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INTRODUCTION

Research on Hawaiian Metrosideros up to the present has emphasized

external morphology, mainly for tre purpose of classification. The external

morphological characters of the plants are extremely variable (Rock, 1917;

Skottsberg, 1935, 1944). Little information on variation in the wood structure

of these plants is available. The only descriptions, which are :L'elatively

detailed, of wood anatomy of Hawaiian Metrosideros were given by Brown

(1922), based on one plant sample, and by Lamberton (1955) based on three
_.:;f .

plant samples which he considered to represent three different species

according to Rock's (1917) classification of the group.

The present study was undertaken to determine the extent of variation

in wood anatomy of these plants, the relationships of some quantitative features

to certain environmental factors, particularly the annual rainfall and the

altitude, and the relationships among the quantitative features of the xylem

elements.

Correlations between various anatomical features of the wood and gross

morphological characters used in current taxonomic treatments were sought,

to determine whether wood anatomy could prove to be of taxonomic use in

Hawaiian Metrosideros.

The plants utilized in this study consisted of 47 trees, including

representatives of 12 taxa, which were collected from five different islands

of the Hawaiian group, in areas of different altitude and annual rainfall.



REVIEW OF LITERAWRE

THE GENUS METROSIDEROS:

The genus Metrosideros, a member of the family Myrtaceae, was

established by Banks (1788) who adopted the pre-Linnean name first published

by Rumphius. However, in 1763 Adanson had published the name Nani (later

Nania) for the same genus. Metrosideros came to be used more widely than

Nani and is now a conserved generic name. The name Metrosideros, of Greek

origin, means ''heart of iron, " indicating the great strength of the wood.

As currently recognized the genus contains about 20 species with many

varieties. The species are all woody, and include shrubs, climbers, and trees

(Niedenzu, 1893, Gerry, 1955). Metrosideros is a member of the Sub-family

Leptospermoideae and was characterized by Niedenzu (1893) as follows: "Corolla

perigynous. Receptaculum turbinate, campanulate or urceolate. Calyx lobes 5,

broad, obtuse. Corolla lobes 5, rounded. Stamens many, usually in one row;

filaments free, long; anthers elongate, dorsifixed, versatil, with longitudinal

cells; connective with glandular point. Ovary united with the receptaculum at

the base, three-celled; style very long; stigma simple. Placenta axile; ovules

covering the whole placenta, ascending. Seeds many only partly fertile; testa

thin; embryo straight; cotyledons flat or folded, longer than hypocotyle. Trees

or shrubs, rarely climbers. Leaves opposite. Flowers in terminal--rarely

axillary cymes. "



3

DISTRffiUTION OF THE GENUS METROSIDEROS:

Like other genera in the sub-family Leptospermoideae of the family

Myrtaceae, the genus Metrosideros is distributed predominantly on the islands

of the Pacific from Malaya, Indonesia and New Guinea to Northern Austral:i.a,

New Caledonia, New Zeal8.£J.d, and Polynesia including the Hawaiian Islands

(Ingle and DadsweJ.4 1953).

Rock (1917) believed that the center of distribution was New Zealand

because of the fact that the largest number of endemic species of this genus

occur in that area. Brown (1922) felt, however, that in all probability the genus

in Hawaii was originally from America, even though its affinities were largely

Indo-Malayan or Australian.

In t.l).e Pacific Metrosideros is found from about 300 South to 220 North

latitude. M. lucida Menz ., however, extends to the south as far as the latitude

520 on Auckland Island. In the Polynesian Islands the genus is represented by M.

coliina, which extends from the Kermadec Islands to northern Polynesia.

According to some authors this species is the one dominant in Hawaii, whereas

other s place the Hawaiian plants in the separate species M. polymorpha. Four

other related species have also been recognized in Hawaii. One species, M.

angustifolia, is reported to occur in South Africa.

Metrosideros polymorpha Gaud. with its many varieties and forms is

the only species which is widely distributed throughout the Hawaiian Islands.

This species grows from the coast up to about 6000 feet, in both dry and wet
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areas, and on relatively new lava flows as well as on old soils. The other four

species in Hawaii only occur in limited localities. M. waialealae for example,

only grows on Mt. Waialeale, Kauai, whereas M. tremuloides, M. rugosa, and

M. macropus are found only on the island of Oahu (Rock 1917). These four

species mostly grow together with M. polymorpha, and are considered by

some author s to be merely varieties of M. polymorpha.

TAXONOMY OF HAWAIIAN METROSIDEROS:

The genus Metrosideros is one of the indigenous Hawaiian genera that

shows extreme variations in external morphological characters. These

variations have been described by several authors, and have resulted in

considerably different taxonomic treatments.

Gaudichaud (1826) established the name M. polymorpha for the species

collected from the Hawaiian Islands and remarked on its variability .

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

Asa Gray (1854) published the name M. coliina (Forst) A. Gray based

on Leptospermum coliinum J. R. Forster (1776). Gray applied M. collina to

plants from southern Polynesia, upheld Gaudichaud's M. polymorpha for some

Hawaiian plants, and published M. rugosa and M. lutea from the Hawaiian

Islands.

Hillebrand (1888) upheld M. polymorpha Gaud. and enumerated, but

did not name, several varieties. He pointed out, however, that many Hawaiian

plants were indistinguishable from plants of M. coliina from t..h.e Society and

Fiji Islands.
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Heller (1897) and Leveille (1912) published several species and

varieties under the genus Nani (a). Some of these were described as

representing the entities enumerated by Hillebrand as varieties of M.

polymorpha.

Rock (1917) monographed the Hawaiian species ofMetrosideros.

Recognizing the relationship between Hawaiian plants and those from islands

to the south, he placed most Hawaiian plants in Metrosideros collina (Forst.)

A. Gray subsp. polymorpha (Gaud.) Rock. He recognized eleven varieties

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 pointed out that these 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. ':Yaialeale, and M.

rugosa. He referred the other Hawaiian plants to M. polymorpha Gaud., thus

differing from Rock. He indicated, however, that this was a provisional treat-

ment since he had 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 new subspecies, varieties, and forms.

He recognized, under M. polymorpha, six subspecies, thirteen varieties, and

eleven forms. He reduced M. tremuloides (Heller) P. Knuth to the variety
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tremuloides of M. polymorpha subsp; glaberrima (LevI.) Skottsberg.

In this paper Skottsbergis classification is followed since it is the most

complete taxonomic treatment of Hawaiian Metrosideros. Most specimens

studied could be referred rather readily to one of Skottsbergi s taxa, although

some specimens did not fit the descriptions exactly. The use of Skottsbergi s

more complete treatment enabled names to be applied without creating new

nomenclatural combinations. It is recognized, however, that Skottsbergis

classification does not take into account the relationships between Hawaiian

and non-Hawaiian Metrosideros.

PROBLEMS IN CLASSIFICATION OF METROSIDEROS:

The foregoing remarks emphasize the variability of Metrosideros in

Hawaii and the problems involved in reaching a meaningful classification of

the genus.

Skottsberg (1944) noted that the characters 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), Hillebrand (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.

Skottsberg (1944), however, believed that the flower size, as indicated by the
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height of calyx, was a more important character than the degree of pubescence.

The complete ignorance of the genetic nature and breeding systems of

Hawaiian Metrosideros has obviously caused difficulty in the classification.

Genetic information, which is important for a taxonomic treatment on a

scientific basis, i8 practically absent. Differences in chromosome numbers,

karyotypes, and the chromosome behavior at meiosis usually indicate genetic

differences of taxonomic significance (Lawrence, 1951; Stebbins, 1950). A

brief report of the chromosome numbers of M. polymorpha Gaud. in four

different subspecies was provided by Skottsberg (1955). The chromosome

number of the subspecies glaberrirna was 2 n = 22, subspecies glabrifolia was

2 n =22, ca. 26 (SIC Skottsberg), subspecies incana was 2 n =24, and subspecies

polymorpha was 2 n =22. Whether a small number of species units with a

great number of constant characters or a group of hybrids where new

combinations may give rise to a new type at any time is the problem which

faces one in studies of Hawaiian Metrosideros.

The problem of hybridization in Hawaiian Metrosideros has never been

studied, although Lyon (1940) indicated that he believed hybridization had been

important in the development of the present populations of Metrosideros. He

believed that all Hawaiian Metrosideros should be placed in a single species.

Hybridization has been demonstrated in Metrosideros elsewhere. The

various forms of Metrosideros from Rmgitoto Island, New Zealand, which

were classified previously as a variety of M. robusta (M. robusta var .
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intermedia.) by Kirk (1899) were sho'lm later to be the hybrid between M.

robusta and M. excelsa (Cooper 1954, 1958). The study of variation of

individual plants showed that there was a high degree of correlation among

the characters studied. Cooper (1958) concluded that the variation is due to

introgressive hybridization. This conclusion has. confirmed Cockayne' s

(1926) and De Berg's (1945) views that M. excelsa and M. robusta have crossed

freely to produce the present population.

The relationships between variations in environment and variations in

plant structure have been suggested for Hawaiian Metrosideros. Rock (1917),

and Brown (1922) stated that the great variations of the Hawaiian Metrosideros axe

probably related to various types of topography and climate. Brown (1922)

explained further that considerable variations of humidity, precipitation,

and light intensity have influenced the growth of many Hawaiian plants.

It has, of course, been demonstrated many times that environmental

factors influence plant growth (cf. Evans 1963) but such studies have not been

conducted on Metrosideros in Hawaii.

ANATOMY:

a) Anatomical effects of environmental factors

Metcalfe (1963) stated that the ideas conce:tiiihg the relationship of the

anatomical structure to environment are so widely held that they are accepted

as axiomatic. For example the sunken stomata are related to xerophytic plants
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and the spongy ground tissue or aerenchyma is associated with a mar shy

environment. He thought, however, that this is not always so because many

variations may occur that need further explanation.

Echols (1958) showed that variations in wood density and tracheid length

in races of Scotch pine (Pinus ~lvestris)were highly significant and closely

associated with the latitude. He found that the relationships between them were

linear. There were also significant correlations between wood density and

width of growth wings, and between tracheid length and tree height.

From investigations of wood anatomy Carlquist (1959) suggested that

climatic factors are closely related to the evolution of particular patterns of

wood structure. fu Helenieae (Compositae) the wood anatomy was thought to

have shown rapid and sensitive evolution with respect to ecology.

Rendle and Clarke (1934) reported that the variation in wood structure

is due to the combined action of several factors. Differences in external

conditions and the different conditions surrounding the development of individual

wood elements and consequently the wood structure in certain parts of the

stem, may result in variations such as those from the pith to the periphery,

and from the base of the stem upward. Such variations in wood structure of

Metrosideros had not been previously investigated.

b) Wood anatomy of Metrosideros

The general features of Metrosideros wood have been described briefly

by Metcalfe and Chalk (1950). Their description is not specific because the



main objective was a description of wood structure in the family Myrtaceae.

Ingle and Dadswell (1953) described, in considerable detail, the

wood anatomy of the timbers in the family Myrtaceae. They included

descriptions of the wood structure of Metrosideros based on nine samples

of trees, collected from North Australia and New Zealand. These nine

samples belong to six different species. They concluded that the features

of the Metrosideros wood they studied generally had close affinities to the

features of wood of the other genera in the sub-family Leptospermoideae .. .

Hawaiian Metrosideros wood was first described by Brown (1922)

based on M. polymorpha Gaud. ( =M. villosa 8m. in Brown t s text). The

distinguishing characters of the wood were summarized as diffuse porous,

reddish color with yellowish brown sapwood, rather soft, straight grained,

fine textured, resinous and with or without growth rings.

Lamberton (1955) studied and described the features of Hawaiian

Metrosideros wood, based on samples which he called M. collina subsp.

polymorpha var. imbricata, M. tremuloides, and M. macropus. He came

to the conclusion that both macroscopic and microscopic features of M.

10

tremuloides wood were very similar to those of M. collina, differing only in

some quantitative features. His description of the wood of~. macropus

is basically similar to those of the previous species. However, he found

tyloses only in M. macropus and considered this to be a distinguishing

character of this species.
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c) Cell types in Metrosideros wood

Four types of cells were recognized by Brown (1922) in the xylem of

M. polymorpha. These are vessel members, fiber cells, ray cells, and

wood parenchyma cells. Lamberton (1955), however, described five types

of cells from Metrosideros wood. He called the ground cells of the wood

fiber-tracheids instead of fibers. The additional cell type he described is the

vasicentric tracheid, which had been described previously by Ingle and

Dadswell (1953) in wood of Metrosideros from Australia and New Zealand.

1. Vessel members

Brown (1922) described the vessel members of Metrosideros as long

segments with simple perforation plates, which were somewhat smaller in

diameter than the vessel lumen. These vessel elements were mainly circular

in outline with predominantly oblique end walls. The pits were of variable shape.

Sub-circular bordered pits with lenticular orifices occurred on the walls

which were in contact with other vessel walls. Simple or semi-bordered

pits with varying forms, from circular to long elliptical, occurred on the walls

adjacent to wood parenchyma cells or ray cells. Lamberton (1955) reported

that the length of vessel members ranged from 412 to 825 microns in M.

collina and M. tremuloides, while in M. macropus the range was from 375

to 975 microns. The perforation plates of all vessels observed were simple

and of diameters equal to the lumens. Vessel pits of M. collina were reported

to be bordered or semi-bordered with circular to elliptical chambers.
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Sub-scalariform types with transversely linear chambers were found in M.

tremuloides. He described the presence of simple pits in vessels of M.

macropus, in addition to the bordered and semi-bordered pit types. Each

type occurred in patches. In this species tyloses were described as common

with about 4% of the tyloses sclerotic.

