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ABSTRACT

Plant and leaf variation of Metrosideros (Myrtaceae)

were measured along altitudinal .and rainfall transects on

Mauna Loa, Hawaii. Leaves from 30 trees each at 4 sites on

the altitudinal transect (46 to 2332 m elevation) and from

50 trees each at 3 sites on the rainfall transect (2000 to

5500 mm annual rainfall) were included in a one-way analysis

of variance with nested classifications. Also clones were

. grown of diverse appearing plants in one greenhouse environ

ment for three years. Seeds were collected from 5 eleva

tions (61, 457, 1067, 2287, and 2530 m), germinated, and

grown at 30 m elevation for 30 months before the seedlings

were subjected to freezing conditions to determine frost

tolerance. Field crosses among diverse appearing plants

also were attempted.

Many phenotypic characteristics (i.e. leaf length,

width, area, shape, trichome length, petiole length, and

leaf retention) varied in a clinal fashion that was corre

lated with altitude (or temperature) and/or rainfall. Xero

morphic leaf types were common in dry localities with sea

sonal drought, while mesomorphic leaves were present in high

rainfall sites without seasonal drought. Physiological dif

ferences in growth response (i.e. trunk taper and flush

elongation) and frost tolerance were observed that reflected

the habitat conditions.
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The la!gest amount of phenotypic variation for many v~g

etative characteristics, such as leaf length, width, size,

shape, and petiole length, was found in equable habitats that

had no seasonal droughts or extreme temperatures; howeve.,

other characteristics, such as leaf retention and thickness,

had their la!gest variation present in extreme habitats,

where seasonal drought and freezing conditions occurred.

Varieties from different climatic (and top~graphic)

habitats, when cloned and grown under uniform conditions

retained their characteristic varietal appearance, although

some leaf characteristics were modified. Leaf pubescence and

shape were modified less than leaf size, thickness, and pet

iole length.

The relatively unspecialized flowers were frequented by

a number of different bird and insect species. Metrosideros

pollen was transported by various bird species on their head

feathers as they foraged from plant to plant. Plants of

diverse appearance were crossed and Fl progeny produced. No

polyploidy or apomixis has been found in the genus.

These results suggest these plants belong to a single

polymorphic species, which has certain phenotypes (or eco

types) present in particular climatic (or topographic/geo

graphic) habitats. The taxonomic varieties often correspond

to particular phenotypes, or a range of clinal variation.
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CHAPTER 1

LITERATURE REVIEW

The genus Metrosideros of the family Myrtaceae is the

most common native tree in the Hawaiian Islands. It was

first named by Rumphius and later established by Banks

(1788). Although in 1763 Adanson published the genus as

Nani (later Nania), Metrosideros became the conserved name.

In Greek Metrosideros means "heart of iron", which describes

the very dense red heart wood. It makes an excellent fire

wood, which burns quietly with a pleasant odor. Although

it is resistant to termite attack, it is not often used for

lumber since it splits and warps upon drying.

DISTRIBUTION

The. genus has approximately 20 woody species that

include climbers, shrubs, and trees (Gerry,. 1~55). Metro

sideros and other genera in the subfamily Leptospermoideae

have similar Indo-Pacific distributions. The genus occurs

not only on many of the high volcanic islands of the Pacific

Ocean from 30 degrees south to 22 degrees north latitude,

but also on some of the larger land masses to the west,

including Australia, New Zealand (to 52 degrees south lati

tude on Auckland Island), Malaysia, New Guinea, and New

Caledonia (Ingle and Dadswe11, 1953). One species, M.

co11ina, has a wide distribution which includes high islands
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between the New Hebrides on the west, Pitcairn Island on

the east, and the Hawaiian Islands on the north.

New Zealand has been suggested as a possible area of

origin for Metrosideros because it has the largest number of

extant species (11 species with 10 species endemic) which

range from small vines to tall trees. Whereas Rock (1917)

suggested New Zealand as the center of distribution for the

genus, Brown (1922) suggested the ancestral taxon may have

come to Hawaii from America, although he recognized that its

affinities are closely tied to Indo-Malaya and Australia.

Within the Hawaiian Islands Metrosideros is the most

prevalent native tree. Prior to this century the genus

apparently occurred from sea level on wetter slopes up to

2500 m elevation in a broad continuous distribution over the

six largest islands in areas with an annual average rainfall

ranging from 750 to 11,570 rom. The most common taxon is
. . .

M. collina subspecies polymorpha, so named because of its

extreme variability. All individuals on the island of Hawaii

are of this subspecies, which is further subdivided into a

series of different varieties and forms. It is a major ele-

ment of both primary succession and mature forest communi-

ties, and flourishes on a variety of soils - i.e. aa and

pahoehoe lava, ash, and laterite. Although it is success-

ful in disturbed habitats, such as recent lava flows and

landslides, it rarely prospers in areas markedly disturbed

by man. Where the taxon colonizes open lava flows, it occurs
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as a tree or shrub; in wet fern forests with deep ash soil,

it is found as a tree 30 meters tall. On exposed ridges it

grows as a small tree or shrub, and in bogs it occurs as a

very low shrub flowering when less than 20 cm tall. It

appears to be most variable at mid-elevations at 300-1500

meters on deeply weathered substrates on the older islands

of Kauai and Oahu (Corn & Hiesey, 1973). Within the last

200 years its distributional range appears to have receded

most rapidly where there has been extensive animal grazing

and biotic competition from introduced plant species. Lyon

(1909) described a forest die-back area on Maui. Recently

die-back on the island of Hawaii has caused additional

studies to be made (Laemrnlen & Bega, 1972; Burgan & Nelson,

1972; Kliejunas & Ko, 1973, 1974, 1975, 1976; Kliejunas et

al., 1977; Petteys, Burgen, & Nelson, 1975; Hwang, 1977;

Papp & Samuelson, 1976; Mueller-Dombois, 1977). Although

various pathogenic agents, such as Phytophthora cinnamomi,

Pythium vexans, Armillaria mellea, nutritional deficiencies,

and a girdling wood boring insect, Plagithmysus bilineatus,

have been suggested as causes of the die-back, no conclusive

evidence has been found to demonstrate that any single

factor is causing the die-back.

THE HAWAIIAN ISLANDS

Geological evidence (Stearns & Chamberlain, 1966)

indicated that the Hawaiian chain is volcanic in origin,
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situated in the Pacific Ocean and isolated by a water

barrier from other high islands by over a thousand miles.

The oldest igneous rocks beneath Midway Island, now an

atoll, are dated as 16 million years of age (Ladd et al.,

1967). Kure Island is the farthest island to the north

west, and is thought to be the oldest island in the chain.

As one proceeds along the island chain in a southeastern

direction the islands become more recent with active vol

canism apparent on the newest island of Hawaii. In the

past, islands other than today's high islands could have

been major islands which have since eroded and subsided

into their present condition. The newest island of Hawaii,

approximately 3/4 million years of age, has gentle slopes

which are eroded into cliffs and ravines only along the

oldest parts of the island (Macdonald & Abbott, 1970).

Metrosideros is found on the six major high islands,

i.e. Kauai, Oahu, Molokai, Maui, Lanai, and Hawaii. These

plants may be from one or several original ancestors that

arrived by air dispersal to the islands some time in the

past 16 million years (Corn, 1972b). Possibly the first

established plants were located on another high island to

the northwest of Kauai. One or more of these seeds from

the founding population(s) could have been transported by

air and/or sea between the islands of the forming chain

and thus could have become established on new islands just

being formed by volcanism. How many times there have been
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reintroductions to any given island from gene pools from

other islands may never be ascertained, although the ready

dispersibility of the seeds indicates that there could have

been repeated introductions between the islands through

time.

As an island matures, subsides, and erodes into cliffs

and valleys, plants have to adapt to these topographic

changes if they are to avoid extinction. If Metrosideros

arrived before or during the Pleistocene ice age, it was

subjected to climatic changes which might have resulted in

migration of populations up and down the volcanic slopes.

Geographical isolation is evident between the islands,

in the form of topographic barriers, and kipukas (i.e.

islands of vegetation surrounded by more recent lava flows).

Mayr (1959) emphasized isolation as an evolutionary factor

in speciation. Skottsberg (1938) considered geographical

isolation as a factor in species formation and its relation

ship to certain insular floras. Whereas some ancestors of

the Hawaiian flora have given rise to many species, such as

in the lobelioids, Pelea, and Cyrtandra, others, such as

Metrosideros, have not clearly speciated to a large extent

but appear to represent large polymorphic species complexes.

TAXONOMY

Sastrapradja (1965) summarized the taxonomy of

Metrosideros as follows:



"Gaudichaud (1826) established the name M.
polYm0rpha for the species collected from the
Hawa~ian Islands and remarked on its variability.

In 1841 Hooker and Arnott described M.
macropus from Oahu.

Asa Gray (1854) pUblished the name M. collina
(Forst.) A. Gray based on Leptoseermum collinum
J. R. Forster (1776). Gray appl~ed M. collina
to plants from southern Polynesia, upheld Gaudi
chaud's M. polymorpha for some Hawaiian plants,
and publ'Ished M. rugosa and M. lutea from the
Hawaiian Islanas. -

Hillebrand (1888) upheld M. polyrnorpha Gaud.
and enumerated, but did not name, several varie
ties. He pointed out, however, that many Hawaiian
plants were indistinguishable from plants of M.
collina from the Society and Fiji Islands. -

Heller (1897) and Leveille (1911) published
several species and varieties under the genus
Nani(a). Some of these were described as repre
senting the entities enumerated by Hillebrand as
varieties of M. polymorpha.

Rock (1917) monographed the Hawaiian species
of Metrosideros. Recognizing the relationship
between Hawa~ian plants and those from islands
to the south, he placed most Hawaiian plants in
M. collina (Forst.) A. Gray subsp. polYInQrpha
TGaud.) Rock. He recognized eleven var1et1es
and three forms within this subspecies. Rock
also recognized M. macropus H. & A. as a distinct
species. He upheld three additional species,
M. tremuloides (Heller) P. Knuth, M. waialeale
Rock, and M. rugosa A. Gray although he p01nted
out that tnese appeared to be nothing else than
ancient satellites of M. collina, and perhaps
referable to that specIes (Rock, 1917, p. 19).

Skottsberg (1935, 1944) upheld M. macropus,
M. waialeale, and M. rugosa. He referred the
other Hawaiian plants to M. polyrnorpha Gaud.,
thus differing from Rock.- He indicated, how
ever, that this was a provisional treatment
since he had not studied the relationships
between M. collina and M. polymorpha. He raised
many of Rock's varieties to subspecies and Rock's
forms to varieties. Skottsberg also described

6
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new subspecies, varieties, and forms. He
recognized, under M. polymorpha, six sub
species, thirteen varieties, and eleven forms.
He reduced M. tremuloides (Heller) P. Knuth
to the variety tremuloides of M. polymorpha
subsp. glaberrima (Levl.) Skottsberg.

Skottsberg (1944) noted that the charac
ters which have been emphasized by authors to
distinguish the varieties were different.
Gaudichaud (1826) identified four varieties
based only on the shapes of the leaves without
regard to pubescence. Asa Gray (1854), Hille
brand (1888), and Heller (1897) paid attention
to the length of petioles, pubescence, flower
sizes, etc., besides the shapes of the leaves.
Rock (1917) classified the varieties mostly
according to presence or absence of hairs on
the leaves and on the inflorescence. Skotts
berg (1944), however, believed that the flower
size, as indicated by the height of calyx, was
a more important character than the degree of
pubescence."

Dawson (1968a, 1968b, 1970) has been revising the genus

and provisionally separated the Hawaiian plants into four

species--M. macropus, M. tremuloides, and M. rugosa from

restricted habitats on the island of Oahu, and M. polYmorpha

from widespread habitats throughout the six largest Hawaiian

Islands. Porter (1972) treated all the Hawaiian taxa as

varieties and forms of M. collina subsp. polymorpha. Smith

(1973) described the Metrosideros in Fiji.

Work in the field of chemotaxonomy has also been at-

tempted. Saley and Towers (1972) found no differences in

phenolic compounds between M. collina subsp. polYm0rpha

varieties polymorpha and glaberrima from Palikea, Oahu.

Steiner (1972) and Brewbaker (personal communication, 1974)

could not get good enzYme separation using gel electrophoresis
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on distinct morphological varieties from the island of Hawaii.

Adult, seedling, and pollen materials were tested on various

gel substrates. Hampton Carson and William Steiner (personal

communication, 1973) suspected that there was a molecular

bonding with another molecule that was preventing the separa

tion.

St. John (1979) proposed that M. col1ina subsp. po1y

morpha be elevated to the species level, while maintaining

a number of varieties described by Rock and Skottsberg. I

have followed St. John's current taxonomic treatment, but

included also variety nuda, mentioned by Skottsberg (1944).

This distinctive variety occurs on Hualalai and Mauna Loa,

Hawaii, above frost line. Skottsberg (1944) listed it as a

variety of M. po1ymorpha, with the following remark " ••• A

perfectly glabrous form, otherwise typical. Does not seem

to have been noticed by Rock. II

PLANT VARIATION

In spite of various attempts to classify Hawaiian

Metrosideros, many plants seem to be intermediate between

described taxa. There is considerable variation of trees

not only between but within habitats. In some localities

every plant appears to be slightly different (Guppy, 1903

06). The most noticeable variation is in the plant habit

and leaves, although color, size, and number of flowers,

capsule size, number of seeds per capsule, and seed color,

shape, and size also varies. Every discernible character
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appears variable and this variation is inferred to be genetic

(Carlquist, 1970).

Smith (1973, p. 481) while describing the large range

of the species, M. collina, stated that

" ••• in the western parts of its range (it) is com
paratively stable. Even in the Societies there is
substantially greater variation in leaf shape than
there is in Fiji and Samoa. This variation ••• becomes
even more striking in the Marquesas and Hawaii,
leaving one to conclude that peripheral populations
of the genus have evolved in a limited degree of
isolation and with less competition."

Sastrapradja and Lamoureux (1969) concluded from the

patterns of variation of wood anatomy that Hawaiian Metro

sideros is still in the process of speciation, and that the

stage of differentiation is not distinct enough to warrent

recognition of different species.

Lyon (1940) suggested that hybridization may play an

important role in the development of present populations,

since the overlapping distribution of taxa is common on the

six largest Hawaiian Islands, and the chances of hybrids

forming between morphologically different individuals may be

great. Gillett (1966) pieced together the role of hybridiza-

tion in the Scaevola gaudichaudiana complex within the Hawai-

ian Islands by demonstrating introgressive hybridization be-

tween two species using Andersons' methods (1949) on several

islands. Gillett (1966, p. 514) stated

"The Hawaiian flora contains many genera in which
polymorphism is so extensive as to mark them as
extremely difficult taxonomic subjects {Fosberg,
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ization
hybrids
ficult'

It would be premature to ascribe hyb±id
as the basis for all such problems, but
have been observed within several 'dif
genera•••• "

10

Hillebrand (1888, p. 325) emphasized the extraordinary poly-

morphism in Hawaiian Cyrtandra by the statement:

"The variations affect nearly every part of the
plant, and branch out.and intercross each other
in manifold ways to such an extent that it is
next to impossible to define exact limits of
species."

This same statement could be used to describe Metrosideros,

since every morphological character of the plant is variable.

Even Rock's four species appear to intergrade with M. collina

subsp. polymorpha on Oahu and Kauai (Porter, 1972). Gillett

(1966, p. 514) further stated

"Hybridization is widespread in the New Zealand
forest flora, occurring in at least 45 families,
92 genera, and involving 478 species of vascular
plants {Cockayne and Allen, 1934)."

Some of the New .~ealand genera in which hybridization occurs,
......

such as Coprosma, Metrosideros, Plantago, Pittosporum, and

Astelia, are also highly polymorphic elements in the Hawaiian

flora. Introgressive hybridization has been reported in New

Zealand Metrosideros (Cooper, 1954, 1958). Rattenbury (1962)

advanced the hypothesis of cyclic hybridization as a mechan-

ism for survival in the New Zealand forest flora, particularly

in those genera with outbreeding systems and diaspores suffi-

ciently mobile to form isolated, small populations. It was

proposed that the cycles of hybridizations are correlated with

climatic flucuations in the Pliocene and Pleistocene.
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The climate of Hawaii might also be assumed to have ex-

perienced fluctuations in the Late Quarternary (Selling,

1948) which imposed conspicuous fluctuations in the flora.

Stearns and Chamberlain (1966) discovered a fossilized flora

in what is now an arid plain west of Pearl Harbor, Oahu.

Glaciation was present on Mauna Kea, Hawaii, in the Pleisto-

cene and may well have exerted an influence upon subtropical

species occurring further down the mountainside. The Hawaiian

flora in contrast to that of the North Island of New Zealand

is confined to a much smaller area for which there is virtu-

ally no latitudinal escape from extinction by the threat im

posed by volcanic activity and climatic change. Gillett (1966,

p. 515) indicated

"The very restricted area of this archipelago would
therefore cause a far more conspicuous expression of
cyclic hybridization as a survival mechanism than has
been noted by Rattenbury for New Zealand••• Phyletic
groups capable of replenishing their gene pools through
hybridization would thus have an advantage in the .
insular situation."

Although hybridization in Hawaiian Metrosideros has not

been studied, it has been found in New Zealand betwee,n M.

robusta and M. excelsa. Introgression occurs in sites that

have recently been disturbed by volcanic activity and man

(Cooper 1954, 1958). Cooper's findings confirm Cockayne's

(1926) and De Berg's (1945) view that the two species have

crossed freely and produced the present population(s). A

third New Zealand tree species, M. umbellata, however, does

not seem to hybridize when its distribution becomes sympatric
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with M. robusta (Ian Atkinson, personal communication, 1972).

Other factors besides hybridization and the amount of

time that the genus has been present may be related to this

unusual variation in Hawaii. Corn (1972b) suggested that

there could have been repeated introductions of the plant to

the islands through long distance dispersal from other island

chains or among the islands in Hawaii. Seeds are small and

may survive upper atrnosphericconditions for rapid air dis

persal as well as shorter oceanic dispersal. Repeated intro

ductions at different time intervals could cause disruptions

in the gene frequencies of small populations. Porter (1972)

stated that the Metrosideros varieties have different flower-

ing times, but that the temporal isolation is incomplete.

Sastrapradja (1965) stated that there is a

" ••• complete ignorance of the genetic nature and
breeding systems of Hawaiian Metrosideros •••• Genetic
information, which is important for a taxonomic treat
ment on a scientific basis is practically absent .....

INCOMPATIBILITY AND GENETIC SYSTEMS

The literature on reproductive isolating mechanisms is

extensive and numerous examples are cited by Dobzhansky

(1937, 1970), Mayr (1942, 1963), Stebbins (1950, 1958), Clau

sen (1951), Riley (1952), Grant (196'3, 1964) and Ford (1964,

1971) •

A search of the literature for incompatibility systems

in the Myrtaceae yielded a few references. East (1940) in

a review indicated
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" ••• that the Myrtaceae is a wholly hermaphroditic
family of over 70 genera and nearly 3000 species
•••• One would expect that some self-sterility would
have been developed, considering that homogamy is
almost universal with the exception of a few proto
gynous species. But this is not the case. All I
can learn from field botanists and from publications
received indicates complete self-fertility of single
isolated trees."

Fryxell (1957) in a more recent review presented direct

evidence from the following authors. Krug et ale (1949)

recorded Eucalyptus varieties in Brazil as outcrossing indi-

viduals having self-incompatibilities. Van der Pijl (1934)

and Schroeder (1947) found a self-incompatibility in Eugenia,

but stated that some self-compatibility occurs. However,

Gustafsson (1946-47) referred to another Eugenia species as

being self-incompatible, resembling apomicts, although not

fitting entirely into an apomictic system. Ruehle (personal

communication to Fryxell, 1955) found Psidium self-fertile

with natural crossing common, while Van der Pijl (1934) list-

ed several species of Syzygiurn (Eugenia) as apomictic and

one as self-incompatible perhaps apomictic.

An investigation of the genera that display apomixis

resulted in their also exhibiting polyploidy (Mousel, 1965).

Stebbins (personal communication, 1969) stated that poly

ploidy and apomixis usually occur together. Also he suspect-

ed that Metrosideros arrived in the Hawaiian Islands as a

diploid individual and probably would not have evolved into

a widespread polyploid in less than several million years.

Skottsberg (1955) listed the chromosome number of M. poly-
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morpha Gaud. for four subspecies as glaberrima 2n=22, sub

species glabrifolia 2~=22, ca. 26 (SIC Skottsberg), subspe

cies po1ymorpha 2n=22, and subspecies incana 2U=24. Carr

(1978) recorded a chromosome base number of U=ll for three

taxa--M. tremu10ides from Oahu, M. co11ina subsp. po1ymorpha

varieties fauriei (from Mo1okai) and glaberrima (from Oahu).

This concurs with Niimoto's findings (1950), of n=ll, and for

M. diffusa Sm. and M. tomentosa A. Roch. from New Zealand

(Mousel, 1965). No evidence of polyploidy and/or apomixis

has been found in the genus.

Heterostyly as an incompatibility system was first des

cribed by Darwin (1877). Good reviews of heterostyly can be

found in Ford (1971), Vuil1eumier (1967), and Crowe (1964).

Baker (1966) described the gradual build-up of heteromorphic

incompatibility in the Plumbaginaceae beginning with physio~

logical incompatibility without morphological,differentiation,

followed by pollen dimorphism, then stigma dimorphism, and

finally heterosty1y. Ray and Chisaki (1957) presented the

reverse trend in Amsinckia, where a heterosty1ic group evolves

into a homosty1ic group. Skottsberg (1944) described flower

dimorphism in the Hawaiian Rubiaceae. Within the Myrta1es

heterosty1y is found in the Thymelaeaceae (East, 1940).

Flower dimorphism and self-incompatibility can be gov

erned by a single allele or a multi-allelic system. Studies

by Dulberger (1964) on Narcissus tazetta L. described disty1y

as being non-uniform and unlinked with incompatibility. He
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stated,

"The illegitimate crosses are" compatible to a multi
allelic system with a late compatibility reaction
with inhibition in the embryo sac rather than when
pollen tubes come in contact with stylar tissues."

MUltiple allelic systems are the most common types of self

incompatibility found in each major phyletic line of flower-

ing plants, including over eighty angiosperm families as well

as some gymnosperms and ferns (Solbrig, 1970). Knowledge of

this self-incompatibility is still incomplete although Pandey

(1960) has presented a hypothesis to explain the correlation

between the cytological characteristics and type of incompat

ibility.

Stebbins (1957) accepted self-incompatibility as a primi-

tive condition with self-compatibility as a derived condition

on the basis of four lines of evidence: (1) self-fertilizing

species are more specialized in morphological characteristics

than many of their self-incompatible and cross-fertilizing "

relatives, as demonstrated by Rollins (1963) and Lloyd (1965)

in the genus Leavenworthia; (2) many self-fertilizing species

possess structures that could be of use only in connection

with cross-fertilization, such as the colorful papilionate

flowers of the Leguminosae-Papilionoideae, still present in

many self-fertilizing species of the family, such as the lima

bean (Phaseolus lunatus); (3) genetic studies (D. Lewis, 1954,

1955; Pandey, 1960) have shown that different genera of the

same family or of closely related families have similar

genetic bases of incompatibility pointing to a common origin;
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and (4) self-fertilizing species of populations have been

observed to originate in historical times from se1f-incompat-

ib1e ones in several lines, as in the case of the cultivated

snapdragon, Antirrhinum majus, the only self-fertilizing

species in an otherwise self-incompatible genus. Stebbins

(1974) recognized self-pollination as a dead end in some

species, but under certain circumstances this same breeding

system can be reversible and later develop into an outcross-

ing popUlation.

Solbrig (1970, p. 65) said that

" ••• change from mu1tigenic self-incompatibility to
self-compatibility is relatively simple, whereas
the converse requires the accumulation of a series
of apparently rarely occurring genetic events."

Also he stated,

" ••• not all incompatibility is of the mu1tigenic
type, and there is indirect evidence that in some
species a mu1tigenic type has given rise to se1f
compatible species that in turn have, given rise
to self-incompatible species with different mechan
isms of self-incompatibility, such as heterosty1y
or dioeciousness. Consequently, in some cases at
least, self-incompatibility may be a derived condi
tion. II

Baker (1955) presented evidence that all plants (or

animals) to become established upon arrival after long dis-

tance dispersal need to be self-compatible (if only one

individual of its kind arrives). In plants apomixis and

vegetative reproduction can possibly assist the initial

establishment of self-incompatible or dioecious individuals.
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Stebbins (1957) referred to this statement as Baker's Law.

Car1quist (1965, 1966a, 1966b) estimated that 27.5% of the

species of the Hawaiian flora and 14.5% of the species of

the New Zealand flora are dioecious. These proportions

are unusually high in comparison to the Californian flora,

which is only 2.6% dioecious (Baker, 1967). Carlquist

further cited ten Hawaiian plant genera in which dioecism

could have been present in the founding stock, or 3.7%

of the minimum number of immigrants estimated by Fosberg

(1948). This is not an unusually high proportion of

dioecism among the founders. However, these figures indi

cate that selection among the immigrants for outcrossing

after their arrival is favored. Thornton (1971, p. 224)

stated "In its most efficient (physiological) form, self

incompatibility involves a multiple allele system, and the

genetic changes necessary for the evolution of self-incom

patibility would have to be complex. Dioecism would also

ensure outcrossing, although less efficiently than self

incompatibility because dioecism is often imperfect and

incomplete. However, it could be evolved by a simpler

process of genetic change than could self-incompatibility."

Rick (1966) and Linsley and his colleagues (1966) found

that ancestors of the Galapagos plants are probably self

fertilizing, although the later arrival of the carpenter

bee and a few other pollinating insects helped in the

establishment of outcrossing species. Yet no physiological
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self-incompatibilities seem to have arisen in that flora.

Thornton concluded that initial establishment of the plants

is by self-pollinating and self-compatible species, and

after their establishment, outcrossing will be favored,

and would reinforce evolution of dioecism and other mechan

ical aids to outcrossing, such as protandry and protogyny,

rather than the evolution of genetically based physiologi

cal self-incompatibility.

A recent study of Metrosideros by Carpenter (1976)

suggested that because of differences in the number of

flowers that produced capsules that a partial self-incom

patibility system is present in the red-flowered population,

but is absent in two yellow-flowered trees. She suggested

that the yellow-flowered Metrosideros are derived from the

red-flowered plants. More work should be done to test

her hypothesis and to compare plants from the island of

Hawaii where she did her stUdies to the older islands;

such as Kauai and Oahu.

POLLEN

Pollen of Hawaiian Metrosideros was described by

Selling (1947, p. 161) who said, "I have found no way of

recognizing different species, or to distinguish bog forms

from forest trees, on pollen characters." Couper (1953)

noted that Selling's description could be equally well

applied to the New Zealand species, but he considered it

possible to recognize species groups on pollen characters.



19

McIntyre (1963, p. 99) concluded that pollens of New Zealand

Metrosideros species have II ••• a certain amount of species

grouping (that) is possible, but there is a considerable

overlap of characters between the groups. It is possible,

if sufficient grains are present, to demonstrate the pres

ence of some species but it is practically impossible to

identify individual grains." The pollen is trico1pate, vary

ing somewhat in exine thickness and size. In general, in

New Zealand species, the trees and shrubs produce larger

pollen than the 1ianas. Pollen of M. robusta can be distin

guished from that of M. exce1sa by its thicker exine, even

though the two ranges grade into each other. When M. po1y

morpha from Hawaii is compared with M. kermadecensis from

the Kermadec Islands, the grains of M. po1ymorpha are

slightly larger, but the range of exine thickness of the two

species is similar.

The presence of cytoplasm as in indicator of pollen

viability can be demonstrated using Maneval's aniline blue

in 1actophenol stain (popularly called "cotton blue"). This

technique can be used as a measure of pollen viability in

both species and their hybrids (Stern, 1962, 1968). Binu

cleate and trinucleate pollen can be determined using a

technique described by Rupert and Webster (1972). Although

Metrosideros was not tested for bi- and tri-nucleate pollen

by Brewbaker (1967) I he listed other genera of the family,

including Eucalyptus, as binucleate.
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FLOWER VISITORS AND NECTAR

Metrosideros has open, showy flowers, usually red in

color, which occur as inflorescences averaging approximately

18 flowers to a cluster. Different insects and birds have

been observed visiting the flowers. In New Zealand, Thomson

(1880) recorded that the beetle, Apion metrosideros, confines

itself almost exclusively to M. tomentosa. He described

M. lucida, the rata or iron-wood of Otago,

" ••• one of the most gorgeous plants in New Zealand.
Like most of the very conspicuous plants of the genus,
it owns its brilliance to the long tassels of crimson
stamens in each flower. The flowers are destitute of
scent, but secrete a quantity of honey. They are
invariably hermaphrodite, but are probably aided in
their fertilization by the numerous tuis and honey
birds which frequent them for the sake of their honey."

Metrosideros hypericifolia, a liana which climbs on the trunks

of trees" has flowers which are smaller ~ white, pink, or crim

son, with shorter and less conspicuous stamens, but it pro-

duces abundant honey and has a fragrance •.. Although birds
• • • ·0" •

visit the flowers, large diptera may also visit it. Thomson

(1925) recorded the visitation of various species of Metrosi-

deros flowers by the bell-bird (Anthornis melanura) as well

as various lepidoptera including moths. According to Broun,

one beetle species confines itself exclusively to~. tomentosa.

Perkins (1903, p. 384) recorded that various bird species

of the drepanididae visit Hawaiian Metrosideros, i.e. i'iwi

(Vestiaria coccinea), 'akialoa (Hemignathus procerus), 'apa-

pane (Himatione sanguinea), 'amakihi (Loxops virens). Fur-
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thermore Perkins said,

"On the same flowers (that .the· birds are visiting)
are numerous bees peculiar to the islands, shortest
of all short-tongued bees, wi."th a tongue one miili
metre long, yet as well able to feed on the nectar
as the 'akialoa with its tongue two inches or more.
An examination of the Me"trosideros tree will show
that it is a tree species not peculiar to the islands,
although, as above remarked,it forms so large a
part of the whole forest. In its specific char
acters it is in a remarkably" unstable condition,
exhibiting many stiking variations, as though it
were now in the process· of being differentiated
into several species. Many of· these variations
are of constant occurrence and widely spread; some
are deemed worthy even of specific rank. These
facts appear to me to point to a comparatively
recent 'immigration' of this tree,· and I cannot
suppose that it has existed on the islands for the
period of time which would have been necessary to
produce the exceptionally great variety of (bill)
structure exhibited by the nrepanididae."

Baldwin (1953), who studied the Hawaiian honeycreepers

on the south slope of Mauna Loa, Hawaii, confirmed that

various birds feed upon the Metrosideros blossoms and that

the trees have a peak blooming period near sea level in May,

but the bloom is delayed by approximately a month on the

upper slope of the mountainside. This phenological differ

ence in blooming time was noted again by Porter (1972).

Those plants blooming above the frost line show less seasona-

lity and tend to bloom more erratically throughout the year.

Carpenter and MacMillen (1976a) recently measured the

amount of energy the Hawaiian honeycreeper (Vestiaria cocci-

nea) needs for its daily energy requirements. This was based

upon observations on Metrosideros collina subsp. polymorpha

on the Keauhou Ranch and along the Mauna Loa Strip Road be-
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tween 1372 and 1829 m elevation during August,1974 and

July, 1975. In a second paper (197Gb) they presented a

threshold model of feeding territoriality for i'iwi that

suggests that below the threshold of nectar productivity,

the birds become territorial, but above this threshold they

exhibit non-territorial behavior. Although these birds

also eat insects, this was not included in the study.

