding system ---- Self-incompatibility

Self-pollination does not necessarily result in the production of inbred progeny. Self-

incompatibility is an essential post-pollination mechanism for the maintainance of

heterozygosity levels in natural populations (Banett 1998). In pohutukawa, individuals

differed in their degree of expression of self-incompatibility. Although the sample size

of trees analysed in this study does not permit general conclusions about the proportion

of self-incompatible trees in natural populations, it appears that the species consists of a

mixture of self-incompatible and self-compatible individuals (Chapter 6). Few species

among the New Zealand flora are known to be self-incompatible to date, and

pohutukawa is unique with respect to the intraspecific variability of this trait (Godley

1979, Webb and Kelly 1993).

Several findings in this study elucidate the type of self-incompatibility in pohu-

tukawa. Pollen grains are bi-cellular and the stigma is wet-papillate. In addition, no

pollen tube attrition in the style was apparent. and the histochemical staining properties

of the stylar tissues following self- and cross-pollination were identical. In conclusion.

these observations suggest that the self-incompatibility system is both gametophytic and

late-acting (Chapter 4 and 6, Heslop-Harrison and Shivanna 1977).

In comparison to most angiosperms, pollen tube growth in the style proceeds at

a very slow rate (2mm / d), and the stylar tissues of pohutukawa have to accommodate

and provide resources for the growth of several hundred pollen tubes. Although the

depletion of cortical starch grains after pollination points to a role of starch in nutrition,

staining for polyanions and pectins in the extracellular matrix of the transmitting tract

was weak, indicating sparse stylar reseryes. This indicates a possible resource

limitation for the growth of the pollen tubes and may contribute to the slow growth rate

(Chapter 4).

In contrast to other Myrtaceae with slow rates of pollen tube growth, the style of
pohutukawa flowers is much longer, leading to a total duration of travel through the

style of l0 - l5 d. This indirectly impacts on the fertility of the species, as styles

abscise 19 - 20 d after anthesis, and pollination events later than 5 d post-anthesis will

not result in seed set in some trees.
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Breeding system ---. Ovule - seed - pollen relationships

Pohutukawa shows low fertility levels typical of many capsular Myrtaceae including the

genus Metrosideros (e.g. Drake 1992, Knightbridge 1993, Beardsell 1993). In this

study, approximately l0% to l2o/o lertile seeds per capsule were found in pohutukawa

from a range of habitats (Chapters 6 and 8). All ovules in pohutukawa are potentially

fertile and thus represent an appropriate estimate for the theoretical upper limit of seed

production per capsule. There is no preferential fertilisation of ovules in any position

on the placenta which could explain low fertility. Pollen limitation as a possible cause

for the low seed / ovule ratio can also be ruled out, as the pollen load in artificial

pollinations rarely lead to the maturation of more than one third of omles (Chapter 6).

In conclusion, the low seed / ovule ratio appears to be a fixed trait of the species.

Breeding system ---- Outcrossing rates and inbreeding depression

While the species' potential to produce seeds in controlled pollinations, and the quantity

of seeds in open pollinated stands are important, an assessment of seed quality in natural

populations is crucial to assess the reproductive contribution of present stands to the

next generation. Outcrossing rates in two island populations with a suite of
predominantly native pollinators and three mainland populations with chiefly

introduced pollinators were low for all habitats (t,:0.22 - 0.53) by comparison with

woody perennials in general. Whereas the high level of selfing in pohutukawa is a

reflection of the large floral display and the high potential for geitonogamy, it also

agrees with the pollen / owle ratio of 463 which places the breeding system of

pohutukawa between facultative selfing and outcrossing (Cruden 1977).

In addition to self-incompatibility, inbreeding depression is the second factor

which restricts the adverse effects of self-pollination in pohutukawa and helps to

maintain sufficient levels of outbreeding. There was no difference in the germination

rate of 'selfed' and 'crossed' seeds, showing that inbreeding depression was not early-

acting as would be expected in outcrossing species (Chapter 6). In agreement with most

primary selfing species, inbreeding depression in pohutukawa was expressed in reduced

seedling height (Chapter 7, Husband and Schemske 1996). Comespondingly, F" was

consistently higher than F,, in all five studied populations. Whereas these results do not

permit definitive conclusions as to the long-term performance of inbred progeny,
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indictions are that selection may eliminate selfed offspring from populations prior to

maturity.