Ingle and Dadswell (1953) described vessel members of Metrosideros

from six species. They had average lengths between 570 and 810 microns,

and maximum diameters of 85 - 190 microns. Vessel pits were small, bordered,

and vestured . Vestured pits were also often observed in M. collina and M.

tremuloides from Hawaii (Lamberton 1955).

2. Fiber-tracheids

The fibers described by Brown (1922) from M. E,olymorpha were up to

1.80 millimeters long, straight, and attenuate from near the middle into long

sharp ends. The outlines were polygonal with relatively thick walls. The pits

were circular-bordered with lenticular orifices and uniseriate on both

tangential and radial walls.

Lamberton (1955) who called the cells fiber-tracheids, found all three

species he investigated to be basically the same, haVing thick walls, polygonal

outlines, bordered pits with long apertures, and long cells tapering from the

center to the fine pointed ends. Septa were also observed in the fiber-tracheids

especially in the region close to rays. Brown (1922) reported, however, that

no septations occurred in the fiber of M. polyrnorpha wood he observed.
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Semi-bordered pits were noted in M. collina and M. tremuloides, whereas

simple pits were occasionally present in the macerated material of M. macropus.

Semi-bordered pits were not mentioned as occurring in M. macropus. The

lengths of the fiber-tracheids in M. collina were described as similar to

those of M. tremuloides (825 - 1615 microns). In M. macropus, however, the

fiber-tracheid lengths were somewhat greater (900 - 1650 microns).

3. Tracheids

The presence of vasicentric tracheids in most genera of the family

Myrtaceae including Metrosideros was first noted by Metcalfe and Chalk (1950).

Ingle and Dadswell (1953) specifically mentioned the presence of vasicentric

tracheids in all six species of Metrosideros wood they studied, but did not

give any further information about this type of cell.

The features of vasicentric tracheids in Metrosideros wood were first

described in detail by Lamberton (1955). He indicated that such cells were

visible only in the regions where the vessels terminate. They were longer than

the wood parenchyma cells, ranging from 85 - 170 microns in length. The

pits were bordered with large circular to broad elliptical apertures. All the

pits were arranged in vertical series along the walls. The presence of these

vasicentric tracheids were described only in M. collina and M. tremuloides.

They were not mentioned in his description of M. macropus.

4. Ray cells

A general description of the rays of six species of Metrosideros was
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given in some detail by Ingle and Dadswell (1953). Although they did not

specify the types of the rays cells, their description indicated that the rays

were composed of two types of cells, upright (vertically elongated) cells

and procumbent (radially elongated) cells. These two types of cells formed

uni - to tri -seriate rays, but most rays observed were biseriate. The

maximum heights of the individual rays were less than 25 cells. The upright

cells occurred on the margin of the rays whereas the procumbent cells composed

the multiseriate tiers of the rays. The vessel-ray pitting observed was

half-bordered, small, with such narrow borders that the pits appeared si~ple.

The pits were rounded to vertically elongated or oblique in outline. All ray

cells had abundant deposits of extraneous material. Siliceous inclusions

were abundant or absent or confined only to the central procumbent cells,

depending on the species.

Brown (1922) recognized three different shapes of ray cells in-M..:..

polymorpha wood. Those cells were, first, the very low radially elongated

cells (procumbent cells) that occurred in the multiseriate portions, second,

the almost square cells that occurred in the uniseriate portions, and, third,

the axially elongated cells (upright cells) that occurred at the margins of the

rays. In tangential view, the cells of the multiseriate portions appearecl

subcircular, whereas those in the uniseriate portions were axially elongated.

The types of the pits were not described specifically but it can be inferred

that they were simple. They ranged in diameter from 3 to 24 microns.



15

Lamberton (1955) described only two types of ray cells, the upright

cells and the horizontal cells. The upright ones occurred in the marginal parts

of the rays and the horizontal ones fonned the multiseriate portions. In

uniseriate rays only the upright cells were found. Various sizes of simple

pits were observed in the ray cells, and the pits were described as either

circular, oval, or long oval in outline.

5. Wood parenchyma cells

Metcalfe and Chalk (1950) and Ingle and Dadswell (1953) mentioned

very briefly the distribution of wood parenchyma in Metrosideros as diffuse

apotracheal. Ingle and Dadswell also indicated the presence of abundant

deposits of extraneous material in these cells.

In Metrosideros polyrnorpha from Hawaii the wood parenchyma cells

were described as having sizes similar to fiber cells in outline (Brown 1922).

They were mostly in contact with vessels and vasicentric tracheids, and

located particularly along the radial walls of the vessels (Brown 1922;

Lamberton 1955). Apotracheal banded and diffuse parenchyma cells were

observed in this species (Lamberton 1955). The shapes of the cells were

recognized as rectangular in outline in longitudinal view and were very similar

to the fiber-tracheids except in the nature of the end walls and the presence of

simple pits. In M. macropus, however, Lamberton (1955) observed that the

parenchyma pits often had their adjacent sides flattened.
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d) Special contents in wood cells

The presence of resin-like materials and silica have been mentioned

by several workers. Brown (1922) stated that resin-like material filled the

ray cells of M. polymorpha. This material often cQy.ered the walls between

ray cells and obscured the pitting. Lamberton (1955), however, did not

mention the occurrence of this material in the ray cells of M. polymorpha

he examined, except to indi'cate the dark staining material that plugged the

pits of fiber-tracheids and vessels. In M. tremuloides, he mentioned a

dark-staining material that plugged the lumens of the vessels, which he used

as one of the features distinguishing this wood from that of M. polymorpha.

The occurrence of dark-staining materials in the ray cells that heavily plugged

their lumens was also described in M. macropus. Ingle and Dadswell (1953)

indicated that in ray cells and wood parenchyma cells deposits of extraneous

material were abundant. The presence of siliceous material in the ray cells

was described as varying from very abundant to very sparse or absent. Most

of this material was confined only to the central procumbent cells. M. ornata

and M. eucalyptoides woods were found to have abundant siliceous material

whereas in M. excelsa and one sample of M. robusta the material was sparse.

In other species it was absent.

Bianchi (1934) suggested that the presence of silica in the wood

Metrosideros might cause its resistance against the attack of shipworms

(Teredo). Among 77 genera of timbers containing silica he tested, Metrosideros
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gave the greatest resistance against teredo, hence it was considered as the best

wood for marine construction. This suggestion was confirmed also by Iterson

(1934) who used methods which demonstrated the high silica content in this

wood. Metcalfe (1963) considered that the presence of ergastic substances,

the products of metabolism which are deposited in cells or cavities, are often

highly characteristic of the plants in which they are produced; thus they may

have taxonomic value.

e) Tyloses

Among structures which are frequently mentioned as occurring in

Metrosideros wood are tyloses. The occurrence of such tyloses was mentioned

by Brown (1922). It was noted that the tyloses were only found in the heartwood.

The material was identified as M. polymorpha Gaud. Lamberton (1955), in

his study of the Metrosideros wood of Hawaii, described the appearance of

tyloses only in M. macropus where the sclerotic type of these tyloses occurred

in approximately 4% of the pores. The layering of their walls and the presence

of the simple ramified pits in the wall were also mentioned. Ingle and

Dadswell (1953) and Metcalfe and Chalk (1950), however, did not mention

the presence of tyloses in their material.

f) Wall structure

Vessel wall thickness was described briefly by Brown (1922) and

Lamberton (1955). Both M. polymorpha and M. tremuloides had vessel wall
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thicknesses between 2 and 3 microns. In M. macropus, however, the 'Nall

thickness of the vessels was only between 1 and 2 microns.

Fiber-tracheid cells were described as having rather thick (Brown 1922)

to very thick walls (Lamberton 1955) in M. polymorpl:a. They ranged from 2

to 4 microns. 'The wall thicknesses of the fiber-tracheids of M. macropus

were between 3 and 6 microns. They were described as moderately to very

thick.

The chemical composition of Hawaiian Metrosideros wood was analyzed

from the trees having diameters 7.6 to 9.0 inches, average specific gravity

0.51, and moisture content at 48% (Schwartz 1960).

ECONOMIC USES OF METROSIDEROS WOOD:

The wood of Metrosideros has been well known for a long time because

of its economic importance. It was reported that two closely related species

of Metrosideros in Indonesia, kaju Lara and kaju Nani, were especially suited

for marine construction (Iterson 1934). Kaju Nani, according to Heyne (1927),

is Metrosideros vera Roxb. No scientific name for kaju Lara could be found.

Hawaiian Metrosideros has been used by ancient Hawaiians for idols, poi

boards, and buildings (Lamb 1936). In the recent past wood was especially

used for railroad ties because of its durability when in contact with soil

(Hall 1904). It is also used for paving blocks, railway cars, fence posts,

flooring, and bridge timbers. LTJ.vestigations are being conducted to determine
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further uses for this wood. Recently, it has been proved that the wood is

good for rotary or sliced venee:r, cooperage, shuttles, pul~eys, and hardboard

(Gerry, 1955; Youngs, 1960; and Schwartz, 1960). The strength of its wood

can be compared with the best red oak (Hatt 1909).

The unfavorable feature of Metrosideros wood, however, is tha t the

wood is susceptible to warping and checking (Hall 1904; Margolin 1910;

Gerry 1955).



MATERIAL AND METHODS

Wood samples from 47 trees of Hawaiian Metrosideros are included

in this study. These were collected from areas of different altitude and

rainfall on the five major Hawaiian Islands. Twenty specimens were from

the island of Hawaii, ten from Molokai, nine from Oahu, six from Kauai, and

two from Maui.

Forty-three trees were later identified as subspecies, varieties, and

forms of Metrosideros polymorpha Gaud., two as M. polymorpha subsp.

glaberrima var. tremuloides (Heller) Skottsb. (formerly M. tremuloides

(Hellel) Rock), and one as M. macropus H. et A. One specimen (no. 16)

could not be identified with certainty since it was collected from a dead tree

killed by a lava flow. It is included in M. polymorpha subsp. incana, however,

since the liVing trees around this flow were identified exclusively as belonging

to this subspecies.

Identifications were based on the papers by Rock (1917) and Skottsberg

(1935, 1944) and confirmed by comparison with specimens in the herbarium of

the Bernice P. Bishop Museum. The nomenclature used in this paper follows

that presented by Skottsberg (1935, 1944).

Each sample was given a code number, which is used throughout this

paper for the sake of brevity. Table 1 gives the names of the plants, their

code numbers, and information on the place of collection, including altitude



Tree
no. Name1

Table 1. Metrosideros plants utilized in this study.

Location
Elevation Annual

(feet) rainfall
(inches)

5

9

10

12

15

16

M. polymorpha Gaud. subsp.
iiiCana (LevI.) Skottsb.

II

II

II

II

II

Hawaii, 17 mile! from Hilo on Route 20.
Coll. no. 1950.

Hawaii, 14 miles of Manuka Park, Kona,
on Route 11. ColI. no. 1954

Hawaii, 9 miles north of Manuka Park, Alika
flow, South Kona. Coll. no. 1955.

Hawaii, 1 mile North of Manuaka Park,
South Kona. ColI. no. 1957.

Hawaii, about 60 feet from the edge of
1955 lava flow, Ahupuaa of Kaueleau. ColI.
no. 1964.

Hawaii, the same location as no. 15. The
wood sample was collected from dead tree
killed by the 1955 lava flow; the surrounding
trees were exclusively M. polymorpha ssp.
incana. Coll. no. 1965.

4000

1200

2000

1600

600

600

75

50

50

50

75

75

1 Identifications based on Rock's (1917) and Skottsberg's (1935, 1944) treatments of the genus. Nomenclature
follows Skottsberg.

2 Collection numbers of C. H. Lamoureux and D. Sastrapradja. Voucher specimens are in the herbarium
of the University of Hawaii.

~......



Tree
no. Name

Table 1. (continued) Metrosideros plants utilized in this study.

Location
Annual

Elevation rainfall

(feet) (inches)

17

18

19

M. polymorpha Gaud. subsp.
incana (LevI. ) Skottsb.

"

"

Hawaii, Malamaki forest reserve, old pahoehoe 40
lava flow, Puna district. ColI. no. 1966.

Hawaii, the same location as no. 17 but at a
somewhat lower altitude, + 10 feet. ColI. no. 1967. 30

Hawaii, 2 miles east of Kalapana in Ahupuaa 40
of Keokea, Puna district. ColI. no. 1968.

50

50

40

20 Hawaii, the same location as no. 19. ColI.
no. 1969.

40 40

24

31

38

26

"

"

"

"
(forma psilophylla Skottsb. )

Molokai, Puu Kaeo, Kalaupaa. ColI. no. 1977. 3300

Maui, Olinda, Makawao district. ColI. no. 2038. 4300

Oahu, Manoa cliff trail. ColI. no. 2354. 1000

Molokai, Puu Kaeo, Kahanui. ColI. no. 1979. 3300

60

200

150

60

25 M. polymo!}?ha Gaud. subsp.·
incana (LevI.) var. fauriei
(LevI.) Skottsb.

Molokai, the same location as no. 26. ColI. no.
1978.

3300 60

N
N



Table l. (continu;:~d) Metrosideros plants utilized in this study.

Tree Annual
no. Name Location Elevation rainfall

(feet)
(inches)

28 M. polymorpha Gaud. subsp. Molokai, the same location as no. 26. 3300 60
incana (Levi.) var. fauriei ColI. no. 1981.
(LevI. ) Skottsb.

30 " Molokai, Kalaupapa look out. ColI. 1600 40
no. 1983.