Baker and Baker (1973a) recently developed a method

for testing the amount of amino acids present in nectar.

They found that the amino acid content varies in different

plant species and that certain organisms, especially birds,

need more protein for growth and may need to supplement

their consumption of nectar 1~ith other foods to maintain

their life processes. Sugar content in nectar is also

variable (Baker, 1975).

ECOLOGICAL.LEAF ANATOMY

Whereas flower parts are phenotypically conservative

plant structures that are not easily modified by environ

mental changes; leaves are less conservative and may exhib

it more phenotypic variation in response to one or more

environmental parameters. This correlation between ecolog

ical factors and leaf anatomy has long been documented.

Bailey and Sinnott (1916) found a correlation between the

distribution of whole, lobed, and compound leaves in dicots

and the environment in which these species were growing.
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Certain environments, such as the tropics, have more trees

and shrubs with entire leaf margins than other areas of the

world. Haberlandt (1914) produced a thick volume entitled

Physiological Plant Anatomy, which still serves as a stand

ard reference on the subject. Wylie (1949) found struc

tural leaf differences within a single tree associated with

the amount of sunlight the leaves were receiving and used

the terms "sun and shade leaves".

Hiesey, Nobs, and Bjorkman (1971) demonstrated differ-

ences in clones of Mimulus cardinalis that are grown under

different light intensities. Leaves that are grown under

high light intensities have thicker leaves which have a

higher mean number of cell layers and larger cells than

those leaves grown under low light intensities.

Structural changes in the leaf usually reflect their

water relations; and plants having particular leaf charact

eristics may be classified as ~~roPhytes, mesophytes, and

hydrophytes. Reviews on the SUbject have been written by

Shields (1950), Esau (1965, 1977), and Fahn (1967).

Parkhurst and Loucks (1972) discussed mathematical

modeling as a means of predicting leaf size, assuming that

optimal leaf size in an environment is the size yield-

ing the maximum water-use efficiency. Mortenson (1973)

investigated the leaf anatomy of Cercocarpus (Rosaceae) in

relation to ecological factors in California and Nevada.

Modifications of the leaf are found when mesoxeromorphs of
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Cercocarpus grow in more xeric habitats. These modifications

include reduced leaf size, increased leaf thickness at vas

cular bundle sites, sometimes an increase in thickness of

the outer epidermal cell wall and cuticle, a decrease in

epidermal cell height, increase in stomatal frequency, tri

chome cover, and stomatal crypts; decrease in length and an

increase in width of the palisade parenchyma cells; decrease

in the number of intercellular spaces, sometimes an increase

in the number of hypodermal cell layers (never a decrease);

increase in frequency of vasular bundles; and an increase

in diameter of major vascular bundles for the majority of

the species. Grubb et ale (1975) in studying leaf structure

of Japanese rainforest tree and shrub species found that

shrubs and small trees have thicker leaves and thicker outer

walls of the two epidermal surfaces than leaves from taller

and medium size trees. A mathematical formula as an index

measurement of mesomorphy was used by Carlquist and Bissirig

(1976) in a study of leaf anatomy of Hawaiian Geraniums in

relation to ecology and taxonomy. They used the number of

hydathodic teeth on leaves, the thickness of outer epidermal

walls, thickness of leaves and leaf area to arrive at an

index scale of mesomorphy.

Hiesey (personal communication, 1971) stated that the

study of leaf anatomy in relation to the environment is an

aspect that has been somewhat neglected in research and

should be investigated. Since then the Carnegie Institution
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at Stanford University has been relating leaf structural

changes with leaf physiology (Ann. Rep. Dir., Carnegie

Institution,1973-75). Eh1eringer, et a1. (1976) tested

the absorptance and photosynthetic rates of two species of

Encelia in relation to leaf pubescence. The absorption

spectra of the two species are different in the 400 to 800

nanometer wavelengths due to the leaf pubescence of one

species, but if the pubescence is removed both species have

comparable photosynthetic rates. The net photosynthetic

rate is reduced in the pubescent-leaved species because of

the decreased light absorption rather than the decreased

CO2 conductance through the boundary layer.

Smith (1978) suggests that larger leaves of certain

plants are more efficient in photosynthesis.· since these

leaves transpire more and since leaf temperatures for

maximal photosynthesis are lower than in smaller-leaved

species. Where smaller leaves are more susceptible to

greater changes in leaf temperatures due to changes in wind

flow and/or water vapor diffusion, larger leaves have great

er leaf temperature fluctuations caused by differences in

absorbed radiant energy or latent heat ~xchange.

PLANT RESPONSE TO CLIMATE

The history of geneco1ogy, the study of ecological

and evolutionary adaptation of races and their formation,
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started in Europe. The adaptation of plants to their

environment was first described experimentally in 1891 by

Anton Kerner in Der Pflanzenleben. An English translation

of his work was described by Kerner and Oliver (1902) in

the Natural History of Plants. He took plants from their

native habitat and transplanted them to different altitudes

in Europe, later transplanting them back into their natural

habitat, and recorded any changes that took place in their

morphology. He found that annuals transplanted to high

elevations usually died and that perennials usually became

dwarfed and would not flower.

Bonnier (1890,1895), instead of planting whole plants

as did Kerner, divided the plants into "ramets" and trans

planted these plants with their soil at different altitudes.

Whenever he had a perennial that could not be divided into

ramets, he took seeds at random and planted these in a uni

form soil mixture at different altitudes. His methodology

was his major contribution. Both Kerner and Bonnier had

two factors affecting their results--photoperiodic dif

ferences between Paris and the Pyrenees, and climatic dif

ferences. Bonnier concluded that the lowland plants mutate

into highland plants, but the highland plants could not be

transplanted successfully into the lowlands. His critics

believe that highland species of the surrounding area

intermixed with the original transplants, and that this

may be the reason why Bonnier could not successfully replant

these plants back into the lowlands.
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Turesson (1922, 1925, 1929), a Swedish investigator,

introduced the term genecology. His techniques were

superior to those described in earlier papers since he

took samples from plants of Atriplex along a gradient from

the coast inland, and placed them into a uniform garden.

Approximately 20 plants from each site were placed in the

garden and observed for morphological, anatomical, and

physiological changes. Under uniform garden conditions he

believed that genetic plant effects are the only cause of

differences. He introduced the term ecophene, meaning a

plant that shows nonheriditable modification due to a direct

effect of the environment, and ecotype as the product aris

ing as a result of the genecological response of an eco

species to a particular habitat. Within his uniform gar

den some plants lost their extreme characteristics and

became more alike. Whereas some plants from the salt marsh

were genetically salt marsh plants, others were environ

mentally modified. He was ready to revise taxonomy to fit

the ecological concept and noted a parallelism of response

of different plants to their environment.

Clausen (1922) was also a Scandinavian who published

at the time of Turesson on the changes of Viola tricolor L.

from the sand dune formation to field conditions. He be

came better known for his work at Stanford when he teamed

up with Keck and Hiesey.
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In the New World between 1922 and 1932, Hall set up a

transect from the California coast across into Nevada to

include 30 stations. Only one paper came out of his work,

and the number of stations was later limited to five. He

began to assemble a team of scientists to include himself

as taxonomist and geneticist, Hiesey as physiologist, and

Keck as taxonomist. When Hall died Jens Clausen from

Sweden joined the team and this trio limited the stations

further, reduced the number of plants, and published in

1940 the accumulated work of these studies.

In 1939 Clausen, Keck, and Hiesey published their

methods and rationale of their studies on species formation.

In 1940 they printed the first of their major contributions

on the experimental studies on the nature of species. In

1948 the second publication of their combined efforts con

centrated on the genus Achillea, with the third publication

by Clausen and Hiesey (1958) including more genera. Their

methods of study included: (1) cytology with chromosome

counts; (2) studies under relatively controlled conditions,

such as the uniform garden, dividing plants into ramets and

putting them in contrasting environments, i.e. at a low

elevation station at Stanford, a middle elevation station

at Mather and an upper elevation station at Timberline, and

phytotron studies with growth chambers; (3) studies of plant

hybridizations; and (4) studies of the inheritance of race

differences.
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Throughout these studies they felt that climate was

the overwhelming factor and that temperature was the most

important parameter, although edaphic differences were later

also found to be important in race formation. They worked

out a series of generalizations for a large number of taxa,

including two perennials, Potentilla and Achillea.

Swanson (1964) worked with an annual, Montia perfoliata,

and found that its flowering response in transplanted gar

dens was the opposite of the perennial forms of Potentilla

and Achillea. Whereas the high elevational race of the

annual was the last to flower, the high elevational races

in the perennials were the first to flower.

Both Turesson and Clausen, Keck, and Hiesey sampled

from widely separated plant populations. Gregor (1938,

1939) sampled Plantago maritima L. from populations that

were not separated by large distances. He found an ecologi

cal gradient of salt marsh forms to pasture forms, which

was termed a cline by Huxley (1938). This resulted in

disparity between those describing c1ina1 ecotypes (Gregor

1938, 1939) and those describing discontinuous ecotypes

(Turesson 1922, 1925; and Clausen, Keck, and Hiesey 1939,

1940,1948). Further work on closely spaced plants by

Olmsted (1944a, 1944b), Goodwin (1941,1944) Bocher (1947),

and Bocher, et a1. (1953, 1955) resulted in further sub

stantiation of clina1 ecological gradients. Baker (1952)

resolved this disagreement by illustrating that the plants
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Gregor worked with were associated with a gradual change in

the environment, while the plants Clausen, Keck, and Hiesey

worked on were grown in widely-separated localities. A

second important difference between the plants studied

regarded their reproductive biology. Bocher (1947, 1953,

1955), Gregor (1938,1939), Goodwin (1941,1944) and

Olmsted (1944a, 1944b) were all working with plants that

have a high amount of outcrossing, which would promote

clinal variation while the plants of Clausen, Keck, and

Hiesey (1939, 1940, 1948) and Bocher (1947) were self

pOllinators that promoted discontinuous variation. Des

champsia caespitosa of Lawrence (1945) and Achillea of

Clausen, Keck, and Hiesey were outbreeders exibiting clinal

variation.

More recent work by Langlet (1959) on Pinus sylvestris

L. showed that the species.is out~rossing and exhibits.;.

clinal variation; and Wright and Baldwin (1957), Wright

and Bull (1963), and Wright, et ale (1958) demonstrated

that this variation is great.

Baker (evolutionary ecology class notes, 1966)

indicated that outcrossing results in clinal development,

and se1fing results in discrete ecological races, with

selfers (or apomicts) able to migrate and introduce new

races into new habitats, continents, and islands. As

examples he gave Trifolium suhterraneum L. (Morley and

Katznelson, 1965) and Geranium robertianum (Bocher, 1947).
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The method of sampling determines to a great extent

what kind of results one will obtain. Briggs and Walters

(1969, p. 165) stated

"Widely-spaced samples taken from extreme habitats
may exhibit a pattern of distinct 'ecotypes'.
Samples taken from along smooth, regular gradients
of soil or altitude, in contrast, may well give a
pattern of clinal variation in the experimental
garden. If, however, sampling is carried out in
a small area, the plants being collected at random
rather than along particular gradients, then exper
iment might reveal very complex patterns. Thus, in
a very real sense, the mode of sampling largely
determines the patterns 'discovered' ••• "

They also pointed out another aspect of sampling that is

important. If an experimenter collects representative seed

samples and also mature plants, different patterns of varia-

tion might be found, since mature plants have survived the

rigors of stabilizing selection while seed collections have

not and merely give an estimate of potential variation of the

gene pool rather than actual variation of established plants.

Clinal variation may be due to ecological and geograph-

ical factors. For example, clinal variations due to ecolog-

ical factors are found in the amount of pubescence in Geran-

ium robertianum (Baker, 1954) and the plant size of Viola

riviniana (Valentine, 1941). Geranium sanguineurn shows two

clines - leaf dissection correlated with 'continentality'

and leaf size with the 'openness' of the community. Clines

related to topographic features of the landscape are also

found in leaf and catkin size of Alnus glutinosa (McVean,

1953), leaf-lobe breadth of Geranium sanguineurn (Bocher
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and Lewis, 1962), flowering times of Ho1cus 1anatus (Bocher

and Larsen, 1958), leaf length, number of stomata and resin

ducts of Pinus strobus (Mergen, 1963), leaf breadth in Ulmus

species (Melville, 1944), and leaf size in Veronica offici

na1is (Becher, 1944).

Altitudinal differences in Pinus ponderosa and P.

jeffreyi were detected by planting seeds from various eleva

tions into three field stations at 293, 832, and 1722 m ele

vation in the Sierra Nevada mountains of California. Pro

genies grown for 20 years at three elevations showed heri

table differences in tree height and trunk diameters that

were associated with the elevations of the source locali

ties of the seed trees. The trunk taper was greatest in

the progenies of seed trees from high elevations at all

three plantations. Also the progenies of seed trees from

all elevations were stockier., at the h~ghest .plantation. ".

The number of branches and the number of years that needles

were retained both were greatest at the 1722 rn plantation,

no matter what elevation the seed tree came from (Mirov,

et al., 1952; Callaham & Liddicoet, 1961).

Environmental factors related to topography and climate

have been suggested by Rock (1917) and Brown (1922) as

possibly being important in Hawaiian Metrosideros variation.

Since mean annual rainfalls of 381 to 12,344 rom occur over

distances of 20 to 40 km and since elevations range from

sea level to 4201 m, and substrates of various ages occur,
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many habitats with climatic and edaphic differences are

available. Brown (1922) suggested that variations in light

intensity, humidity, and precipitation have influenced the

growth of many Hawaiian plants.

Britten (1960, 1961, 1962) was the first person to use

Hawaii as a natural laboratory for studies on plant response

to climatic differences using Trifolium repens. Metrosideros

was first used for similar work by Corn and Hiesey (1973).

Seeds gathered from trees at various altitudinal sites on

Mauna Loa, Hawaii, and Maui were grown for 23 months in a

greenhouse at 30 m elevation at the University of Hawaii.

After 23 months the seedlings displayed wide variation in

their growth. Seedling height and leaf size were the para

meters showing most evident differences. Those seedlings

that came from seeds gathered at high elevations exhibited

the least amount of growth, while those seedlings whose

ancestors came from an elevation close "to sea level grew the

largest. Seedlings which came from seeds collected near sea

level had the lightest green leaves, while those seedlings

originating from seeds gathered at high elevations had the

darkest green leaves. Leaf size changes presented a more

complex pattern. A slight increase in leaf size was evident

in the seedlings from sea level to 762 m with an increase of

both elevation and rainfall, but then there was a decrease

of leaf size with further gain of altitude and a decrease in

rainfall. Results of this experiment furnished evidence of
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genetically differentiated climatic races, or ecotypes, on

two oceanic islands separated from each other by 80 km of

ocean. Both seedling height and leaf coloration appeared

to represent clinal development along an altitudinal

gradient. Since these seedlings exhibited morphological

differences, a question arose whether they might also dis-

play physiological differences. Chapter 4 describes frost

tolerance tests that were used on these seedlings.

In July, 1973, a preliminary survey of mature trees

of 12 field sites on Mauna Loa was undertaken. Fifty mature

trees at each site were sampled for vegetative character

istics which might show clinal changes with climatic factors,

such as temperature (altitude) and rainfall. Eleven sites

were along an altitudinal gradient within Hawaii Volcanoes

National Park, and differed in soil type and annual rain-

fall. The last site was along the Saddle Road between. :.~ .

Mauna Loa and Mauna Kea. This site was at the same alti-

tude as another site, but had three times the annual rain-

fall. Many of the sites differed in their soil type, rain-

fall, altitude, and slope exposure. In spite of these

additional factors a biological cline appeared to be present

along the altitudinal and rainfall gradients for plant

characteristics such as leaf size, shape, pubescence, and

thickness (Corn, 1976).

The results of this preliminary survey caused the

author to refine her sampling techniques to reduce the
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number of variable parameters, such as soil type and expo

sure, and to limit the number of sites, thus giving her a

chance to sample the sites quantitatively for more leaf

characteristics. Chapter 2 describes this research in

detail.

HYPOTHESES

The following hypotheses are presented in defense of

this thesis:

1. Leaf morphology, anatomy, and physiology, although

variable, change over climatic gradients, such as

temperature (altitude) and rainfall. Some of

these changes appear to represent biological

clines.

2. Frost resistance is inherited.

3. Frost tolerance can be tested utilizing several

methods.

4. Some Metrosideros varieties produce viable Fl

progeny when crossed.



CHAPTER 2

VARIATION IN VEGETATIVE FEATURES OF METROSIDEROS ALONG AN

ALTITUDINAL AND RAINFALL TRANSECT ON MAUNA LOA, HAWAII

ABSTRACT

Vegetative characteristics of Metrosideros along alti

tudinal and rainfall transects on Mauna Loa, Hawaii, were

measured and analyzed using a one-way analysis of variance

with nested classifications. Four sites of 30 trees on the

altitudinal transect (46 to 2332 m) and 3 sites of 50 trees

along the rainfall transect (2000 to 5500 rom) were included

in the analysis.

Quantitative measurements of leaf characteristics (size,

shape, thickness, and pubescence) along two transects demon

strated that these features varied in a clinal fashion that

was correlated with changes in altitude and rainfall. Clinal

variation in leaf morphology was also reflected in internal

leaf anatomy. Significant changes in leaves from 4 sites

from near sea level up to timberline were: reduced leaf

size (length and width), reduced petiole length; increased

leaf upper cuticle, upper epidermis, and hypodermis thickness;

and longer trichomes on the abaxial leaf surface. The num

ber of secretory cavities and crystals present in the hypo

dermis of the leaf were greater in sites above frost line.

Leaf retention time was greatest above frost line and least

near sea level. Trees were stunted near sea level and tim

ber line, but taller at intermediate altitudes. Significant
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change in leaves from low to high yearly rainfall were: in

creased leaf size (length and width), increased petiole

length, and the loss of trichomes on the abaxial leaf sur

face. Leaves from the driest site usually had the following

characteristics: cordate leaf bases with the widest portion

of the leaf below the center of the leaf, the apex of the

leaf between rounded and acute, leaf size small with a short

petiole, pubescent abaxial leaf surface, upper cuticle and

epidermis thick and the number of secretory cavities in the

leaf and petiole cross sections small. Mesomorphic leaves

from the wettest site had the following characteristics:

acute leaf bases and apices with the widest portion of the

leaf approximately central, some leaves with a modified drip

tip; leaves large in size, slightly thicker than the xero

morphic leaves; glabrous leaves; long petioles; the meso

phyll slightly thickened; and a large number of secretory

cavities present in the 'leaf and 'petiole cross sections.

Along the altitudinal transect the greatest variance in

leaf length, width, area, and petiole length was found at

intermediate altitudes. Other characteristics, such as leaf

thickness, trichome length, upper cuticle and hypodermis

thickness, and number of trunks per tree demonstrated a sec

ond trend, where the larger variances were near tree line,

with lower variance near sea level. Along the rainfall tran

sect the largest variance in leaf length, width, area, and

petiole length was at the high rainfall site. Leaf thickness

and stem taper had their largest variance at the driest site.
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INTRODUCTION

The genus Metrosideros of the family Myrtaceae is

native, but not endemic, to Hawaii. The genus occurs scat

tered throughout the high islands of the Pacific Ocean, with

the largest number of species located in New Zealand. If

New Zealand is considered to be the probable center of ori

gin for the genus because it has the largest number of ex

tant species, then the high islands of the Pacific to the

east and north could have served as "stepping stones" in the

migration of the genus to Hawaii by long distance dispersal

(Corn, 1972). The most common species occurring on oceanic

islands of the Pacific is M. collina (J. R. & G. Forst.)

Gray, whose distribution ranges from the New Hebrides on the

west to Pitcairn Island on the east to the Hawaiian Islands

on the north. The species is fairly uniform in the western

part of its range, but becomes variable in the eastern part

of its range (i.e. Tahiti and Marquesas) and reaches its

greatest variability in the Hawaiian Islands (Smith, 1973).

This species in Hawaii is now called M. p01ymorpha Gaud.

(St. John, 1979). All individuals on the island of Hawaii

are of this species, which is further divided into a number

of varieties.

The genus is the most common tree on the six largest

Hawaiian Islands, occurring from sea level on wetter windward

slopes up to 2500 m elevation in areas with annual average

rainfalls ranging from 750 to 11,250 rom. Where Metrosideros
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colonizes open lava fields, it occurs as a shrub or tree; in

wet fern forests it may occur as a tree 15 m or more tall;

and in bogs it occurs as a small shrub blooming when only a

few cm tall.

Taxonomic treatments of the genus (Hillebrand 1888;

Rock 1917; Skottsberg 1944; Porter 1972; St. John 1979) are

difficult since the taxon may be best described as a poly

morphic group of plants that have intergrading characteris

tics. Sastrapradja and Lamoureux (1969) reported on vari-

ation in wood anatomy but found no distinct patterns charac-

teristic of particular taxa. Other characteristics that

show variation are: tree form and size; flower color; seed

size and color; leaf shape, size, thickness, and pubescence.

Since the genus grows on all volcanic' substrates, in

cluding new lava flows, ash~ and laterites, and has a con-

tinuous distribution from sea level to timberline and low to

high rainfall, it offers a unique opportunity for research

on phenotypic variation along climatic and edaphic gradients

similar to the efforts of Clausen, Keck, and Hiesey (194·0,

1948). Britten (1960, 1961, 1962) was the first person to

use Hawaii for studies on plant response to climate using

Trifolium repens. Corn and Hiesey (1973) collected Metro

sideros seeds from different elevations on the islands of

Maui and Hawaii and grew them in one environment at Honolulu,

Oahu, to demonstrate changes in seedling height, leaf size

and color along an altitudinal gradient. Studies by Corn
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(1976) demonstrated possible clinal variation of character

istics of mature trees along an altitudinal and rainfall

transect on the island of Hawaii. This study was modified

to reduce the number of sites along the two transects on

Mauna Loa, Hawaii, to demonstrate in greater depth the pheno

typic changes of mature Metrosideros trees in leaf morphology

and anatomy that occur over these climatic gradients.

l'JATERIALS AND METHODS

Twelve sampling sites in a preliminary study by Corn

(1976), were reduced to six sites in this paper to allow for

more detailed and thorough sampling of vegetative character

istics that appeared to be changing along the two climatic

gradients. Two transects were established on the slopes of

Mauna Loa, Hawaii, in June, 1974. The altitudinal transect

extended from near sea level to almost timberline along the

south-face of the mountain. This transect included four

sites evenly spaced every 762 m elevation. Each of the sites

received approximately the same amount of rainfall. Sites

A, B, and D were within Hawaii Volcanoes National Park,

where plant disturbance was minimal, while site C was locat

ed approximately two miles west of Hawaii Volcanoes National

Park in the Kapapala Forest Reserve. Goats were present in

greater abundance at site C than the three sites within the

park.

The rainfall transect included three sites at 808 m

elevation ranging from low to high annual rainfall. This
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transect intersected the altitudinal transect at site B,

which was common to both transects (Figure 1). In the three

sites of the rainfall transect the environmental parameters,

such as temperature, elevation, and soil substrate, were

essentially constant. Site B, the driest of the three sites,

was located in Hawaii Volcanoes National Park. Site E was

located next to an unpaved road, which was bulldozed approx

imately fifteen years ago. The surrounding forest had many

large Metrosideros trees approximately 30 meters in height

whose trunks harbored a number of epiphytic ferns and mosses.

Site F was located along the Saddle Road on a lava flow form~

ed in 1855.

The locations of the six sites along both transects

(Appendix A, Figure 6) were picked at random once the eleva

tion, rainfall regime, and soil type were found. Each site

had a southern exposure with pahoehoe lava substrate (Table

1) that had a slope angle no greater than 8 degrees.

Since rainfall can vary considerably over short dis

tances in Hawaii, inexpensive rain gauges were set up for

one year (from 18 July 1974 to 18 July 1975) at each of the

sites to record the annual rainfall. The gauges were emp

tied seven times during the year. Each rain gauge was com

posed of a plastic funnel 13.8 cm in diameter attached to a

20 or 40 liter can by a portion of garden hose. The funnel

was fastened 1 m above the ground and the connections between

the funnel and gas can were sealed with plastic adhesive to
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Figure 1. Schematic diagram of altitudinal and rainfall
transects with sites (A to F). Note the posi
tion of the six sites along both transects.
Some data will be similarly arranged in later
figures.



TABLE 1

Descript.ion of sites of sampled Metrosideros at different altitudes and rainfalls on Mauna Loa, lIawaii

Site

A

B

C

Locality

150 m ENE of Lower Chain of Craters Road,

Hawaii Volcanoes National Park

300 m NW of lIilina Pall Road, 4.0 km past

Kipuka Nene, Hawaii Volcanoes National Park

I km W of 1880 lava flow, Ka1apala Forest

Reserve

Eleva
tion

(m)

46

808

1570

Average
annual

rainfall
(mm)

1949a{l810)D

2062 (l902)

1891 (l388)

Average
annual

tempera turec
(DC)

23.1

18.3

14.1

Type
substrate

pahoehoe lava

pahoehoe lava

pahoehoe lava

Exposure

SE

SW

SE

D 500 m E of Mauna Loa Trail, Hawaii Volcanoes 2332

National Park

1906 (l452) 10.7 pahoehoe lava SE

E

F

1.6 km SE of Hi.ghway 11 beside gravel road

20 m south of Saddle Road

808

808

5185(4478)

5875(5212)

18.0

18.0

pahoehoe lava

pahoehoe lava

SSE

SW

a One year rainfall measurements (18 July 1974 to 18 July 1975)

b Average annual rainfall interpolated from u.S. Dept. of Commerce-Weather Service data for 25 years and

and International Biological Program rainfall data (Tech. Reports No. 22, 38, 59, and 70)

c Average annual temperature interpolated from u.S. Dept. of Commerce-Weather Service data 1974-75
os:-.
w
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prevent leakage of captured water. Further attempts to

retard evaporation included covering the can with soil,

vegetation, or rocks to reduce water temperature extremes

within the can. Also a layer of oil was added to the can to

retard evaporation from the surface of the water. Total

annual rainfall at each of the six sites was compared to that

at the nearest climatological station to compute the percent

of rainfall that fell for each month of the year (Table 2).

Temperature data would have been desirable at each of

the sites, but lack of financial support precluded extra

equipment and travel to the sites. Therefore, 25 years of

meteorological data for mean monthly and annual temperatures,

collected at the nearest meteorological stations were ana

lyzed and adjustments made for temperature differences due

to elevational differences between the weather service sta

tions and the transect site locations. The ~o~lowing adjust

ment figures were used: -1.9°C per 1000 feet elevation for

sites A, B, E, and F, -1.7°C per 1000 feet elevation for

site C, and -1.4°C per 1000 feet elevation for site D (U. s.

Dept. of Commerce, 1974, 1975; u.s. Weather Bureau, 1965;

Doty & Mueller-Dombois, 1966).

The average monthly temperature and rainfall measure

ments listed in Table 3 have been used to draw climatic

diagrams for each of the sites (Walter, et al., 1975). Rain

fall measurements were based upon one year of data from 18

July 1974 to 18 July 1975: average monthly and yearly tem-



TABLE 2

Climatological data for each of the six sites
Monthly Rainfall· (rom) from July, 1974 to July, 1975

Yearly
Site J A S 0 N D J F M A M J Total

A 29 43 127 121 281 327 391 248 172 133 45 33 1949

B 14 4 52 III 358 376 568 203 185 101 78 12 2062

C 15 9 40 98 140 455 799 174 115 28 11 6 1890

D 19 32 72 78 158 490 778 97 141 29 10 2 1906

E 202 213 109 306 525 863 1112 483 578 452 176 166 5185

F 200 294 118 458 429 1141 1129 470 589 624 323 100 5875

~

11I



TABLE 3

Climatological data for each of the six sites
Mean Monthly Temperatures ( °Ce1sius)

Yearly
Site J F M A M J ,J A S 0 N D Mean

A 21.7 21.5 21.6 22.3 23.1 23.8 24.3 24.6 24.5 24.2 23.2 21.9 23.1

B 16.9 16.7 16.8 17.5 18.3 19.0 19.6 19.8 19.7 19.4 18.4 17.2 18.3

C 12.7 12.5 12.6 13.3 14.1 14.8 15.4 15.6 15.5 15.2 14.2 13.0 14.1

D 9.3 9.1 9.2 9.9 10.7 11.4 11.9 12.2 12.1 11.8 10.8 9.6 10.7

E 16.8 16.7 16.6 17.6 18.3 19.0 19.7 19.9 19.6 19.4 18.4 17.1 18.3

F 16.8 16.7 16.6 17.5 18.4 19.0 19.6 19.9 19.8 19.4 18.4 17.0 18.3

~

en
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peratures were based upon 25 or more year averages <U.S.

Weather Bureau, 1965).

The climatic diagrams in Figure 2 had the mean monthly

temperature for each site measured in 10°C intervals along

the left y-axis. The mean monthly rainfall was plotted along

the right y-axis on a scale of 10°C = 20 rom precipitation up

to 100 rom, then on a scale of 10°C = 250 rom precipitation

for rainfall exceeding 100 mm. Along the x-axis, time was

indicated in months of the year starting and ending in Janu

ary. Whenever the mean monthly rainfall curve was below the

mean monthly temperature curve as in the summer months of

sites A through D, the resulting stipuled dots in the diagram

indicate a drought spell. When rainfall was >100 mm per

month, the resulting solid black area indicate saturated soil

conditions. The area above the temperature curve, but below

100 mm of monthly rainfall was a transitional area that is

shown with hatched lines. In the lower right hand corner of

each climatic site diagram is the elevation of the site in

meters. The three figures under the site identification are:

on the left in parenthesis is the number of years of avail

able rainfall data, in the center the site's annual mean

temperature, and on the right the site's annual rainfall in

IDIn.

During June and July, 1975, fifty mature, healthy trees

from 1-7.5 m tall were chosen at random at each site and

marked with metal tags showing site and tree number. A lower
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height limit of 1 m was drawn since trees of this size were

mature with reproductive structures. The upper tree height

limit of 7.5 m was established due to the difficulty of

collecting leaves from taller trees.

Small branches were cut at random from each of the

marked trees using a telescoping tree trimmer. From these

branches mature leaves were taken from the second flush back

from the end of the branch until 50 leaves were gathered

from each tree. The leaves were placed in plastic bags with

site and tree number recorded on the bag. Images of these

leaves were then obtained with a xerox photocopier, and the

leaves dried and stored. Adjustments were made for the

slight changes in magnification caused by the copying pro

cess. From these photocopy images measurements of leaf

length, width, shape, and petiole length were taken. Leaf

shape was determined by the following thre~ measurements:

leaf base shape, leaf apex shape, and the widest portion of

the leaf. The leaf base and apex shapes were based upon a

four point scale: 1 = cordate, 2 = rounded, 3 = acute,

4 = pointed. The widest portion of the leaf was based upon

a three point scale: 1 = basal, 2 = middle, 3 = apex. Sta

tistical analyses were conducted using a Hewlett-Packard 65

calculator. Mean, standard deviation, and standard errors

for each tree and site were calculated. Anova tables were

constructed using a one-way analysis of variance with nested

classifications. For example along an altitudinal transect
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where there were 4 sites, 30 trees, and 50 leaves on each

tree measured, the analysis of variance has been recorded

with the components of variation used to derive percent

variation, F tests, and level of significance from F tests.