Despite significant differences in the abundance and species composition of the

bird pollinators between island and mainland populations, outcrossing rates for these

habitats were similar. There was no correlation between the total number of birds per

population and outcrossing rates. Also, native bird species do not appear to be more

efficient than introduced species in promoting outcrossing in pohutukawa, and there

was also no correlation between outcrossing rates and insect abundance (Chapter 7).

Given the indications about different proportions of self-incompatible individuals in the

populations studied, outcrossing rates will not only be influenced by the abundance and

composition of the local pollinator fauna, but are bound to reflect the composition of the

population with respect to the incidence of self-incompatibility.

Pollination biolory

The relative impact of birds and insects to outcrossing and seed set was examined using

exclusion experiments in combination with allozyme markers in a population from

Little Barrier Island. Results showed that native birds are more important pollinators of
pohutukawa tlowers than native bees, as they effected more seed set and higher

outcrossing than native bees (Chapter 8). Local abundance. body size and social status

of bird species are likely to impact on the extent of cross-pollination effected by a range

of bird species (Craig 1985).

The interaction of native. solitary Leioproctus bees with pohutukawa flowers is

less beneficial to pohutukawa than bird pollination. Active pollen removal from flowers

by native bees leads to reduced seed production, and pollination by native bees resulted

in lower outcrossing rates than by birds, as they appear to move preferentially among

flowers within a tree. In a modified mainland population with a suite of predominantly

introduced bird pollinators and a mixture of native and honey bees, seed production was

similar in all exclusion treatments, indicating that honeybees - in contrast to native bees

- do not reduce seed set in pohutukawa.

A large proportion of seeds originate from automatic self-pollination (Chapter

8). This is consistent with the mass-flowering of pohutukawa and may well be

enhanced by wind movement. Whereas the high degree of selfing is clearly
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disadvantageous to the reproductive success of pohutukawa, it is the unavoidable cost of

requiring a large floral display with abundant rewards to attract pollinators.

Conselation implications

The reproductive strategy of pohutukawa is summarized in Fig. 9.1. It shows that the

mating strategy of pohutukawa is governed by floral adaptations. Floral design and

display influence the quality and quantity of pollen dispersal, which is mediated by

pollinators (birds and bees) or left to mechanical means (automatic selfing). Although

birds effect more outcrossing than (native) bees, self-pollination is prevalent.

Seed set upon selfing is severely restricted by self-incompatibility, and the

extent of its influence depends on the status of the individual tree and the composition

of the population. In any case, the numbers of viable seeds produced by the plant per

season are very large and represents an average of 600/o'selfed' seeds per population.

Inbreeding depression acts on the growing seedlings, and is likely to reduce the

potentially harmful effect of selfing in the population by selectively eliminating selfed

progeny from populations. Thus the effective long-term contribution of trees to the next

generation are the outcrossed seeds, the number of which will often exceed several

hundred thousand seeds per tree per season.

Although the reproductive strategy of pohutukawa is wasteful, the overall

number of 'successful' seeds per tree is clearly sufficient to ensure the survival of the

species. Seeds are likely to remain viable in the soil for some months following

dispersal. Thus, the reproductive characteristics of present pohutukawa populations

cannot explain the poor regeneration ability of the species. The underlying causes fbr

the continued decline are likely to lie in poor competitive ability with respect to safe

germination sites and continued herbivore browsing.

From a conservation perspective, caution has to be applied *'ith regard to fuither

fragmentation of populations. The reduction in particular of native and introduced birds

in pohutukawa populations could lead to a situation where the level of outcrossing sinks

below sustainability and thus consequences of increased inbreeding may contribute to

the species' further decline.
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