3 M. polymorpha Gaud. subsp. Hawaii. 15 miles from Hilo on Route 20. 3600 150
polymorpha. ColI. no. 1948.

6 " Hawaii, 21 miles from Hilo on Route 20. 5000 50
CoIL no. 1951.

7 " Hawaii, 24 miles from Hilo on Route 20. 6000 40
ColI. no. 1952.

33 " Oahu, Manoa cliff trail. CoIl. no. 2349. 1000 150

39 " Oahu, Mauna Kapu cliff trail. CoIl. no. 2355. 2300 30

40 " Oahu, the same location as no. 39. ColI. no. 2300 30
2356.

41 " Oahu, the same location as ho. 39. ColI. no. 2300 30
~

2357. w



Tree
no. Name

Table 1. (continued) Metrosideros plants utilized in this study.

Location
Annual

Elevation rainfall
(feet) (inches)

23

1

8

11

13

4

27

29

42

M. polymorpha Gaud. subsp.
polymorpha forma pseudorugosa
Skottsberg.

M. polymorpha Gaud. subsp.
imbricata (Rock) Skottsb.

"

"

"

M. polYlPorpha Gaud. subsp.
glabrifolia (Heller)Skottsb.

"

"

"

Molokai, small bog between Hanalilo and
Pepeopae . ColI. no. 1974.

Hawaii, 2 miles from Route 13 at West side
of main branch of 1955 lava flow, Puna district.

Hawaii, Route 19, 1801 Kaupulehu lava flow from
Hualalai, North Kona. ColI. no. 1953.

Hawaii, 9 miles North of Manuka Park, Alika
flow, South Kona. ColI. no. 1956.

Hawaii, 3 miles South of Punaluu tum off
between Naalehu and Pahala. ColI. no. 1958.

Hawaii, 15 miles from Hilo on Route 20.
ColI. no. 1949.

Molokai, Puu Kaeo, Kahanui. ColI. no. 1980.

Molokai, the same location as no. 27. ColI.
no. 1982.

Kauai, Haupu range, near old crater, Lihue
district. Coll. no. 2620.

4200

1000

1800

2000

1000

3600

3300

3300

2000

75

100

75

50

40

150

60

60

75
tv
K:>-



Tree
no. Name

Table 1. (continued) Metrosideros plants utilized in this study.

Location Elevation
(feet)

Annual
rainfall
(inches)

43

45

46

47

21

22

14

37

44

M. polymorpha Gaud. subsp.
glabrifolia (Heller) Skottsb.

II

II

II

"
(var. prostata (Rock) Skottsb.)

"

M. polymorpha Gaud. subsp.
glaberrima (LevI.) Skottsb.

"

"

Kauai, Puu Ka Pele forest area below Canyon
lookout. ColI. no. 2621

Kauai, Kahili peak, Bog forest. CoIl. no. 2623.

Kauai, the same location as no. 45. ColI. no.
2624.

Kauai, Hanalei Bay area. ColI. no. 2625.

Molokai, small bog between Hanalilo and
Pepeopae. ColI. no. 1973.

Molokai, the same location as no. 21.
ColI. no. 1973a.

Hawaii, 4 miles from the junction of Route
148 and Route 11 (144). Coll. no. 1959.

Oahu, Manoa cliff trail. Colla no. 2353.

Kauai, Kalalau forest. Metrosideros
forest. Coll. no. 2622.

3000

2000

2000

50

4200

4200

3800

1000

4000

40

100

100

50

75

75

100

150

75

N
CJ1



Tree
no. Name

Table 1. (continued) Metrosideros plants utilized in this study.

Location
Annual

Elevation rainfall
(feet) (inches)

34

36

2

32

35

M. polymorpha Gaud. subsp.
glaberrima (LevI.) Skottsb. var.
tremuloides (Heller) Skottsb.
Syn. = M. tremuloides (Heller) Rock.

It

M. ,eolymorpha Gaud. subsp.
micrantha Skottsb.

It

M.macropus H. et A.

Oahu, Manoa cliff trail. CoIl. no. 2350.

Oahu, the same location as no. 34. CoIl. no. 2352.

Hawaii, 8 miles from Hilo on Route 20. CoIl. no.
1947.

Maui, Olinda, Makawao district. CoIl. no. 2039.

Oahu, Manoa cliff trail. ColI. no. 2351.

1000

1000

2400

4300

1000

150

150

250

200

150

t-.J
0\
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and annual rainfall. Rainfall data were obtained from Water Resources in

Hawaii (Anonymous, 1959).

Wood samples were collected from the basal, middle, and upper parts

of each tree. Craf III (Sass 1958) was utilized as the killing-fixing fluid. The

samples were aspirated to ensure rapid and uniform penetration of the fluid.

After storage in Craf III for at least one week, the wood blocks were transferred

successively to 30%, 50%, and 70% ethanol. Sections were cut on a sliding

microtome at 20 microns, while the block and sections were kept wet with

70% ethanol.

Most samples reqUired softening before sectioning. This was

accomplished by washing out the killing fluid with water and placing the

blocks in 40% aqueous hydrofluoric acid for 72 hours. This was followed by

washing in rmning water for 48 hours and subsequent dehydration in 30%, 50%,

and 70% ethanol.

Sections were stained with tannic acid, iron chloride, and lacmoid by

the method described by Cheadle~al (1953). The optimum times in tannic

acid and iron chloride were seven to nine minutes; the optimum time in

lacmoid was 48 hours.

Macerations were prepared by the hydrogen perOXide-acetic acid

method described by Gifford,~ al (1956). After maceration cells were

stained with safranin and permanent slides were made.
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Cross, radial, and tangential sections and macerations were prepared

from both inner and outer parts of the wood at each of the three levels from

each tree.

Two sorts of data were obtained from each sample:

a) descriptive, qualitative data on cell shapes, arrangements, and

contents, and

b) quantitative data on cells length and diameter, wall thickness, and

number of vessels and rays per unit area.

Usually 10 measurements of each quantitative character were made from each

sample. Quantitative data were subjected to statistical analyses. These

analyses included analysis of variance with factorial arrangements and

regression analysis treatments, and Tukey's test of multiple comparison

among means (Snedecor, 1961; May, 1953; Winer, 1962). The regression

analysis was carried out with an electric calculator, while analyses of

factorial arrangement treatments were performed by the ffiM 7040 computer

at the Computing Center of the University of Hawaii. Such analyses were run

on 45 of the 47 trees studied. Wood samples were taken at only two levels from

two trees (nos. 10 and 16)., and these plants were not included in the statistical

analysis.

The terminology used in this paper follows the system proposed by the

Committee on Standardization of Terms of Cell Size, International Association
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of Wood Anatomists (1937), and the Committee on Nomenclature, International

Association of Wood Anatomists (1957). Additional terminology related to

numerical values follows Chattaway (1932).



OBSERVATIONS AND RESULTS

VESSELS

1. 'TIlE OCCURRENCE AND DISTRIBUTION OF PORES:

The specimens of Metrosideros studied were mostly diffuse-porous,

although some 21% of the samples observed had pores in arrangements

intermediate between ring-porous and diffuse-porous in various degrees.

The diffuse-porous woods can be separated into four different types. The

first type has relatively few, widely scattered pores and the individual

pores are relatively small; the second type has relatively few, widely

scattered pores, !Jut the individual pores are relatively large; the third

type has relatively numerous, crowded pores and the individual pores are

relatively small; and the fourth type has relatively numerous, crowded pores,

and the individual pores are relatively large (Plate 1, A, B, C, D). In the

semi-ring-porous woods, two types of pore occurrence may be distinguished:

the first has numerous pores which are relatively small in size; the second

has numerous pores which are relatively~large(Plate 1, E, F).

The tendency of the pores to be grouped in the early wood region

increases gradually from the basal part of the stern toward the upper part.

The semi-ring-porous arrangements were observed in ten different samples.

These trees, identified according to Skottsberg's classification (1935, 1944),

belonged to six different subspecies of M. pol~orpha. Three trees
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(nos. 22, 29, 47) belonged to the subspecies glabrifolia, two (nos. 1, 8)

to the subspecies imbricata, one (no. 2) to the subspecies micrantha, two

(nos. 3, 23) to the subspecies polymorpha, one (no. 12) to the subspecies

incana, and one (no. 14) to the subspecie s glaberrima.

As seen in the cross-section, the pores are arranged mostly in

zig-zag forms, although oblique or echelon arrangements are sometimes

found. Nearly all the pores are solitary or virtually so. Very rarely the

pores occur in groups, but never more than 1% of the pores are found in

such groups. In these cases two to four pores occurred in a group, which

could be described as a short radial multiple or cluster.

2. THE SIZES AND WE SHAPES OF PORES:

The pore sizes ranged from very small to medium (Chattaway, 1932).

The average tangential diameter of the pores from all samples was 80. 13

microns. Based on t.~is grand mean and on its standard deviation, the

estimate could be made that the mean pore tangential diameter of Hawaiian

Metrosideros will range within the confidance limits between 85.71 microns

and 72.82 microns at the 99% level of probability. In other words, the

chances are 99% or better that the mean of all Hawaiian Metrosideros would

lie between 72.82 microns and 85.71 microns. Thus, the sample studied

here is a representative one. The diameters of single pores, however,

ranged from 12. 80 microns to 147 .00 microns. The maximum tangential

. diameters in some trees are very small, not more than 100 microns. All
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these trees were of relatively smaller sizes than trees with maximum pore

tangential diameters exceeding 100 microns, except for tree no. 25 (M.

polymorpha subsp. incana var. fauriei). Various factors may have influenced

the total growth of most of these trees and indirectly influenced the sizes of

the pores. Of the trees with pores less than 100 microns in diameters, three

belong to the subspecies polyrnorpha (nos. 6, 23, 41), one to the subspecies

glaberrima (no. 44), three to the subspecies glabrifolia (nos. 21, 22, 45),

and four to the subspecies incana (nos. 10, 25, 30, 31), of M. polymorpha.

All other trees studied had maximum pore tangential diameters between 100

and 200 microns. There were no trees studied which had pores with tangential

diameters of more than 200 microns. The relation between environment and the

vessel tangential diameter is not immediately apparent. Trees with smaller

pores were collected in areas from 1600 to 5000 feet elevation with annual

rainfall of 30 to 200 inches. Those with larger pores grew between 40 and 6000

feet elevation with annual rainfall between 30 and 250 inches.

Statistical analysis (Table 2) indicates that the pore tangential diameters

among the 45 tree samples analyzed differ very significantly. The statement is

based on the F-value 51. 07, which is much larger than the critical F-value,

1.60, at the 99% probability level (Table 2). To determine whether the average

pore tangential diameter of each individual tree differed significantly from those

of all the others, the multiple comparison among means following Tukey's

method (Snedecor 1961; May 1952; Winer 1962) was used. The average pore



Table 2. Analysis of variance of tangential diameters of vessels.

Degrees F Critical
Source of variation of Sums of squares Mean squares value F-value

Freedom (99%)

Individual trees 44 9800.20789 222.73200** 51.07 1.60

Parts of trees 2 1593.84718 796.92359** 159.14 6.01

Replications 9 103.86956 11.54106

Trees vs. parts 88 1175.55066 13.35853** 2.99 1. 42

Trees vs. replications 396 1727.18665 4.36158

Parts vs. replications 18 90.13757 5.00764

Residual (Error) 792 3535.74695 4.46433

Total number of samples studied = 45; number of parts in each sample =3; number of replications = 10.

Vessel diameters are expressed in ocular scales; one scale is equal to 6.4 microns.

** Highly significant, P is less than 0.01.

CJJ
CJJ
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tangential diameter of each tree is compared to that of each other tree. If the

differences between means are bigger than the D value, which is 2.49, it is

regarded as significant at the 95% level of ;'JTobability . The D value is obtained

from the product of the standard error (S5c) with a factor Q (studentized range).

The standard error was computed from the standard deviation of the sample

data or pore tangential diameter of the 45 trees analyzed. The studentized

range was taken from the standard table of Q values of the normal population.

The resu.ts of this test (Appendix. .!able 1) indicate that there is no single tree

sample which has an average pore tangential diameter that differs significantly

from those of all other samples. Each individual tree sample is only different

in its average pore tangential diameter from a certain number of the other tree

samples. Among them, there are some trees which have average pore

tangential diameters closely related to each other ~d different significantly

from other trees. These tree samples may then be grouped in the same class.

There are 23 classes of tree samples which can be distinguished based on the

differences and the similarities of their average pore tangential diameters.

Considering the parts of the sterns at three different levels, the analysis

of varia:oce shows that the pore tangential diameters in the three different parts

of the sterns are different very significantly. The F-value--159.14--is

considerably bigger than the critical F-value--6.01--at the 99% level (Table 2).

The further test of the multiple comparison among means leads to the statement

that the average pore tangential diamf"ter at the basal part of the sterns is
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different from that at the middle part, and both of them are also different from

that at the upper part. The average pore tangential diameter at the basal part of

the stems is 87.56 microns, at the middle part 82.03 microns, and at the upper

part 70.46 microns. It is obvious that these average diameters decrease from

the lower part of the stem toward the upper part.

The analysis of variance given in Table 2 indicates also that the interaction

between the trees and the parts is very highly significant. This suggests that

both the part of the tree and the individual tree influenced the tangential diameters

of the pores. It was not possible to demonstrate whether the tree or the location

within the tree was the more important factor in determining the tangential

diameter of the pores.