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 116

Leaves within trees (error) 5880

MS

42,464.71**

6,571.20*

467.67\.*

63.17)

Components

o 2+n o 2+nmo 2
1 t s

o 2+no 2+nmo 2
1 t s

o 2+n o 2+nmo 2
1 t s

°12+not2+nmos2

012+not 2

012

o 2 = 28.2%s

(The variance components and arrows for deriving the F tests

have not been listed in the appendix anova tables.) Compar-

isons among sites were broken down into single degrees of

freedom using an ~ priori test. Below the tables the percent

variation due to leaf variation (°1
2) , tree variation (Ot2),

and site variation (os2) was calculated by isolating the

component parts using n = number of leaves in sample (50)

and m = number of trees in sample (30). One asterisk signi

fied that the F test was significant at P=0.05 and two aster-

isks meant the F test was significant at P=O.Ol. Although

50 trees per site were sampled, the first 30 trees consituted

a large enough sample size for the analysis along the alti-

tudinal transect. However, along the rainfall transect the
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variation was greater for the leaf characteristics sampled;

therefore, all 50 trees were used in those analyses.

Measurements of tree height for the 50 marked trees

per site were obtained using meter marks on a telescoping

tree trimmer. Additional tree height measurements above

7.5 m used in Figure 3 were visual estimates. Tree diameter

tape was used to obtain trunk diameter readings at approxi

mately 0.5 m above the ground. Since many trees exhibited

branching close to the ground, it was necessary to measure

trunk diameters below the branches but above any adventitious

roots that might be present near ground level. When several

trunks were present at the ground level the largest trunk

measurement was recorded along with the number of trunks per

tree. If smaller water shoots were present at the base of

the tree, these were also counted as trunks.

Measurements of the number of live flushes retained on

the tree were made by counting five branches at random on

the tree and an average calculated for the tree. Within this

paper the term has been shortened in tables and figures to

# flushes/branch or number of flushes per branch.

Leaf length, width, and petiole length were measured

from xeroxed leaves. The xeroxed leaves were slightly larger

than the real leaf size; therefore, the values were adjusted

to natural size. Leaf area was derived by the ellipse for

mula of A=rrab, where a=1/2 leaf length and b=1/2 leaf width.

Each leaf measurement was kept separate so that correlation
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and regression analysis could be performed. Regressions

of various characteristics, such as leaf length, leaf width,

* flushes per branch, and petiole length, were made for 15

trees picked randomly per site. Four sites along the alti

tudinal transect yielded 60 data points per graph. Leaf

thickness regressions were based upon 10 trees per site.

Regressions of the leaf characteristics were run as a func

tion of either altitude or annual rainfall.

Each of the 50 trees per site was classified according

to which variety (cf. Rock, 1917) the tree most closely

resembled. Many of the trees demonstrated combinations of

characters of two or three varieties. Determination was

difficult when a plant seemed to fall half way between two

varieties. Ten individuals of each variety that best fitted

Rocks' varietal descriptions were used to plot the overlap

of various vegetative characteristics.

For microscopic leaf and petiole analysis five leaf

samples per tree were chosen from 10 random trees per site.

They were obtained by collecting at random leaves from the

center of the second flush on the branch. Leaves from the

center of the flush were used to minimize variation in leaf

size related to position in an individual flush. Each set

of five leaves was put in plastic bags and labelled by site

and tree number. Each of these leaves was then measured for

leaf length, width, area, and petiole length. Leaf area was

derived by using the ellipse formula. Fresh leaf sections
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were made using the middle portion of each leaf blade and

petiole. A Hooker microtone was used to make fresh leaf

cross-sections 12 ~m in thickness. These sections were

transferred, along with the adjoining unsectioned portion of

the leaf, into vials of FAA. The cross-sections were stained

with toluidine blue 0, then dehydrated in an alcohol series,

and mounted as permanent slides in piccolyte. After the

slides were dry, anatomical measurements were made that in

cluded the number of secretory cavities per unit leaf area,

thickness of the leaf, thickness of the upper cuticle, epi

dermis, hypodermis, mesophyll, lower epidermis, and lower

cuticle. The average number of cell layers making up the

hypodermis and mesophyll was also recorded. The average

measurement for each characteristic was computed by using

3-5 leaf sections per slide. The number of counts depended

upon the variability of the item measured. The cross sec

tional area of one-half the leaf was calculated by multiply

ing the thickness (measured half way between the mid-rib and

margin of the leaf) by the width (measured from the center

of the mid-rib to the margin of the leaf). Other thickness

measurements, i.e. cuticle, mesophyll, hypodermis, epidermis,

were also measured half way between the mid-rib and the

margin.

Analysis of variance tables using the five leaves per

tree, 10 trees per site, and three or four sites (depending

upon the transect being analyzed) were prepared using a one-
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way analysis of variance for nested classifications.

Micrographs of the leaf sections were made from the

permanent slides using a Zeiss photomicroscope and Panatomic

X film. Micrographs within each figure are the same scale.

RESULTS

Along the altitudinal transect, temperature changes

are approximately equivalent to elevational change. There

fore, when the term "elevational change" is used, it can be

also thought of as a temperature change. Frost is not pre

sent at sites A and B; it is occasional at site C during the

winter months; and present most months of the year at site D.

Along the rainfall transect, site B received approxi

mately 2000 mm of annual rainfall, site E 4500 mm, and site

F 5200 mm. When the 1974-1975 annual rainfall for Mauna Loa

was compared with 25 year records from nearby meteorological

stations, the year was a little wetter than average (Table I).

Climatic diagrams (Figure 2) illustrated a summer

drought spell in each of the altitudinal sites (A to D) ,

whereas sites E and F had no period of water stress during

the year. Although these diagrams were based upon only one

year of rainfall data, they were very similar to nearby site

climatic diagrams (Doty and Mueller-Dombois, 1966), which

were based upon longer weather records.

PLANT DISTRIBUTION-- If one visualizes the distributional

range of Metrosideros, and assumes that limiting factors,

such as temperature and moisture, are responsible for the
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marginal edges, one might expect the center to be an area

having the most favorable conditions for survival of the

taxon. Since Metrosideros grows from almost sea level to

2700 m altitude and from 750 to 12,344 mm rainfall per year,

a number of climatic habitats are present within its range.

Evidence of actual Metrosideros distributional patterns

may be obtained through aerial photographs on which are super

imposed topographical isohyet maps, climatic data, and field

observations. Metrosideros is widely-spaced and in fewer

numbers near its distributional limits, whereas the trees

are spaced close together and are numerous at middle alti

tudes near the center of its distribution. The altitudinal

limit of distribution varies depending upon the exposure

of the slope. On the south slope of Mauna Loa,· it is approx

imately 2700 m, while on the north-facing slope it is lower.

This suggests tha~ temperature an~/or frost is the limiting

factor in its altitudinal distribution. Heat and/or moisture

possibly would be the limiting factor near sea level. Since

the taxon grows in areas of the highest rainfall in the

state (12,344 rom per year), no defined upper rainfall toler

ance limitations are found in Hawaii.

If the altitudinal and rainfall transects (Figure 1)

are superimposed upon the Metrosideros distributional limits,

the altitudinal transect would be near one end of the taxon's

range, whereas the rainfall transect would start at right

angles along the altitudinal transect and penetrate into the
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center of the distributional range.

TREE HEIGHT AND TRUNK DIAMETER--Tree height and trunk

diameter are illustrated for 50 trees on each of six sites

by dots in Figure 3. Each tree between 1-7.5 m tall is

represented by a dot; trees over 7.5 m by small circles.

These taller trees are included so that the pattern of tree

growth can be more completely represented for the site. A

linear or curvilinear line has been drawn to illustrate the

average tree growth (or stem taper) for each site.

Site A had no trees taller than 7.5 m. Site F was

situated on a lava flow that was 122 years old and since no

large trees were present, six neighboring trees from older

flows were measured and included as part of the site. Small

circles representing the tallest two trees in this site ap

peared displaced in the upper right part of the site diagram.

These trees were growing on a nearby aa flow. Since the

soil substrate was different for these two trees, the curve

was not modified to conform to these two tree samples.

Trees had greatest stem taper (or stunting) near sea

level and timberline (sites A and D), and least taper at

intermediate altitudes where rainfall was abundant through

out the year (sites E and F). If stunted trees are an in

dication of adverse conditions for the taxon, site A and D

could have been near the taxons' limits of tolerance, where

as sites Band C were intermediate, ~nd sites E and F the

most favorable. Possibly the amount of stem taper was
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dependent upon the amount and length of time water was avail

able for the plants.

An interesting aspect of the growth response was the

variation between individuals at a given site. Along the

altitudinal transect the variation was greatest, while the

wetter sites (E and F) the variation was least. Several

factors that might have affected the variation were: water,

plant spacing, substrate age, and genetics.

Very little variation in tree growth was obtained in

site E, where the area was cleared by bulldozer approximately

15 years ago. In site F where the substrate was 122 years

old, there was a little more variation in tree growth, but

the difference was not as great as those on the four alti

tudinal sites. Possibly the variation of tree growth (stem

taper) reflected the amount of time that has passed since

the site was formed as a lava flow or has undergone a dis

turbance such as bulldozing.

Biological competition between plants for water, nutri

ents, and light could have affected the spacing of plants.

In wet sites (E and F) the trees grew under crowded condi

tions, which might have led to biological competition for

water, light, and/or nutrients. Perhaps only fast growing

trees survived. In sites A through D the trees were widely

separated, a condition that would cause little or no biolog

ical competition. Trees that had differential growth rates

in height and diameter could have survived under these con

ditions.
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Along the altitudinal transect, where moisture may

have become a principal limiting factor for tree establish-

ment and growth, trees often were found along cracks ,in' the

lava flows and around the flow edges. Very possibly trees

also followed lava tube drainage patterns. This evidence

suggested that microhabitats probably occurred within the

sites where the amount and/or length of time moisture was

available was variable. The variation of stem taper may

have been reflecting these differences.

NUMBER OF TRUNKS--The range, standard deviation, and

error in the number of trunks per tree at each site was

great. Although the average number of trunks at a site in

creased at sites A, B, C, and D (values equaled l.7~l.3,

+ + +2.0-1.5, 2.7-2.6, and 4.9-4.2 respectively), thecorrela-

tion coefficient for elevation and number of trunks per tree

for 60 plants along the altitudinal transect was only r =
0.366. Some trees in site D had up to· 36 trunks while oth-

ers had only a single trunk. Possible causes of these nu-

merous trunks per tree, including water shoots at ground

level, could be frost and/or goat grazing damage. Water

shoots were common at high elevations. In site C, where

there were more goats but less frost than site D, not as

many water shoots were present and this resulted in a small-

er average number of trunks at the site.

Along the rainfall transect fewer trees in sites E and

F had mUltiple trunks than in site B;.however, a regression
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based on 45 trees had a correlation coefficient of only

r = -0.329.

NUMBER OF LIVE LEAF FLUSHES ON A BRANCH--More leaves

were retained on individual branches on trees at higher

elevations than on trees growing near sea level. This cor

responded with results from a study on pine trees whose nee

dle retention was greater at higher latitudes (Callaham &

Liddicoet, 1961). The correlation coefficient for 60 trees

along the altitudinal transect was r = -0.751, which was

significant (P=O.OOI).

The linear regression was computed for the altitudinal

transect (Figure 4). Site variance for the number of live

leaf flushes retained on a tree was greatest at the highest

elevation. Whereas there was little or no difference be~

tween the average number of live flushes per branch in sites

A and B, some increase in the av~rage was seen in site C, .

and site D had a pronounced change. This suggested a pos

sible curvilinear relationship involving a third parameter,

such as the number of hours of frost at each site. Unfor

tunately the number of frost hours per year for the sites

was not known. These data suggested frost might play a

greater role in leaves being retained on the trees, altering

the otherwise possibly strictly linear temperature relation

ship.

Leaf retention on the branches was not affected by the

amount of rainfall. The correlation coefficient for 45



61

9

8

7

Y r: 1.6966 + 0.0014 X

6

:I:
0
Z
~ 5
a:
m
\ 4
en
IJJ
:I:en
::;) 3
..J
LL

2

#

2500200015001000500
O+----......,...-------,,.....-----r------,.----r-

o

ELEVATION (rn)

Figure 4. Regression of number of live leaf flushes per
branch as a function of elevation.



62

trees along the rainfall transect was only r = 0.156, which

was not significant. The site averages and standard devia-

tions for the number of live leaf flushes per branch along

this transect also showed very little change (Table 5).

VARIETAL DISTINCTIONS--Rock's classification of Ha-

waiian Metrosideros is based upon vegetative characteristics

such as leaf shape, size, and pubescence. A question may be

asked: is there a distinct break between the varieties for

anyone particular characteristic, such as leaf length,

width, area, and petiole length? An overlap of average leaf

length, width, area, and petiole length was obtained when

10 trees of 6 varieties were measured from Mauna Loa, Hawaii

(Appendix A, Figures 7-10). No distinct breaks between the

varieties for any of these characteristics was found. "The

mean and standard deviations of these trees are given in

Table 4. Similar results were also found for"le~f pubes-
.', ',

cence and leaf shape. Therefore, a variety using Rock's

classification was not based upon anyone leaf characteris-

tic, but rather a combination of characters.

Does the varietal distribution of Metrosideros change

over climatic gradients, such as altitude and rainfall? To

answer this question 50 trees at each of the six sites were

classified by variety (Table 6; Appendix A, Figure 11).

Since many of the trees looked like a combination of two or

three varieties, a varietal determination was difficult.

Certain varieties were more abundant in certain local-
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Vegetative characters of Meotros"ideros varieties
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Leaf
Petiole

Varietya Length Width Are~ length
(mm) (rom) (cm ) (rom)

imbricata 28.9±2.7 22.2±2.5 S.I±I.O 3.S±O.8

polymorpha 23.0±6.2 18.8±4.7 3.6±1.9 2.8±O.6

incana 30.1±7.9 2l.S±6.4 S.4±3.4 4.0±1.3

glaberrima 42.9±9.6 26.3±4.9 9.2±3.6 6.2±1.6

macrophylla S9.9±5.6 3S.9±2.3 l6.9±2.3 7.5±1.4

newellii 56.5±8.0 24.3:!:2.9 IO.9±2.8 7.6±1.8

a Ten plants of each variety sampled, except for variety
newellii, which had seven plants sampled



TABLE 5

Vegetative characteristics of Metr~sideros at six sites on Mauna Loa, Hawaii

SI'l'E A B C D E F

Tree height (m) 4. 7±I.0 s.oh.s 4.2h.2 2.2±0.9 2.7±0.6 2.4±0.9
.'

20.2±9.aTrunk diameter (em) 28.6±1LJ 8.S±4.4 l2.2±S.7 3.l±0.9 5.l±2.0

No. of trunks per tree 1. 7±1. 3 2.oh.5 2.7±2.6 4.9±4.2 1. 2±0. 5 1. st i , 2

No. of leaf flushes per branch 2. J±O. 4 2.4±0.5 3.0±0.5 5. 8±1. 2 2.a±0.5 2.4±0.5

Leaf length (rom) 30.83±2.50a·27.96±J.39 25.S5±4.23a lS.36±2.04a 34.64±7.l9 45.68±7.25

Leaf wi d t.h (rom) 24.47±2.12a 21. 33±2.41 20.03±J.20a 15. n±l. 56a 24. 60±3. 42 28.33±4.83

Leaf area (cm2) 5 •9S±0 • B9a . 4.73±1.05 4 .16±1. 37a 2.2S±0.46a 6.8S±2.25 10.37±3.13

Leaf thickness (mm) 0.352±0.01Sb 0.J46±0.025b 0.376±0.022b 0.443±0.032b 0.349±0.Ol9b 0.398±0.Ol9b

Petiole length (mm) 4.37±0.70a ' 3.43±0.77 3. 65±0. 9Sa 2.43±0.57a 4. 42±1. 63 5.7S±0.96

a Thirty trees per site sampled, all others (except for leaf thickness) fifty trees per site sampled

b 'l'en trees per site sampled

O'l
~



TABLE 6

Percent varietal composition of Metrosideros by site

65
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ities than other varieties. For example, variety imbricata

was most abundant at lower dry elevations. Variety poly

morpha, although most abundant at seasonally dry, high

elevations, was also frequent in all seasonally dry locali

ties, but became rare where moisture was plentiful all year.

Variety incana was most common at intermediate elevations

in dry and intermediately wet localities, but was less

abundant in the wettest and the highest sites. Variety

glaberrima was dominant at the wettest site, but non-exis

tent in the dry localities. Varieties macrophylla and

newellii were present only in wet habitats.

The dominant variety in one site was not always the

dominant variety at another site. For example, variety

glaberrima was dominant in site F, but variety incana was

dominant in site E, and variety polymerpha was dominant

in site B. Varieties imbricata, polymorpha, and incana,

whose mature leaves were pubescent, dominated the altitudi

nal transect where there was seasonal drought. Likewise,

the varieties glaberrima, macrophylla, and newellii, which

have mature leaves that are essentially glabrous, dominated

the highest rainfall site where there was no drought period

during the year.

These results suggest that the pubescent leaf may be

an adaptive feature of plants growing in areas of seasonal

drought or diminished rainfall. Can a tree having pubes

cent leaves revert to glabrous leaves on wet years, or a
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tree with glabrous leaves produce pubescent leaves in dry

years? Is the pubescent leaf in Metrosideros a genetically

and/or environmentally determined feature? These questions

are discussed in the next chapter.

Since these results indicate that certain varieties

may be more common in certain climatic habitats, and that

traditional taxonomy fails to elucidate satisfactorily a

method of defining distinct taxa, a biosystematic approach

was taken to identify some of the factors that may be

attributing to this confusing situation.

First, let us compare items, such as leaf length, width,

and petiole length, along the two transects. Does the vari

ability for a particular vegetative characteristic change

along climatic gradients? These three characteristics will

be considered in turn.

LEAF LENGTH--Fifty mature leaves per tree were collect-

ed at random from 30 trees per site along the altitudinal

transect and 50 trees per site along the rainfall transect

for a total of either 1500 or 2500 leaves per site. When

these leaves were measured and the data recorded in a histo

gram, curves resembling a normal curve were derived. Histo

grams for four altitudinal sites (Appendix A, Figure 12)

and three rainfall sites (Appendix A, Figure 13) were made.

The curves did not exactly fit the normal binomial distri

bution of a normal curve. Sites C, D, and E were skewed to

the right, while all curves had a platykurtic tendency. If
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a range test was performed for each site several leaf length

values in sites A, D, and E fell just outside the one per

cent chance of probability that these values were a part of

a normal curve. Since these values were true values, they

were used in later analyses.

The leaf length variance differed among the sites. For

example, Bartlett's test for homogeneity of variance demon

strated that site D variance had great enough differences to

be considered a separate population for sites A, B, and C.

In the rainfall transect the leaf length variance for sites

E and F was greater than the driest site B. Whereas the

drier site (B) had smaller leaves, larger leaves having a

greater range of leaf lengths were present where there was

no limiting moisture factor during the year. Along the

altitudinal transect leaf length variance was less at the

two extreme elevations and greater at mid-elevations. The

smallest leaf length variance was seen in site D where al

most all plants were of one variety. In this site tempera

ture and/or frost might have been limiting the expression

of larger leaf sizes. Where several varieties were present,

a greater range of leaf lengths (sites E and F) was evident.

A comparison between the number of varieties present on a

site and the variance of leaf lengths for each of the six

sites gave a correlation coefficient of 0.983, which was

significant (P=O.OI). This demonstrated that the number of

varieties at a site and the leaf lengths at each site varied
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proportionately. The flat-topped curves (Appendix A, Figures

12 and 13) would be expected if two or more varieties had

overlapping lea£ lengths, as was previously demonstrated.

A linear regression was based upon the average leaf

lengths of 15 trees chosen randomly per site (Appendix A,

Figure 14). Leaf length was greatest at low elevations and

least at the high elevation. Although this regression ap

peared linear, a second regression of leaf length as a func

tion of rainfall appeared curvilinear (Appendix A, Figure 15).

More sites along the rainfall transect would have to be es

tablished to ascertain if this was actually true. Data were

recorded for leaf lengths in Appendix A, Tables 11 and 12 for

mean, variance, standard deviation and range of 30-50 trees per

site along the two transects. Following these data for ind

dividual trees, the same statistics were given for each site

on the transect. These tables showed that the trees within

a site had unequal variances. For example, site C had leaf

length variances from 24 to 119. A range in variance was

found not only within trees, but between trees and among

sites.

Although one of the assumptions of analysis of variance

was broken by assuming a homogeneity of variance between the

populations (or sites) as tested by Bartlett's test of homo

geneity of variance, the analysis of variance is a robust

test that can withstand some differences in variances, and

the curves were not so distorted as to require transforma-'
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tions. Therefore, a one-way analysis of variance of nested

classifications was used on the data for the two transects.

Significant differences were found among trees within

sites and among sites. A further breakdown of the among

sites variance into single degrees of freedom using ~ priori

testing indicated that each site was significantly different

in leaf length along both the altitudinal and rainfall tran

sects (Appendix A, Tables 13). Leaf variation contributed

to approximately 64% of the total variation in the alti

tudinal transect and 49%of the variation in the rainfall

transect. Tree variance contributed 8 and 16% of the total

variance in the altitudinal and rainfall transects respec

tively. Site variance was 28 and 35% of the total variance

in the altitudinal and rainfall transects. Althou~h the

variation in leaf length was great within a tree, signficant

differences in leaf length also occurred between the trees

and among the sites along the two transects.

Mean leaf length decreased significantly in sites at

higher elevations. Leaf length also increased significantly

in sites that had more rainfall (Table 5). The mean for each

site along both transects was significantly different from

other sites (Table 9).

LEAF WIDTH--Leaf width measurements were derived from

the same leaves used for leaf length. Histograms were made

by plotting the frequency of leaf widths for each site. The

histogram curves of leaf widths for each site resembled nor-
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mal curves, but were positively skewed in sites C, 0, and F

(Appendix A, Figures 16 and 17). All curves, but site D,

were platykurtic. A range test for outliers demonstrated

that one leaf width measurement in site A, 6 measurements in

site D, and 3 measurements in sites E and F, were outside

the 1% chance that they were part of a normal curve. Since

all these values were correct they were used in the analysis

of variance.

Leaf width variance for the sites varied according to

site locality and number of varieties that were present. For

instance, site 0, which had a leaf width variance of 14, was

composed of trees of almost all one variety. Three varieties

were present in sites A, B, and C, and their variances were

43, 46, and 45, respectively (Appendix A, Table 14). Sites

E and F had four varieties present with leaf variances of 57

and 61 (Appendix A, Table 15). A linear correlation of the

number of varieties present at a site and the leaf width

variance for the six sites gave a correlation coefficient of

r = 0.957, which was significant (P=O.Ol).

Another factor that may have influenced the magnitude of

leaf width variances at each site was the presence of limit

ing factors, such as temperature and available moisture.

Since site 0 was near the limits of distribution (tree line

is 150 meters higher than the site), factors, such as low

temperatures combined with freezing conditions may be affect

ing tree growth and leaf development. The variance for site
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D was less than the variance for the individual trees in

sites A, B, and C (Appendix A, Table 14). A correlation

could be made showing that variation in leaf width increased

as plants were sampled closer to the center of the taxon's

distributional range.

A regression line was calculated (Appendix A, Figure 18)

using elevation for the x-axis and leaf width as the y-axis.

At sea level the average leaf width per tree was larger than

at higher elevations (Table 5). A regression line was cal

culated using rainfall and leaf width as the x and y-axis.

At low annual rainfall the average leaf was smaller than

those leaves sampled at higher rainfall sites (Appendix A,

Figure 19). Whereas the regression for leaf width and ele

vation appeared linear, more sites along the rainfall tran

sect might be added to ascertain if this linear regression

should instead be a curvilinear regression.

A one-way analysis of variance using a nested classifi

cation was used in spite of the site variances not being en

tirely equal. Along both transects each site was signifi

cantly different (P=O.Ol). Variance components that were

separated out of the analysis show leaf variation as 65 and

64%, tree variation as 10 and 19%, and site variation as 25

and 18% of the total variation along the altitudinal and

rainfall transects respectively (Appendix A, Table 16).

LEAF THICKNESS--Leaf thickness was measured from per

manently mounted leaf cross sections from cuticle to cuticle,
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excluding the trichomes. Five leaves per tree from 10 trees

per site were used for this analysis.

A linear regression was derived for the average leaf

thickness for 4 altitudinal sites utilizing 10 plants per

site (Appendix A, Figure 20). The correlation coefficient

for 40 samples was r = 0.746. Whereas the average leaf thick

nesses for sites A and B were very similar (0.352 and 0.346

mm), the average values in sites C and D were 0.376 and 0.443

mrn, which was an increase over the lower two site averages.

In the analysis of variance (Appendix A, Table 17) there were

differences (P=O.Ol) among sites B, C, and D. Leaf and tree

variances were 18% each, while site variance was responsible

for 65% of the total variance.

Along the rainfall transect a regression was derived

(b=O.OOOOl) with very little slope (Appendix A, Figure 21).

The correlation coefficient for these values was only r=0.519,

which was not a particularly high correlation for 30 values.

This regression probably should not be stressed since the

correlation coefficient was low. An analysis of variance

was run on the transect anyway, with the results seen in

Appendix A, Table 17. Whereas the site averages were not

significantly different in sites Band E, the averages be

tween E and F were significant (P=O.Ol). Variance components

on the transect were as follows: leaf variance = 14%, tree

variance = 18%, and site variance = 68%.
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A correlation between the number of varieties at each

site and the six site variances for leaf thicknesses gave a

correlation coefficient of r = -0.778, which was not signif

icant (P=O.OS).

PETIOLE LENGTH--Those leaves used in the leaf length

and width measurements were also measured fOI' petiole length.

Histograms were made by plotting the frequency of petiole

lengths for each site (Appendix A, Figures 22 and 23). A

range test for outliers at P=O.Ol resulted in 4 and 12 leaves

being outliers in sites Band F respectively. Since these

leaves were real values, they were kept in the analysis. All

six site curves were positively skewed and platykurtic

enough to make a logarithmic transformation worthwhile when

running an analysis of variance. Petiole length varied de

pending upon which tree was sampled and where the tree was

located. For example, within site D petiole length variance

for a single tree was as low as 0.58 and as high as 3.06 rom

(Appendix A, Table 18). The variances for the trees at this

site were the lowest of any of the sites. Likewise, the

greatest tree variances were at sites E and F (Appendix A,

Table 19). Site variances for the petiole lengths also

reflected these differences. Whereas site D had the least

variance, site E had the greatest variance. A correlation

coefficient of r = 0.770 was not significant (P=0.05) when

petiole length variance was tested for the six sites and

the number of the varieties found at each site.
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A linear regression was plotted using 15 trees chosen

at random from each of the sites. The linear regression was

derived for the sites along the altitudinal transect (Appen

dix A, Figure 24). Petiole lengths were longest on trees

growing at low elevations and shortest on trees growing at

high elevations. A linear regression was derived for sites

along the rainfall transect (Appendix A, Figure 25). Here

the longest petioles were encountered in trees growing in the

site with the most rainfall, while the shortest were found

in trees from the driest site. By sampling an additional

couple of sites along the rainfall transect, it should have

been possible to see if this regression might prove to have

a curvilinear function.

A logarithmic transformation was used to run a one-way

analysis of variance with a nested classification (Appendix

A, Table 20). All sites along the two transects were signif

icantly different (P=O.Ol), except for sites Band C. If the

components of variance were calculated along the altitudinal

and rainfall transects, leaf variance accounted for more than

half of the variance, tree variance was 15 and 22% respec

tively, and site variance was 18 and 26% respectively.

LEAF SHAPE AND SIZE--Statistica1 data for leaf shape

for each site were derived from an index scale given in Table

7. The average leaf shape for each of the four altitudinal

sites was simi1ar~ however, the average leaf size per site

diminished with increased elevation. Along the rainfall



TABLE 7

Mean leaf shapes and standard deviations for six sites on
Mauna Loa, Hawaii

Leaf

Widest
Site Basea Apexb portionc

r-l
A 1.2±O.4 2.2±O.7 1.6±O.6It!

S::+J
.,.j C)

1.2±O.4 2.S±O.S 1.7±O.6't:l<Ll B::s Cf.l
.j.l s::
.,.j It! c l.1±O.3 2.S±O.6 1.6±O.S.j.l l-l
r-l+J
< D l.1±O.3 2.3±O.6 I.S±O.S

r-l.j.l
B 1.2±O.4 2.S±O.S 1.7±O.6

r-l C)
It! <Ll E l. 9±O. 9 2.6±O.6 1.8±O.6
~ Cf.l
s:: s::

.,.j It!
F 2.6±O.9 3.0±O.7 2.I±O.6It! l-l

~.j.l

a Leaf base index: I.O=cordate, 2.0=rounded, 3.0=acute,
4.0=pointed

b Leaf apex index: I.O=cordate, 2.0=rounded, 3.0=acute,
4.0=pointed

c Location of the widest portion of the leaf: l=basal,
2=central, 3=apical
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transect both the mean leaf shape and size changed at each

of the tree sites. In the driest site (B) the average leaf

was small and somewhat heart-shaped whereas in the wettest

site (F) the average leaf was large and elliptical-shaped.

Site E, which has an intermediate rainfall, had an average

leaf size and shape that was. intermediate between those from

high and low rainfall sites (Figure 5).

Leaf shape and size were variable within a tree, among

trees, and sites (Appendix A, Tables 21 and 22). Sample

leaves from one tree at each site are illustrated in Appen

dix A, Figures 26 and 27. Differences in laminar area, shape,

and petiole length are evident.

Leaf variability became greater when leaves from a num

ber of trees per site were selected. In Appendix A, Figures

28 and 29 the most diverse leaf shapes from 50 trees per site

were illustrated. Whereas the majority o~ the leaves along

the altitudinal transect (Appendix A, Figure 28) had cordate

leaf bases with the widest portion of the leaf slightly

below the middle of the leaf, a greater range of leaf shapes

was apparent along the rainfall transect (Appendix A, Figure

29). The pointed leaf apex became more common in the high

rainfall site (F) with a correspondingly longer length to

width leaf ratio. Some individual leaves from site F had

typical rainforest leaf shapes with drip tips.

In the altitudinal transect an inverse relationship of

average leaf size (area) and altitude was apparent (Table 5).
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c

B

F

A

Figure 5. Idealized leaf shape and size portrayed in
mean values for each site on the altitudinal
and rainfall transects. Natural size.
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Site A at 46 meters elevation had the largest average leaf

size, site D at 2332 meters elevation had the smallest aver

age leaf size. Along the rainfall transect the average leaf

size became larger in those sites that received more rainfall

without seasonal drought.

Were there leaf anatomical changes that varied in plants

growing at different altitudinal or rainfall sites? Cross

sections of five leaves per tree and 10 trees per site were

measured for structural differences in thickness and number

of secretory cavities per 1 mrn2 leaf cross section. Other

features, such as the number of crystals per 1 mm2 leaf cross

section, the abaxial trichome length, and cell size, have

been illustrated without statistical data since quantification

of these characteristics was difficult and time consuming.