Regarding the radial pore diameter, the grand mean of all trees studied

is 93.22 microns. This value is slightly bigger than that of the average pore

tangential diameter (80.13). The estimated mean of the radial pore diameter of

Hawaiian Metrosideros lies between the confidance limits of 94.40 microns and

92. 04 microns at the 99% level of probability based on this grand average. The

range of the radial diameters of single pores, however, is from 19.20 microns

to 204.80 microns. From 45 tree samples studied, only five trees (nos. 21,

22, 23, 30, -45) are found to have maximum radial pore diameters of less than

100 microns. Those five trees are included among the ones which also have

small tangential pore diameters. They belong to M. polymorpha subsp.
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polymorpha (no. 23), subspecies glabrifolia (no. 21, 22, 45), and subspecies

incana (no. 25). The increases and the decreases of the radial pore diameters

generally correspond with those of the tangential pore diameters.

The analysis of variance (Table 3) of the radial pore diameters of all

45 trees given results similar to those for the tangential pore diameters. The

difference in the radial pore diameters among the trees is very significant, as

is the difference among the parts of the stems. The F-test value for the

individual trees is 49.22 compared with a critical F -value of 1. 60 at the 99%

level. The F-value for parts of stems is 134.49 compared to 6.01 for the

critical F-value at the 99% level. Analysis by Tukey's tests on the differences

among means suggests that the tree samples can be grouped into 28 different

classes (Appendix Table 2). In this grouping it is noted that the

maximum number of the tree samples fell in classes 9 and 10. Those

two classes are about in the middle of the class series. There is a tendency

for the same trees to fall into the corresponding class as they do in the classes

for the average tangential pore diameters. Some of the samples, however, do

not have the same position in the class based on the radial pore diameter as

they do in the tangential pore diameter. Some samples, which belong to the

classes having relatively long average tangential pore diameters, fall in the

classes having relatively short average radial pore diameters. These facts

indicate that the ratios of tangential pore diameters to radial diameters vary

in some trees, although in most of the trees they are relatively constant. In



Table 3. Analysis of variance of radial diameters of vessels

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 14336.81030 325.83660** 49.22 1.60

Parts of trees 2 2736.35159 1368.17580** 134.49 6.01

Replications 9 177.79249 19.75472

Trees vs. parts 88 2429.44360 27.60731** 4.38 1.42

Trees vs. replications 396 2621. 52051 6.62000

Parts vs. replications 18 183.11429 10.17302

Residual (Error) 792 4995.67041 6.30766

Total number of samples studied = 45; number of parts in each sample = 3; number of replications:: 10.

Vessel diameters are expressed in ocular scales; one scale is equal to 6.4 microns.

** Highly significant, P is less than 0.01.

W
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all trees observed the average tangential pore diameters are smaller than the

radial diameters. Thus the ratios of the average tangential pore diameters to

the radial ones are never more than one. The average radial pore diameters

of the pores at the basal part of the stems for all tree samples is 102.73

microns, at the midcD.e part is 94.52 microns, and at the upper part is 81. 95

microns. Since the differences among the three parts of the stems are highly

significant, the suggestion may be made that the radial pore diameters in

Metrosideros stems decrease from the basal part toward the upper part.

The interaction of the tree parts and the individual trees in regard to

the radial pore diameters is evident at the 99% level of probability, as was

shown for the tangential pore diameters. The F-value (4.38) is about three

times greater than the value critical F-value (1.42). Thus the radial pore

diameters are also determined by the parts of the stems where the samples were

taken and by the individual trees utilized for observations.

The pores, as viewed in transection, are generally oval to circular in

outline. The outline s of the oval ones are usually slightly elongated in the

radial direction. Circular pores are not very frequent. Polygonal pores are also

found in some trees. These pores are usually small. They develop specially in

the dwarf trees collected from the bog forests. The frequency of occurrence on

the polygonal pores is not equal among the dwarf trees, even though those trees

were collected from the same bog forest. For example, trees no. 45 and 21
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have more pores of polygonal outlines than trees no. 22 and 23. Three of these

trees (nos. 45, 21, 22) belong to M. polymorpha subsp. glabrifolia, and tree

no. 23 is M. polymorpha subsp. polymorpha. In one other tree (no. 46),

collected from the bog forest, the pore outlines were found to be almost entirely

oval to circular. Pores with polygonal outlines were practically absent. This

tree was also identified as M. polymorpha subsp. glabrifolia. However,

although growing among dwarf trees it was of normal size. Apparently the

polygonal pores are more frequently found in the dwarf trees.

3. THE ABUNDANCE OF PORES:

About 32% of the trees were observed to have scattered pores, where

the individual pores are located far from each other. One of these trees was

identified as M. macropus H. et A. and the other fourteen trees in this group

belong to three different subspecies of M. polymorpha. There are nine trees which

belong to the subspecies incana, four trees to the subspecies glabrifolia, and one

tree to the subspecies polymorpha.

Approximately 68% of the trees had numerous pores. Such pores are

separated from each other by only one or a few fiber-tracheids or parenchyma

cells. The pores are generally not crowded laterally, but radially.

Based on Record and Chattaway's classification (1939), the tree samples

may be placed in three groups. The first group includes those trees in which

the abundance of pores in all three parts of the stem is not more than 50 per

square millimeter. The second group includes trees which have between 5 and
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50 pores per square millimiter at the basal part of the stem, and more than

50 per square millimiter at the upper part. In the third group all the trees

have more than 50 pores per square millimeter in all three parts of the stems.

Nineteen trees belong to the first group. One tree was identified as M.

macropus and 18 were M. polymorpha, including representatives of six different

subspecies. All the trees in the second group belong to M. polymorpha, but are

scattered among several subspecies. Twenty-two of the trees studied were

included in this second group. The third group contained only six trees,

including representatives of the subspecies glabrifolia, incana, and polymorpha.

The data on pore abundance indicate that the average number of pores

per square millimeter for all trees is 30. The estimation of the mean pore

abundance for all Hawaiian Metrosideros would be within the confidance limits

28 and 32 pores per square millimeter at the 99% level of probability. The

number of pores per square millimeter in all the samples observed, however,

ranged from 6 to 150.

The analysis of variance (Table 4) of pore abundance indicates that the

number of pores in the inner (older) part of the xylem differs significantly at

the 99% level from that in the outer (younger) part. Generally the inner xylem

has fewer pores per square millimeter than the outer xylem. This difference

was found at all three levels of the stems sampled. Concerning the parts

of the stems at three different levels, the number of pores increases both in

the inner xylem and the outer xylem from the basal to the upper part. The



Table 4. Analysis of variance of pore abundance

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 954215.29125 21686.71094** 318.39 1.60

Parts of trees 2 258137.55664 129068.77832** 3899.04 6.03

Age of xylem 1 8359.96045 8359.96045** 236.74 6.67

Replications 9 314.98539 34.99838

Trees vs. parts 88 183665.01562 2087.10245** 25.71 1.42

Trees vs. age 44 72184.73437 1640.56213** 26.76 1.68

Trees vs. replications 396 26977.40625 68.12476

Parts vs. age 2 8759.76172 4379.88086** 95.45 6.03

Parts vs. replications 18 596.15430 33.11968

Age vs. replications 9 317.81018 35.31224

Trees vs. parts vs. age 88 86562.81250 983.66832** 15.05 1.42

Trees vs. parts vs. replications 792 64282.46875 81.16600

~....



Table 4. (continued) Analysis of variance of pore abundance

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Trees vs. age vs. replication 396 24276.29687 61. 30378

Parts vs. age vs. replication 18 825.96484 45.88694

Residual (Error) 792 51748.67187 65.33923

Total number of samples studied =45; number of parts in each sample =3; 2 locations--inner and outer--of each part
were measured; 10 replications were made for each observation.

Pore abundance is expressed as number of pores per field of view, which is equal to 1.41 mm2 .

:~* Highly significant, P is less than 0.01.

~
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difference s in pore abundance at the basal part, the middle part, and the

upper part of the stem are significant at the 99% level of probability. The

average values of pore abundance per square millimeter at the inner xylem,

and at the outer xylem, and at three levels of the stem are given in Table 5.

The analysis of variance (Table 4) also illustrates that the pore

abundance differs significantly among individual trees. The Tukey's test of

the multiple comParison among means indicates that the tree samples can

be divided into 31 classes (Appendix Table 3). More than half of the classes

contain only one tree. There is only one class which contains as many as three

trees. The rest have two trees in each class. The analysis of variance shows

that the interactions between the individual trees and parts of the stems,

between the parts of the stems and the age of the xylem, between the individual

trees and the age of the xylem, and among all three factors--the individual

trees, the parts of the stems, and the age of the xylem--are very highly

significant. It is, therefore, impossible to determine which of these factors

has the main effect on the abundance of the pores. The pore abundance appears

to depend on the combination effects of these three factors.

4. VESSEL MEMBER LENGTHS:

The average length of the vessel members of all trees studied is

492.44 microns. From this value it can be estimated that the average vessel

member length of Hawaiian Metrosideros would fall between 442.97 microns

and 541.91 microns, at the 99% level of probability. The range of the vessel



Table 5. Average number of pores per square millimeter

44

Average number of pores per square millimeter
Parts of stems

Inner xylem Outer xylem Average of part

Part 1 21.51 22.35 21.93

Part 2 27.12 27.49 27.30

Part 3 36.09 42.33 39.21

Whole plants

Part 1 =basal part

Part 2 =middle part

Part 3 =upper part

28.13 30.54 29.35
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member lengths among all samples studied, however, is very wide (115.2

microns to 1180.4 microns).

The analysis of variance (Table 6) shows that the differences in vessel

member lengths among the individual trees is very significant at the 99% level

of probability. The test of the multiple comparison among means (Appendix

Table 4) of the vessel member length a.f 45 trees studied shows that the trees

can be grouped into 25 classes. Seventeen classes contain only one tree

sample, four classes have two tree samples each, one class has three samples,

one has five samples, and two classes have six. samples. Of the classes

containing more than two samples, it is evident that no class is restricted to

one subspecies or variety .

There is a decrease in the average vessel member length from the

lower part of the stems (513.0 microns), to the middle part (493.4 microns),

to the upper part (477.6 microns). These differences are significant at the

99% level of probability .

The interaction between the part of the stems and the individual tree

samples is highly significant (99%). This indicates that the length of the

vessel members is determined by the combination effect of the individual trees

and the part of the stem where the samples are obtained.

An analysis was made of changes in the length of vessel members in

relation to the altitude and annual rainfall where the trees grew. Eleven trees

which belong to M. polymorpha subsp. incana were chosen for this multiple



Table 6. Analysis of variance of vessel member length

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 128654.67773 2923.96994** 10.78 1.60

Parts of trees 2 7488.53595 3744.26797** 15.61 6.01

Replications 9 2818.07578 313.11953

Trees vs. parts 88 67429.82617 766.24802** 2.83 1.42

Trees vs. replications 396 107397.31055 271.20533

Parts vs. replications 18 4318.35046 239.90836

Residual (Error) 792 214331. 01953 270.61997

Total number of samples studied =45; number of parts in each sample =3; number of replications in each observation =10.

Vessel member lengths are expressed in ocular scales; one scale is equal to 6.4 microns.

** Highly significant, P is less than 0.01.

~
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regression analysis (nos. 5, 9, 10, 12, 15, 16, 17, 18, 19, 20, 24). The

results are given in the form of analysis of variance (Table 7), and indicate

that there is no significant regression between the average length of the vessel

members in the trees and the altitude where the trees grew or the annual

rainfall of the areas. The data indicate that the decrease of the average vessel

member length is associated with a slight decrease of the annual rainfall. The

relation of the vessel member length and the altitude, however, is not

obvious. Another approach, using the t-test indicated that neither the

altitude nor the annual rainfall has significant regressions with the 'vessel

member length. The t-value for the regression between the vessel member

length and the altitude was 1.0 whereas the regression between the vessel

segment length and the annual rainfall gave a t-value of 0.053. The critical

t-value for both these regressions is 2.306 at the 95% level of probability .

The multiple correlation coefficient, R, which expresses the correlation

between the observed values, Y, and the predicted values, ~, is 0.126

(insignificant) . The significant value for the correlation coefficient at the

95% level for these data is 0.632. The value of R2 is 0.016; this value shows

the fraction attributable to regression. Thus about 2% of the total variation

is explained by the regression. The deviation from the regression is

measured by (1 - R2), which is 0.984 for this analysis. It can be seen that

about 98% of the total variation is unexplained by the regression. Thus there

are still other factors which might be used for better correlations with the



Table 7. Analysis of variance of the average vessel member length of M. :polymorpha ssp.
incana in relation to altitude and annual rainfall

Source of variation

Total number of trees

Regression

Deviation (Error)

Degrees of freedom

10

2

8

Sums of squares

16.6600

0.2647

16.3953

Mean squares

0.1324

2.0494

1. Total number of samples analyzed = 11.

A
2. Multi.Rle regression equation: Y =7. 13 + 0.003 Xl - 0.02 X2

'Y = vessel member length
Xl = altitude
X2 = annual rainfall

3. F-value = 0.1324/2.0494 =0.0646 (insignificant); critical F-value = 4.46 (95%).

~
00
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vessel length than altitude and annual rainfall. Such factors might include

edaphic features, humidity, and sunlight.

5. THE VESSEL WALLS:

A. Thickness

The average vessel wall thickness of all trees studied is 3.52 microns.

The estimation of the average vessel wall thickness of Hawaiian Metrosideros

based on this mean is within the confidance limits of 3. 24 to 3 .80 microns at

the 99% level of probability. The range of vessel wall thickness of all samples

studied is from 1.30 to 4.70 microns. The ranges of individual trees are not

similar from one tree to another. Some trees have ranges only as wide as

1.30 to 2 microns or 2 to 2.7 microns, but other trees have ranges from

1.30 to 4.70 microns.