UPPER CUTICLE THICKNESS--The ·upper cuticle thickness

was variable in leaves growi~g at different sites along the

altitudinal transect. The average upper cuticular thickness

was 9.98±1.58 ~m for site A, 11.98±2.09 ~m for site B,

l4.l8±2.26 ~m for site C, and l8.00±2.89 ~m for site D (Table

8). Thicker upper cuticles were found in leaves collected at

higher elevations. Sites B, C, and D had mean upper cuticle

thicknesses that were significantly different (P=O.Ol), where

as sites A and B had means that were significantly different

(P=0.05). The variance components were: leaf = 16%, tree =

15%, and site = 69% of the total variance (Appendix A, Table

23) •



TABJ,E 0

Anatomical leaf characteristics of Metrosideros at six sites on Mauna Loa, lIawaiia

SITE

Altitude of site (m)

Annual rainfall of site (mm)

Upper cuticle thickness (mm)

Upper epidermis thickness (ll m)

Hypodermis thickness (11m)

No. of hypodermis cell layers

Mesophyll thickness (~)

No. of mesophyll cell layers

Lower epidermis thickness (lm)

Lower cuticle thickness (11m)

No. secretions per 1 mm2 (leaf)

No. secretions per 1 mm2 (petiole)

ABC 0 E F

46 809 1570 2332 009 000

1949 2062 1091 1906 5195 5975

9.9911.59 11.99±2.09 14.10±2.26 19.00±2.99 10.19±1.50 9.17±1.34

11.90±1.79 12.15±1.5l 13.84±1.62 15.90±2.11 11.23±1.67 11.2611.49

72.26±9.79 72.75±11.91 97.72±15.09115.16±16.12 79.05±12.11 96.01111.96

2.2±0.2 2.3±0.2 2.S±0.3 3.1±0.2 2.5±0.4 2.510.3

271.68±20.99 252.99±28.90 262.7S±24.29 302.23±34.75 252.l9±2l.55 300.92123.25

7.9±O.7 7.9±O.9 a.l±o.7 9.0±O.9 7.5±0.5 9.710.9

10.64±1.49 lO.27±1.22 11.01±1.45 10.06±1.95 10.32±1.43 12.1711.67

3.80±1.47 4.58±1.92 5.3G!2.30 5.84±1.77 4.69±1.35 4.8311.28

1.47±0.60 1.73±0.77 2.30±1.04 2.42±0.93 4.04±1.90 1.90±0.60

O.22±O.35 O.14±0.22 0.52±O.55 O.76±0.59 0.70±0.59 1.43iO.74

a All measurements are averages of five leaves per tree and ten trees per site (of 50 leaves sampled per site)

co
o
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The three sites along the rainfall transect did not show

a large change in average upper cuticular thickness of the

leaves. The mean values were: site B = 11.98±2.09 ~m, site
+ +E = 10.18-1.50 ~m, and site F = 9.17-1.34 ~m. The leaf mean

separation for upper cuticular thickness at site B was sig-

nificantly different (P=O.Ol) between sites E and F (Table

9). Components of variation along the rainfall transect

were: 34% for leaves, 27% for trees, and 39% for sites.

Apparently those sites with high rainfall had additional

cloud cover and less incidental radiation. Thus the leaves

in these sites required less cuticular protection from evap-

oration.

UPPER EPIDERMIS THICKNESS--Along the altitudinal tran-

sect the upper leaf epidermis was thickest in those trees

growing at high elevations where ultra-violet rays were most

intense, whereas plants near sea level had a thinner upper

epidermis. The average leaf epidermal thicknesses for sites

A through D were: 11.80, 12.15, 13.84, and 15.90 ~m, re-

spectively. Mean differences of the altitudinal sites showed

that sites B, C, and D were significantly different (P=O.Ol).

These results were similar to the upper leaf cuticle thick-

ness. Components of variation along the altitudinal transect

were: 38% for leaves, 10% for trees, and 52% for sites.

Along the rainfall transect the change in the upper

epidermis thickness was not dramatic. The driest site (B)

had an average upper epidermal thickness of l2.15±1.5l ~m,



TABLE 9

Mean separation of leaf characteristics at six sites on
Mauna Loa, Hawaii
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Transect
Leaf characteristic

Altitudinal Rainfall

Leaf length A B C D B E F

Leaf width A B C D B E F

Leaf thickness A Ba C D B E F

Petiole length A B C D B E F

Upper cuticle thickness A Bb C DO B E F- --
Upper epidermis thickness A B C D B E F

- - - --
Hypodermis thickness A B C D B E F

- - - --
Hypodermis thickness

No. of cell layers A B C D B E F
- - - --

Mesophyll thickness A B C D B E F

Mesophyll thickness
. No. of cell layers A B C D B E F

Lower epidermis thickness A B C D B E F

Lower cuticle thickness A B C D B E F

No. leaf secretory structures
per I mm2 of cross section A B C D B E F- --

No. petiole secretory structures
per I mm2 of cross section A B C D B E F

a mean difference not significant (P=Q.Ol)

b mean difference not significant (P=O.OS)- - --
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while sites E and F had average thicknesses of 11.23~1.67

+and 11.26-1.49 ~m. There was a significant difference be-

tween sites Band E (P=O.05). The variance components were:

leaf variance = 61%, tree variance = 34%, and site variance

= 6%. Where the altitudinal site variance was 52%, the rain-

fall transect had only 6% of the total variance attributable

to site differences (Appendix A, Table 24).

HYPODERMIS THICKNESS--The hypodermis is believed to be

a water storage tissue. Therefore, one would expect this

tissue to be best developed in the driest habitats. Along

the altitudinal transect the hypodermis was thinnest in

leaves collected near sea level and thickest in leaves col-

lected near timberline, where frost was present. The mean

hypodermis thicknesses at the four sites from sea level to

timberline were 72.3±9.8, 72.8±11.8, 87.7±15.l, and l15.2±

16.1 ~m (Table 8). The three highest altitudinal sites

(B, C, and D) had mean hypodermis thicknesses that were sig-

nificantly different (P=O.Ol). Possibly the hypodermis

thickness in these three sites was a response to the desic

cating effects of frost at sites C and D, rather than to

a linear decrease of annual temperature at the sites along

the transect. An analysis of variance showed the greatest

variance due to sites (68%), followed by leaf variance (19%),

and tree variance (13%).

Along the rainfall transect the hypodermis thickness

became greater at sites receiving increased rainfall, although
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differences were not as great as the altitudinal transect.

The mean hypodermis thicknesses for sites B, E, and F were:

72.8±11.8, 78.0±12.l, and 86.0±12.0 ~m, respectively. An

analysis of variance indicated that sites Band E had means

that were significantly different (P=0.05). Site variance

was responsible for 19% of the total variation, tree variance

was 45%, and leaf variance was 36% (Appendix A, Table 25).

A second measurement of the hypodermis can be made by

counting the number of cell layers that were present in the

hypodermis. The results were similar to the hypodermis

thickness results. The mean number of cell layers in the

hypodermis was 2.2 in leaves near sea level, but 3.1 near

timberline. Intermediate elevational sites had a mean number

of hypodermis cell layers that were between these two extreme

values. Sites B, C, and D had means that were significantly

different (P=O.Ol). Site variation was 74%, while tree vari

ation was 10% and leaf variation accounted for 16% of the

total observed variation (Appendix A, Table 26).

The sites along the rainfall transect were not greatly

different from each other in the mean number of cell layers

in the hypodermis. The values were 2.3±0.2, 2.5±0.4, and

2.5±0.3 for sites B, E, and F, respectively. Most of the

observed variance was in the leaves and trees with only 5%

as site variance. A mean test showed that site B was sig

nificantly different (p=0.05) from sites E and F. The site

variance for the rainfall transect was 5%, whereas the
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altitudinal transect was 74% (Appendix A, Table 26).

MESOPHYLL THICKNESS-- The mean thickness of the leaf

mesophyll at each altitudinal site did not show a distinct

trend to increase or decrease with elevational change (Table

8). Only site D had a mean leaf mesophyll thickness that

was significantly larger (P=O.OI), than the other sites

(Table 9). Variance components were approximately equal,

each causing approximately 1/3 of the total variation (Appen

dix A, Table 27).

Along the rainfall transect the mean leaf mesophyll

thickness was essentially equal at sites Band E, and some

what greater at site F. The mean value at the highest rain

fall site (F) was significantly different (P=O.OI) from the

other sites. Variance components on this transect were as

follows: leaves = 23%, trees = 23%, and sites = 54% (Appen

dix A, Table 27).

Similar data were obtained when the number of cell lay

ers in the mesophyll layer was tested by analysis of variance

(Appendix A, Table 28). Site D had a mean cell number great

er than the other three sites along the altitudinal transect,

and site F had a mean cell layer number greater than the

other two sites along the rainfall transect (Tables 8 and 9).

LOWER EPIDERMIS THICKNESS--The mean lower epidermal

thickness of the leaf was similar in all four altitudinal

sites (Table 8), with no significant differences among the

sites (Appendix A, Table 29).
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Along the rainfall transect, the highest rainfall site

had a significant increase (P=O.Ol) in the mean thickness of

the lower epidermis of the leaves when compared with leaves

from sites Band E (Table 9). Variance components along the

rainfall transect were: leaves 39%, trees 28%, and sites

33%. The reason was not apparent for the increase of lower

epidermal thickness at site F.

LOWER CUTICLE THICKNESS--Although there was a slight

increase in the mean lower cuticular thickness at four alti-

tudinal sites from sea level to timberline (Table 8), this

increase was not significant (Appendix A, Table 30). The

same was true for the rainfall transect. A slight increase

in cuticular thickness was noted by site, i.e. 4.58±1.92,

+ +4.69-1.35, and 4.83-1.28 ~m, for sites B, E, and F respect-

ively, but they were not significant (P=O.05). Most of the

variance was found instead among the leaves and trees.

NUMBER OF SECRETORY CAVITIES PER MM2 OF LEAF AND PETIOLE

CROSS SECTION--Within the leaves of the family Myrtaceae,

occasional cavities lined with epithelial cells are evident

which are filled with secreted oil droplets. These are locat-

ed just interior to the upper and lower epidermal layers.

The number of cavities per unit area of leaf may be quite

variable on different leaves on the same tree and also on

neighboring trees in the same vicinity. In spite of this

variability a trend along the two transects is evident.

Along the altitudinal transect an increase in the
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average number of cavities per unit area of leaf cross

section was found as leaves were sampled from low to high

elevation. The means at each site were not always signifi

cant from one another, but they were if comparisons were made

from every other site i.e. sites A and C or sites Band D.

A similar trend could also be obtained in the petiole cross

sections (Tables 8 and 9) •

The oil might be utilized by the plant in one or several

ways. Possibly it might (l) serve to keep the surrounding

parenchyma cells from freezing in low temperatures by having

free floating droplets in the cytoplasm, (2) serve as a re

serve of energy that can be recycled by the plant, or (3)

serve as a waste product. Le~f developmental studies might

clarify the role and function of this structure.

Leaf cross sections from trees growing at high elevations

seemed to stain more readily with toluidine blue 0, phloro

glucinol and HCI, and sudan IV, than leaves collected from

trees growing at low elevations. Evidently more reacting

substances, such as lignin, oils, and tannins, were present

in the leaves from higher elevation trees.

The number of cavities present in leaves from the

rainfall transect were also variable, but there was a trend

toward more numerous cavities per unit area of leaf and pet

iole cross sections in leaves at high rainfall sites. Most

of the site means were significantly different (P=O.Ol) from

each other (Table 9; Appendix A, Tables 31 and 32). The
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significance of this feature is not known, although one might

hypothesize that more insects and/or species of leaf sucking

insects might be present in a wet habitat and that the pres

ence of oil might deter these insects from feeding on the

plants, because it is distasteful and/or toxic. Possibly

tests showing which plants or varieties might have more oil

globules should be tested in the ohia die back zone to see

whether this feature might be insect correlated.

CRYSTALS IN THE HYPODERMIS CELLS--Another feature of

leaves collected along the two transects that appeared to

form a gradient with either altitude or rainfall were the

number of crystals that occurred in the hypodermis cells and

the length of the trichomes on the abaxial portion of the

leaf. These measurements were more difficult to obtain;

therefore, photomicrographs are introduced as visual evidence

(Plates I to VI) •

Within the hypodermis cells the shape and size of the

crystals varied (Plates I and II). Since these leaf sections

were stored in FAA, the crystals were not readily soluble.

They were scattered within the hypodermis and were not asso

ciated with particular structures, such as veins.

A greater number of cells with crystals were present in

leaves obtained from the high elevation site (2332 m) than

from leaves collected near sea level (Plate I). These crys

tals were present in the parenchyma cells of the hypodermis,

absent in the palasade parenchyma, present occasionally in
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PLATE I

Hypodermis with crystals from two trees per site (A, B, C, &
D) along the altitudinal transect. Note the changes in cuti
cle, epidermis and hypodermis thickness at each site. X 350.
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PLATE II
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Hypodermis with crystals from two trees per site (B, E, & F)
along the rainfall transect. Changes in cuticle, epidermal,
and hypodermal thicknesses are not as noticeable as those
along the altitudinal transect (Plate I). X 420.
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the spongy parenchyma. Crystals also were common in leaves

collected from plants growing in high rainfall sites without

seasonal droughts (Plate II).

TRICHOME LENGTH - - The trichomes on the abaxial side of

the mature leaf cross sections were longest in leaves sampled

from high elevations (Plates III and V). This length might

have been better correlated with the number of hours of

freezing temperature rather than with the annual temperature

at the four altitudinal sites. For example, the trichome

length was similar in sites A and B (46 and 808 m), but it

was longer in site C (1570 m) and reached maximum length in

site D (2332 m). Although the function of these trichomes is

not entirely understood, they are associated with xeric habi

tats that often have a seasonal drought.

An epiphytic fungus was found associated with these

tri:chomes, especially at higher elevations where the tri

chome length was greatest. Only rarely did the hyphae seem

to penetrate the trichome or epidermal surface and produce

fruiting structures within the host. This fungal association

was described by Baker, Dunn, and Sakai (1974).

Along the rainfall transect the trichomes became scarce

in high rainfall localities where no seasonal drought oc

curred (Plates IV and VI).

POSITIONAL EFFECTS OF LEAVES ON THE TREE--Wy1ie (1949)

reported differences in size and thickness between sun and

shade leaves. Therefore, two trees were analyzed for leaf
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PLATE III
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Abaxial cross sections showing trichome lengths from leaves
on different trees at four elevations (sites A, B, C, & D).
X 210.
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PLATE IV
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Trichome length and number decreases in leaves from low to
high rainfall sites (B, E, & F). X 185.
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PLATE V
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Leaf cross sections of two trees per site along the altitudi
nal transect (sites A, B, C, & D). X 70.



PLATE VI
--- .... -..-.--_...~.~~~_. -.-- ..~..

..- .- +?--.

E
5185,·
mm

F
5872

mm

Leaf cross sections of two trees per site along the rainfall transect (sites B, E,
& F). X 95. ID
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differences that might be related to their position on the

tree. Fifty mature leaves from the second flush back from

the end of the branch were collected and analyzed from the

north, south, east, west, and center portion of the tree.

No significant differences were found among the various leaf

positions on the trees in leaf length, width, thickness, and

petiole length. Since the tree's canopy was shaped either

as an open or closed umbrella depending upon the site in

which the tree was located, leaves from the second flush

back on the tree appeared shaded to approximately the same

degree.

Within a branch occasionally one could detect small

differences in leaf size between the flushes on a branch.

This seemed to be related to favorable seasonal growth peri

ods for the tree. However, the change of average leaf size

between leaf flushes usually was not apparent.

Within an individual flush the first pair of opposite

leaves to emerge from the bud were the largest, with each

succeeding leaf pair becoming smaller. The last pair of

leaves to emerge in the flush were the smallest. Only in

very rare cases was there a deviation from this size sequence

within a flush.

Each flush along a branch was identified by a size

change of leaves from small in the last flush to large at the

beginning of the next flush and by bud scale scars left on

the branch. The number of leaf pairs varied from 2 to 7 in
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determinate flushes and up to 58 pairs in the indeterminate

flushes. The indeterminate flushes were seen most often (1)

in young plants that had rapid growth, (2) in trees that had

been heavily pruned, and (3) periodically in mature trees

that grew in warm habitats. This appeared to be a juvenile

growth form that occurred with exceptionally good growing

periods. This type of growth was a characteristic that was

commonly associated with the variety imbricata.

Leaf pubescence, which was most readily observed on the

very pubescent leaves in site D, appeared to be modified

somewhat by the age of the leaf. Immature leaves that had

recently expanded from a determinate bud may have a tomentum

present on the adaxial surface that usually disappears with

leaf maturity, although the tomentum may persist along the

mid-rib. On the abaxial portion of the newly emerged~leaves

the tomentum was canescent, becoming darker in color with

age. Evidently the color change coincided with the invasion

of epiphyllic fungi.

CORRELATION OF VEGETATIVE CHARACTERISTICS. Correlation

coefficients were tabulated for the morphological character

istics for site B, excluding leaf shape (Table 10). Site B

was used for deriving the correlations since it appeared in

both transects. Although a correlation coefficient of 0.452

for 50 samples was significant (P=O.OOl) by statistical

tables, this correlation could have occurred by chance.

Therefore, only correlations greater than 0.700 were consid-



TABLE 10

Correlation matrix of Metrosideros vegetative characteristics for fifty trees in site B

Vegetative characteristic

Tree height

Trunk diameter

No. of trunks per tree

No. of flushes per branch

Mean leaf length per tree

Mean leaf width per tree

Mean leaf area per tree

Mean petiole length per tree

* = p -.05(48)-0.279

** - p- .01(48)=0.361

Trunk Trunk
height diameter

1. 000 0.798**

1.000

No. of
trunks

per tree

-0.456**

-0.463**

1.000

No. of Mean Mean Mean Mean
flushes leaf leaf leaf petiole

per length width area length
branch per tree per tree per tree per tree

-0.055 0.241 0.138 0.207 0.377**

-0.091 0.188 0.145 0.184 0.322*

0.129 -0.239 -0.138 -0.192 -0.414**

1.000 -0.027 -0.145 -0.089 -0.208

1.000 0.787** -0.950** 0.333*

1.000 0.936** 0.287*

1.000 0.337*

1.000

\0
co
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ered valid. Since tree height and trunk diameter were asso

ciated with tree growth, they had a correlation coefficient

of 0.798. Leaf length and leaf width also were correlated

(0.787). Since leaf length and width measurements were used

in the calculation of leaf area, leaf area had a high corre

lation coefficient with both leaf length (0.950) and leaf

width (0.936). Other correlation coefficients were smaller.

Petiole length and tree size seemed to show some relationship

to each other, but the correlation coefficient was only

0.337.

Five leaves from each of 10 trees were used for correla

tions of anatomical characters for site B. All anatomical

leaf characteristics listed in Table 8 were tested, with the

exception of secretory cavities per 1 mm2 of petiole cross

section. No correlations of r>0.700 were recorded. The

following correlation coefficients were the highest: meso

phyll thickness and the number of cell layers in the meso

phyll layer (excluding the hypodermis) 0.508; hypodermis

thickness and number of cell layers in the hypodermis 0.466;

hypodermis and mesophyll thickness 0.314; upper cuticle and

upper epidermis thickness 0.462; upper cuticle and lower epi

dermis thickness 0.359; the number of cell layers in the

mesophyll (excluding the hypodermis) and lower epidermis

0.310; and the lower cuticle thickness and the number of

secretions per I mm2 area of leaf cross section 0.378. These

results may suggest that (1) the variation of each character-
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istic was large enough that a high correlation between two

characteristics was not obtained, (2) sampling error was

significant, and/or (3) those features that were closely

related in leaf development may have had higher correlation

coefficients. For example, the hypodermis, palisade, and

spongy parenchYma cells all belonged to the mesophyll layer,

which had a correlation coefficient of 0.314. Likewise the

mesophyll thickness and the number of cell layers in the

mesophyll showed some relationship.

DISCUSSION AND CONCLUSIONS

Along the two climatic transects that represent tempera

ture and rainfall gradients, Metrosideros plants have differ

ences in foliar morphology and anatomy that reflect the cli

mate differences. Many vegetative characteristics show

changes along the transects that suggest biological clines.

A summary of these differences in presented in Tables 5, 7,

and 8.

Along the altitudinal transect, where annual rainfall

is low and a summer seasonal drought is present, stunted trees

are most evident near sea level and tree line. At intermed

iate elevations the trees grow taller:. The average number of

trunks per tree is greatest in the two sites (C and D) above

frost line where water shoots are common along the lower por

tions of the tree trunks. The number of leaf flushes that

are retained on a branch is greatest at those sites above
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frost line. Differences in leaf morphology and anatomy also

reflect the temperature differences associated with altitudi

nal change. In Figure 5 the mean leaf size and shape is il

lustrated for each of the sites. Along the altitudinal tran

sect leaf shape does not show much change, but a size change

is apparent. At high elevations the leaf length, width,

and size is smaller than for the average leaf growing at low

elevations. There appears to be a clinal development in

these characters. Also the petiole length is shorter in

leaves sampled from high elevations. Trees near tree line

have leaves that are thicker than their counterparts near

sea level with longer trichomes on the abaxial surface of the

leaf. Pubescent leaves are common along the transect where

there is seasonal drought. Here the trees are spaced far

apart, which results in greater air circulation and less bio

logical competition.

These differences are also reflected in the leaf anatomy.

Near tree line the adaxial surface and central portion of the

mean leaf cross section are thicker than leaves growing on

trees near sea level. Those portions of the leaf that have

direct contact with the gaseous environment, i.e. the adaxial

surface and the abaxial trichomes, show the greatest amount

of change along the altitudinal gradient, while the mesophyll,

lower epidermis and lower cuticle, show the least change.

The trichomes that project outward from the lower cuticle of

the leaf serve as the moderating influence between the exter-
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nal climate and the internal photosynthetic portions of the

leaf. Trichome length is different at most of the sites.

The number of secretory cavities and crystals in the hypo

dermis of the leaf is greater in sites above frost line.

The variance of a particular morphological characteristic

changes at different sites. For example, along the altitud

inal transect the greatest variance in leaf length, width,

area, and petiole length is found at sites Band C, which are

at intermediate elevations. Less variance of these same

characteristics is found at extreme elevations. This may be

related to the number of varieties that are present at the

sites, or a response to limiting factors such as temperature

at the extreme localities. Other characteristics, such as

leaf thickness, trichome length, and some tissue thicknesses,

demonstrate a second trend, where the largest variances are

near tree line, with less variance near sea level.

Along the rainfall transect three sites are sampled.

The driest site with an annual rainfall of 2062 mrn per year

and a seasonal drought has Metrosideros trees with xeromor

phic leaves. The highest rainfall site with 5872 nm per year

and no seasonal drought has mesomorphic leaves. The number

of varieties present at a site is greatest at the high rain

fall site. Glabrous-leaved varieties are frequent in high

rainfall areas while pubescent leaves are common at the dry

site. Leaf shape, size, and thickness also differs along

this transect. Leaves from the driest site usually have the
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following characteristics: cordate leaf bases with the wid

est portion of the leaf below the center of the leaf, the

apex of the leaf between rounded and acute, leaf size small

with a short petiole, pubescent abaxial leaf surface, upper

cuticle and epidermis thick and the number of secretory

cavities in the leaf and petiole cross sections small. Meso

morphic leaves from the wettest site have the following char

acteristics: acute leaf bases and apices with the widest

portion of the leaf approximately central, some leaves with

a modified drip tip; leaves large in size, slightly thicker

than the xeromorphic leaves; glabrous leaves; long petioles;

the mesophyll slightly thickened; and a large number of

secretory cavities present in the leaf and petiole cross sec

tions. Figure 5 demonstrates some of these changes in the

average leaf for each site.

Variance in morphological features of the leaf (i.e.

length, width, area, and petiole length) is largest at the

high rainfall site where the most varieties are present.

Leaf thickness variance has the opposite trend with the

variance greatest at the driest site. Anatomical features

of the leaf do not show regular patterns of variation.
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CHAPTER 3

LEAF CHANGES IN METROSIDEROS CLONES WHEN GROWN UNDER FIELD

AND GREENHOUSE CONDITIONS

ABST:RACT

Clones of several varieties of Metrosideros from Mauna

Loa, Hawaii, were grown from air layers for three years in a

greenhouse at the University of Hawaii at Manoa (30 m eleva

tion), and compared to the original field plants. Pubescent

leaved varieties (polymorpha, incana, and imbricata) were more

susceptable to damping off fungi and were slower to initiate

new bud and flush growth than the glabrous-leaved varieties

(glaberrima, macrophylla, and newellii).

Four of 7 varieties survived three years in the green

house and were compared for leaf modifications. Although each

of the varieties retained their characteristic varietal

appearance when. grown togetber in one envfzonmene,' some quan

titative leaf characteristics were significantly modified.

Leaf pubescence and shape were least affected by environmental

change, while leaf length, width, area, thickness, petiole

length, mesophyll and cuticular thickness had a greater amount

of change. An apparent juvenility factor was expressed in

young watershoots, that affected initial leaf shape and pu

bescence when branches were severely pruned. However, later

flushes reverted to normal adult leaf appearance for that

variety.
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INTRODUCT.ION

Leaf str.uc.ture can be modified by environmental condi

tions (Haberlandt, 1914). For instance, leaf size within a

single tree may vary depending upon the amount of sunlight

the leaves receive. Maple leaves growing in the center of

the tree where there is less light are thinner, but larger

in size, than leaves that grow in areas on the same tree that

receive more sunlight (Wylie, 1949). Clones of Mimulus

cardinalis and M. lewisii grown under h~gh, medium, and low

light intensities produce morpho.logical and anatomical leaf

differences (Hiesey, Nobs, Bjorkman, 1971). The Carnegie

Institution at Stanford (annual report, 1977) is emphasizing

research on physiological differences in leaves that are cor

related with environmental factors.

Vegetative propagation by cloning is a recognized method

of producing numerous genetic replicates that can be subjected

to various environmental treatments to ascertain phenotypic

responses. This technique is used commonly in transplant and

phytotron experiments (Clausen, Keck, and Hiesey, 1948).

Although some plant characteristics may be greatly

modified by the environment, other characteristics may show

little or no change. Mature Metrosiderostrees that are

sampled from sites along an altitudinal and rainfall transect

have significant differences in their leaf shape, size, thick

ness, and internal anatomy (Chapter 2). The plasticity of

response of Metrosideros leaves is measured in this chapter
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through studyi~g clones of various or~gins. grown for three

years under, uniform condi tions. ,Leaf differences between

field and, greenhouse plants and differences among the vari

eties are analyzed.

METHODS

A clone of 15 to 20 air l~yers was made from one plant

of each of the Metrosideros varieties that occur on Mauna

Loa, Hawaii. These plants were selected for their likeness

to Rock's (1917) and Skottsbe'~g's (1944) varietal descriptions.

The locality where each original plant. 'grew was recorded

(Table 1).

Each of the air layers was clipped from the tree after

roots had formed. These air layers were pruned and treated

with peMB fungicide solution before planti~g in 1 1/2, gallon

plastic containers using a 1:1:1 mixture of vermiculite,

perlite, and peat moss. They were randomly assorted on two

mist tables with 70 percent shade cloth and fertilized. every

four months with 1/2 strength Hoagland's solution.

The plants originally were periodically moved between

and within the tables for the first 1 1/2 years to adjust for

differences in mist spray; however, some 'plants became rooted

onto the mist bench. These plants died when they were' moved.

To prevent the dwindling number of plants 'from dying, the

plants were not moved during the last 1 1/2 years of observa

tion.
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The plants were located in a greenhouse at approximately

30 m elevation at the Univers.ity of Hawaii at Manoa. Temper

atures on the greenhouse bench 'varied from 16° to 39°C, with

a daily range between approximately 21° and 30°C. Mist spray

was regulated to be on for 10 seconds every six minutes for

12 hours during the day. This helped prevent excessive leaf

and greenhouse heating during hot days.

After three years (in August, 1975) 100 leaves were

collected and analyzed from eachvariety--50 leaves from

greenhouse plants and 50 leaves from the original plant in

the field. Only those leaves were collected that had been

produced since the air layers were planted in the greenhouse.

These leaves were taken from the second flush in from the

end of the branch of the three-year-01d air layers. Compar

able leaves were also collected from the field specimens

(Table 1) within a few days of the greenhouse leaf harvest.

Measurements were made for leaf length, width, area, petiole

length, and leaf shape •

. Anatomical data were collected from 16 leaves from

each clone--8 leaves grown under. greenhouse conditions and

8 leaves grown under field conditions. These leaves were a

subset of the original 50 leaves collected for morphological

studies. Twelve ~n fresh leaf sections were taken from the

middle portion of each leaf using a Hooker microtone. The

fresh Ie'af sections were then prepared by fixing in FAA,

stained wi.thto1uidene blue 0, dehydrated, and mounted with



TABLE 1

Location of Metrosideros varieties that were air layered

Site

Variety

nuda

polymorpha

incana

imbricata

newellii

macrophylla

glaberrima

Elevation (m)

2042

2012

1216

335

427

671

808

Location

200 m NW of parking lot at end

of Strip Road, Hawaii Volcanoes

National Park, Hawaii

Next to parking lot at end of

the Strip Road, Hawaii Volcanoes

National Park

Employee housing area, Hawaii

Volcanoes National Park, Hawaii

Along Saddle Road, Hawaii

Along Saddle Road, Hawaii

Along Saddle Road, Hawaii

Along Mauna Kapu-Palikea Ridge,

Oahu

Soil

Weathered pahoehoe lava

weathered pahoehoe lava

Volcanic ash

Pahoehoe lava

Pahoehoe lava

Pahoehoe lava

Red laterite
I-'....
o
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piccolyte on slides. Mea.surements wexe made from images pro

duced with a Visopan microprojector. S·tatistical analysis

was accomplished using a Hewett-Packard 65 computer, with

the following statistical programs: Stat l-OlA--mean, stan

dard deviation, and standard error; and Stat l-30A--t-statis

tic for 2 means.

RESULTS

PLANT SURVIVAL-- Many of the air layers planted in the

greenhouse did not survive the three years due to various

factors, i.e. air-cooler and sprinkler system malfunctions,

damping off fungi, and root disruption with pot rotation upon

the benches. The pUbescent-leaved varieties, polymorpha,

incana, and imbricata, seemed to be more prone to damping off

fungi (Rhizoctonia) than the faster growing, glabrous-leaved

rain forest varieties, newellii, macrophylla, and glaberrima.

The following number of air layers for each variety were

alive under greenhouse conditions after three years: 4 nuda,

5 polymorpha, 0 incana, 0 imbricata, 4 newellii, 3 macrophylla,

and 2 glaberrima. Most of the following analyses are limited

to the varieties nuda, polymorpha, newellii, and macrophylla.

GROWTH OF THE AIR LAYERS--Growth response differed

among the air layered varieties grown in the greenhouse.

Between 3 and 5 weeks after the air layers were pruned and

planted, new bud and flush growth appeared along the stems.

Pubescent-leaved varieties, i.e. polymorpha, incana, and
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imbricata, took a couple of weeks longer to .develop v~getative

buds and stem elo~gation than the glabrous-leaved varieties,

i.e. glaberrima, macrophylla, and newellii. This difference

in flush elongation periodicity wasev.ident again in subse

quent flush elongations with ·glabrous-leaved plants elongat

ing before pubescent-leaved p~ants.

The greenhouse plants normally produced new flush growth

from November to May. The normal sequence appeared to be one

or two intermittent flushes during the winter season, followed

by little or no leaf growth during the warm summer months.

Porter (1972) found that adult trees produced leaf flushes

at most times, with occasional peaks; however, any particular

branch flushed no more than one or two times per year. Since

the greenhouse plants grew on mist tables with automatic

spray, they received a similar amount of water throughout the

year. One might postulate that the unusually high summer

temperatures within the glass greenhouse may have served as

a growth deterrent to the plants, since occasional scorching

was evident on some plant leaves.

Those plants that became rooted onto the mist bench

grew taller in less time than their counterparts; however, if

these plants were moved causing the roots to break, the plant

suddenly died about four weeks later.