The statistical analysis of vessel wall thickness is presented in Table 8.

It is obvious that the vessel wall thickness is quite different among the trees ...

The Tukey's tests (Appendix Table 5) indicate that there are 2? classes of

trees which can be recognized on the basis of vessel wall thickness. Half

of the classes contain only one tree, whereas the other classes contain from

two to six plants. Only one class contains six trees and one class has five

samples. It is interesting that in class 10 where the maximum number of

trees are found, five of the six trees are M. polymorpha subsp. incana.

The sixth belongs to the subspecies polymorpha. However, there seems to be

no correlation between vessel wall thickness and external morphology, since in



Table 8. Analysis of variance of vessel wall thickness

Degrees Critical
Source of variation of Sum of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 340.70807 7.74337** 24.19 1.60

Parts of trees 2 26.33030 13.16515** 26.81 6.01

Replications 9 1.80444 0.20049

Trees vs.parts 88 97.46962 1.10761** 3.25 . 1.42

Trees vs . replications 396 125.92854 0.31800

Parts vs. replications 18 8.84007 0.49111

Residual (Error) 792 270.02364 0.34094

Total number of samples studied =45; number of parts in each sample == 3; number of replications in each observation =
10.

Vessel wall thicknesses are expressed in microns.

** Highly significant, P is less than 0.01.

CJ1
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other classes the trees appear to be distributed randomly in relation to

taxonomic categories.

Regarding the parts of stems the analysis of variance shows that the

vessel wall thickness is significantly different from basal to middle to upper

parts. The average vessel wall thickness in the basal part of the stem is

3.66 microns, the middle part is 3.55 microns, and the upper part is 3.33

microns. The thickness of the vessel walls is obviously related both

to the individual tree and the part of the stem where the sample was taken ...
The interaction between individual trees and parts on the vessel wall thickness

is higWy significant at the 99% level.

Further observation on the individual vessel members indicates that the

thickness of the wall is not exactly equal in all parts of a single cell. The

parts of the wall which are adjacent to two other cells and sometimes have

tiny intercellular spaces are thicker than the wall in other places (Plate 2, A).

This unequal thickness of the walls is often difficult to detect especially in

the relatively large pores, since the differences are not very great.

B. Pits

On the vessel member walls there are many bordered pits. These are

of different shapes and sizes. Basically they can be placed in two different

groups on the basis of the shape of the outline of the pit chamber. The first

type includes pits which have rounded pit chambers and the second contains those

in which the chambers are elongated. In latter type the sizes of the pits vary
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considerably (Plate 2, B, C, D, E). The pits on some vessel walls are

relatively large with long chamber s whereas others are relativp.ly small

wifu short chambers. Pits of various sizes are often found together in the

same groups. Most of the relatively large vessel pits also have wide

pit apertures. They are mostly located on the parts of the vessel walls

which are in contact with fue ray cell walls. It is very often difficult to

distinguish whether these pits are vestured or non-vestured. There is

a possibility that the pits appear to be "non-vestured" because of fue way

in which the wall parts were cut during sectioning. It is probably more

convenient if these particular pits be c91led "presumptive non-vestured"

pits (Plate 2, B). The arrangement of the elongated pits with wide apertures

is usually scalariform (Plate 2, D). Sometimes such pits are also mixed with

relatively shorter ones and form a transitional arrangement (Plate 2, E).

These scalariform and transitional pits occur especially in the samples

collected from the bog forests. There is a possibility fuat this particular

habitat stimulates the formation of fuis type of pits.

Pits with rounded chambers are usually of smaller size than the

elongated pits. These pits are obviously vestured (Plate 2, F). They were

observed in the vessel walls of all tree samples studied. Most of these pits

occur in opposite arrangement (Plate 3, C). The alternate arrangement of

rounded pits was also noticed (plate 3, A, B) although it was not of very

frequent occurrence. The apertures of the rounded pits are slit-like. They
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are relatively narrow and are always included; that is, the outline of the

aper~es is included within the outline of the bordered pit in surface view.

Most individual vessel members have both types of pits distributed on different

parts of the walls.

Regarding the individual tree sample s, it was found that about 45% of

the trees contained vessels which had mostly rounded pit chambers. The

sample of M. macropus is included in this group. Considering the maximum

longitudinal diameters of the pits on the vessel walls of the individual trees,

there are ten tree samples which have relatively small pits with maximum

longitudinal diameters of less than 7 microns. Nineteen other trees have

medium-sized vessel pits where the maximum longitudinal diameter is between

7 microns and 10 microns. A third group of trees had relatively large vessel

pits where the maximum longitudinal diameter s of pits were greater than 10

microns. Eighteen trees are included in this group. One tree (M. macropus)

had maximum longitudinal pit diameters greater than 15 microns; these are

very large pits. With the exception of M. macropus, the sizes of the vessel

pits seem to have no obvious correlation \v:i.th p..xternal characters since there

are no parallel groupings of the subspecies in the groupings of trees based on

the based on the vessel pit sizes. A relationship between the sizes of vessel

r:':s and annual rainfall might be suggested based on the fact that most of the

trees with small vessel pits grew in the areas of relatively low annual rainfall,

whereas those having large vessel pits were mostly found in the places of
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relatively high annual rainfall. It is still in question whether the relationship

between them is statistically significant or happens randomly.

C. The end walls of the vessels

The end walls of the vessels were observed to have various forms. They

ranged from very oblique to truncate. In both the oblique and the truncate end

walls "tails" of various length were sometimes present on vessel members.

Such "tails" when present occurred on either one or both ends of the vessel

members. Corresponding with previous information (Bailey 1944; Carlquist

1961) there is also a tendency for oblique end walls to occur in vessel members of

smaller diameter and truncate end walls to occur in vessel members of larger

diameter.

The most constant character of the end walls of the vessels is the type

of perforation plate. All perforation plates in the Metrosideros vessels studied

were simple. In the relatively large vessels, however, the diameters of the

perforation plates were equal to those of the lumens, whereas in the smaller

vessels the perforation plates tended to be of smaller diameter than the lumens.

Thus the perforation rims of the large vessels were practically absent. In some

smaller vessel members the perforation plates were found not exactly at the

ends of the cells but slightly toward the side walls. In some vessel members

the two types of end walls, the oblique type and the truncate type, sometimes

occurred in a single cell. The frequency of occurrence of the various types
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of vessel members did not seem to be related to the species or subspecies.

6. THE VESSEL CONTENTS:

About 65% of the trees studied had vessel contents in the form of gummy

deposits, tyloses, or gummy deposits and tyloses (Plate 3, E). According to

their vessel contents, the trees could be differentiated into four groups. The

first group includes the trees which have vessel contents only in the form of

gummy deposits. There are seven trees which belong to this group. Those

trees are of the subspecies glabrifolia, imbricata, polymorpha, and incana of

M. polymorpha. The second group includes the trees which have only tyloses in

their vessels. This group also includes seven trees. Those trees belong to

several subspecies of M. polymorpha, and one tree belongs to M. macropus.

The tyloses of this group of trees have relatively thin walls, and no thick-walled

tyloses were observed. The distribution of the tyloses is apparently at

random and they occurred both in the sapwood and the heartwood. In some

trees the tyloses are even found in the vessels which are close to the vascular

cambium. Some of the thin-walled tyloses were just beginning to develop

(Plate 4, A) and they looked like small bubbles attached to the inner surface of

the part of the vessel wall that is adjacent to the parenchyma cells. Some tyloses,

however, almost filled up the entire space within the vessels (Plate 3, F). The

third group, which consists of 16 trees, have vessel contents in the form of both

gummy deposits and tyloses. Those 16 trees belong to six different subspecies

of M. polymorpha but most of them are in the subspecies incana, glaberrima,
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and glabrifolia. The fourth group consists of the trees in which the vessels

have neither gummy deposits nor tyloses. There are 17 trees which belong

to this group; they include several subspecies of M. polymorpha.

The gummy deposits are probably the resin-like substances described

previously by several workers (Brown, 1922; Ingle and Dadswell, 1953;

Bianchi, 1934; Lamberton, 1955). The color of these gummy deposits is

usually reddish-brown. They often plug the vessel lumens completely. The

distribution of the gummy deposits is irregular and their occurrence is

relatively rare. Sometimes they are present only in a certain area of one

growth ring. These deposits can be distinguished from the tyloses by the

absence of walls and the darker color. The tyloses usually are of light brown

color in stained sections if their walls are thin. The thick-walled tyloses

usually stain the same blue color as the vessel walls indicating that they are

lignified. The lumen of the vessel may be filled with thin-walled tyloses

(Plates 3, F & 4, A), or by thick-walled tyloses (Plate 4, B,C). The thin-

and thick-walled tyloses may also be present together in the same vessel lumen

(Plate 4, D). The thick walls of the tyloses are usually layered and contain

ramified pits. In some specimens filaments which look similar to fungus hyphae

(Plate 4, C) develop through the pits of these tyloses. III the dead tree

collected from the lava flow these fungus filaments were found throughout the

entire vessel walls and the adjacent cells (Plate 4, E, F).
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The exact influence of the habitats on the development of the vessel

contents is still unknown, but there seems to be a tendency for the vessel

contents to occur in the trees collected in one area, and to be absent in trees

collected from a different area. For example the tyloses were present in all

trees collected from the Manoa cliff trail (Oahu) and Mt. Kahili (Kauai), and

they were absent in most of the trees from the area at about 15 to 25 miles

from Hilo (Hawaii) along Route 20.

The distribution of tyloses and gummy deposits among the trees is

summarized in Table 9. From 47 trees studied there are 30 trees which

were found to have vessel contents either in the forms of gummy deposits,

tyloses, or both.

WOOD PARENCHYMA

The axial wood parenchyma in Hawaiian Metrosideros forms various

patterns. Considering the relationship of parenchyma with the vessels two

types of arrangement can be distinguished: apotracheal parenchyma and

paratracheal parenchyma. Both arrangements of the wood parenchyma very

often occur together in the xylem of the same trees.

Paratracheal parenchyma occurs irregularly in the xylem, and was

not detected in some tree samples. Apotracheal parenchyma is more common

and, regularly occurs. As seen in transverse section apotracheal parenchyma

appears in diffuse and reticulate patterns, and in uniseriate lines. The diffuse
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Table 9. (continued) Vessel contents of Hawaiian Metrosideros woods

Tree
Name Tyloses

Gummy
no. deposits

3 M. polymorpha Gaud. subsp. polymorpha

6 "

7 "

33 " +

39 " +

40 " +

41 " +

23 M. polYJI!.0rpha Gaud. subsp. polyrnorpha + +
forma pseudorugosa Skottsberg.

1 M. polyrnorpha Gaud. subsp. imbricata
(Rock) Skottsb.

8 " +

11 " +

13 " + +

4 M. polyrnorpha Gaud. subsp. glabrifolia +
(Heller) Skottsb.

27 "

29 "

42 " +

43 " + +
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Table 9. (continued) Vessel contents of Hawaiian Metrosideros woods

Tree
Name Tyloses

Gummy
no. deposits

45 M. polymorpha Gaud. subsp. glabrifolia + +
(Heller) Skottsb.

46 II + +

47 II

21 M. polymorpha Gaud. subsp. glabrifolia
(Heller) var. prostata (Rock) Skottsb.

22 "

14 M. polymorpha Gaud. subsp. glaberrima + +
(Lev!.) Skottsb.

37 " + +

44 II + +
<

34 M. polymorpha Gaud. subsp. glaberrima +
(LevI.) Skottsb. var. tremuloides
(Heller) Skottsb. (Syn. =M. tremuloides Rock)

36 II + +

2 M. polymorpha Gaud. subsp. micrantha +
Skottsb.

32 II + +

35 M.macropus H. et A. +

+ =present

- =absent
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pattern my be composed of solitary cells, which are scattered among the other

xylem elements, or of groups of two to four cells, which are arranged in short

tangential rows. The parenchyma cells in the reticulate pattern usually form

short irregular rows which are more or less anastomosing. This particular

pattern did not occur uniformly in the trees studied. Of all the material studied

only six tree samples were found to have reticulate patterns. Those trees

belonged to four different subspecies of M. polymorpha; the subspecies micrantha

(no. 2), polymorpha (nos. 18, 19) and glabrifolia (no. 45). There were no

particular habitat factors which could be related to these various patterns since

these trees were found growing in quite different habitats. The pattern of uniseriate

lines occurred more often than the reticulate pattern. The lines of parenchyma

cells were usually arranged in tangential rows and sometimes connected two

rays which were located close to one another. When several such lines occurred

between two rays, the pattern is called scalariform. This type of wood parenchyma

arrangement was found in the xylem of M. macropus (no. 35) and in several

subspecies of M. polymorpha. Most of the samples were found in the subspecies

glabrifolia (nos. 22, 27, 42, 43, 45, 46, 47), including the variety tremuloides

(nos. 34, 36) of the subspecies glaberrima. Other samples were in the

subspecies imbricata (nos. 8, 13), incana (nos. 12, 18, 20, 25, 28), polymorpha

(nos. 23, 40, 41).

In one tree, identified as M. polymorpha subsp. incana (no. 38), which

grew in an area of relatively high rainfall at about 1000 feet elevation, the

coarse bands of parenchyma cells, 4 to 6 cells wide, occurred in one particular



62

area of a single growth period. In one other tree of M. polymorpha subsp.

incana (no. 5) irregular groups of parenchyma cells developed among

fiber-tracheids (Plate 5, A, B, C). These parenchyma cells were much larger

than the typical xylem parenchyma and ray parenchyma cells, and were somewhat

isodiametric in shape.

Considering the patterns and the frequency of occurrence of each pattern

in the individual trees sampled, the data indicate that the formation of the

groups of parenchyma cells tends to have some relationship with the rainfall.

Grouping of wood parenchyma cells occurs somewhat more often in trees

growing in the areas of relatively high annual rainfall. Elevation seems to

have the reverse effect, in that there is a lesser tendency for apotracheal

parenchyma cells to occur in groups at higher elevations.

In more than half of the tree samples studied, some pores are associated

with groups of parenchyma cells or solitary parenchyma cells in various

patterns (Plate 5, D. E. F). The patterns of such paratracheal parenchyma

are frequently sparingly paratracheal, where only a few cells are associated

with a particular pore and they do not form a complete sheath (Plate 5, F).

Sometimes the patterns are aliform, or vasicentric and very rarely

aliform-confluent, vasicentric-confluent, or banded (Plate 5, D). It is not

obvious that the occurrence of paratracheal parenchyma has any relationship

with the habitats or the external morphology of the plants, but the amount of

rainfall may have an influence on its formation, since paratracheal patterns
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occur somewhat more often in the tree samples from the areas of relatively

higher annual rainfall.

Generally the axial parenchyma cells form parenchyma strands. These

are composed of two to three cells which are joined together vertically. The

strands are apparently derived from a single fusiform cambial initial which

divided transversely during development. This can be detected from the fact

that the cells situated in the middle of the vertical rows always have transverse

or oblique end walls but they never have the pointed end walls which occur in

the cells situated on both ends of the strands. In particular trees, collected

from the bog forests, the very long strands are often found among the fibers

or associated with the vessels. Occasionally a strand consists of two types of

cells, parenchyma cells and tracheids. These two types of cells are apparently

derived from a single fusiform cambial initial, but after division the daughter

cells develop into two different types of cells. These two cell types can be

distinguished from each other by the type of pitting and the thickness of the cell

walls. Parenchyma cells always have simple pits (Plate 6, B) whereas the

tracheid cells have bordered pits (Plate 6, C). The parenchyma cells have

relatively thin walls whereas the tracheid cells have somewhat thicker walls.

One other feature of parenchyma cells which can be used to distinguish them

from tracheids is the presence of gummy deposits in their lumens. These

gummy deposits occur especially in the lumens of the parenchyma cells which

are not located very close to the vessels.
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The simple pits in the parenchyma cells usually occur in groups of

three to six or in sub-opposite arrangement (Plate 6, B). The pits are more

numerous in radial walls, although they are sometimes observed in tangential

walls. At the transverse end walls of the parenchyma cells, groups of simple

pits or a single large pit may be present. In this wall the pit areas often

appear to resemble a reticulate or scalariform perforation plate in a vessel

member (Plate 6, A). Pits on end walls of parenchyma cells were observed

only rarely, however.

RAYS

1. TYPES OF RAYS:

The rays in Metrosideros wood may be either uniseriate or multiseriate.

Multiseriate rays may occur as normal multiseriate rays, vertically fused

rays (Plates 6, D, E, F & 7, E), or aggregate rays (Plate 7, A). All these

forms of rays may occur in the same tree, but usually one or more of them

is absent.

The uniseriate and multiseriate types, however, always exist together

in the same tree. The uniseriate rays may appear in tangential views as very

long strands which are composed of many cells, or as short strands, which are

composed of only one or two cells. The multiseriate rays generally have a

maximum width of three cells although in very rare cases they are up to four

cells wide. In certain trees the maximum ray width is only two cells. Those

trees belong to the species M. macropus (no. 35) and to several subsp~cies of
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M. polymorpha; subspecies Eolymorpha (nos. 23, 33), glabrifolia (nos. 22, 44,

45, 46), incana (nos. 24, 26), micrantha (no. 32).

The shapes of the multiseriate rays vary. They range from very

slender (Plate 8, C) to very thick ones which look in tangential section like a

double convex lens (Plates 7, F & 8, E).

The aggregate rays occur very rarely and were observed only in four

out of the 47 trees studied. These trees belong to the subspecies polymorpha

(nos. 3 and 4) and incana (nos. 15 and 26) of M. polymorpha. There was no

apparent correlation between the presence of aggregate rays and specific

environmental factors.

The vertically fused rays are more common than the aggregate rays.

They were observed in more than half of the trees studied. The fusion may

occur between several rays, but mostly only between two. Fusion may be

between two multiseriate rays or between a multiseriate ray and a uniseriate

one. If this latter type occurs, the ray looks like a single multiseriate ray

with a very long uniseriate wing although the point of fusion still can be

detected. Fusion between two uniseriate rays was not detected. The points of

fusion may occur at multiseriate parts (Plate 6, D), or at the uniseriate parts

(Plate 6, E). The "vertically fused rays" may also develop by cell division of

the multiseriate parts of the rays and not by fusion between two multiseriate

rays (Plate 6, F). There is a slight tendency for the presence of the vertically

fused rays to be related to the amount of annual rainfall, since they occurred
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more frequently in samples collected from areas of relatively high rainfall.

Some exceptions occurred, however, since several tree samples collected

from dry areas were also observed to have this type of ray. Probably other

factors are also involved in the development of these rays. It is difficult

to relate this type of ray with any particular species or subspecies. During

development, some rays are. sI?,lit by the intrusive growth of fiber tracheids .

These split rays occur very infrequently but they can be detected easily by

their irregular forms.

2. COMPOSITION OF RAYS:

In agreement with the previous descriptions (Brown, 1922; Metcalfe and

Chalf, 1950; Ingle and Dadswell, 1953; and La.mberton, 1955) the ray tissue of the

Hawaiian Metrosideros wood observed is heterogeneous, that is, some rays are

composed wholly or in part of square or upright cells, while other rays contain

procumbent cells.

Regarding individual rays, Metrosideros wood has two types of rays,

homocellular and heterocellular. The homocellular rays are always uniseriate,

but the uniseriate rays may be either homocellular or heterocellular.

Uniseriate heterocellular rays are not very common. They were found in only

three trees out of the 47 samples studied. These trees are M. macropus

(no. 35), one tree each of M. polXI?orpha subsp. }2olymorpha (no. 41), and

subsp. glaberrima (no. 37). The multiseriate rays are always heterocellular
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and multiseriate homocellular rays were not observed.

The uniseriate homocellular rays are composed of long upright cells,

short upright cells or square cells. The upright and the square cells may

also be present together in the same ray. The uniseriate heterocellular rays

are usually composed of at least two type of cells, the upright or square cells

and the procumbent cells. The upright or square cells occur in one to three

tiers on the upper and lower edges of the ray, whereas the procumbent cells

usually form one to two tiers located in the middle of the ray.

The multiseriate rays are usually composed of upright cells or square

cells, and procumbent cells. The upright cells and the square cells intergrade

somewhat, and the procumbent cells vary considerably in length. The long

upright cells usually occur on the upper and lower edges of the rays, and the

square cell tiers are adjacent to the central procumbent tiers. The difference

between the upright/square cell tiers and the procumbent cell tiers is not

difficult to detect since the procumbent cells are mostly very small, usually

only half the size of the upright/square cells. Regarding the difference between

the upright, the square, and the procumbent cells composing the rays, three

different types of heterocellular rays may be distinguished. The first contains

the strongly heterocellular rays with small procumbent cells (Plate 7, B), the

second the weakly heterocellular rays with relatively large procumbent cells

(Plate 7, C), and the third the strongly :p.eterocellular rays with square

procumbent cells (Plate 7, D). As seen in tangential view the two types of cells
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and the procumbent cells, are arranged in separate strata or tiers. The

upright/square cells are typically uniseriate and may consist of one to

several tiers. They form the marginal parts of the rays. The procumbent cell

tiers are usually multiseriate and are arranged irregularly. Tiny intercellular

spaces are generally present among the procumbent cells (Plate 8, E). A

sheath of either upright cells or square cells surrounding the procumbent

cells was not detected.

The L'ldividual trees usually have various types of multiseriate rays

differing in the lengths of the marginal tiers. There are rays with conspicuously

upright cells. The long marginal tiers may occur on only one side, whereas on

the other side the marginal tier is intermediate or shorter in height (Plate 7, E).

Another type of ray is that in which both marginal tiers are of intermediate

length (Plate 7, F). These tiers are composed of two to four cells. In other

cases one marginal tier is of intermediate length and the other is short. The

final type of ray, which is not frequently observed, has only one tier of the

marginal cells on each side (Plate 8, A). This tier may be composed of upright

cells or sometimes of square cells.

Another variation of the multiseriate rays is concerned with the

different shapes of the multiseriate parts of the rays as seen in tangential view.

This part may appear as a thick double convex lens (Plate 7, E, F & 8, A) or

as a very slender portion in which the width of the multiseriate part is no wider

than the uniseriate tiers (Plates 8, B, D).
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The combinations of the various types of rays in ray tissue are

different from tree to tree. Based on the presence of the predominant types

of multiseriate rays, the tree samples may be grouped and discussed separately.

III the first group are six tree samples of M. polYmorpha of the subspecies

incana (nos. 5, 18, 28), glabrifolia (nos. 21, 22), and glaberrima (no. 44)

having ray tissue in which the multiseriate rays predominantly have long

. marginal tiers. Within these plants the ratios of the total number of the

multiseriate rays to uniseriate ones vary from one tree to another. The propor

tions of multiseriate rays to uniseriate rays in the three trees of the subspecies

incana are between 0.5 and 1.0, in two trees of the subspecies glabrifolia are

0.33, and in a single tree of the subspecies glaberrima is 2.75. The shapes

of the multiseriate rays in these six trees are slender to somewhat fusiform.

The slender shapes of the multiseriate rays were uniformly observed ip.. the

tree samples of the subspecies glabrifolia collected from the same place in the

bog forest.

The second group includes species in which approximately half the

multiseriate rays have high marginal tiers and half have intermediate marginal

tiers. This group consists of 14 trees which belong to five different subspecies

.of M. polYmorpha. Most of the trees are in the subspecies incana (nos. 13, 16,

24, 26, 31) and glabrifolia (nos. 4, 29, 46, 47). Two trees are in the subspecies

polyrnorpha (nos. 3, 33), one in glaberrima (no. 14), one in micrantha (no. 32)

and one in imbricata (no. 1). The ratios of the multiseriate rays to the
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uniseriate ones are not constant among the trees, or even among the trees of

the same subspecies. In this group the ratios of the subspecies incana range

from 0.66 to 1. 50, the subspecies polymorpha 1. 00, and the subspecies

glabrifolia from 0.66 to O. 875. Thus the ray tissue may be composed of

mostly uniseriate rays to mostly multiseriate rays in the subspecies incana,

about equal numbers of each in the subspecies polymorpha, and mostly

uniseriate in the subspecies glabrifolia. In the subspecies glaberrima the

ratio is 0.50 and in the subspecies micrantha 0.60. In other words, their

ray tisSleS are mostly composed of uniseriate rays. The shapes of the

individual rays vary from slender to very broad at the multiseriate parts, with

no evident correlation between shape and either subspecies or habitat.

Three samples of the subspecies glabrifolia (nos. 27, 43, 45), two of

glaberrima (nos. 34, 36), and one of polymorpha (no. 39) have been observed

to have at least three types of multiseriate rays in more or less equal numbers.

The three types of multiseriate rays are those with long marginal tiers (more

than four tiers), those with intermediate marginal tiers (two to four tiers), and

those with only one tier on each side of the ray. The proportion of the multi

seriate to uniseriate rays also varies in these plants. The subspecies glabrifolia

has the ratio range from 1. 00 to 1. 25, the subspecies glaberrima from 0.6 to

1.2 and the subspecies polymorpha 1.00.

Ray tissue composed predominantly of multiseriate rays with equal

numbers of long and short marginal tiers was observed in one tree each of the
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subspecies incana (no. 30) and polymorpha (no. 41), where the proportions of

the multiseriate to uniseriate rays are 0.57 and 1.20, respectively. The shapes

of the individual rays are relatively thick in these two samples.

In thirteen trees the ray tissue contains multiseriate rays with uniseriate

tiers of intermediate length. Six of these are in the subspecies incans. (nos. 9,

10, 15, 20, 25, 38), three each in polymorpha (nos. 6, 23, 40) and imbricata

(nos. 8, 11, 13), and one in micrantha (no. 2). The ratios of the multiseriate

to uniseriate rays are all within the range of 0.50 to 1. 33 except for one tree of

the stbspecies polymorpha (no. 23) collected from the bog forest which has a

very low ratio of 0.11. The shapes of the individual rays range from very

slender to broad. There is a parallel occurrence between the low ratio of

multiseriate to uniseriate rays and the slender type of individual rays.

The samples in the last group have ray tissue in which the multiseriate

rays with intermediate and short marginal tiers are dominant. There are six

trees in this group. One tree belongs to M. macropus (no. 35) and five trees

to four different subspecies of M. polymorpha; two trees in the subspecies

incana (nos. 17, 19) and one tree each in glabrifolia (no. 42), polymorpha (no.

7) and glaberrima (no. 37). The ratios of the amount of multiseriate rays to

uniseriate rays in the ray tissue of these tree samples, are relatively high.

The maximum ratio is in the ray tissue of the subspecies incana (2.33), and

the lowest one is in that of the subspecies glaberrima (1.0). The ray tissue

of M. macropus has the ratio 1. 25. All seven tree samples have relatively
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broad convex-lens shapes of the individual multiseriate rays, and no slender

rays were observed.