LEAF LENGTH -- T-test comparisons of mean leaf lengths

between the. greenhouse and field plants showed significant

differences (P=O.Ol) in two of the four varieties (Table 2).
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Coml'arimm of leaf morphoJof/Y III field and ~/reenhollse clones of fnur ~1,,'_r.£9!.l!~0~~ varieties from Mauna r.oa , lIawal,e
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polymorpha field" 21.110.81 21.911.01 5.8013.091 2.211.31 0.351to.001l1 1.0010.001 1.1o±0.611 J.46!0.501 very l'"hl'SCl'lIt
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varieties macrophylla and nuda had less vigorous air layers

and smaller average greenhouse leaf lengths than the field

plants. A T-test between the more vigorous greenhouse

varieties, polymorpha and newellii, whose roots had penetrated

the greenhouse bench, showed no significant differences

(P=O.Ol) between the field and, greenhouse plants. More plants

needed comparing to ascertain if differences in response were

genetic or environmental.

A T-test comparison of mean leaf length between the

varieties grown under one environment also showed significant

differences (P=O.Ol). Each variety, i.e. polymorpha, nuda,

macrophylla, and newellii, had mean leaf lengths that were

significantly different (P=O.Ol) when they grew in the green-

house together. This suggested that the phenotypes although

somewhat altered from field to greenhouse conditions, retained

their varietal distinctness when grown in one environment.
, ,

LEAF WIDTH--Lea£ width measurements between the green-

house and field plants showed similar differences as noted

for leaf length. Those varieties, i.e. polymorpha and newel

Iii, that had roots penetrating the greenhouse bench and

appeared more vigorous, had fewer differences in leaf width

between their respective field and greenhouse plants than

varieties nuda and macrophylla, which lacked the vigor and

roots penetrating the greenhouse bench. A T-test between

the field and greenhouse plants indicated that variety newellii

showed no significant difference, greenhouse plants of vari-
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ety polymorpha were significantly larger (P=O.05) than the

field plant, and greenhouse plants of varieties nuda and

rnacrophylla were significantly smaller (P=O.OI) than the

field plants.

A t-test comparison of mean leaf width between varieties

grown under one environment showed a significant differences

(P=O.Ol) between variety nuda and each of the other three

varieties when they were grown in the greenhouse together.

LEAF AREA - - Leaf area results were similar to those for

leaf length. Varieties macrophylla and nuda, which were not

vigorous, had significant differences (P=O.Ol) between the

greenhouse and field plants in leaf area. Both varieties

had mean leaf areas in.the greenhouse plants that were less

than the field plants (Table 2). The other two varieties,

polymorpha and newellii, did not show significant differences

(P=O.05) in mean leaf areas betwee~ the greenhouse and field

plants.

A t-test comparison of mean leaf area among the green

house representatives gave significant differences (P=O.Ol)

for all varieties. This suggested a distinctive leaf size

phenotype for each variety that was grown under greenhouse

conditions.

PETIOLE LENGTH - - Petiole differences between the green

house and field plants were significant (P=O.Ol) for three

of the four varieties, nuda, newellii, and macrophylla. Only

variety polymorpha showed no significant differences between
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the plants grown in two environments. All four varieties

had shorter average petiole lengths in the greenhouse plants

than in the field plants.

A t-test comparison of petiole length between varieties

grown in the greenhouse showed some significant differences

(P=O.Ol). Those varieties that were significantly different

were: nuda and macrophylla,_nuda and newellii, polymorpha

and macrophylla, and polymorpha and newellii.

LEAF THICKNESS -- Differences were apparent in mean leaf

thickness. These results were similar to those found in leaf

size, length, and width. Two varieties, nuda and macrophylla,

demonstrated significant differences (P=O.Ol) in mean leaf

thickness between the greenhouse and field plants. Varieties

polymorpha and newellii showed no significant mean leaf thick

ness difference between the field and greenhouse plants. (It

should be noted that the greenhouse had 70 p~rcent shade cloth

covering. )

A t-test comparison of mean leaf width between varieties

grown under one environment showed a significant difference

(P=O.Ol) between variety nuda and each of the other three

varieties when they grew in the greenhouse together.

LEAF BASE SHAPE - - Two varieties, nuda and macrophylla,

exhibited differences in mean leaf base shape between the

greenhouse and field plants which were significant (P=0.05).

The other two varieties, polymorpha and newellii, did not

have significant mean differences in leaf base shape.



117

Although two varieties showed some difference. in_their

means between the greenhouse and field plants, the author

felt that these differences were developmental characteris

tics that would disappear if the plants were grown for a

longer period of time and/or became more vigorous. Evidence

for this is presented later.

Average leaf base shape was similar in varieties ~

mOrpha and nuda. (Incidentally the trees were located with

in 200 m of each other in the field.) Varieties newellii

and macrophylla had average leaf base shapes that were dis

tinctly different from any of the other three varieties

tested.

LEAF APEX SHAPE-- All four varieties showed no signifi

cant difference between the greenhouse and field plants for

this characteristic. This suggested that the phenotype for

leaf apex shape was unaltered by the~e.environmental changes.

The mean leaf apex shape of the four varieties grown in

the greenhouse were significantly different from each other

using the t-test (P=O.OS).

WIDEST PORTION OF THE LEAF-- None of the varieties had

mean differences (P=O.OI) between the greenhouse and field

plants for this parameter; however, variety macrophylla was

significantly different (P=O.OS). This suggested that this

characteristic was not altered appreciably by the environ

mental differences studied herein.
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When all four varieties were grown in the greenhouse

for three years, variety newellii had a mean leaf width that

was significantly (P=O.Ol) different from the other three

varieties.

LEAF SHAPE--Leaf shape was described as the total of

the following three characteristics--leaf base shape, leaf

apex shape, and the widest portion of the leaf. Some varia

tion in leaf shape is illustrated in Figures 1 and 2, but

the differences are not great. Although several varieties

showed some mean average differences between the greenhouse

and field plants using a t-test for leaf base, apex, and/or

widest portion of the leaf, none of these were highly signif-

icant (P=O.Ol). This suggested that leaf shape was a more

stable characteristic that was modified less by these environ-

mental conditions than leaf size, thickness, and petiole

length (Table 2).

Differences in leaf shapes of the four varieties grown

together for three years were apparent (Figures land 2).

Sometimes the apex or basal leaf portions were most distinc-

tive; however, when the total shape of the leaf was observed

they were distinguished as belonging to a particular variety.

The following anatomical characteristics reflected the

leaf thickness measurements, since they were a portion of

the leaf cross section.

UPPER CUTICLE THICKNESS--In all varieties the field

plants had greater mean upper cuticle thicknesses than the
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greenhouse plants (Table 3). These differences were signifi

cant (P=O.Ol) using the t-test.

UPPER EPIDERMIS THICKNESS--Although leaves of all four

field plants had thicker upper epidermal layers than the

greenhouse plants, only variety nuda had a mean difference

that was significantly different (P=O.Ol) using at-test.

HYPODERMIS THICKNESS--Three of the four varieties had

thicker leaf hypodermal layers in the field plants than the

greenhouse plants; however, only two varieties, polymorpha

and nuda, had mean differences that were significant (P=O.OS)

using at-test.

AVERAGE NUMBER OF CELL LAYERS IN THE HYPODERMIS--Except

in variety macrophylla, there was a greater mean number of

cell layers in the hypodermis in the field plants than in

the greenhouse plants. Two of these varieties, polymorpha

and ~, had differences between the field and .greenholls.e

plants that were significant (P=O.OS) using the t-test.

MESOPHYLL THICKNESS -- All four varieties showed signi

ficant differences between the greenhouse and field plants in

mean leaf mesophyll thickness (P=O.OS). Three of the four

varieties (nuda, newellii, and macrophylla) had a greater

mean leaf mesophyll thickness in the field plants than in

the greenhouse air layers; however, variety polYmorpha il

lustrated the reverse trend.

AVERAGE NUMBER OF CELL LAYERS IN THE MESOPHYLL--The

average number of cell layers that composed the mesophyll



TABLE 3

Comparison of leaf anatomyain field and greenhouse plants of four Metrosideros varieties from Mauna Loa, Hawaii
b
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lIypodeI"lIIis thickness - no. of cell layers field

Lea f characteristic

Upper cuticle thickness (11m)

Upper epidermis thickness (11m)

Hypodermis thickness (JIm)

Mesophyll thickness (11m)

Mesophyll thickness - no. of cell layers

Lower epidermis thickness {JIm)

Lower cuticle thickness {JUII)

Plant
location

Held

greenhouse

field

greenhouse

field

greenhouse

greenhouse

fielu

greenhouse

field

greenhouse

field

greenhouse

field

greenhouse

polylllorpha nuda newellii macrophylla

14.12:!:2. 9 61 IS. n±1. 421 9.16±l.Sll 1. 42±). 241
** ** ** Ir*

6.24"!:0.59 7.04"!;:l.64 5. 24"!;:l.41 4 .12t O. 9 3

13. M"!:1. 741 15. 76±l. 3CI 11.06±1. 491 11. 4S±1.141
ns ** ns ns
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102.2O:!:7.441* + 62.68±9.221 19.64±13. 71 110S.60:18.S61*
ns ns

91.56.!:6.97 82.16-1S.70 65.24±8.45 69.72±10.23

2.56!0. 261* + 2. 36:!:0. J61 2.36:!:0.2412.68-0.20I
** ns flS

2. 25±O. 17 2.27±O.14 2.30±0.21 2.30:!:0.31

221.08!:13. 27 1 281.04±15.5U I 259.20:!:18.2]I 292.04±28· 11 1.* ** •• •
252.80±17.17 244.48±21.85 228.4S:!:20.03 257.80:!:21.61

9.29"t0.47I
.J-

lO.62±0. 5 41 l1.51~0.551*11.l0-0. 37 1
ns ** **

9.00±0.54 10.26±0.45 9.U±0.S2 10.56-0.92

10.44t o. 9 7 1 12. 56±l. 561 11. 72± 1. 40 1 12.16±0. 591
** liS ns **

9.16±0.70 1l.16±1.13 1l.32±0.87 9. 4B±0. 80

5. 24tO. 871
+ I 5 .16±0. 521 5.00;11. 0 0 17.44-1.16

** *:11 ** **
3. 44:!:1. 16 3.68:!0.87 3. 32.t1. 09 2.20:!:0.27
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'fABLE 3 (eontinued) Compari~on of leaf anatomya in field and greenhouse plants of four Metrosideros varieties
from Mauna Loa, lIawaiib

Plant
Leaf characteristic location polymorpha nuda newelli i macrophylla

No. leaf secretory structures per field l7.S9±3. 2 81 18.06±3.76 1 lS.66±2.881 17.25±2. 4 31
ns

22. 65±4. 41 *
n~ ns

1 nun2 of cross section greenhouse 17.39tS.05 13. 59±3. 49 IS. 4l±2. 82

No. petiole secretory structures field 3oS4 i 1. 46 I 5.l5±O.97! 2.19!O.67I 2.70±O.66!
ns ns ns ns

per 1 nun2 of cross section greenhouse J. 25±1. 21 4.05±l.l9 1.64±O.63 2. 4l±O. 71

a Number of leaves sampled for each mean and standard deviatioll is eight

b Results of t-test for difference of field and greenhouse plant means are beside vertical lines: ns = no

significant difference between the means: * = siCJnificant difference between the means (P=O.05): ** = significant

difference between the means (P=O.Ol)
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for all varieties was lower in the greenhouse than the field

plants; however, only varieties ~, newellii, and macro-

phylla had significant differences (P=O.OS) using the t-test.

LOWER EPIDERMIS THICKNEss--The greenhouse plants of

all varieties had thinner lower leaf epidermises than the

field plants. However, only two of the varieties, polymorpha

and newellii, had differences that were significant (P=O.Ol)

using at-test.

LOWER CUTICLE THICKNESS--In all varieties there was a

significant (P=O.Ol) mean difference of the thickness in the

lower cuticle between the field and greenhouse plants. The

greenhouse plants had leaves whose average lower cuticle

thickness was consistently thinner than the field plants.

DEVELOPMENTAL DIFFERENCES IN LEAF CHARACTERISTICS-~There. '.

were changes in leaf size, shape, and pubescence as new

flushes were produced on newly planted and pruned greenhouse

air layers. Although measurements were not recorded among

the subsequent flushes on a branch, the differences were

apparent and should be mentioned to illustrate the importance

of time on development. Several consistent trends noted

are discussed.

When the air layers were planted in the greenhouse they

were pruned so that the new leaf flushes arose from mature

sturdy stems having secondary tissues. Varieties that had

glabrous leaves, i.e. glaberrima, macrophylla, and newellii,

initiated bud development and flush elongation about two
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weeks earlier than the pubescent varieties, i.e. polymorpha,

incana, and imbricata. The flowering response may also have

been slightly delayed in the pubescent varieties.

The first flushes to emerge from the stems may be best

defined as watershoots. The leaves on all varieties were

small, glabrous, and had cordate bases. Later flushes aris

ing from the first flush began to resemble the leaves from

the field trees. Leaf pubescence, leaf shape, and size in

these succeeding flushes became more like the field plants.

By the second or third flush, leaf characteristics, such as

leaf pubescence and shape, were similar enough to the field

plants that they appeared to belong to the same variety. How

ever, if the greenhouse air layer was not vigorous, the leaf

size remained small.

In the field, tree trunks up to 8 em diameter were sawed

off and observed for subsequent flush development. These

trees also had a similar sequence of water shoot development

as the pruned greenhouse air layers, where the first leaves

produced were small and glabrous with cordate bases. Subse

quent flushes retained these characteristics until the length

of the water shoot began to approximate the length of the

branch that was pruned from the tree. These results suggest

ed a juvenile form that developed into a mature form over

time. Similar results were also apparent when half-ripe stem

cuttings from different aged trees were rooted (Appendix B) •

Greater success in rooting of the stem cuttings was obtained

when seedlings were used.
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DISCUSSION

Metrosideros leaf morphology and anatomy can be modi

fied by the environment to varying degrees depending upon

the stimulus and leaf characteristic. Measurements of

mature leaves from field and greenhouse plants of four

varieties of Metrosideros demonstrate a plasticity of pheno

typic expression that is often significantly different as

revealed by the t-test. However, not all the varieties show

significant changes for anyone particular leaf characteris

tic. For example, two of the four varieties, nuda and macro

phylla, show significant differences in leaf length, leaf

area, and leaf thickness between field and greenhouse plants.

Three of four varieties have significant differences in leaf

width and petiole length (Table 2) •.

Changes in leaf thickness are also reflected in the

thickness of cell layers and tissues within the leaf. The

most pronounced differences are found in the upper and lower

cuticles and mesophyll. In greenhouse versus field represent

atives both the upper and lower cuticles have significant

differences (P=O.Ol) in the four varieties tested. Other

parts of the leaf are "also affected, but not consistently.

The following percentages are the number of varieties compared

to a total of four varieties that have significant changes in

leaf characteristics between the field and greenhouse plants:

upper epidermis thickness 25%, hypodermis thickness 50%,

number of cell layers in the hypodermis 50%, mesophyll thick-
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ness 100%, number of cell layers in the mesophyll 75%, lower

epidermis thickness 50%, and lower cuticle 100%.

These results indicate that the field and greenhouse

plants consistently have mean differences in their leaf

cuticles and mesophyll thicknesses, whereas other anatomical

characteristics examined were not always different.

External leaf differences between field and greenhouse

plants show mixed results. Those characteristics that are

least modified by environmental changes are leaf shape and

pubescence, while other characteristics, including leaf

length, width, area, thickness, petiole length, and cuticu

lar and mesophyll thickness, are more subject to environment

al modifications. From one to three varieties show signifi

cant mean differences in leaf length, width, area, thickness,

and petiole length using the t-test between field and green

house plants. Leaf shape appears to be a stable characteris

tic that is less modified by the environment. Although some

change in leaf base shape takes place in two of the four va

rieties, this change seems to be related to developmental

differences that may be associated to a juvenility factor.

If these greenhouse plants had been more vigorous, possibly

no differences in leaf shape between the field and greenhouse

plants would have been found. Pubescence appears to be a

relatively stable characteristic of the mature leaves. Vari

eties that have mature glabrous leaves under field conditions,

retain this feature under greenhouse conditions. Likewise,
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pubescent-leaved varieties retain this characteristic under

both environments. Although under greenhouse conditions the

leaf pubescence does not appear to be as dense and the

individual trichomes do not appear as long as on the field

plants, the presence and absence of the characteristic in

mature leaves remains constant in each variety.

Since the greenhouse plants were grown under 70% shade

(Saran) cloth, shading may account for many of the leaf

differences between field and greenhouse plants. The effects

of shading have been discussed by several authors. Wylie

(1949) noted the differences in maple leaf size when leaf

positions were analyzed on a single tree. Those leaves grow

ing in deep shade were larger in size than leaves grown in

direct sunlight. Hiesey, Nobs, and Bjorkman (1971) discussed

differences in leaf and tissue thickness among Mimulus clones

growing under high, medium, and low light intensities. Plants

subject to high light intensities had thicker leaves and

tissues, while plants grown under low light intensities had

thin leaves with similar anatomical changes. I found no

significant difference in leaf size from two Metrosideros

trees when leaves from the north, south, east, west, and

center of these trees were compared; however, I observed that

leaves from the center of these trees were not in deep shade

since the trees were shaped like open umbrellas. These re

sults suggest that Metrosideros leaves may be affected by

shading like other plant species, although direct.evidence is

lacking.
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Leaf pubescence is absent in young seedlings and new

watershoots, but appears in later flushes of pubescent-leaved

varieties. Leaf shape and pubescence can be modified by heavy

pruning activities where water shoot formation is induced.

New leaves arising from these thick stems often lose the

adult leaf characteristics until the branch grows longer.

This feature is also seen when half-ripe cuttings are propa

gated from young and old plants (Appendix B).

A second feature that is examined in this chapter is

whether or not the varieties retain their distinctiveness

when they are introduced into one greenhouse environment.

Each variety when grown as an air layer in the greenhouse

retains its distinct overall appearance. Mean leaf charac

teristics of length, area, shape, and pubescence remain-,dis

tinctive in each of the four varieties, while other charac

teristics did not. These results suggest that,these varieties

have genetic characteristics, which are modified to varying

degrees by environmental changes.

CONCLUSIONS

Phenotypic differentiation among the various leaf char

acteristics is modified to various degrees by environmental

change, but underlying these phenotypic differences there is

a genetic component that retains its identity when four vari

eties are grown under one greenhouse environment. Leaf pu

bescence and shape, seem to be least affected by this environ-
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mental change,' while leaf length, width, area, thickness,

petiole length, mesophyll thickness and cuticular thickness,

have a greater amount of change. These conclusions are based

upon adult leaves of clones from four distinct Metrosideros

varieties. An apparent juvenility factor is expressed in

young watershoots, that may affect leaf shape and pubescence

when branches are pruned severely.
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CHAPTER 4

FROST RESISTANCE IN METROSIDEROS SEEDLINGS

ABSTRACT

Seeds were collected from five elevations (61, 457,

1067, 2287, and 2530 m) on Mauna Loa, Hawaii, germinated,

and grown in one environment in a greenhouse at 35 m eleva

tion for 30 months before the seedlings were hardened off

and subjected to cold treatments of -20°, -3°, and +6°C.

The amount of leaf kill from cold treatments was measured

utilizi~g two methods--ninhydrin and enzymatic leakage.

Plant mortalities were also tabulated two months later.

Two trends were obtained using these methods. One was

that cold temperatures resulted in greater leaf and plant

damage. The second was that seedlings derived from seed

stock collected above frost line showed. greater frost resis

tance than those collected at lower elevations. A small

proportion of seedlings from low elevations exhibited frost

tolerance, even tho~gh their native environment was frost

free.

The enzymatic leakage test was easier, quicker, and

involved fewer calculations than the amino acid test.
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INTRODUCTION

In the Hawaiian Islands a native tree (Metrosideros sp.)

grows in a wide range of climatic and edaphic habitats.

Although it is absent in drier habitats that receive annual

rainfalls of less than 80 em, it is commonly found in higher

rainfall areas, which have not been greatly disturbed by

human activities. Often it occurs in large numbers and forms

an integral part of the biota as the only tree species.

Metrosideros is extremely variable in appearance with

certain vegetative characteristics exhibiting a c1inal pat

tern of variation along an altitudinal gradient. On the

south slope of Mauna Loa, Hawaii, M. po1ymorpha Gaud. of the

family Myrtaceae grows from sea level to timberline (2530 m).

Annual average temperatures on this mountain range from 23.4°C

at sea level to 5.9~ at 3353 m elevation. Frost occurs

many nights of the year at 2100 m elevation (U. S. Dept. of

Commerce 1974, 1975). Although the lower altitudinal limit

of frost normally occurs between 1370 and 1680 m elevation,

it occasionally occurs at 1220 m. Fosberg (personal communi

cation) reported an abnormally low elevation frost kill of

Metrosideros trees at 1158 m Puhimau Crater along the Chain

of-Craters Road in December, 1969.

Frost resistance tests on Metrosideros utilizing the

ninhydrin test on leaves from branches of several trees at

2438 and 1220 m elevation on Mauna Loa revealed a somewhat

higher frost resistance among individuals growing at the
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higher elevation (Mueller-Dombois, Spatz, and Cooray, 1972).

They were unable to ascertain if the cold adaptation was

caused by plant preconditioning or ecological adaptation.

Mueller-Dombois (personal communication) urged me to repeat

this experiment utilizing the ninhydrin test on seedlings

that had not been exposed to cold temperatures. Siegel

(personal communication) also suggested a second test utiliz

ing starch agar and IKI to test for enzymatic cell leakage.

In December 1971-January 1972 these two tests were conducted

on seedlings that had not been previously subjected to cold

temperatures and had been raised in a common environment at

35 m elevation. The objectives were to determine (1) if

frost resistance occurs in Metrosideros seedlings that have

never been exposed to frost, and (2) if frost resistance

increases with increased elevation of the seed source.

MATERIALS AND METHODS

Seeds were collected from plants growing at 61, 457,

1067, 2287, and 2530 m elevation on the south flank of Mauna

Loa, Hawaii, and sown in 10 cm diameter pots. The resulting

seedlings were grown for 2-1/2 years in a greenhouse at the

University of Hawaii (Manoa) at 35 m elevation. When these

seedlings were used for frost resistance trials, there were

between 1 and 5 seedlings from 15 to 50 em tall per pot. The

number of replicate seedlings depended on the availability

of the seedlings. At least three seedlings were used in most

tests.
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Controls were kept in the greenhouse while the other

seedlings were placed in growth chambers with GO foot-candle

continuous light, for 10 days each at laoe and then Goe to

harden-off the plants. Then one-half of the seedlings sub

jected to Goe for 10 days were rotated between Goe days and

-3°C nights for 10 consecutive days before being returned to

Goe, laoe, and finally back to the greenhouse. The second

set of seedlings were kept at Goe for 30 days duration, be

fore being placed 10 days in 18°C, and then back to the

greenhouse. While the two sets of seedlings were being sub

jected to either -3°C or Goe, mature leaves were periodically

removed for amino acid and enzymatic leakage tests. A treat

ment of -20°C was obtained by picking leaves at random from

Goe plants and placing them overnight in a freezer at -20°C.

Two months after the seedlings were returned to the green

house, survival rates were tabulated.

Ninhydrin tests follow the procedure used by Mueller

Dombois, et al. (1972). Three leaf disks 0.5 cm in diameter

were placed into each test tube after washing them in tap

water. Each test tube had 1 ml of distilled water added and

allowed to sit for 14 hours. The leaf disks were removed and

1 ml of ninhydrin-buffer reagent was added to each test tube,

and heated for 15 min in a boiling water bath. Each test

tube was then cooled and diluted to a ml with 50% V/V ethanol

in water. The optical densities of the samples and distilled

water blanks were measured in a Beckman spectrophotometer
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at 570 nm. Each treatment consisted of three test tube

replicas with the results measured as the average of each

treatment replica. Treatments consisted of five elevation

sources at five temperatures: -20°C, -3°C, +6°C, 100°C, and

greenhouse conditions (23°C).

The enzyme leakage test gave a positive stain for two

enzymes--starch amylase and alpha D-glucose-l-phosphate

phosphatase (Siegel, 1952). Three replicate 0.5 cm leaf

disks were selected from each of four temperature treatments,

washed, and placed onto 1% starch agar petri dishes incubated

at 22°C. Eighteen hours later the plates were flooded brief

ly with IKI and the distance of the enzymatic activity mea

sured through agar coloration change. The results were the

average of each treatment. Four treatments used the same

temperatures as the ninhydrin tests. They were the green

house control (23°C), 6°e, -3°e, and -20 oe. The first set

of data utilized leaves that were collected the fourth day

after the start of the recorded temperature treatment. In

a second set of data leaves at -3°e were collected at one and

four days after the start of that temperature treatment, then

again five days after the plants were returned to 6°e (or 15

days after the beginning of the -3°C treatments).

RESULTS

Red pigmentation became pronounced in the leaves and

petioles of plants subjected to low temperature conditions.
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Within ten days after the plants were placed in l8°e, many

of the plants displayed a pronounced reddish coloration in

the green leaves and petioles, with some plants becoming

semi-deciduous. These changes were most noticeable in seed

lings whose seed came from low elevations, but was also seen

in plants from high elevation seed sources.

Within two days after the seedlings were introduced into

frosty night conditions, low elevation seed source material

generally exhibited greater visual cold damage than high ele

vation seed source plants. Each ensuing day of this ten

night frost period the damaged leaves appeared to be in worse

condition. Some leaves exhibited a mottled green color that

looked similar to a patchwork quilt, while others appeared

glossy or icy. Evidently, cell sap leaked out upon the upper

cuticle and froze, which caused the leaves to have an icy

appearance. Similar damage was also seen in h~gh elevation

seed stock. Throughout the cold treatments one plant, which

originated from 61 m elevation, did not exhibit noticeable

cold damage. Little to no icing of the leaves, leaf loss,

or coloration change was evident in this plant.

Ninhydrin tests were run on leaves exposed to different

cold treatments. The mean of three optical density readings

was calculated after correcting for variations in leaf disc

weight per sample (Table 1). In general, each elevational

seed source had greater leaf amino acid leakage with lower

temperature conditions. Exceptions to this were the four



TABLE 1

Mean optical density (OD) at 570 nm of Metrosideros leaf samples. A Beckman spectro
photometer was used to measure the amount of light that passed through a solution in
which leaf disks were soaked. High mean values for a temperature treatment indicated
high pigment leakage. The mean optical density readings were calculated as percent

leaf kill in Table 2.

Elevation of Seed Source
Temperature

°C 61 457 1067 2287 2530

+100 .339±.054 .459±.107 .573±.095 .622±.064 .537±.037

-20 .332±.035 .326±.137 .377±.160 .373±.040 .381±.024

-3 .240±.034 .260±.056 .275±.040 .194±.037 .172±.015

+6 .200±.026 .240±.044 .192±.044 .195±.015 .169±.018

+23 .208±.047 .216±.028 .203±.039 .206±.072 .171±.027

t-'
W
00
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room temperature treatments that had slightly higher optical

densities than the 6°e treatments. The percent tissue kill

for each treatment was calculated by the following formula:

% kill = OD treatment - OD at room temperature' .
OD boil treatment - OD at room temperature X 100

Plants from seed sources of 61, 457, and 1067 m elevation

showed some leaf kill at -3°e while those from 2287 and 2530

m showed none (Table 2). A severe freeze of -20 oe caused

leaves from all seed sources to leak, although leaves from

the lowest elevation seed source had the most damage.

Enzyme leakage tests on 0.5 cm leaf disks utilizing

one percent starch agar and IKI gave results similar to the

ninhydrin tests. Of the two methods the enzyme leakage was

faster and easier to run. Three measurements for each treat-

ment were taken to derive the means (Figure 1). More leak~ge

occurred in leaves exposed to cold temperatures than warm

temperatures for each elevation group tried.' Also plants'

whose seed source came from elevations above frost line had

less enzymatic leakage under freezing temperature conditions

(-3°e and ~200e) than those from below frost line. Although

leakage was demonstrated at 6°e and -3°e for leaves from

initial seed sources of 61, 457, and 1067 m elevation, no

leakage was observed in leaves from 2195 and 2500 m.

In a second set of data enzyme leakage tests were per-

formed on leaves at 1, 5, and 15 days after the start of the

-3°e cold treatment (Figure 2). Altho~gh no leak~ge was

recorded for seed sources above frost line, leak~ge was evi-
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TABLE 2

Percent leaf kill of Metrosideros from various temperature
treatments when using the ninhydrin method

Temperature Elevation of Seed Source m

°C 61 457 1067 2287 2530

+100 100 100 100 100 100

-20 95 45 47 40 57

-3 24 18 19 0 0

+6 0 10 a 0 0

+23 0 0 a 0 0
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dent below frost line on leaves after one night of frost.

More leakage was apparent after four days of night frosts,

with some leakage still evident five days after the frost

treatments ended.

Two months after the plants were reintroduced into the

greenhouse the percent plant mortalities were tabulated for

each temperature treatment (Table 3). Much greater plant

mortality was found in those plants subjected to cold and

freezing temperatures whose seed source was initially from

low elevations. Likewise, the lowest amount of seedling

mortality was from seed sources from above frost line.

DISCUSSION

Cold damage to Metrosideros seedlings is evident in

several forms: an icy appearance of the adaxial leaf surface

under freezing conditions, a mottled green leaf and/or in

creased red pigmentation with cool temperatures and increased

leaf abscission. Increased anthocyanin may be a stress

reaction associated with pH change and starch breakdown into

trans locatable sugars •.

In each of these experiments--ninhydrin-amino acid leak

age, starch-IKI-enzyme leakage, and plant mortalities--two

trends are substantiated. One is, the colder the temperature,

the greater the leaf and plant damage. The second is that

seedlings derived from seed stock collected above frost line

show greater frost resistance than those from lower eleva

tions.
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TABLE 3

Metrosideros plant mortalities (percent) after temperature
treatments. Total number of plants used in each treatment

are in parentheses.

Elevation of Seed Source m
Temperature

0C 61

-3 74(19)

+6 36 (11)

+23 0(5)

457

94(16)

100(1)

0(1)

1067

72(21)

25(4)

0(4 )

2287

20(29)

0(3)

20(10)

2530

0(11)

50(4)

0(3)
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Frost resistance is a physiological characteristic that is

present to a greater degree in some plants than others.

These results demonstrate that a greater number of seedlings

derived from high elevation seed sources withstand frost

better than those from lower elevations. Although it may be

argued that some frost preconditioning of the seeds occurred

during their development on the mother plant, some frost

resistance is present in seed at low elevations where no frost

preconditioning is present. These data substantiate the

hypothesis that frost resistance is inherited. Although

frost resistance is required at high elevations where frost

occurs frequently, this characteristic is evident also in

some plants at low elevations where freezing conditions do

not occur. Several explanations for this can be suggested.

(1) Frost resistance in plants at low elevations may be a

residual effect from previous ice ages, when the frost line

was lower on the mountain. However, during the last ice age

data from the Pacific region suggests that the annual temper

ature was lowered about 6°e (Briggs, 1966), which probably

was not great enough to cause freezing conditions at sea

level. This suggests this explanation could only be partially

responsible for frost tolerance lower upon the mountainside.

(2) Gene flow (i.e. pollen and/or seed dispersal) is active

up and down the mountain. (3) Frost resistance is selected

for above frost line, and tolerated in plants below frost

line.
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A minority of plants from low elevations have a frost

resistance capability in spite of no positive selection

pressure for this characteristic. It would be interesting

to explore first generation field plants and their progeny

from near sea level to see if there is a change in survival

ratio for cold adaptation from one generation to the next.

A change in the two generations could reflect if frost tol

erance is inherited in certain genetic ratios and demonstrate

if selection against frost tolerance is active at low eleva

tions.