Considering the parts of the trees, the proportion of multiseriate rays in

the ray tissue decreases from the basal part toward the upper parts. It is

accompanied by an increase in the uniseriate rays. A change in the shapes of

the multiseriate rays is also noticed at the different levels of the individual

trees. The multiseriate rays are usually broader at the basal part of the

stem than at the upper part.

The presence of the various types and shapes of rays in the ray tissues

of the individual trees and the various compositions of rays in the samples can

not be related either to the species, various subspecies, or to the particular

habitat factors. Ratios of multiseriate and uniseriate rays, however, seem to

have been influenced by the habitats where the trees grew. In all five tree

samples collected from the bog forests on two different islands the ratios of

multiseriate to uniseriate rays are relatively low. The maximum ratio is only

0.58 and the minimum as low as 0.11. This means that the trees growing in this

particular habitat have ray tissue composed mostly of uniseriate rays. Other

factors that influence these ratios probably include the elevation, since the

trees which grew in lowere areas tend to have higher ratios than those found

in the higher areas.
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3. ABUNDANCE OF RAYS:

A useful character in studies of wood anatomy is ray abundance. This

is expressed in terms of the number of rays intersecting a line one millimeter

in length which extends at right angles to the longitudinal axis of a tangential

section. The abundance ranged from 13 to 41 rays per millimeter in the samples

studied. The average number of rays per millimeter in the samples studied. The

average number of rays per millimeter in all trees studied is 20. This value

indicates the average number of rays per millimeter of Hawaiian Metrosideros

will fall within the confidance limits of 19 and 21 rays at the 99% level of

probability. Thus, the wood of Hawaiian Metrosideros has relatively numerous

rays.

The analysis of variance in Table 10 revelas that the ray abundance per

unit length differs very significantly among the trees sampled. The F-value

(33 .53) is almost 21 times greater than the critical F -value (1. 60) at the 99%

level of probability. By Tukey's tests of multiple comparison among the means

(Appendix Table 6) there is an indication that the samples can be placed in 29

different classes. More than two-thirds of the classes contain only one tree

sample, five classes have two samples each, and two classes have three samples

each. The maximum numbers of trees were grouped in classes 22 (five trees)

and 20 (four trees). Thus most of the trees differ from each other in ray

.abundance.



Table 10. Analysis of variance of ray abundance

Degrees Critical
Source of variation of Swns of squares Mean squares F-value F-value

Freedom (99%)
------

Individual trees 44 4573.90558 103.95240** 33.53 1.60

Parts of trees 2 122.48427 61.24214** 27.77 6.01

Trees vs. parts 88 1474.58118 16.75660** 5.78 1.42

Replications 9 8.71777 0.96864

Trees vs. replications 396 1228.17664 3.10146

Parts vs. replications 18 39.69347 2.20519

Residual (Error) 792 2295.87628 2.89883

Total number of samples studied = 45; number of parts in each sample = 3; nwnber of replications in each
observation = 10.

Ray abundances are expressed as number of rays per 100 ocular scales (640 microns).

** Highly significant, P is less than 0.01.

~

~
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The analysis of variance indicates also that the ray abundance in the

three different parts of the stem differs very significantly at the 99% level of

probability. The average ray abundance (mean of all samples) increased from

the basal part toward the upper parts of the stem. The basal part has an average

ray abundance of 18, the middle part 20, and the upper part 21. As to individual

tree samples, however, the mean ray abundance does not always increase from

the bottom part of the stem toward the upper parts. In some tree samples the

average ray abundance decreases from the basal part toward the upper parts of

the stems (nos. 5, 13, 14, 18, 28), but in some other trees rays were most

abundant in the middle part of the stem (nos. 3, 4, 15, 19, 29, 31, 36, 40, 43, 45).

In the latter trees the ray abundance decreased toward the basal part as well as

toward the upper part of the stem. In contrast to this there are 14 trees,

belonging to various subspecies of M. polymarpha, which had fewer rays in the

middle part than in the upper and lower parts of the stem (trees no. 1, 2, 9, 20,

22, 23, 25, 27, 38, 39, 41, 42, 44, 46).

The analysis of variance also indicates that the ray abundance depends

on the individual trees and on the part of the stems where the samples were taken.

The interaction of the tree factor and the part of the stem factor determined the

abundance of rays in a given sample. The tree factor might be genetic or

environmental. It was not possible to tell from these results which it was.
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4. WIDTH OF RAYS:

Most of the trees studied had rays with a maximum width of three cells.

There are only three trees out of the 47 studied, which had a maximum ray

width of four cells. Even in trees where they OCl.:Ul these rays are relatively rare.

On the other hand, there were also ten trees in which the maximum width of the

individual rays was not more than two cells. Although there were no tree samples

studied which had only uniseriate rays, one tree, M. polyrnorpha subsp.

polyrnorpha (no. 23) had the ray tissue composed almost entirely of uniseriate

rays. The ratio of uniseriate rays to multiseriate rays was 9 to 1 in this plant.

Four of these nine trees were collected from the bog forest and the other five

trees were from the areas of relatively high annual rainfall.

The average ray width of all trees studied is 1. 58 cells. Based on this

value the average ray width of the Hawaiian Metrosideros is estimated within

the confidance limits 1.27 and 1. 89 cells or 1 and 2 cells as rounded values at

the 99% level of probability. Regarding the individual trees, the average ray

width ranges varies from 1. 10 to 1.90 cells.

The analysis of variance (Table 11) indicates that the width of rays among

the individual trees sampled differs significantly although the difference is not

marked. The F-value (1. 55) is slightly larger than the critical F-value at the

95% level of probability (1.40). The tests of multiple compuison among means

-
(Appendix Table 7) of the ray width indicates that the samples can be placed in

three different classes. Most of the tree samples, however, are gathered in



Table 11. Analysis of variance of ray width

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)
,

Individual trees 44 34.24147 0.77822* 1.551 1.40

Parts of trees 2 1.67703 0.83852 2.022 3.55

Trees vs. parts 88 31.12295 0.35367 0.824 1.28

Replications 9 12.81184 1.42354

Trees vs. replications 396 198.58773 0.50148

Parts vs. replications 18 7.46371 0.41465

Residual (Error) 792 339.73461 0.42896

Total number of samples studied =45; number of parts in each sample =3; number of replications in each observation =
10.

Ray widths are expressed in number of cells.

* Significant, P is between 0.05 and 0.01.

-...J
-...J



78

class 2, with only two trees (nos. 3, 17) in class 1 and one tree (no. 23) in

class 3. The tree samples in class 2 have no significant differences from

each other or from the trees in the other two classes. Considering the parts

of the stems it was found that the width of the rays in the basal, middle, and

upper parts of the stems are similar or insignificantly different. The slight

decrease of the average ray width from the basal part of the stems toward the

upper part, 1.62 to 1.60 to 1.51 is not significant.

Considering the effect of the individual trees and the parts of the stems

in determining the width of the rays, the analysis indicates that the interaction

between them is also insignificant. This indicates that the ray widths are not

determined by a combination of factors but that one main factor is operative.

Since the only significant difference in the ray width is among the individual trees,

and the features of the interaction tend to be additive, then the individual tree

factor is very essential in determining the width of the rays. Although the

analysis does not indicate whether genetic or habitat factors have the major

effect on ray width, it is suggested that the multicomplex habitat factor has

the major effect. This conclusion is based on the fact that the same subspecies

of trees are found in different classes, and the different subspecies of trees

are in the same classes. On the other hand it was found that most of the tree

samples which have relatively small average ray widths were collected in wet

areas. The effect of habitat on the width of the rays is most obvious in the

tree samples collected from the bog forests.
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5. HEIGHT OF RAYS:

The maximum height of rays varied considerably among the plants

studied. Record and Charraway's (1939) list of anatomical features used in

classifying dicotyledonous woods sets up classes of ray height which include

a class with a maximum height of less than 25 cells and another class with

a maximum height at 25 to 50 cells. Most of the trees studied here are in the

group where the maximum height is less than 25 cells. Only five out of 47

trees had a maximum height between 25 and 50 cells. Those trees are in the

subspecies glabrifolia (nos. 21, 22, 43), incana (no. 31) and polyrn.orpha (no.

41), of M. polymorpha. The maximum ray height of the Hawaiian Metrosideros

woods studied ranges from 9 to 29 cells. There are only three tree samples,

however, which have a maximum ray height of 29 cells. Most of them have

maximum ray heights between 10 and 26 cells.

The average ray height of rays of all samples studied is 7 . 54 cells

(rounded to 8 cells). Based on this value the average height of rays of the

Hawaiian Metrosideros might be estimated within the confidance limits of 6

to 10 cells at the 99% level of probability .

The analysis of variance (Table 12) gives convincing evidence that the

height of the rays among the trees differs significantly. The F-test value is

almost twice as large as the critical F-value at the 99% level of probability.

The Tukey's test of the multiple comparison among means shows (Appendix

Table 8) that the tree samples fall into five different classes. Most of them



Table 12. Analysis of variance of ray height

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%) (95%)

Individual trees 44 2377.87640 54.04265** 3.04 1.60

Parts of trees 2 112.46358 56.23179* 4.25 6.01 3.55

Replications 9 529.75422 58.86158

Trees vs. parts 88 1808.13562 20.54700 1.17 1.42 1.28

Trees vs. replications 396 7036.20178 17.76819

Parts vs. replications 18 238.11446 13.22858

Residual (Error) 792 13852.55273 17.49060

Total number of samples studied =45; number of parts in each sample =3; number of replications in each observation =
10.

Ray heights are expressed in number of cells

** Highly significant, P is less than 0.01.

* Significant, P is between 0.05 and 0.01.

00
o
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are found in classes 3 and 4. Classes 1 and 2 have only one tree each, and

class 5 has four trees. More than half of the tree samples are in the class 3.

These trees have no significant differences in their ray height from each other

or from the trees in any other classes. It was found also from this test that

the trees which have the minimum average ray height and the maximum ray

height are both M. polymorpha subsp. glabrifolia (nos. 46 & 43). These two

trees were collected from the same island but at different locations, with quite

different habitats. The first tree (no. 46) was collected from an area of

relatively high annual rainfall, 100 inches, and the second (no. 43) from an

area of low annual rainfall, 40 inches. There is no indication of any distinct

relationship between average ray height and the species or subspecies to

which the plant belongs.

The height of the rays differs not only among the individual trees but

within the sterns at different levels. Regarding the part of the sterns, the

analysis of variance indicates that the difference of the ray height in three

different location of the sterns is significant at the 95% level of probability.

The grand averages of each part of the stern are 7.2 cells, 7.4 cells,

and 7 . 8 cells from the basal part toward the upper part. This increase in

ray height within the stern from the basal part toward the upper part does not

appear very prominent.

The interaction between the parts of the sterns and the individual trees

in determining the height of the rays is not significant. Although the differences

,
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in the ray height in the three different parts of the stems are significant, the

individual trees apparently have more effect on the ray height. It is not

possible to conclude whether a genetic factor or an environmental factor has

more influence on ray development by this type of analysis. However, since

the extreme differences in ray height are found in trees of the same subspecies

which grew in two different habitats, the suggestion is made that environmental

factors have a significant effect on the height of the rays.

In an attempt to correlate the height of rays and some environmental

factors a multiple regression analysis was made of the average ray height of

10 samples of M. polymorpha subsp. incana in relation to the annual rainfall

and the altitude of the areas in which the trees grew. The results are given in

Table 13 which shows that the regression F test is negative (insignificant). The

t-tests gave similar results. The multiple correlation coefficient, which expresses

the correlation between the observed values and the predicted values, is 0.410.

This multiple correlation coefficient is also insignificant. The significant

correlation coefficient at the 5% level is 0.666. The R2 value, which shows

the fraction attributable to the regression, is 0.170. This means that only

about 17% of the total variation is explained by the regression, whereas about

83% is unexplained. Therefore, although the environment may influence ray

height, it appears that altitude and annual rainfall are not the environmental

factors involved.



Table 13. Analysis of variance of the average ray height of M. polymorpha ssp. incana
in relation to altitude and annual rainfall

Source of variation

Total number of trees

Regression

Deviation (Error)

Degrees of freedom

9

2

7

Sums of squares

0.0700

0.0122

0.0578

Mean squares

0.0061

0.0082

1. Total number of samples analyzed = 10.

A
2. Multillle regression equation: Y =0.6856 + 0.00025 Xl - 0.00097 X2

V = ray height
Xl = altitude
X2 = rainfall

3. F-value = 0.0061/0.0082 =0.744 (insignificant); critical F-value =4.74 (95%).

00
w
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6. TOTAL SIZE OF RAYS:

The size of the rays is expressed as the total number of cells per

individual ray as seen in a tengential section. The smallest rays usually

consist of only one or two cells whereas the largest ones may have more than

50 cells. Most of the trees have maximum sizes of rays between 20 and 30

cells. Only one tree sample studied had a maximum ray size of more than

50 cells, but none of them had maximum ray sizes of less than 10 cells.

Most of the tree samples had maximum ray sizes ranging from 10 to 40 cells.

Table 14 gives the result of the analysis of variance of the 45 trees

studied, with the follOWing information. The size of rays differs very

significantly among the individual trees. The F-test value (2.48) is twice as

great as the critical F-value at the 99% level of probability. The tests of

multiple comparison among means of the ray size indicate that the samples

may be grouped into five classes. The first class consists of one tree (43)

which differs significantly from six other trees (2, 6, 23, 24, 30, 46). The

second class contains three trees (34, 27, 44) that differ significantly only

from tree no. 46. Most of the samples belong to the third group. The tree

samples of this group have no significant differences from each other or from

any samples in the other classes. The groupings are shown in Appendix

Table 9.