In summary, all three experiments demonstrate the

capability of the seedlings to survive freezing conditions.

The higher the elevation of the seed source the greater the

seedling's frost tolerance. These facts appear to implicate

a genetic factor rather than a pre-conditioning response,

since none of the seedlings were previously exposed to low

temperatures.

The enzyme leakage test is quicker, easier and involves

fewer calculations than the amino acid test.
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CHAPTER 5

POLLINATION AND HYBRIDIZATION OF HAWAIIAN METROSIDEROS

ABSTRACT

Conspicuous flowers are produced in inflorescences on

the terminal branches of Hawaiian Metrosideros. The flowers

are open and unspecialized producing conspicuous stamens,

that are usually red in color. Sticky pollen and nectar

attract a variety of introduced and native birds and insects.

Birds forage from tree to tree carrying the pollen on their

feathers near their beaks. Experimental hybridizations

among varieties growing on Mauna Loa, Hawaii, yield viable

seed and progeny. Some unsuccessful hybridizations need

to be repeated to ascertain if incompatibility barriers are

common. One notable successful hybridization includes a

cross between plants from the Marquesas and Hawaiian Islands.



149

INTRODUCTION

The genus Metrosideros (Myrtaceae) occurs naturally on

many of the high islands of the Pacific Ocean. The largest

number of species occur in New Zealand, with one widespread

species, M. collina, occurring eastward from the Kermadec

Islands to Tahiti and as far north as the Hawaiian Islands

(Rock, 1917). This species is highly variable in the eastern

portion of its range, and reaches its greatest variability

in the Hawaiian Islands (Smith, 1973). Recently St. John

(1979) formally established plants that belonged to this

species in Hawaii as !:!. polymorpha Gaud.

The Hawaiian plants can be described as a polymorphic

complex (Corn and Hiesey, 1972), where ecotypic formation

appears to be developing in altitudinal populations. Al

though the reasons for this variability are not entirely

understood, some clues to understan~ing its variability may

be found through the exploration of factors that influence

its reproductive biology.

Various organisms reportedly visit Metrosideros flowers

in New Zealand. Thomson (1880, 1925) recorded that a beetle,

Apion metrosideros, confined itself almost exclusively to

M. tomentosa. Also birds, such as the tui and honey-birds,

visited M. lucida for the honey. Flowers of various species

of Metrosideros were also visited by the bell-bird, Anthornia

melanura, and various lepidoptera, including moths.
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In Hawaii, Perkins (1903) stated that numerous bees

peculiar to the islands and various birds of the endemic

drepanididae visited the flowers of Metrosideros. The native

birds included the riiwi (Vestiaria coccinea), 'akialoa

(Hemignathus procerus), 'apapane (Himatione sanguinea), and

ramakihi (Loxops virens). Similar observations have been

made by Baldwin (1953) and Carpenter (1976).

Baldwin (1953) reported that the blooming of Metrosideros

progresses up the slopes of Mauna Loa, Hawaii, starting in

April and May near sea level, with a delay of approximately

a month at higher elevations. Those plants growing above

frost line showed less seasonality in their blooming cycle

and flowered irregularly throughout the year (Porter, 1972).

Data also suggested that trees growing in habitats that have

seasonal droughts bloomed more than those without drought.

Carpenter (1976) stated that a partial self-incompati

bility system was present in red-flowering Metrosideros that

grow on the south flank of Mauna Loa. She presented evidence

that birds, honeybees, and native bees were affecting the

amount of seed set on these plants. Two yellow flowering

trees in the experimental site, however, were self-co~patible.

The chromosome number for New Zealand Metrosideros was

reported as n = 11 (Mousel, 1965). The same base number was

reported of Hawaiian Metrosideros by Niimoto (1950), Skotts

berg (1953), and Carr (1978); however, Skottsberg also report

ed approximate numbers of n = 12 and 13 in M. polymorpha
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varieties incana and glabrifolia from the island of Hawaii.

The following paper. gives ·some ·experimental evidence

and observations on the reproductive mechanisms that influ

ence the evolution of Hawaiian Metrosideros. Most field work

was conducted during June and JUly, 1971-72, on Mauna Loa,

Hawaii, although the progeny rearing and some additional

observations are continuing.

METHODS

Birds were sampled to see if they were carrying Metro

sideros pollen on their feathers. This was done by catching

them in mist nets that were set at 2 and 4 m from the ground.

The nets were placed in three locations--2020 m elevation in

a kipuka of Acacia koa and Metrosideros trees near the Mauna

Loa Trail, 1220 m elevation in a Metrosideros forest within

the residential area of Hawaii Volcanoes National Park, and

1585 m elevation in Kilauea Forest Reserve. The ·birds were

sampled by placing a piece of scotch tape across the feathers

above the bill, then placing the scotch tape sticky side up

on a microscope slide, and examining the slides for pollen

grains with a light microscope. Additional slides with scotch

tape and vaseline were placed on the. ground around and under

blooming Metrosideros trees for four nights and days and then

examined with a microscope for Metrosideros pollen.

Nectar samples from flowers were gathered using capil

lary tubes at 6 AM and 6 PM for seven days to obtain phen-
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ological data on nectar production. Some flowers were

enclosed in plastic bags, while 'others were not. Nectar

concentrations were measured usi~g a hand-held refractometer.

Experimental field hybridizations were undertaken by

removing all but 5 to 7 buds in an inflorescence and emas

culating the remaining buds. A wire frame was erected

around the prepared inflorescence, which was covered by an

organdy bag, so that the bag did not touch the elongating

styles during windy weather. The bag was secured by cotton

and string at its base to prevent ants and other insects

from crawling into the bag. Some of the prepared bags with

emasculated flowers served as controls which were not cross

ed. Other bagged inflorescences were crossed with pollen

from selected plants approximately ten days after emascula

tion. These bags were again secured around the pollinated

flowers and labelled. Approximately 4 to 7 months later when

the capsules were mature, the labelled bags and capsules were

clipped off the female parent plant and brought into the

laboratory for analysis.

Each bag containing mature capsules was air-dried until

the capsules opened. One hundred seeds from each cross were

placed into petri dishes, given light and water for germina

tion trials. After one month the percent seed germination

for each cross was tallied. The seedlings were then planted

into soil and grown.
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Chromosome counts were made from root tips and micro

sporocytes of M. polymorpha var. polymorpha from the islands

of Hawaii and Oahu, and M.tremuloides from Oahu. The cell

squashes were prepared utilizing an aceto-orcein stain.

Amino acid content in the nectar was analyzed by a stain

reaction technique that indicated the amount of histidine

present in the sample (Baker, 1973a).

RESULTS AND DISCUSSION

FLOWER MORPHOLOGY--Flowers may vary in color from deep

red, to salmon red, orange, yellow, and very rarely white.

Flowers are conspicuous because they occur in inflorescences

on the terminal branches. They have small petals with numer

ous, protruding stamens which are the showiest portion of the

flower. The flowers open with the modified floral cup facing

upward, which allows the nectar to be retained within the

cup. The height of the stamens in rela'tion 'to the style .

varies. Also, as one views the flower from above, the space

between the row of stamens and the central style is variable.

The inflorescence is composed of a flower cluster that

may vary in number from several to about 30, but normally

has between 18 and 24 flowers. Although red-flowering trees

commonly bloom between March and July, yellow-flowering trees

on the south and east flanks of Mauna Loa often bloom from

July to September. Glabrous-leaved varieties may bloom

several weeks to a month earlier than the pubescent-leaved
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varieties in the same location, altho~gh there is an overlap

in their blooming period (Porter 1972, 1973).

Floral development is described by Carpenter (1976):

"Buds in a given inflorescnece may open within a
few days of each other, or may open sequentially
such that an inflorescence can produce fresh
flowers spanning an much as a 40-day period
(Baldwin, 1953). The style and stamens of a bud
are tightly folded together into a whor11 a bud
first opens by extending the style. Within a few
hours the stamens begin to unfold ••••At the end of
the flower's life, the stamens (and petals) begin
to shed, eventually leaving only the style •••• The
mean duration of single flowers in three inflores
cences •••• is about 6 days long."

The receptive period of the stigma may vary from 1 to

2 days after the stamens begin to exert (Carpenter, 1976)

to several days after the anthers begin to dehisce (Corn,

1972a). Within an inflorescence it is common to have flowers

in all stages of the blooming cycle.

NECTAR PRODUCTION--Nectar production begins as the

petals and stamens unfold, and is. 'greates't when. anthers begin

to dehisce. It ceases usually 5 to 7 days later, after the

stamens and petals have fallen (Figure 1). Carpenter states

that approximately three times more nectar is produced during

the day than at night, while Corn reports approximately the

same amount of nectar being produced during the day and night.

These conflicting reports may be caused by factors, such as

inherent genetic differences among trees1 environmental dif-

ferences, i.e. soils, pOllinators, day length, wind, and

evaporation1 and methodological differences, i.e. sampli~g

time when compared to day-length, and porosity of bag, which
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Figure 1. Average nectar production per flower for three
trees at 1200 m elevation, Hawaii Volcanoes
National Park. Note the increase of nectar
production as the stamens emerge from the bud
and reach maximal production at anthesis.
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serves to minimize changes in wind and humidity around the

flowers and eliminate pollinators. The conflicting results

might be resolved by additional studies.

Nectar concentration varied depending upon climatic

conditions. At two localities--one a windy, dry site and

the other a wet, closed forest site--the percent of solids

in the nectar varied from more than 60% to 12%, respectively.

Several inflorescences were bagged on several trees at both

sites with plastic bags overnight to ascertain if these

differences were genetic or environmentally induced. The

results on all trees the next morning l2!3% sugar (solids)

within the nectar. Therefore, it appeared that the nectar

contained approximately 12% sugar when it was produced within

the flower under conditions of 100% humidity. If the humid

ity was low, or the temperature increased, or the wind cir

culated across the open, floral cup, the liquid apparently

evaporated causing the percent of sugar to increase.

When a plastic bag was kept over a flower for more than

one day, nectar filled and overflowed the cup. However, un

der usual field conditions, the cup only overflowed with

nectar when rain diluted it. There seemed to be a balance

among nectar production, evaporation, and animal visitation

rates that resulted in mimirnal energy wastage by the plant.

Amino acid content in the nectar was assayed with the

help of Kenneth Baker (research biologist, Hawaii Volcanoes

National Park) on several plants using a histidine colorimet-
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ric test. The nectar content was low with little to no

blue coloration for 4 flowers from 4 different trees. This

suggested that the amino acid content of the nectar was too

low for birds to survive without supplementing their diets

with insects or other nectars (Baker, 1973b).

Flowers from different trees at one site produced

variable amounts of nectar (Figure 1). The largest amounts

of nectar were obtained from one plant, that happened to'

be a different variety (macrophylla). These flowers had

floral cups that were larger in size, than those from other

trees in the vicinity, which were varieties incana and poly

morpha. Although the sample size was small these data could

suggest that larger, glabrous-leaved varieties which commonly

occur in rainforest areas, produced more nectar per flower

and had correspondingly larger floral cups than the smaller,

pubescent-leaved varieties, which occurred most frequently

in seasonally dry districts. Since the pubescent-leaved

varieties appeared to have more flowers per square meter in

dry sites than the glabrous-leaved varieties in the wet site,

it would be interesting to compare the amounts of nectar

produced at the two sites to ascertain if the calorie reward

was similar.

POLLEN--Pollen viability as determined by cotton blue

stain for cytoplasm was greater than 95% for six of seven

plants tested. The seventh plant, which was tested because

the stamens looked stunted with little pollen being produced,
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had 80% pollen viability.

The pollen was tricolpate, binucleate, and sticky

(Figure 2). No wind-blown pollen was trapped utilizing

sticky slides placed below and around blooming trees. Since

the numerous anthers and the central style of each flower

were separated by a space that did not diminish under normal

trade wind conditions, pollen transfer to stigmatic surfaces

seemed to be best accomplished by floral visitors.

FLORAL VISITORS--A diverse number of introduced and

native animals could be seen on the blossoms. Sightings

ranged from apparent coincidence, such as a centipede and

cricket, to repetitive visits for ants, bees, wasps, and

birds.

Among the most commonly ·seen floral visitors were the

introduced honeybee (Apis mellifera), native bees (Nesoproso

pis), native wasps, and birds. (Very few night ~bservations

were made.) Whereas the native bees and wasps were commonly

seen on flowers in drier localities on warm, sunny days, the

introduced honeybee visited the flowers under a wider range

of climatic conditions (Appendix C). The hymenoptera visited

the flowers for pollen and/or nectar; however, the flower

buds served as shelter and food for a nocturnal catepillar.

Whereas the native bees and wasps frequented the blossoms

mostly in drier districts where the nectar concentration was

high, birds visited the flowers throughout the range of the

plant. Both native and introduced birds sometimes visited
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a trees' blossoms at the same time, although they. generally

worked different portions of the tree.

The relatively unspecialized flowers with their dimen

sions and position on the branch ·appeared best suited to bird

pollination. Experimental evidence revealed that birds trans

mitted pollen on their head feathers when they flew between

trees. Of 27 birds captured in mist nets, 23 of them had

Metrosideros pollen. Bird spe·cies with pollen were: 'amakihi

(Loxops virens), 'apapane (Himatione sanguinea), Hawaiian

creeper (Loxops maculata ~), Japanese white eye (Zosterops

palpebrosus japonicus), house finch (Carpodacus mexicanus

frontalis), and housesparrow (Passer domesticus). Although 3

of these 6 species were native nectar feeders (i.e. 'amakihi,

'apapane, and Hawaiian creeper) and m~ght be expected to be

transmitting pollen in their feeding behavior, introduced

species, includi~g the housefinch, housesparrow, and white

eye, also had pollen (Table 1).

The amount of pollen collected from the bird feathers

appeared correlated to the climatic conditions (F~gure 3).

Those birds sampled at 1220 m elevation during a rainstorm

had very little pollen l however after the storm, the wet

anthers began to dry out and dehisce. Birds caught after

the storm showed an increased amount of pollen on their

feathers. At 36 hours after the storm one bird, that appear

ed to have recently bathed in some standi~g water nearbYI

had no pollen present on its feathers.



..

'fABLE 1

'rhe amount of Metrosideros pollen found on bird species at three localities on the Island of Uawaii

."

Bird Species

1I0usefinch (Carpodacus mexicanus frontalis)

lIousesparrow (Passer domesticus)

lIawaii Volcanoes
National Park
Residential Area

1220 m

3, 2

3, 3

Kilauea
Forest

Reserve
1615 m

Mauna Loa
Strip Road

2012 m

White eye (Zosterops palpebrosus japoniclls)

'Amakihi (Loxops virens)

'Apapane (Jlimatone sangllinea)

1I0neycreeper (I.oxops maclliata ~)
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BREEDING SYSTEM--The genus Eucalyptus has been suggested

to have arisen from a Meotrosideros an~estor•. A paper by Krug

and Alves (1949) indicated that a partial self-incompatibil

ity system was present in Eucalyptus.

Carpenter (1976) stated that red-flowered Metrosideros

trees were partially self-incompatible, but that two yellow

flowered trees in her study sites were completely self-com

patible. She used the number of mature capsules as an indi

cator of self-compatible and self-incompatible plants. She

also stated that the stamens and style mature about the same

time, while Corn (1972a) found the flowers to be protandrous.

Often the style was still in the process of elongating when

the anthers began to dehisce. Crosses by Corn that yielded

viable seed were obtained from styles that were fully elon

gated. Further test crosses might clarify if the style is

receptive while it is elongating.

Since Metrosideros is variable in many morphological

characteristics one might assume that the breeding system

could also exhibit a plasticity of response. For instance,

the length of the stamens and style of a flower may vary

from tree to tree. In Figure 4 the length of these two

flower parts are graphed for 59 trees from one population

located at 60 m elevation. Frequency data for style lengths

suggests a flat-topped curve with several peaks. A range

of style lengths from 12 to 24 rom was found with a mean of
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Figure 4. Style and stamen lengths (one flower per
tree) for 59 trees at 60 m elevation,
Hawaii Volcanoes National Park.
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l7.l±2.8 mm. Frequency data for stamen lengths could be

bimodal, but suggest a normal curve with two obvious gaps

at 19 and 21 rom lengths. The mean stamen length was l6.7±

2.2 rom with a range of 13 to 24 rom.

A second factor that fluctuated from tree to tree was

the amount of space between the central style and the row

of numerous stamens. A frequency diagram of the distance

between styles and stamens for one flower from 59 trees

produced a bell-shaped distributional curve. Both the dis

tance of the stamens to the style and the length of these

structures to each other is relevant when discussing which

animals pollinate the plants and the amount of outcrossing

that takes place within the genus.

POLLINATION--Pollen was found frequently on the stigmas

of Metrosideros flowers, yet not all the seeds within the

ovary matured. Effective pollination was dependent upon

many parameters, such as pollinators, their range and be

havior, length or time of pollen viability, and intraspeci

fic barriers. Since the flowers within an inflorescence

matured at different times, crossing between flowers on the

same plant may not always be effective when intraspecific

barriers were present. This would promote outcrossing. Low

seed set would result if pollinators have a limited foraging

range.

Carpenter (1976) found more capsules were produced on
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plants where all animal pollinators were allowed to visit

the flowers than on those plants where birds were excluded.

If intraspecific barriers are weak or absent, insect polli

nators with a limited range probably make effective self

pollinators. If intraspecific barriers are strong then out

crossing will be promoted by floral visitors which have a

wide range. Therefore, the amount of self versus outcross

ing in nature will be dependent upon the amount and nature

of intraspecific barriers present and the types and ranges

of animals pollinating the plants.

The ratio of self to outcrossing may change from one

locality to another where quantities of pollinators vary.

For instance, wetter localities may have greater outcrossing

due to such factors as a short distance between trees, few

blooms per tree, flowers with dilute nectar that attract

birds but few insects. Likewise in drier localities, self

ing may prevail due to widely-spaced trees, many blooms per

tree, and flowers with concentrated nectar that attracts

many native bees and wasps.

This proportion can also vary depending upon the sea

sonal availability of the insect pollinators, the flowering

cycles of the varieties present within a site, the climatic

conditions that affect pollen availability, and a change in

the proportion of pollinating animal species.

Seeds collected from trees at different elevations on

Mauna Loa and germinated in the laboratory gave some infor-
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mation on the effectiveness of natural pollination under

field conditions. Seeds from different trees (Figure 5)

yielded various percentages of germination. Seeds from

both low and high elevations where the trees were more

scattered, exhibited lower germination than those from trees

at middle elevations. Although seed germination varied from

o to 74%, the average germination from all seed tested was

16%. Considering the number of seeds in a capsule and the

number of capsules on a tree, large quantities of viable

seed were produced each season for each flowering plant.

HYBRIDIZATION--All buds that were bagged without emas

culation or pollination produced no seed. Also of approxi

mately 150 buds that were emasculated without pollination,

none of these set seed. These results were obtained consis

tently with many replications on different trees at differ

ent sites. Since apomixis is not usually associated with

diploidy, it is probably safe to assume that apomixis plays

no role in seed production.

Two types of hybridizations were attempted--one was

among trees within one site and the second was among vari

eties found at various sites.

In the first type of hybridization where trees in one

locality were crossed, 46 hybridizations were tried (Figure

6) • (Mature seed capsules were considered a successful

cross, while no capsule development was considered an
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Figure 6. Number of capsules produced with each
hybridization among ten Metrosideros
trees at 1220 m elevation. An estimated
average of 7 flowers were involved in
each cross; however, the range varied
from 3-17 flowers. Of 46 hybridizations
attempted, 8 were unsuccessful.
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unsuccessful cross.) Eight of these, or 17%, were unsuccess

ful. Three of the self-pollinations, or 30%, were unsuc

cessful. Of 36 crosses attempted between plants within the

site, five of these, or 14%, were unsuccessful. On a per

centage basis approximately twice as many self-pollinations

were failures as compared to the outcrosses. This suggested

that some incompatibilities may be present within the popu

lation.

Reciprocal crosses were also attempted with 8 plants.

In three of these, the crosses produced seed inside mature

capsules using one plant as the female parent, but did not

produce capsules with seed in the reciprocal cross. These

crosses should be replicated again to verify these results.

Of the ten trees that were hybridized within the site,

tree 1 was variety macrophylla, trees 2 and 3 were variety

glaberrima, tree 4 varietyimbricata, and trees 5 through

10 variety polymorpha.

In the second type of hybridization using various

varieties found in different sites on Mauna Loa, 20 of 21

possible combinations were tried (Figure 7). Of 20 combina

tions tried, seven of them did not produce capsules and seed.

Many factors could have contributed to these failures. For

example, some bags were broken off the trees between the time

of pollination and capsule maturity; sometimes the style

was injured during emasculation; the timing of the cross
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POLYMORPHA

IMBRICATA ~---+--~t--~-+--+---+--~-.KJ NEWELLII

---- NO SEED

SEED PRODUCED

Figure 7. Field hybridizations attempted between Metrosid
~ po1ymorpha varieties.



172

poor; the pollen too old; or climatic factors unfavorable.

Additional trials and cytological studies need to be made

to determine if any of these failures were due to incompat

ibilities.

Not all successful crosses had their capsules collected

at the proper time. Some capsules had dehisced and the

seeds had been exposed to rain. When this happened the seeds

were darker in color and did not germinate. In four cases

where the seeds were collected at the proper' time, but ger

mination trials resulted in none of 100 seeds growing, addi

tional replicates yielded a few germinating seeds.' This

suggested that if a capsule matures, some seed will be via

ble.

A subset of data in figure 7 has been illustrated in

figure 8. Seed germination was tabulated for these data.

Some of the 55 crosses attempted on 16 trees failed. Where

capsules were produced seed germination varied from less

than 1% to 42%. Due to the various factors that affect

crossability, additional crosses might result in higher

seed germination.

Since the variability of stamen and style 'lengths could

affect successful hybridization, the lengths of the styles

and stamens were measured on the 16 plants hybridized. The

percent of seed germination for each cross was recorded in

the squares that match the length of the 'style 'and stamen

utilized in the cross (Figure 9). Numbers in the 'lower
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POLYMORPHA

IMBRICATA \\.----\--------1l-------(1 NEWELLII

0.1 TO 15 % SEED GERMINATION

16 TO 30 % SEED GERMINATION

- 31 TO 42 °/. SEED GERMINATION

Figure 8. Seed germination for a subset of field hybridiza
tions shown in Figure 7 of Metrosideros polymorpha
varieties.
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made among plants with various lengths of styles
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left portion of the table represented crosses where the

styles· were shorter than the ·stamens, while numbers in the

upper right portion represented crosses where the styles

were longer than the stamens. Successful crosses were

obtained using various lengths of styles and stamens. This

suggested that either the style and stamen lengths were not

important in determining the success of the cross, or that

other factors influenced the success of the cross more than

the lengths of these flower parts.

It should be noted that certain varieties occurred most

commonly in certain localities. Metrosideros polymorpha

varieties imbricata, incana, and polymorpha occurred together

in seasonally dry sites. At higher elevations variety imbri

cata was absent, but variety nuda was found in association

with varieties polymorpha and incana. In rainforests at

middle elevations the other three varieties, newellii, macro

phylla, and glaberrima, were common, although varieties

incana, polymorpha, and imbricata also existed.

The occurrence of these varieties in particular habitats

could limit their chances of crossing with other varieties

that were not present in the immediate area. However, these

varieties could still hybridize if given the opportunity.

For example, two years ago I made a successful cross between

a plant from the Marquesas Islands and a plant from Oahu.

When the Marquesas Island plant was the female parent, there

was 22% seed germination, while the reciprocal cross between
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these distinctly different appearing plants was unsuccessful.

Although these plants normally would be geographically iso

lated by an oceanic expanse of 3600 km, they were still able

to hybridize.

The Marquesas-Hawaii cross suggests that future crosses

should be attempted between isolated Hawaiian Metrosideros

species. A second set of crosses should be attempted between

Hawaiian and other Pacific Island plants. Thesecrosses

could help to delineate taxa and expose sterility barriers

that may have formed over time between plants from distant

isolated islands.

SUMMARY

Metrosideros flowers express variability in their mor

phology, color, nectar production, and phenology. Various

animals that visit the flowers can serve as pollinators.

Some of these are recent introductions to the islands, while

others are native and probably served as important agents in

the evolution of the genus. Flower visitations by birds

suggests outcrossing, since the bird's feeding range involves

many plants. Native bees and wasps also seem to playa role

in the pollination of these plants.

More data needs to be gathered to substantiate the

occurrence of partial incompatibility systems that could be

present in Metrosideros. Data that may support the presence

of incompatibilities are the variation in the percent of

viable seeds in a capsule and the amount of germination of
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seeds in the self to outcrossed plants. Not all attempted

crosses yielded viable seed. Unsuccessful crosses' need to

be replicated to examine which factors caused their failures.

Successful crosses, which yielded FI progeny, are being grown

for future hybridizations.
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GENERAL DISCUSSION

The extensive variability in Hawaiian Metrosideros

presents a taxonomic problem that is difficult to handle by

traditional taxonomic methods. Few plants can be found that

match taxonomic varieties of St. John (1979), Skottsberg

(1935, 1944), and Rock (1917), with most plants appearing to

be intermediate between described taxa. Certain varieties

appear in some climatic and geographic habitats, but are

absent in others. Other varieties appear widely-scattered

through different geographical and climatic habitats.

This extensive variability is better understood by

measuring particular foliar characteristics over known

climatic gradients, such as altitude and rainfall. Many

phenotypic characteristics (such as leaf length, width, area,

shape, trichome length, and petiole length) vary in a clinal

fashion that is correlated with altitude (or temperature)

and/or rainfall. Although there is extensive variability

for each of these characteristics within and between trees,

the average from site to site along the transects often is

significantly different. These differences reflect the

climatic differences. For instance, xeromorphic leaves

are common in the driest of the three rainfall sites where

summer droughts are present. These leaves have a thick upper

cuticle and epidermis, a short petiole, and are small in

size. Mesomorphic leaves are common in the highest rainfall
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site. These leaves have long petioles, are large in size

and glabrous. Some leaf apices appear to have modified drip

tips. Likewise, clinal variation along the altitudinal

transect from sea level to timberline has the following

significant leaf changes: reduced leaf size (length and

width); increased upper cuticle, upper epidermis, and hypo

dermis thickness; longer trichomes on the abaxial leaf sur

face; and reduced petiole length. Leaf re~ention and the

number of leaf secretory cavities and crystals present is

greater above frost line. Often the clinal variation in

leaf morphology is reflected in the internal leaf anatomy.

Besides the morphological and anatomical leaf differ

ences, there are physiological differences. Along the sea

sonally dry altitudinal transect, trees are stunted with

greater trunk taper near sea level and timberline, but grow

taller at mid-elevations. Frost tolerance also varies.

Seedlings derived from seed stock collected above frost line

show greater frost tolerance than those at lower elevations,

where no frost occurs.

The largest amount of phenotypic variation for many

vegetative characteristics, such as leaf length, width, size,

shape, and petiole length, is found in equable habitats, that

have neither seasonal drought nor extreme temperatures. How

ever, other chracteristics, such as leaf retention and thick

ness, have their largest variation present in extreme habi

tats where seasonal drought and freezing conditions occur.
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The plants at opposite ends of a climatic (topographic

or geographic) gradient appear different enough that taxo

nomic varietal names have been given to certain climatic

phenotypes. Plants that best fit the taxonomic varietal

descriptions were air layered and grown as clones for three

years in one environment to ascertain if there were changes

in their appearance. Although some changes occurred between

greenhouse and field plants of each clone in leaf length,

width, size, and thickness, the varieties retained their

distinctive leaf appearance'. When the air layers were intro

duced to the greenhouse, physiological differences were

evident in bud formation and flush elongation between the

varieties. Glabrous-leaved varieties, from high rainfall

areas where plants grew close together, grew fastest, while

pubescent-leaved varieties, from low rainfall areas where

plants grew widely-scattered, responded slower in initiating

bud and flush growth. The pubescent-leaved varieties were

also more susceptable to damping off fungi (Rhizoctonia)

than the rain forest varieties.

Studies on seed and pollen dispersal suggest that the

genus is fairly vagile at these two stages of its life cycle.

Since the seeds are small in size and produced in large

quantities, they can be transported some distance from the

parent plant.

The flowers of Metrosideros are relatively unspecial~.

ized, but attractively displayed at the ends of branches.
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The flowers are produced in inflorescences with conspicuous

stamens that are usually red in color. Sticky pollen and

nectar attract a variety of introduced and native birds and

insects. Often birds carry the pollen from tree to tree on

their feathers around their beaks. Field hybridizations

result in some fertile crosses within and between plants ·.of

diverse appearance. Fl progeny of these crosses are being

grown. No polyploidy or apomixis has been found in the genus.

Based upon this evidence Metrosideros on Mauna Loa,

Hawaii, can be described as a single polymorphic species

that occurs over diverse climatic habitats. The phenotypic

variation and cloned transplants suggest also a diverse

underlying genetic component. The presence of certain pheno

types (or genotypes) at particular climatic or geographic

sites is a basis for defining them as ecotypes (or geograph

ical varieties); however, the overlapping variability demon

strates incomplete isolation. It may be convenient to de

fine particular phenotypes by name on occasion recognizing

them as a part of an overall continuum.

Chapter 2 discusses a number of vegetative characteris

tics that form a continuum (or cline) over climatic (and

topographic) gradients. Clines are commonly found in a num

ber of outbreeding forest trees, including Eucalyptus (Bar

ber, 1955). Although the existence of a cline for a single

characteristic is a first step in the analysis of differ

ences in terms of selection and focuses our attention
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on continuous variation, it is difficult to use as a basis

for classification. Taxonomists deal with the whole individ-

ual, concentrating on discontinuities rather than continui-

ties.

Turresson defined ecotype as the product arising as

the result of the genotypical response of a species to a

particular habitat. Gregor described ecotypic variation as

being more frequently continuous than discontinuous, corres-

ponding to the gradients shown by the habitats. He redefined

ecotype as a range on an ecocline. Stebbins (1967) stated

" .•• clines and ecotypes are not exclusive concepts,
but merely express different ways of approaching
the same problem. Clinal variation may occur in
the characters which determine the nature of adap
tation, and therefore form the basis of the ecotypes,
or it can also be found in characters of no apparent
adaptive value. Correspondingly, ecotypic variation
may consist of a series of clines, running either
parallel to each other or in opposite directions,
or it may have such well-marked discontinuities or
be of such an irregular type that constant grad
ients are not apparent."

Often ecotypes are found to coincide with recognized taxa

(Davis & Heywood, 1963). For example, the taxonomic units

in Plantago often correspond to ecotypes or clines (Becher,

1955).

Where the term ecotype is often used in ecology and

biosystematics, variety is a taxonomic term. A geographical

variety is a group of plants having certain morphological

and physiological characteristics in common, which occur in

limited geographic or ecological habitats, and differ in
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several characteristics from other members of the species,

although they may be connected with one or more of them by a

series of intergrading forms. Variety can also be used for

biotypes whose precise nature is not understood.

When Rock produced his taxonomic monograph of Metrosid

~ in 1917, he probably used the latter definition of

variety. This research suggests that many of his varieties

could also fit the first definition of geographical variety.

Of seven varieties discussed in this paper, six were described

by Rock and one (variety nuda) described by Skottsberg. With

the exception of variety imbricata, these varieties could be

regarded as biotypes or ecotypes, that occur more commonly

in certain habitats. Some occur over wider habitats, i.e.

polymorpha, incana, and glaberrima, while others are more

specific in their habitat, i.e. macrophylla, newellii, and

nuda. Variety imbricata on the island of Hawaii has a per

iodic indeterminate growth that may be related to a juvenil

ity factor or exceptionally good growing conditions. It

reverts back to determinate flushes on the same tree that

look like varieties polymorpha and incana. Based upon this

evidence variety imbricata should not be regarded as a

separate variety or ecotype. The number of varieties found

at each of the six sites correlates well with the amount of

variability found in some vegetative characteristics, i.e.

leaf length, width, and area. It appears that Rock described

certain extreme genotypes as varieties, i.e. macrophylla and
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newellii; while others, such as glaberrima, may be a catch

all for numerous recombinations between extreme genotypes.

Whether one wants to distinguish certain genotypes or pheno

types will depend upon ones immediate needs. It may be con

venient to define a particular phenotype by name on occasion,

recognizing it as a part of an overall continuUITI.

The presence of sterility barriers could be effective

in preventing complete mixing of the genotypes. However,

in this research no conclusive evidence of barriers has been

found. Factors that might suggest partial self-incompati

bilities are the low proportion of viable seeds in a capsule

and the number of hybridizations attempted that resulted

in no seed production. Skottsberg (1955) also reported

possible aneuploid chromosome counts in some material. Addi

tional studies on chromosomes, stylar compatibility, and

fertilization may result in explaining these discrepancies.

Some evidence is presented that suggests a close affin

ity of Hawaiian Metrosideros with those of the Marquesas

Islands. St John (1979) recognizes M. polymorpha Gaud. from

Hawaii as a distinct species from M. cOllina, which occurs

on high volcanic islands south of the equator. Although the

Marguesas Islands are isolated from the Hawaiian Islands by

3600 km of oceanic barrier, a fertile cross between plants

from these localities was made. This indicates that the

plants, although distinctly different in appearance and
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geographically isolated, are able to hybridize. This lends

support to Rock's classification of Hawaiian Metrosideros,

in which he placed many Hawaiian Metrosideros plants as a

subspecies of M. collina.

Future hybridizations, chemical and isoenzYmatic studies

between Hawaiian Metrosideros and plants from distant island

chains would be of interest since the genus is thought to

have originated elsewhere before migrating in a stepwise

fashion from island to island to Hawaii.
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TABLE 11

Leaf length data for individual trees and sites along the
altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

1 29.1 97.02 9.85 6-50

2 31.0 70.39 8.39 13-49

3 28.3 69.06 8.31 12-44

4 32.0 75.17 8.67 10-49

5 25.4 38.19 6.18 16-38

6 28.4 93.51 9.67 9-45

7 36.1 96.43 9.82 14-58

8 32.0 45.83 6.77 16-48

9 31.1 73.27 8.56 18-51

10 34.3 52.71 7.26 19-47

11 32.6 54.91 7.41 15-44

12 32.3 93.32 9.66 11-48

13 29.9 35.76 5.98 16-42

14 31.2 46.38 6.81 11-45

15 32.1 63.20 7.95 7-52

16 33.4 61. 78 7.86 14-49

17 33.4 59.14 7.69 17-49

18 31.9 54.32 7.37 16-47

19 32.0 41.34 6.43 16-43

20 28.3 25.00 5.00 16-42

21 33.7 40.83 6.39 18-49



TABLE 11. (Continued) Leaf length data for individual
trees and sites along the altitudinal transect
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Mean Standard
Tree (rom) Variance deviation Range

22 30.4 92.54 9.62 12-47

23 26.9 44.09 6.64 10-38

24 26.8 85.38 9.24 9-43

25 30.8 61.94 7.87 14-50

26 28.5 63.84 7.99 15-46

27 30.8 77.62 8.81 12-46

28 32.5 87.80 9.37 16-49

29 27.3 83.36 9.13 12-49

30 32.4 86.42 9.28 14-51

SITE A 30.8 70.39 8.39 6-58

1 28.4 63.52 7.97 11-44

2 27.5 108.37 10.41 7-48

3 27.9 79.39 8.91 10-44

4 28.4 79.74 8.93 11-40

5 35.0 68.89 8.30 17-50

6 25.8 63.20 7.95 11-43

7 23.3 74.30 8.62 8-37

8 32.0 181.44 13.47 8-57

9 23.6 46.51 6.82 7-36

10 26.7 95.65 9.78 7-43

11 24.7 77.09 8.78 8-39

12 29.6 153.76 12.40 7-51



TABLE 11. (Continued) Leaf length data for individual
trees and sites along the altitudinal transect
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Mean Standard
Tree (rom) Variance deviation Range

13 29.1 57.91 7.61 14-43

14 24.0 55.65 7.46 8-37

15 31.0 122.77 11.08 11-51

16 31.9 119.03 10.91 13-51

17 33.2 138.53 11. 77 12-54

18 28.7 104.24 10.21 10-47

19 27.2 105.88 10.29 5-44

20 31.3 108.78 10.43 10-49

21 29.7 65.93 8.12 13-45

22 30.2 109.20 10.45 10-45

23 24.3 85.75 9.26 8-42

24 24.1 67.24 8.20 9-40

25 28.5 91.78 9.58 9-47

26 27.0 88.17 9.39 10-44

27 26.4 69.89 8.36 8-41

28 27.0 67.24 8.20 8-41

29 24.2 88.36 9.40 7-43

30 25.7 76.56 8.75 7-41

SITE B 27.9 97.61 9.88 5-57

1 38.5 114.70 10.71 17-58

2 31.4 111.72 10.57 6-49

3 24.3 81.00 9.00 10-43



TABLE 11. (Continued) Leaf length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

4 23.3 64.32 8.02 11-38

5 27.0 98.60 9.93 8-45

6 28.5 96.63 9.83 11-44

7 27.1 94.09 9.70 9-42

8 30.3 110.25 10.50 7-47

9 25.4 93.90 9.69 7-41

10 22.2 71.74 8.47 5-38

11 20.4 51.84 7.20 7-32

12 21.1 48.86 6.99 8-34

13 22.3 58 .• 37 7.64 8-37

14 28.2 105.06 10.25 9-45

15 22.8 38.81 6.23 10-32

16 29.7 77.09 8.78 11-47

17 26.2 99.80 9.99 6-47

18 21.7 24.30 4.93 9-29

19 23.6 58.22 7.63 8-34

20 28.2 69.72 8.35 14-44

21 24.7 86.12 9.28 9-43

22 34.1 119.46 10.93 12-58

23 24.9 57.76 7.60 11-36

24 27.5 113.42 10.65 7-42

25 28.4 102.82 10.14 8-43
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TABLE 11. (Continued) Leaf length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

26 24.8 65.12 8.07 8-39

27 21.7 72.42 8.51 8-42

28 26.0 32.60 5.71 16-37

29 20.4 66.75 8.17 5-36

30 20.8 63.04 7.94 7-32

SITE C 25.8 93.90 9.69 5-58

1 19.0 22.00 4.69 11-29

2 17.4 19.71 4.44 9-26

3 22.7 37.95 6.16 12-35

4 18.2 21.34 4.62 9-28

5 21.7 27.88 5.28 14-35

6 20.5 26.42 5.14 10-30

7 19.9 14.06 3.75 11-27

8 17.4 22.37 4.73 9-27

9 18.1 20.16 4.49 9-26

10 21.5 24.50 4.95 10-32

11 20.4 23.23 4.82 9-30

12 18.6 14.59 3.82 11-27

13 19.7 23.14 4.81 9-29

14 16.7 10.69 3.27 9-24

15 16.6 12.96 3.60 8-23

16 14.8 9.86 3.14 8-21
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TABLE 11. (Continued) Leaf length data for individual
trees and sites along the altitudinal transect

194

Mean Standard
Tree (mm) Variance deviation Range

17 18.4 23.14 4.81 8-27

18 20.0 23.04 4.80 9-29

19 19.2 25.00 5.00 9-29

20 16.9 7.73 2.78 11-22

21 17.5 13.54 3.68 11-26

22 15.1 9.24 3.04 8-22

23 20.9 17.72 4.21 11-30

24 18.4 11.70 3.42 10-24

25 15.7 14.52 3.81 9-24

26 16.3 9.67 3.11 9-22

27 15.1 10.89 3.30 9-22

28 18.3 17.06 4.13 11-27

29 17.2 15.13 3.89 9-24

30 18.6 17.39 4.17 12-30

SITE D 18.3 21.53 4.64 7-35
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TABLE 12

Leaf length data for individual trees and sites along the
rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

1 28.4 63.52 7.97 11-44

2 27.5 108.37 10.41 7-48

3 27.9 79.39 8.91 10-44

4 28.4 79.74 8.93 11-40

5 35.0 68.89 8.30 17-50

6 25.8 63.20 7.95 11-43

7 23.3 74.30 8.62 8-37

8 32.0 181.44 13.47 8-57

9 23.6 46.51 6.82 7-36

10 26.7 95.65 9.78 7-43

11 24.7 77.09 8.78 8-39

12 29.6 153.76 12.40 7-51

13 '29.1 57.91 7.61 14-43

14 24.0 55.65 7.46 8-37

15 31.0 122.77 11.08 11-51

16 31.9 119.03 10.91 13-51

17 33.2 138.53 11.77 12-54

18 28.7 104.24 10.21 10-47

19 27.2 105.88 10.29 5-44

20 31.3 108.78 10.43 10-49

21 29.7 65.93 8.12 13-45
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TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (nun) Variance deviation Range

22 30.2 109.20 10.45 10-45

23 24.3 85.75 9.26 8-42

24 24.1 67.24 8.20 9-40

25 28.5 91.78 9.58 9-47

26 27.0 88.17 9.39 10-44

27 26.4 69.89 8.36 8-41

28 27.0 67.24 8.20 8-41

29 24.2 88.36 9.40 7-43

30 25.7 76.56 8.75 7-41

31 38.8 143.04 11.96 17-62

32 20.6 22.94 4.79 10-32

33 28.9 85.75 9.26 7-44

34 30.3 82.99 9.11 10-51

35 30.2 114.28 10.69 12-51

36 24.6 72.25 8.50 7-38

37 28.2 79.92 8.94 10-45

38 23.6 56.40 7.51 9-38

39 26.6 94.87 9.74 8-44

40 24.6 77.44 8.80 5-43

41 28.1 114.92 10.72 9-47

42 23.9 67.57 8.22 9-38

43 25.0 111.51 10.56 8-44



197

TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

44 27.8 106.50 10.32 9-45

45 29.5 140.42 11.85 7-52

46 33.6 76.91 8.77 14-47

47 28.3 97.61 9.88 8-49

48 29.0 121.22 11.01 7-49

49 29.8 76.74 8.76 12-45

50 30.1 77.79 8.82 11-54

SITE B 27.9 100.20 10.01 5-62

1 29.3 91.20 9.55 10-47

2 44.2 135.49 11.64 15-64

3 33.6 99.80 9.99 14-51

4 38.3 161.29 12.70 16-58

5 34.4 84.09 9.17 15-47

6 46.7 186.87 13.67 21-75

7 37.5 139.71 11.82 11-57

8 35.3 89.68 9.47 13-58

9 56.2 203.35 14.26 23-82

10 42.3 135.02 11.62 15-59

11 37.0 122.10 11.05 13-54

12 40.3 142.09 11.92 16-66

13 37.9 96.04 9.80 20-54

14 34.6 153.51 12.39 8-57
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TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

15 30.5 93.90 9.69 14-47

16 27.2 97.02 9.85 9-44

17 25.9 64.96 8.06 7-40

18 27.4 123.21 11.10 11-52

19 42.1 164.87 12.84 14-73

20 32.4 147.87 12.16 9-54

21 38.1 97.02 9.85 18-55

22 33.4 133.63 11.56 12-50

23 41.3 168.48 12.98 10-62

24 34.3 92.35 9.61 13-49

25 33.1 99.80 9.99 15-50

26 41. 7 108.16 10.40 21-57

27 30.9 86.86 9.32 10-49

28 28.1 83.36 9.13 12-45

29 30.6 123.65 11.12 10-53

30 37.0 172.66 13.14 13-58

31 32.3 172.40 13.13 12-60

32 34.9 207.36 14.40 10-62

33 36.0 145.44 12.06 12-52

34 45.6 227.41 15.08 14-75

35 49.5 150.80 12.28 22-81

36 29.6 54.61 7.39 13-43
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TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

37 34.6 87.61 9.36 16-55

38 29.2 117.07 10.82 11-52

39 46.4 193.77 13.92 18-76

40 29.4 114.49 10.70 8-55

41 30.8 71.06 8.43 16-45

42 28.7 74.13 8.61 13-46

43 23.1 45.29 6.73 8-37

44 28.0 93.51 9.67 9-47

45 21.8 72.76 8.53 9-39

46 25.4 109.62 10.47 10-48

47 40.9 117.51 10.84 18-62

48 26.3 129.73 11.39 7-61

49 28.4 91.58 9.57 13-47

50 29.4 130.87 11.44 11-52

SITE E 34.6 170.30 13.05 6-82

1 43.8 170.82 13.07 19-70

2 42.9 165.64 12.87 17-67

3 40.9 95.45 9.77 18-57

4 48.2 145.20 12.05 20-68

5 48.3 122.77 11.08 29-67

6 46.3 106.92 10.34 21-67

7 54.6 259.53 16.11 29-85
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TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

8 61.6 147.14 12.13 33-82

9 42.5 163.07 12.77 18-69

10 51.6 82.99 9.11 34-69

11 48.2 139.48 11.81 17-71

12 47.9 213.16 14.60 19-79

13 49.3 96.04 9.80 27-68

14 39.3 105.68 10.28 18-56

15 59.1 148.60 12.19 31-85

16 51.3 137.12 11.71 28-72

17 46.3 102.01 10.10 20-63

18 42.8 157.00 12.53 11-67

19 38.0 141.61 11.90 21-66

20 34.8 81.36 9.02 19-51

21 39.5 72.59 8.52 18-56

22 50.1 150.80 12.28 24-74

23 55.2 158.76 12.60 21-80

24 53.4 177.69 13.33 31-78

25 36.5 98.21 9.91 13-54

26 43.6 69.22 8.32 27-57

27 55.1 113.64 10.66 30-84

28 54.8 112.57 10.61 29-69

29 39.1 50.98 7.14 20-53
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TABLE 12. (Continued) Leaf length data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (rom) Variance Deviation Range

30 40.8 149.33 12.22 17-66

31 46.0 82.08 9.06 31-72

32 33.7 35.40 5.95 19-46

33 29.4 83.54 9.14 14-51

34 40.4 118.59 10.89 19-60

35 55.6 117.07 10.82 30-76

36 33.5 78.50 8.86 14-48

37 45.0 64.80 8.05 27-60

38 50.6 163.84 12.80 27-71

39 42.5 96.83 9.84 22-61

40 49.0 181.98 13.49 18-77

41 42.2 120.56 10.98 21-65

42 37.7 99.20 9.96 14-52

43 47.5 188.24 13.72 20-74

44 42.3 98.21 9.91 24-62

45 49.6 158.76 12.60 24-70

46 47.8 114.70 10.71 18-67

47 33.8 44.09 6.64 19-47

48 57.6 108.58 10.42 35-75

49 43.6 61. 78 7.86 24-61

50 50.4 144.48 12.02 25-75

SITE F 45.7 171.09 13.01 11-85
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TABLE 13

Analysis of variance of leaf length of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C
Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

116

5880

MS

42,464.71**

108,535.56**

12,287.36**

6,571.20**

467.67**

63.17

B • RAINFALL TRANSECT

Source of variation

Among sites

Site F vs siteB+E
Site E vs site B

df

2

1

1

cr 2=28.2%s

MS

200,453.46**

345,148.95**

55,757.96**

Trees within sites

Leaves within trees (error)

147

7350

1,928.89**

111.58



TABLE 14

Leaf width data for individual trees and sites along the
altitudinal transect

203

Mean Standard
Tree (rom) Variance deviation Range

1 26.1 70.39 8.39 8-41

2 25.9 40.83 6.39 10-39

3 23.3 37.09 6.09 10-38

4 23.6 41.22 6.42 9-38

5 20.6 33.76 5.81 12-35

6 20.5 41.99 6.48 8-34

7 28.5 54.02 7.35 . 16-45

8 26.1 35.05 5.92 14-36

9 22.6 26.42 5.14 14-38

10 24.5 25.50 5.05 16-34

11 28.7 55.50 7.45 13-46

12 23.8 39.69 6.30 12-37

13 24.6 28.41 5.33 14-38

14 25.2 31.36 5.60 12-35

15 24.1 49.98 7.07 9-43

16 26.6 31.36 5.60 15-39

17 28.3 28.73 5.36 16-37

18 24.8 34.46 5.87 13-36

19 27.2 42.77 6.54 13-42

20 24.9 24.21 4.92 17-35

21 25.1 26.32 5.13 12-33
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TABLE 14. (Continued) Leaf width data for individual trees
and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

22 25.0 61.15 7.82 11-40

23 23.1 31. 81 5.64 10-33

24 22.3 42.12 6.49 12-37

25 23.7 45.97 6.78 11-39

26 23.6 42.38 6.51 12-40

27 24.8 44.89 6.70 11-37

28 21.9 48.16 6.94 10-37

29 22.7 47.33 6.88 12-37

30 22.0 32.60 5.71 12-33

SITE A 24.4 43.16 6.57 8-46

1 17.5 18.92 4.35 9-26

2 20.7 42.12 6.49 7-34

3 21.9 32.15 5.67 8-32

4 20.4 40.20 6.34 9-32

5 26.1 43.03 6.56 13-40

6 19.7 33.76 5.81 8-31

7 18.6 41.99 6.48 8-33

8 24.9 69.72 8.35 9-40

9 18.2 31. 92 5.65 5-27

10 22.8 55.50 7.45 7-38

11 19.4 38.19 6.18 8-30

12 21.8 75.17 8.67 8-42
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TABLE 14. (Continued) Leaf width data for individual trees
and sites along the altitudinal transect

Mean Standard
Tree (mm) Variance deviation Range

13 19.6 19.89 4.46 11-28

14 18.3 32.83 5.73 7-30

15 22.4 42.90 6.55 10-34

16 23.3 41.34 6.43 11-34

17 25.1 68.06 8.25 12-41

18 23.5 53.00 7.28 8-38

19 21.2 47.89 6.92 5-32

20 24.9 41.86 6.47 10-36

21 22.3 40.58 6.37 9-33

22 22.1 37.09 6.09 9-32

23 19.5 46.79 6.84 8-31

24 19.8 40.96 6.40 9-31

25 21.7 53.58 7.32 8-38

26 20.9 45.43 6.74 8-35

27 21.4 32.83 5.73 9-30

28 19.1 22.18 4.71 8-29

29 18.4 32.72 5.72 8-30

30 20.7 38.19 6.18 7-31

SITE B 21.2 46.10 6.79 5-42

1 28.8 63.68 7.98 12-42

2 25.7 60.37 7.77 7-36

3 19.1 39.56 6.29 9-36
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TABLE 14. (Continued) Leaf width data for individual trees
and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

4 19.1 38.07 6.17 9-30

5 19.1 38.56 6.21 7-33

6 20.3 33.64 5.80 9-31

7 23.0 53.88 7.34 8-37

8 22.3 41.86 6.47 7-33

9 19.8 32.26 5.68 7-30

10 15.0 21.72 4.66 5-23

11 15.8 22.18 4.71 7-24

12 16.1 21.53 4.64 8-24

13 17.2 28.41 5.33 7-28

14 23.3 60.84 7.80 9-37

15 17.5 19.10 4.37 9-25

16 22.0 38.69 6.22 8-32

17 19.9 46.51 6.82 6-35

18 18.9 24.01 4.90 8-29

19 18.3 24.40 4.94 8-27

20 25.0 51.98 7.21 11-38

21 19.6 39.94 6.32 8-30

22 24.1 38.56 6.21 11-33

23 20.0 30.58 5.53 9-29

24 17.7 28.30 5.32 6-24

25 20.0 33.41 5.78 8-29
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TABLE 14. (Continued) Leaf width data for individual trees
and sites along the altitudinal transect

Mean Standard
Tree (nun) Variance deviation Range

26 21.1 37.70 6.14 10-33

27 19.1 42.64 6.53 8-34

28 20.8 22.00 4.69 12-27

29 16.4 24.80 4.98 6-25

30 16.0 23.91 4.89 7-24

SITE C 20.0 45.29 6.73 5-42

1 16.2 12.67 3.56 10-27

2 15.1 14.36 3.79 7-23

3 18.9 23.14 4.81 10-31

4 14.7 11.70 3.42 8-22

5 19.7 19.36 4.40 12-30

6 17.1 20.61 4.54 9-28

7 16.4 10.37 3.22 10-23

8 14.8 14.14 3.76 7-22

9 14.3 13.25 3.64 8-21

10 15.2 9.24 3.04 9-20

11 17.0 15.68 3.96 8-24

12 15.0 11.63 3.41 9-21

13 15.6 9.12 3.02 10-21

14 14.5 12.32 3.51 8-21

15 13.9 12.25 3.50 6-20

16 13.2 8.24 2.87 8-20
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TABLE 14. (Continued) Leaf width data for individual trees
and sites along the altitudinal transect

Mean Standard
Tree (mm) Variance deviation Range

17 14.7 11.56 3.40 7-20

18 18.3 18.49 4.30 9-27

19 16.8 17.14 4.14 8-23

20 16.3 10.63 3.26 10-23

21 15.4 9.12 3.02 10-20

22 13.7 5.20 2.28 8-20

23 16.8 7.40 2.72 10-22

24 15.4 9.49 3.08 8-21

25 14.0 9.86 3.14 8-22

26 15.2 11.83 3.44 10-22.

27 14.3 9.61 3.10 8-21

28 16.9 12.04 . 3.47 11-24
. '.... . '., . ..':." ..

29 14.8 15.60 3.95 9-22

30 17.0 12.53 3.54 11-27

SITE D 15.7 14.06 3.75 6-31



TABLE 15

Leaf width data for individual trees and sites along the
rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

1 17.5 18.92 4.35 9-26

2 20.7 42.12 6.49 7-34

3 21.9 32.15 5.67 8-32

4 20.4 40.20 6.34 9-32

5 26.1 43.03 6.56 13-40

6 19.7 33.76 5.81 8-31

7 18.6 41.99 6.48 8-33

8 24.9 69.72 8.35 9-40

9 18.2 31.92 5.65 5-27

10 22.8 55.50 7.45 7-38

11 19.4 38.19 6.18 8-30

12 21.8 75.17 8.67 8-42

13 19.6 19.89 4.46 11-28

14 18.3 32.83 5.73 7-30

15 22.4 42.90 6.55 10-34

16 23.3 41.34 6.43 11-34

17 25.1 68.06 8.25 12-41

18 23.5 53.00 7.28 8-38

19 21.2 47.89 6.92 5-32

20 24.9 41. 86 6.47 10-36

21 22.3 40.58 6.37 9-33
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TABLE 15. (Continued) Leaf width data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

22 22.1 37.09 6.09 9-32

23 19.5 46.79 6.84 8-31

24 19.8 40.96 6.40 9-31

25 21.7 53.58 7.32 8-38

26 20.9 45.43 6.74 8-35

27 21.4 32.83 5.73 9-30

28 19.1 22.18 4.71 8-29

29 18.4 32.72 5.72 8-30

30 20.7 38.19 6.18 7-31

31 24.6 20.79 4.56 14-32

32 15.7 11.76 3.43 9-22

33 25.4 71.91 8.48 8-41

34 24.1 40.20 6.34 10-37

35 23.8 68.72 8.29 10-41

36 20.7 38.32 6.19 7-31

37 24.5 46.38 6.81 10-38

38 19.7 33.29 5.77 8-31

39 20.9 42.12 6.49 9-33

40 19.6 37.09 6.09 7-32

41 21.6 48.02 6.93 10-36

42 18.7 27.25 5.22 8-28

43 18.2 40.70 6.38 7-29
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TABLE 15. (Continued) Leaf width data for individual trees
and sites a1o~g the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

44 18.6 38.32 6.19 9-31

45 24.4 62.25 7.89 8-38

46 22.8 25.40 5.04 13-31

47 20.2 42.51 6.52 8-34

48 19.9 48.16 6.94 6-34

49 23.7 40.20 6.34 11-36

50 23.0 40.45 6.36 7-39

SITE B 21.3 46.51 6.82 5-42

1 22.1 36.84 6.07 10-32

2 27.2 37.82 6.15 12-40

3 24.6 33.76 5.81 11-35

4 24.7 38.32 6.19 13-37

5 25.7 44.22 6.65 11-37

6 30.2 56.55 7.52 16-47

7 26.0 38.44 6.20 8-35

8 23.9 32.49 5.70 9-35

9 27.9 36.97 6.08 14-40

10 27.1 57.61 7.59 10-38

11 30.2 70.56 8.40 13-46

12 27.6 57.91 7.61 13-43

13 28.0 32.04 5.66 16-38

14 26.5 68.72 8.29 8-41
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TABLE 15. (Continued) Leaf width data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

15 26.3 65.61 8.10 11-43

16 21.3 47.75 6.91 7-34

17 22.0 38.81 6.23 6-36

18 19.0 32.26 5.68 5-31

19 28.5 77.62 8.81 10-55

20 24.9 69.22 8.32 7-41

21 28.0 51.84 7.20 15-40

22 25.9 79.57 8.92 9-41

23 23.8 79.39 8.91 9-45

24 24.8 35.64 5.97 10-32

25 22.9 42.77 6.54 11-34

26 23.3 28.94 5.38 12-34

27 18.4 24.21 4.92 8-27

28 19.7 26.21 5.12 10-28

29 23.9 64.48 8.03 9-44

30 25.6 71.23 8.44 11-40

31 25.5 63.52 7.97 12-40

32 26.1 69.89 8.36 10-39

33 26.3 57.91 7.61 11-38

34 29.6 75.69 8.70 11-49

35 33.1 49.14 7.01 18-48

36 25.6 32.60 5.71 14-38
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TABLE 15. (Continued) Leaf width data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

37 25.1 32.95 5.74 12-35

38 23.3 48.16 6.94 11-38

39 24.9 36.00 6.00 11-39

40 19.7 40.58 6.37 7-33

41 23.6 50.84 7.13 12-40

42 21.3 32.26 5.68 10-31

43 19.0 21.62 4.65 8-28

44 21.6 51.70 7.19 6-33

45 19.4 37.70 6.14 10-30

46 19.2 38.56 6.21 9-32

47 21. 7 36.97 6.08 13-38

48 20.2 40.45 6.36 8-37

49 22.6 35.40 5.95 9-35

50 21. 4 50.55 7.11 9-32

SITE E 24.6 57.15 7.56 5-55

1 27.8 71.57 8.46 13-46

2 28.0 61.62 7.85 11-42

3 26.9 35.16 5.93 13-36

4 31. 7 40.96 6.40 18-42

5 35.6 63.04 7.94 18-49

6 30.1 27.25 5.22 19-41

7 36.6 75.86 8.71 17-50
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TABLE 15. (Continued) Leaf width data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (mm) Variance deviation Range

8 32.7 55.35 7.44 16-46

9 26.3 56.40 7.51 11-47

10 31.8 24.50 4.95 21-42

11 32.8 37.45 6.12 16-42

12 29.9 61.47 7.84 15-43

13 39.6 68.06 8.25 21-60

14 23.5 47.75 6.91 7-35

15 38.8 54.91 7.41 18-52

16 27.0 39.31 6.27 15-39

17 28.8 34.69 5.89 15-40

18 26.1 44.09 6.64 7-39

19 19.1 20.52 4.53 9-28

20 20.4 18.92 4.35 11-29

21 19.3 13.99 3.74 11-25

22 33.4 54.91 7.41 19-51

23 31.0 40.20 6.34 15-43

24 25.0 25.50 5.05 14-35

25 22.2 31.47 5.61 11-33

26 28.8 22.56 4.75 19-37

27 33.6 28.62 5.35 23-46

28 29.5 31.14 5.58 18-41

29 23.0 14.82 3.85 16-34
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TABLE 15. (Continued) Leaf width data for individual trees
and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

30 26.8 51.27 7.16 13-42

31 34.4 41.60 6.45 18-46

32 21.1 12.89 3.59 14-29

33 20.9 27.77 5.27 11-31

34 25.1 30.47 5.52 11-34

35 32.4 37.09 6.09 21-43

36 22.5 23.33 4.83 12-29

37 24.7 33.87 5.82 14-41

38 30.7 44.49 6.67 18-44

39 26.3 30.14 5.49 16-39

40 30.5 58.06 7.62 13-45

41 24.5 37.58 6.13 13-35

42 27.3 44.89 6.70 10-39

43 28.6 59.29 7.70 13-44

44 29.0 44.89 6.70 16-41

45 32.2 56.85 7.54 16-45

46 26.7 31.70 5.63 12-37

47 23.2 10.96 3.31 16-29

48 32.2 31.02 5.57 23-44

49 29.4 26.11 5.11 17-43

50 28.7 33.29 5.77 16-40

SITE F 28.3 60.53 7.78 7-60
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TABLE 16

Analysis of variance of leaf width of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 116

Leaves within trees (error) 5880

B. RAINFALL TRANSECT

MS

19,614.62**

43,133.48**

7,879.25**

7,831.13**

279.38**

32.86

Source of variation

Among sites

Site F vs siteB+E
Site E vs site B

Trees within sites

Leaves within trees (error)

df

2

1

1

147

7350

MS

30,594.18**

43,871.76**

17,316.60**

678.60**

42.90
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TABLE 17

Analysis of variance of leaf thickness of Hawaiian
Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C
Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

36

160

MS

2,496**

6.869**

0.601**

0.019n • s •

0.079**

'0.013

B. RAINFALL TRANSECT

Source of variation

Among sites

Site F vs siteE+B

Site E vs site B

Trees within sites

df

2

1

1

27

c 2=64.9%s

MS

1.963**

3.920**

0.003n •s •

0.060**

Leaves within trees (error) 120 0.008
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TABLE 18

Petiole length data for individual trees and sites along the
altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

1 4.2 3.50 1.87 1-8

2 4.7 2.79 1. 67 1-9

3 3.2 2.72 1. 65 1-7

4 4.3 3.20 1.79 1-8

5 4.2 2.62 1.62 2-8

6 4.8 5.90 2.43 1-10

7 4.2 2.59 1. 61 2-8

8 4.5 2.50 1. 58 2-8

9 4.8 2.19 1.48 2-8

10 4.4 1. 54 1.24 1-7

11 4.7 3.53 1. 88 1-9

12 3.4 2.40 1.55 1-8

13 4.6 2.66 1. 63 1-7

14 4.0 1. 59 1.26 1-6

15 3.9 3.72 1.93 1-9

16 3.7 2.34 1.53 1-6

17 3.2 1.00 1. 00 1-5

18 4.8 2.16 1.47 2-8

19 4.9 2.50 1.58 2-9

20 3.7 1.49 1.22 1-6

21 3.5 2.16 1. 47 1-6
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TABLE 18. (Continued) Petiole length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

22 4.8 3.35 1.83 2-8

23 4.3 3.28 1.81 1-7

24 4.0 2.69 1.64 1-8

25 3.5 2.16 1.47 1-7

26 5.1 4.93 2.22 2-11

27 4.9 4.67 2.16 1-10

28 6.3 5.86 2.42 3-11

29 5.2 5.38 2.32 2-11

30 5.4 3.35 1.83 2-9

SITE A 4.4 3.46 1.86 1-11

1 3.4 1.85 1.36 1-8

2 2.9 2.37 1.54 1-6

3 3 .." 2.02 1.42 1-6.~

4 1.9 0.76 0.87 1-4

5 3.8 1.72 1.31 1-6

6 2.4 0.92 0.96 1-4

7 3.2 2.13 1.46 1-6

8 2.8 1.69 1.30 1-6

9 2.7 1.00 1.00 1-4

10 2.6 1.88 1.37 1-6

11 3.5 2.96 1.72 1-8

12 4.7 7.73 2.78 1-11
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TABLE 18. (Continued) Petiole length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

13 3.5 1. 77 1.33 1-6

14 3.7 1.82 1.35 1-6

15 2.9 2.04 1.43 1-6

16 4.1 3.53 1.88 1-9

17 5.5 6.76 2.60 2-11

18 4.3 3.24 1.80 1-8

19 4.0 3.65 1.91 1-8

20 3.9 2.76 1. 66 1-7

21 3.8 1.49 1.22 2-6

22 3.1 1.64 1.28 1-5

23 1.9 1.04 1.02 1-4

24 2.5 1.39 1.18 1-5

25 2.6 1.59 1.26 1-6

26 3.0 1.49 1.22 1-5

27 3.2 1.54 1.24 1-6

28 3.4 1.35 1.16 1-6

29 3.2 2.07 1.44 1-7

30 3.0 1.12 1.06 1-5

SITE B 3.3 2.62 1.62 1-11

1 5.4 5.62 2.37 2-10

2 5.6 8.41 2.90 1-10

3 3.8 2.92 1.71 1-7
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TABLE 18. (Continued) Petiole length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range

4 3.4 2.69 1.64 1-8

5 3.5 3.42 1.85 1-7

6 4.4 4.12 2.03 1-8

7 4.0 2.92 1.71 1-8

8 3.7 2.37 1.54 1-6

9 4.2 2.62 1.62 1-7

10 3.6 4.08 2.02 1-10

11 2.1 1.12 1.06 1-4

12 2.7 1.85 1.36 1-6

13 4.0 4.16 2.04 1-9

14 1.5 0.50 0.71 1-3

15 4.1 3.03 1.74 1-8

16 3.6 1.99 1.41 2-6

17 4.0 2.16 1.47 1-6

18 2.8 1.04 1.02 1-6

19 3.4 2.25 1.50 1-6

20 4.3 2.82 1.68 1-9

21 2.4 1.19 1.09 1-5

22 5.2 3.80 1.95 2-10

23 3.8 3.39 1.84 1-7

24 3.3 1.93 1.39 1-6

25 4.0 5.24 2.29 1-9
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TABLE 18. (Continued) Petiole length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (mm) Variance deviation Range

26 2.9 1.44 1.20 1-5

27 2.0 1.39 1.18 1-5

28 3.3 2.43 1.56 1-6

29 3.2 2.19 1.48 1-7

30 5.3 6.30 2.51 2-11

SITE C 3.7 3.84 1.96 1-11

1 1.8 0.98 0.99 1-4

2 2.5 1. 51 1.23 1-5

3 2.8 2.02 1.42 1-6

4 1.9 0.96 0.98 1-5

5 2.4 1.06 1.03 1-5

6 3.7 2.92 1.71 1-7

7 1.6 0.61 0.78 1-4

8 2.2 0.72 0.85 1-4

9 2.4 1.42 1.19 1-5

10 2.0 0.85 0.92 1-5

11 4.1 3.06 1.75 1-7

12 2.9 1.32 1.15 1-5

13 2.8 1.32 1.15 1-5

14 2.6 1.12 1.06 1-5

15 2.3 0.88 0.94 1-4

16 2.3 0.69 0.83 1-4
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TABLE 18. (Continued) Petiole length data for individual
trees and sites along the altitudinal transect

Mean Standard
Tree (rom) Variance deviation Range'

17 1.9 0.74 0.86 1-4

18 2.5 1.19 1.09 1-5

19 2.7 1. 64 1. 28 1-7

20 1.9 0.58 0.76 1-3

21 2.2 1.28 1.13 1-4

22 1.6 0.61 0.78 1-3

23 2.6 1.17 1.08 1-5

24 2.5 1.10 1.05 1-5

25 3.1 1.08 1.04 1-5

26 2.0 1.10 1.05 1-4

27 2.4 0.98 0.99 1-5

28 2.9 1. 49 1.22 1-6

29 1.7 0.62 0.79 1-4

30 2.6 1.51 1.23 1-7

SITE D 2.4 1.51 1.23 1-8



TABLE 19

Petiole length data for individual trees and sites along
the rainfall transect
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Mean Standard
Tree (rom) Variance deviation Range

1 3.4 1.85 1.36 1-8

2 2.9 2.37 1. 54 1-6

3 3.2 2.02 1.42 1-6

4 1.9 0.76 0.87 1-4

5 3.8 1. 72 1.31 1-6

6 2.4 0.92 0.96 1-4

7 3.2 2.13 1.46 1-6

8 2.8 1.69 1. 30 1-6

9 2.7 1.00 1.00 1-4

10 2.6 1.88 1.37 1-6

11 3.5 2.96 1.72 1-8

12 4.7 7.73 2.78 1-11

13 3.5 1.77 1.33 1-6

14 3.7 1.82 1. 35 1-6

15 2.9 2.04 1.43 1-6

16 4.1 3.53 1.88 1-9

17 5.5 6.76 2.60 2-11

18 4.3 3.24 1.80 1-8

19 4.0 3.65 1.91 1-8

20 3.9 2.76 1.66 1-7

21 3.8 1.49 1.22 2-6
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

22 3.1 1.64 1.28 1-5

23 1.9 1.04 1.02 1-4

24 2.5 1.39 1.18 1-5

25 2.6 1.59 1.26 1-6

26 3.0 1.49 1.22 1-5

27 3.2 1.54 1.24 1-6

28 3.4 1.35 1.16 1-6

29 3.2 2.07 1.44 1-7

30 3.0 1.12 1.06 1-5

31 3.7 2.50 1.58 2-8

32 3.5 0.53 0.73 2-5

33 4.6 4.20 2.05 1-9

34 4.7 3.76 1.94 1-10

35 2.4 0.88 0.94 1-5

36 4.0 2.13 1.46 2-7

37 2.8 2.43 1.56 1-7

38 2.7 1.74 1.32 1-5

39 3.6 2.62 1.62 1-7

40 2.9 1.74 1.32 1-7

41 3.5 2.13 1.46 1-7

42 4.7 2.07 1.44 2-7

43 3.4 3.80 1.95 1-9
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

44 3.0 1. 80 1.34 1-6

45 4.1 2.31 1.52 1-7

46 4.6 2.86 1.69 1-8

47 4.0 2.53 1.59 1-7

48 4.1 2.86 1.69 1-8

49 2.6 1.19 1.09 1-5

50 3.8 1.44 1.20 1-6

SITE B 3.4 2.72 1.65 1-11

1 4.4 4.33 2.08 1-10

2 6.1 4.80 2.19 2-11

3 3.0 1. 88 1.37 1-6

4 5.9 5.52 2.35 2-10

5 5.1 2.99 1.73 2-9

6 6.6 2.56 1.60 3-10

7 8.0 3.53 1.88 3-11

8 2.7 2.04 1.43 1-6

9 7.7 6.15 2.48 2-13

10 4.5 3.17 1.78 2-8

11 3.4 1.74 1.32 1-7

12 4.7 2.31 1.52 2-9

13 5.2 4.71 2.17 1-9

14 3.0 1.82 1.35 1-6
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (nun) Variance deviation Range

15 3.8 2.59 1.61 1-7

16 4.4 3.35 1.83 1-8

17 4.3 2.86 1.69 1-8

18 3.9 2.28 1.51 1-7

19 4.9 2.40 1.55 2-9

20 4.0 2.53 1.59 1-7

21 7.0 3.35 1.83 3-10

22 2.5 0.94 0.97 1-4

23 5.8 2.96 1.72 2-8

24 3.5 3.31 1.82 1-7

25 4.3 1.80 1.34 2-7

26 8.1 3.53 1.88 3-11

27 3.6 2.40 1.55 1-7

28 2.9 1.56 1.25 1-5

29 4.3 2.86 1.69 1-7

30 7.0 8.58 2.93 3-12

31 4.3 5.06 2.25 1-10

32 4.4 2.43 1.56 2-8

33 4.6 3.06 1.75 1-8

34 8.2 5.86 2.42 3-13

35 6.3 5.29 2.30 2-12

36 4.1 2.13 1.46 1-7
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

37 4.8 1.37 1.17 3-7

38 2.9 1.39 1.18 1-6

39 5.3 3.10 1.76 2-10

40 3.4 3.28 1.81 1-8

41 3.2 2.16 1.47 1-6

42 2.9 1.64 1.28 1-6

43 2.2 1.04 1.02 1-5

44 3.8 2.28 1. 51 1-6

45 2.3 1.96 1.40 1-7

46 2.9 3.20 1.79 1-9

47 3.2 1.96 1.40 1-6

48 2.2 2.02 1.42 1-7

49 2.4 1.25 1.12 1-6

50 2.9 2.25 1.50 1-6

SITE E 4.4 5.52 2.35 1-13

1 6.5 4.93 2.22 3-11

2 6.0 2.82 1.68 3-9

3 5.8 1.72 1.31 3-9

4 5.8 2.34 1.53 3-9

5 4.9 0.94 0.97 3-7

6 5.9 3.13 1.77 2-9

7 4.7 1.51 1.23 2-8
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

8 7.6 5.76 2.40 3-12

9 5.7 3.31 1.82 3-9

10 5.5 1.80 1.34 3-9

11 5.6 2.56 1.60 2-8

12 5.1 2.02 1.42 3-9

13 6.2 3.17 1.78 3-9

14 4.2 1.85 1.36 2-7

15 7.2 5.24 2.29 3-12

16 5.9 2.19 1.48 3-9

17 6.0 2.16 1.47 3-10

18 6.1 2.53 1.59 2-9

19 5.1 2.50 1.58 2-9

20 4.8 1.88 1.37 3-7

21 4.6 0.37 0.61 3-7

22 6.4 2.62 1.62 4-10

23 6.4 2.69 1.64 3-10

24 5.3 1.59 1.26 3-8

25 5.2 3.72 1.93 2-9

26 5.6 1.88 1.37 3-8

27 6.5 1.96 1.40 4-10

28 6.8 2.79 1.67 4-10

29 4.4 0.98 0.99 3-6
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TABLE 19. (Continued) Petiole length data for individual
trees and sites along the rainfall transect

Mean Standard
Tree (rom) Variance deviation Range

30 6.9 5.66 2.38 4-12

31 5.7 3.20 1.79 2-9

32 6.6 1.90 1.38 4-9

33 3.9 1.72 1.31 1-7

34 5.3 2.50 1.58 3-9

35 7.3 3.42 1.85 3-12

36 4.3 1.35 1.16 2-7

37 4.9 1.02 1.01 3-7

38 6.1 3.03 1.74 2-9

39 7.0 2.16 1.47 4-11

40 8.5 4.84 2.20 4-13

41 4.1 1.32 1.15 3-7

42 7.0 2.43 1.56 3-10

43 5.2 2.02 1.42 3-9

44 5.9 3.53 1.88 3-10

45 6.3 2.53 1.59 4-10

46 6.0 1.90 1.38 3-9

47 4.6 1.35 1.16 2-7

48 5.5 1.10 1.05 3-8

49 5.8 1.99 1.41 3-8

50 6.3 2.46 1.57 3-11

SITE F 5.8 3.20 1.79 1-13
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TABLE 20

Analysis of variance using logrithmic transformationa of
petiole length of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 116

Leaves within trees (error) 5880

MS

18.320**

39.548**

1.155n. s.

14.257**

0.527**

0.044

B. RAINFALL TRANSECT

Source of variation

Among sites

Site B vs siteE+F

Site E vs site F

Trees within sites

df

2

1

1

147

o 2=18.2%s

MS

42.960**

52.889**

33.032**

0.743**

Leaves within trees (error) 7350 0.033

o 2=22.2%t

a Based, upon log10 transformation



TABLE 21

Leaf shape means and standard deviations for individual
trees and sites along the altitudinal transect
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Tree Leaf basea Leaf 0
Leaf middlecapex

1 + 2.0±0.7 1.3±0.41.0-0.0

2 + + 1.S±0.61.2-0.4 2.2 -0.6

3 + + 1.2±0.41.0-0.2 2.1-0.7

4 + + 1. 6±0. 61.1-0.3 2.4-0.8

5 + + 1.6±0.71.2-0.4 2.0-0.8

Ad + + 1.6±0.6SITE 1.2-0.4 2.2-0.7

1 + =F 1.8±0.61.0-0.6 2.8-0.6

2 + + 1.S±0.51.1-0.3 2.5-0.6

3 + + 1.7±0.71.2-0.4 2.3-0.5

4 + + 1.6±0.51.0-0.2 2.7-0.5

5 + + 1.4±0.S1.1-0.2 2.4-0.6

Bd + + 1. 7±0. 6SITE 1.2-0.4 2.5-0.5

1 + =F 1.4±0.51.0-0.1 2.5-0.7

2 + + 1.3±0.51. 0-0.2 2.4-0.7

3 + + 1.8±0.61.1-0.2 2.3-0.5

4 + + 1.4±0.51. 0-0.0 2.4-0.5

+ + 1.6±'0.75 1.3-0.5 2. 7- 0.5

Cd + + 1.6±'0.5SITE 1.1-0.3 2.5- 0.6

1 + + 1.5±0.51.0-0.1 2.3-0.5

2 + + 1.5±'0.51.0-0.1 2.2-0.4

3 + + 1.4:t0.51.0-0.0 2.2-0.5
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TABLE 21. (Continued) Leaf shape means and standard
deviations for individual trees and sites along

the altitudinal transect

Tree Leaf basea Leaf apexb Leaf middlec

4 l.1±0.3 2.3±0.S 1.S±0.S

5 1.1:!:0.2 2.3:!:0.S 1.4±0.5

SITE od 1.1:!:0.3 2.3±0.6 1.5±0.5

a Leaf base index: l=cordate, 2=rounded, 3=acute,
4=pointed

b Leaf apex index: l=cordate, 2=rounded, 3=acute,
4=pointed

c Location of widest portion of leaf: l=basal, 2=cen
tral, 3=apical

d First 10 leaves sampled of first 25 trees per site
for site statistics, and 50 leaves per tree sampled for
individual tree measurements
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TABLE 22

Leaf shape means and standard deviations for individual
trees and sites along the rainfall transect

Tree

1

2

3

4

5

SITE Bd

1

2

3

4

5

SITE Ed

1

2

3

4

5

SITE Fd

Leaf basea

1.6*0.6

+1.1-0.3

+1.2-0.4

+1.0-0.2

+1.1-0.2

+1.2-0.4

+1.7-0.9

+2.8-0.6

+2.0-0.9

+2.5-0.6

+1.7-0.7

+1.9-0.9

+2.8-0.6

+2.4-1.0

+3.0-0.7

+1.7-0.7

+2.0-0.6

Leaf apexb

2.8±0.6

+2.5-0.6

+2.3-0.5

+2.7-0.5

+2.4-0.6

2.5±0.5

+2.5-0.5

+2.5-0.5

+2.4-0.6

+2.6-0.5

+2.9-0.5

+2.6-0.6

+3.3-0.7

+2.7-0.7

+2.4-0.5

+2.7-0.6

+2.7-0.5

+3.0-0.7

Leaf rniddlec

1.8*0.6

1.5:!:0.S

1.7±0.7

1.6±0.5

1.4±0.5

1.7±0.6

1.4±0.6

2.1:!:0.4

2.1±0.6

2.0±0.6

1.7±0.5

1.8±0.6

1.6±0.5

2.1±0.6

2.4±0.5

1.7±0.5

2.0±0.4

2.1±0.6

a Leaf base index: l=cordate, 2=rounded, 3=acute,
4=oointed

• b Leaf apex index: l=cordate, 2=rounded, 3=acute,
4=pointed

c Location of widest portion of leaf: l=basal, 2=cen
tra1, 3=apica1

d First 10 leaves of first 25 trees per site sampled
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TABLE 23

Analysis of variance of upper cuticle thickness in leaves
of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 36

Leaves within trees (error) 160

MS

590.151**

1,329.439**

341.333**

99.680*

15.618**

2.700

B. RAINFALL TRANSECT

Source of variation

Among sites

Site B vs siteE+F
Site E vs site F

Trees within sites

df

2

1

1

27

MS

101.340**

177.441**

25.240n . s .

8.026**

Leaves within trees (error) 120 1.617

(; 1 2= 3 3 . 9%
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TABLE 24

Analysis of variance of upper epidermis thickness in leaves
of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 36

Leaves within trees (error) 160

MS

176.293**

408.969**

116.813**

3.098n . s .

5.821**

2.528

o 12=38. 3%

B. RAINFALL TRANSECT

Source of variation

Among sites

df

2

MS

13.489n . s .

Site B vs siteE+F

Site E vs site F

Trees within sites

Leaves within trees (error)

1

1

27

120

26.952*

0.026n . s •

6.070**

1.616
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TABLE 25

Analysis of variance of hypodermis thickness in leaves of
Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df

Among sites 3

Site D vs siteA+B+C 1

Site C vs siteA+B 1

Site B vs site A 1

Trees within sites 36

Leaves within trees (error) 160

MS

20,231.373**

52,973.897**

7,714.303**

5.915n . s •

486.555**

111. 748

°12=19.2%

B. RAINFALL TRANSECT

Source of variation

Among sites

Site B vs siteE+F

Site E vs site F

Trees within sites

df .

2

1

1

27

MS

2,227.645*

2,870.613*

1,584.677n . s .

483.170**

Leaves within trees (error) 120 66.517
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TABLE 26

Analysis of variance of the number of cell layers in the
hypodermis of leaves of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C

Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

36

160

MS

8.588**

22.543**

2.746**

0.476n . s •

0.156**

0.036

cr 1 2==15. 7%

B. RAINFALL TRANSECT

Source of variation

Among sites

Site B vs siteE+F

Site E vs site F

Trees within sites

df

2

1

1

27

MS

·0.471n • s •

0.941*

0.002n . s .

0.207**

Leaves within trees (error) 120 0.058

cr 2=5.4%s
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TABLE 27

Analysis of variance of mesophy11 thickness in leaves of
Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C

Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

36

160

MS

22,676.07**

59,285.34**

5.86°· s .

8,737.010 • s .

2,748.16**

445.37

20"1 =34.1%

B. RAINFALL TRANSECT

Source of variatioo

Among sites

Site F vs site
B+E

Site E vs site B

Trees within sites

df

2

1

1

27

MS

38,931.89**

77,848.03**

15.75°· s •

1,930.59**

Leaves within trees (error) 120 317.07
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TABLE 28

Analysis o£ variance of the number of cell layers in the
mesophyl1 of leaves of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C

Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

36

160

MS

15.428**

44.065**

1.968n •s•

O.221nos.

2.343**

00271

0" 1 2=28.6%

B. RAINFALL TRANSECT

Source of variation

Among sites

Site F vssiteB+E

Site B vs site E

d£

2

1

1

MS

71.612**

138.856**

4.368n • s o

Trees within sites

Leaves within trees (error)

27

120

1.907**

0.270

0" 12=13.6%
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TABLE 29

Analysis of variance of the lower' epidermis thickness of
leaves of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Trees within sites

Leaves within trees (error)

df

3

36

160

:t-1S

5.209n . s .

6.262**

1.529

B. RAINFALL TRANSECT

Source of variation

Among sites

df

2

MS

58.639**

Site F vs siteB+E

Site B vs site E

Trees within sites

Leaves within trees (error)

1

1

27

120

117.212**

o;066n • s .•

5.853**

1.258

°12=38. 9%
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TABLE 30

Analysis of variance of the lower cuticle thickness in
leaves of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Trees within sites

Leaves within trees (error)

df

3

36

160

MS

39.99ln• s•

16.386**

0.686

o 12=16.0%

B. RAINFALL TRANSECT

Source of variation

Among sites

Trees within sites

df

2

27

MS

0.783n• s•

6.210**

Leaves within trees (error) 120 1.522

(J 2=-4.9%s
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TABLE 31

Analysis of variance ox the number of leaf secretions per
unit area of leaf of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation df MS

Among sites 3 10.370**

Site D vs siteA+B+C 1 12.968*

Site C vs siteA+B 1 16.375**

Site B vs site A 1 1.766n.s.

Trees within sites 36 2.171**

Leaves within trees (error) 160 0.396

a 12=43.3% a t 2=38. 8% a s2=17. 9%

B. RAINFALL TRANSECT

Source of variation

Among sites

Site F vs siteB+E

Site E vs site B

Trees within sites

Leaves within trees (error)

df

2

1

1

27

120

MS

79.939**

27.006n• s•

132.872**

6.577**

0.387
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TABLE 32

Analysis of variance of the number of petiole secretions per
unit area of leaf of Hawaiian Metrosideros

A. ALTITUDINAL TRANSECT

Source of variation

Among sites

Site D vs siteA+B+C

Site C vs siteA+B

Site B vs site A

Trees within sites

Leaves within trees (error)

df

3

1

1

1

36

160

MS

4.112**

8.214**

3.977*

0.146n . s .

0.561**

0.126

B. RAINFALL TRANSECT

Source of variation

Amo~g sites

Site F vs siteB+E

Site E vs site B

Trees within sites

df

2

1

1

27

MS

20.911**

33.956**

7.866**

0.721**

Leaves within trees (error) 120 0.220
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Figure 22. Histograms of petiole length for four
sites along the altitudinal transect.
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APPENDIX B

PROPAGATION OF METROSIDEROS

Hawaiian Me't'rosideros can be propagated by different

methods with varying degrees of success. Tissue culture,

stem grafts, stem cuttings, air layers, seed germination,

and seedling transplantation have been tried by the author.

Negative results were obtained using tissue culture

techniques from meristematic stem tissue. These same re

sults were also obtained by Marion Mapes on several later

occasions. Also there was no success in growing stem grafts

using twelve juvenile plants that were two years old.

Trevor Davies, however, reports that Duncan and Davies Nurs

ery, New Plymouth, New Zealand, has been able to grow grafts

with limited success using New Zealand Metrosideros (personal

communication, 1971).

Air layers can be grown with the ramets often flowering

within the first year after they are planted. Ernest Pung,

State Division of Forestry, described the techique to me,

which I have found to be about 95 percent successful. The

air layers are made from stems a little larger than a pencil

in diameter so that the stem does not break off with the

weight of the air layer. The selected stem should have

actively, growing cambium tissue, and whose bark can be

, girdled readily. The upper end of the girdle should be

approximately 3 rom below a pair of leaf scars with the girdle
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4 cm long. After removing the bark the exposed wood should

be scraped and dried about 20 minutes before it is wrapped

with either sphagnum moss or hapuu-root soil. Plant hor

mones do not seem to aid the root production. The well

soaked rooting media is wrapped around the girdle with

clear plastic and tightly tied to retain the soil moisture.

It is best to seal the air layer with additional layers of

clear plastic since the plastic becomes brittle with time

and rodents and/or birds sometimes try to enter the air

layers.

Rooting time takes between three months and two years.

This time may be reduced somewhat by trimming the branches

near the air layers to allow the suns' rays to shine direct

lyon the plastic bag. The additional heat within the

plastic bags seems to aid in root growth.

When the air layered bag is very full of roots (no

sooner), clip the branch just below the girdled section

without disturbing the roots. Remove the plastic bag and

dip the rooting media and roots into a peMB fungicide solu

tion before planting it in fertilized, loose-textured soil

or rocky substrate. Trim the potted air layer back enough

to reduce transpiration loss and place it under mist spray

until it is well established. Once the plant has rooted

and been hardened off, it will grow well in a ventilated

area that receives sunlight and a climate comparable to that

under which it grew in the field. Well-drained soils that
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alternately are wet and dry seem to produce plants that

flower more often. However, do not let the soil dry out

too much.

Half-ripe stem cuttings may be grown with a limited

amount of success using mist spray and a 1:1 soil mixture of

peat moss and silica sand with bottom heat between 24° and

27°C (Trevor Davies, personal communication, 1971). Hor

mone treatment of the cutting does not appreciably affect

the rooting. However, an important factor seems to be the

source of the cutting. Between 5 and 10 percent success is

obtained from cuttings taken from plants less than three

years of age that are grown from seed in the greenhouse.

Less than one percent success is obtained from cuttings

taken from larger trees in the field.

The plants grow readily from viable seed. Germination

rates vary from less than one percent to 78 percent. Fresh

seed material that is light in color and has not been wet

previously should be obtained from newly opening capsules

selected from a tree with good traits. Since the seeds

require light to germinate sprinkle them on top of an already

well-soak.ed soil mixture. The seeds germinate over a wide

range of pH and soil substrates. The author, using HCl con

centrations and NaOH concentrations to match each full step

in pH, obtained germination from pH 3 through 6, then again

from 8 through 10. No seed germination was produced at a

pH of 7, or seeds placed in sea water.
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The surface of the soil needs to be kept moist until

the seedlings are well rooted, or approximately 5 cm tall

(6 to 9 months of age). The least amount of drought when

the plants are small will kill them. Germination time var

ies depending upon the age of the seed. Fresh seed germi

nates in about five days, while seed a year old may take

4 to 6 weeks. I have been unable to grow seeds kept in the

laboratory at room temperature for more than two years,

although I have been told that New Zealand Metrosideros seed

is viable for up to three years. Under ideal conditions

some plants grown from seed may flower in their third year.

Transplanting of seedlings from greenhouse soil into

outside ground presents a problem that is not entirely re

solved. Although various people have had different success

rates in transplanting Metrosideros, the reasons behind the

problem(s) are still obscure. Best success seems to be ob

tained where the plant is transplanted into a windy area

with a climate similar to its parents. Care should be taken

not to disturb the root system, and the plant should be

planted shallow enough to allow the roots to grow down into

the soil to the level that is most advantageous for the

plant. This is especially true in thick clay soils, where

the root system seems unable to penetrate the soil. Care

should be taken not to place the plant into a hole surrounded

by heavy soil that will impede water drainage, since the

plants are particularly susceptable to damping off fungus
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(Rhizoctonia sp.). Plants have been transplanted into a va

riety of soils with success. However, more success may be

obtained if the tranplanted plant is placed in a well-aer

ated soil that has a lighter texture than where it previ-

ously has been growing.

If a large plant is to be transplanted, dig a well

around the plant, but leave the plant for 3 to 6 months

before moving it. New feeder roots are able to replace

those that have been severed in digging the original well,

thereby lessening the transplant shock. The plant should
.. . .

be pruned with some leaves left on the plant to reduce trans-

evaporation loss. The amount of pruning necessary can be

estimated by the amount of damage done to the plant's root

system.

In summary, Metrosideros can be propagated with varying

degrees of success. The easiest method is from seeds. How-

ever, it takes at least 3 years for the seedlings to flower.

If identical genetic material is desired, air layering and

stem propagation may be tried. Whereas stem propagation has

a low percent of success taking at least two years for the

plants to flower, air layering can produce cloned material

that may flower the same year that it is planted. Trans-

plantation of trees meets with limited success. The larger

the plant the greater the risk of its dying.
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OBSERVATIONS ON METROSIDEROS FLORAL VISITORS

A number of introduced and native animals were seen

on the Metrosideros blossoms. Among the animals seen

visiting the blossoms were: ants, honeybees, crickets,

centipedes, moths, catepillars, native bees and wasps,

and birds.

Very few observations were made at night. However,

a relatively common noctural caterpillar was seen which

fed upon the stamens within the flower buds. By day the

caterpillar lived inside the flower buds, and emerged

at night. Damaged buds were evident because of a small

emergence hole that the catepillar left in the bud petals.

These buds usually dried up and abscised before they

opened. They appeared to be most common after the tree

had been flowering a month or more.

On rare occasions Metrosideros plants emitted a sweet

odor (similar to crushed sugar cane) that may be associated

with plant injury. One summer night soon after dark a

floral bouquet was producing this odor outside a residence

at Hawaii Volcanoes National Park (1220 m elevation) when

a moth perched on the outside of the floral cup and extended

its proboscis into the nectar. It stayed in this position

5 to 10 minutes before flying off. Since the flowers pro

duced nectar at night, noctural visitors were rewarded.

However, more night observations are needed to ascertain if

moths normally visit the flowers.
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Occasionally ants obtain nectar from the flowers; how

ever, ants are recent introductions to Hawaii and should not

be regarded as historically important pollinators.

The honeybee (Apis mellifera) was introduced to Hawaii

in 1857 (Eckert and Bess, 1952) and has become a frequent

visitor to the blossoms. Although the honeybee has become

a pollinator in many areas of the Hawaiian Islands, it still

was not abundant at high elevations on Mauna Loa. Thus, one

could observe sites where competition from this introduced

species was present and absent. The following observations

were based upon visual sightings over several years.

The honeybee foraged from flowers usually on a single

tree and only rarely flew to nearby trees. This behavior

encouraged inbreeding. They gathered pollen under cloudy

and sunny conditions, and from early morning to late evening,

stopping only during rain storms. Their seemingly high

foraging efficiency probably has caused competition for

pollen among other floral visitors.

NATIVE BEES--In contrast to the introduced honeybee,

these native bees (Nesoprosopis sp.) visited the blossoms

almost exclusively under only warm, sunny conditions. At

high elevations they commonly appeared on flowers during

the summer months after 9 AM. In some areas where suffi

cient cloud cover was formed by 11 AM these bees were

either no longer seen or were very uncommon on the flowers.
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When the bee landed on a blossom it usually landed

on the anthers and fed on the pollen or crawled to the base

of the flower for nectar. Whereas the honeybees had pollen

balls on their rear legs, the native bees had no external

pollen mass apparent. These native bees were common on

blossoms at high elevations where honeybees were absent.

When seed germination was measured from capsules produced

from four trees in this area the germination was low «6%).

NATIVE WASPS--Native wasps, such as Polistes exclamans,

visited the blossoms on clear, sunny days. They usually

landed on the stamens, then moved down the stamens to the

flower base for nectar. Predatory wasps also visited the

blossoms for nectar (Jack Beardsley, personal communication) •

BIRDS--Whereas the native bees and wasps frequented

blossoms mostly in drier districts where the nectar concen

tration was high, birds visited the flowers throughout the

range of the plant. Both native and introduced birds some

times visited a trees' blossoms at the same time, although

they generally worked different portions of the tree.

The birds frequently visited several blossoms in an

inflorescence, then flew to another inflorescence on the

same tree or another tree nearby. Their foraging behavior

suggested they were transmitting pollen from tree to tree.

Therefore, trapped birds were examined for the presence of

pollen on their head feathers at three sites to see if they

might be considered vectors. Of 27 birds sampled, 23 of
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them had Metrosideros pollen. The six bird species carrying

pollen were: 'amakihi (Loxops virens), 'apapane (Himatione

sanguinea), Hawaiian creeper (Loxops maculata ~), Japanese

white eye (Zosterops palpebrosus japonicus), housefinch

(Carpodacus mexicanus frontalis), and housesparrow (Passer

domesticus). Although three of these six species were na

tive nectar feeders and might be expected to be transmitting

pollen in their feeding behavior, introduced species, in

cluding the housefinch, white eye, and housesparrow, also

had pollen. Apparently these species were using the blos

soms as their water source when standing water was absent

(Winston Banko, personal communication).

Climatic conditions seemed to affect the amount of pol

len the birds were carrying on their feathers. Those birds

sampled at 1220 m elevation during a rainstorm had very

little pollen. After the storm the wet anthers dried out

and fresh pollen was released. Birds caught after the

storm showed an increased amount of pollen on their feathers.

However, 36 hours after the storm one bird had no pollen.

Since the birds was collected near a water source where

birds were seen bathing a question may be asked if birds

periodically clean themselves of pollen accumulation when

water is available. A second question that should be ex-'

plored is if birds have pollen allergies, which affect their

feeding behavior.
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