Regarding the size of rays at three different levels of the stems, the

analysis of variance (Table 14) indicates that they are not different from each



Table 14. Analysis of variance of ray size

Degrees Critical
Source of variation of Sums of sqnares Mean squares F-value F-value

Freedom (99%) (95%)

Individual trees 44 5803.09753 131, 88858** 3.48 1.60

Parts of trees 2 40.25476 20.12730 0.56 6.01 3.55

Replications 9 1634.99352 181.66595

Trees vs. parts 88 3971,34320 45.12890 0.94 1.42 1.28

Trees vs. replications 396 21026.44458 53.09708

Parts vs. replications 18 644.87225 35.82624

Residual (Error) 792 37962.64209 47.93263

Total number of samples studied = 45; number of parts in each sample = 3; number of replications in each observation =
10.

Ray size is expressed in total number of cells present in a tangential section.

** Highly significant. P is less than 0.01.

00
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other. Thus the ray sizes in the basal part of the stems are not significantly

different from those in the middle and upper parts. The average ray sizes of

each part have a rounded value of 10 cells in the basal part, 11 in the middle

part, and 10 in the upper part of the stems. It is also obvious from the analysis

of variance that there is no interaction between the parts of the stems and the

individual trees on the various sizes of the rays. Since the difference in ray

sizes is only significant among the trees but not among the parts of the stem

in the individual trees', the main effect on the determination of the ray size is

the individual tree. In other words, the sizes of the rays depend on the tree

studied but it does not make any difference whether the material was taken from

the basal, middle, or upper part of the stem. It can be seem from Appendix.

Table 9 that the samples haVing closely related ray sizes are composed of two

different species and several subspecies of M. polymorpha. Apparently there

is no parallel relationship between the various ray sizes and the various

subspecies to which the tree samples belong. It is thus suspected that

multicomplex environmental factors have the major influence on variation in

ray size.

7 . RAY PITS AND RAY CELL CONTENTS:

The types of pits on ray cells and the types of pit pairs between the ray

cells and other xylem cells show considerable variation. Basically the types of

pits which can be distinguished are simple pits and bordered pits. These two
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types of pits were usually found in the same ray cells. The simple pits were

more common and were found either in the procumbent or in the upright cells

(Plate 9, A). In the procumbent cells only simple pits were found. Bordered

pits were found only in upright or square cells, particularly in cells with

relatively thick walls (Plate 8, F). The pit borders do not overarch very much

and only a small pit chamber is formed. Therefore, this type of pit is very

difficult to distinguish in the surface view. In side view, however, it is

easily detected.

In their connections with pits of different cells, the ray pits show several

variations. The first type of ray-vessel pitting distinguished has a transitional

pit arrangement of the vessel side where the pits on the ray cell sides are

rounded with relatively wide apertures and are numerous (Plate 9, C). The

second type of ray-vessel pitting is that where th~ pits on the ray cell side are

elongate, and one ray pit is associated with two or more pits on the vessels

(Plate 9, B). The third type of pitting observed has the ray pits relatively

large and long but with thin septa which separate them into several smaller

pits; on the vessel side the ordinary-sized elongated vestured pits associate with

it (Plate 9, E). The last type is the ray-vessel pit pair with scalariform or

transitional pits in both cells (Plate 9, D. F. G). The pits in the vessel

wall are often shorter, and have relatively smaller sizes. All these pits are

usually half-bordered. The pitting between the rays and parenchyma cells are

simple.
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In general the ray cells are filled with resinous or gummy material.

This material generally covers all parts of the cell lumen including the pits.

In some trees, however, spherical bodies are formed in the lumen or apparently

adjacent to the walls. These are probably the silica bodies previously described

by Ingle and Dadswell (1953) (Plate 10, A).

TRACHEIDS

1. TRACHEID DISTRIBUTION:

The presence of vasicentric tracheids is one of the characters (Metcalfe

and Chalk 1950) used to distinguish genera in the Myrtaceae from those of

related families.

The presence of vasicentric tracheids in the genus Metrosideros is

apparently constant since they were observed in all samples studied by me,

and have been reported by previous authors (Metcalfe and Chalk, 1950;

Ingle and Dadswell, 1953; Lamberton, 1955). In accordance with the definition

(Committee on Nomenclature, 1957), vasicentric tracheids are distributed

surrounding the vessels. They usually occur as a single cell or sometimes

as a tracheid strand which consists of two cells. These vasicentric tracheids

occur together with wood parenchyma cells, but they are generally less

numerous than the parenchyma cells. In some trees the vasicentric tracheids

were very rare.

In addition to vasicentric tracheids, other types of tracheids are also

present. These include tracheid strands (Plate 10, B), and vascular tracheids .
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The tracheid strands may be solitary but they usually occur in groups with

parenchYma cells. Sometimes the strands consist of an axial series of

tracheids and parenchYma cells. Apparently these two types of cells have

developed from a single fusiform cambial initial. Vascular tracheids were

also observed in some trees. They were generally very rare. These tracheids

never occur in groups, but always appear singly among the fiber-tracheid cells.

2. TRACHEID SIZES AND PITS:

The outlines of the vasicentric tracheids and the tracheid strands are

usually similar to those of the parenchYma cells. The tracheid strands, however,

are mostly longer than the parenchYma strands. In transverse view it is very

difficult or almost impossible to distinguish vasicentric tracheids and tracheid·

strands from the xylem parenchYma cells. The character which is easily used

to distinguish these tracheids from parenchYma cells, the nature of pits, can be

observed readily in longitudinal section. The tracheids have bordered pits

with rounded chambers and included slit-like or rounded apertures. They are

usually arranged in an axial row. In some trees the tracheid strands were

observed to have a short scalariform arrangement of pits (Plate 10, C).

The vascular tracheid is very different from the other two types of

tracheids. This type of cell is much larger in diameter and much longer than

vasicentric tracheids or tracheid strands. In transverse view the vascular tracheid

resembles a small vessel very much, and cannot be distinguished readily from
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one. In longitudinal section, however, the vascular tracheid can be located

easily, since it usually has very numerous bordered pits with relatively large

and rounded chambers (Plates 3, D & 6, C). The apertures of the pits are

rounded or slit-like but are all included. The pits are in opposite, alternate

or irregular arrangements. The imperforate end walls of the vascular

tracheids are bluntly pointed. Bordered pits are numerous on the end wall

as well as on the lateral wall. The length of the vascular tracheid is almost

as great as that of the fiber-tracheid. However, the average lengths of

vascular tracheids could not be meaningful determined for each specimen

since the cells were extremely rare.

FIBER-TR,ACHEIDS

1. THE NATURE OF FIBER-TRACHEIDS:

In agreement with current definitions the wood fibers of Metrosideros

are represented by fiber-tracheids. As previously indicated by Ingle and

Dadswell (1953) and Lamberton (1955) all "fiber" cells in Metrosideros wood

studied have linear bordered pits, and thus are fiber-tracheids.

In all the material studied libriform fibers haVing simple pits, were

never observed. The fiber-tracheids form the ground mass of the wood.

The distribution of the bordered pits is almost equal on the radial and

tangential walls. The pits are almost absent on the walls near the ends of

the cells. 'lie pits of the fiber-tracheids are arranged in a single row on each

cell face. The slit-like apertures are oriented at various angles from vertical
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to oblique. The aperture lengths of the pits are not always similar. Usually

the apertures of the pits on the radial walls are longer than t"..:>se found on the

tangential walls. Variations in aperture lengths also occurred from tree to

tree. In all fiber-tracheid pits the pit apertures are always extended, i. e. ,

the apertures extend beyond the outline of the pit border as observed in surface

view. About 34% of the tree samples have fiber-tracheids with coalescent pits

(Plate 10, D, E, F), in which two or more chambers are included within the

same aperture. Most of the coalescent pits have only two pit chambers,

included, but some coalescent pits with three chambers were observed. No

relationship could be detected between the presence of the coalescent pits and

taxonomic groups or environmental factors. The pit borders are round. In the

very thick-walled fiber-tracheids the pit borders were relatively smaller, and

the cells approached the structure of libriform fibers.

The outlines of the fiber-tracheids as seen in transverse section are

polygonal and mostly range from tri - to hexagonal. The fiber-tracheids have

long, pointed ends and are relatively straight.

Septate fiber-tracheids were observed in about 8% of the trees studied

(Plate 10, G, H). In such cells septae composed of very thin layers of wall

material extend transversely across the lumen. Septate fiber-tracheids, when

present, usually occurred very close to the rays.

The vertical distance between the septae is not uniform and occasionally

two septa are very close to each other. Lamberton (1955) described such



92

septate cells in the material he observed. In two trees fungus hyphae were

observed growing in the wood. These hyphae develop throughout the xylem

tissue. Some of them are also arranged transversely across the lumens of

fiber-tracheids and superficially resemble septations (Plate 4, E, F).

However, these fungus hyphae can be easily distinguished from septa since

they also pass through the fiber-tracheid walls and are often continuous

across several cells.

2. FIBER-TRACHEID LENGTH:

The length of fiber-tracheids varies considerably. Based on all material

observed the fiber-tracheid lengths range from 378 microns to 1741 microns.

The average fiber-tracheid length of all trees studied is 1003. 62 microns. On

the basis of this figure the mean length of fiber-tracheids in Hawaiian

Metrosideros may be estiITR ted to fall within the confidance limits of 992 .49

to 1014.76 microns at the 99% level of probability.

It is evident that the fiber-tracheid lengths differ significantly among

the trees. The analysis of variance (Table 15) indicates that the F -value is

almost 13 times greater than the critical F-value at the 99% level of

probability. Further tests of multiple comparison among means (Appendix

Table 10) reveal that the 45 trees studied can be grouped into 25 classes.

Eighteen of these classes contain only one tree each. The maximum number

of samples is in class 18 where the samples mostly belong to the subspecies



Table 15. Analysis of variance of fiber-tracheid length

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 494920.60156 11248.19543** 20.43 1.60

Parts of trees 2 63995.03076 31997.51538** 59.33 6.01

Trees vs. parts 88 262613.27344 2984.24173** 5.33 1.42

Replications 9 1959.98155 217.77573

Trees vs. replications 396 218068.30859 550.67754

Parts vs. replications 18 9708.08691 539.33816

Residual (Error) 792 443515.23437 559.99398

Total number of samples studied = 45; number of parts in each sample = 3; number of replications = 10.

Fiber-tracheid lengths are expressed in ocular scales; one scale is equal to 6.4 microns.

** Highly significant, P is less than 0.01.

\0
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incana of M. polymorpha. The other six classes have total numbers of samples

ranging from two to six. These groupings show no obvious relationships with the

external morphological characters used to separate taxa.

The analysis of variance (Table 15) also shows that the fiber-tracheid

lengths in different parts of the sterns are very significantly different at the

99% level of probability. The average fiber-tracheid length in the basal part

of the sterns is greater than those of the upper parts. The fiber-tracheid

lengths decrease from the basal part (1056.33 microns) to the middle part

(1014.73) to the upper part (942.05 microns) of the sterns. These average

fiber-tracheid lengths, however, are apparently determined by the combination

effect of the part of the tree and the individual tree concerned. As seen in the

analysis (Table 15) the interaction of the parts and the trees is significant

at the 99% level. Thus the length of the fiber-tracheids is dependent both on

the individual tree and on the part of the tree from which the material

studied was taken.

An attempt to correlate the fiber-tracheid length with environmental

factors was made. Ten samples of M. polymorpha subsp. incana were chosen

and their fiber-tracheid lengths were analyzed in relation to the annual rainfall

and the altitude by the multiple regression method. The results are shown in

Table 16 which indicate insignificant correlation. The F -value is too low to

have a significant value. The t-tests gave similar results. The multiple

correlation coefficient which explains the correlation between the observed



Table 16. Analysis of variance of the average fiber-tracheid length of M. polymorpha
ssp. incana in relation to altitude and annual rainfall

Source of variation

Total number of trees

Regression

Deviation (Error)

Degrees of freedom

9

2

7

Sums of squares

32.180

9.120

23.060

Mean squares

4.560

3.327

1. Total number of samples analyzed = 10.

A

2. Multi1l.le regression equation: Y = 15.586 - 0.13 Xl + 0.008 X2
V = fiber-tracheid length.
Xl = altitude
X2 = annual rainfall

3. F-value = 4.56/3.327 = 1. 371 (insignificant); critical F-value = 4.74 (95%).

\0
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values and the predicted values is 0.53 (R). This value is not significant

since the significant value of R in this case is 0.666 at the 95% level of

probability. Thus the correlation between the observed values and the

predicted values is not significant. R2, which expresses the fraction

attributable to the regression gives the value of 0.28, which means that only

about 28% of the total variation is explained by the regression; the other 72%

is unexplained by the regression. Therefore, neither annual rainfall nor

altitude seems to have a strong influence on fiber-tracheid length.

3. FIBER-TRACHEID WALL l1UCKNESS AND LUMEN DIAMETER:

The ratio of the lumen diameter to the thickness of the wall is usually

used as a criterion to determine whether the fiber-tracheid wall is relatively

thick or thin. The thick-walled fiber-tracheids have the wall thickness greater

than the lumen diameter. The average fiber-tracheid wall thickness of all

Metrosideros wood studied is 3.824 microns. The average fiber-tracheid

lumen diameter, however, is 6.816 microns. Therefore, the fiber-tracheids

of Metrosideros wood are generally thin-walled. Based on these data the

estimation of the fiber-tracheid wall thickness of the Hawaiian Metrosideros

-
can be made within the confidance limits of 3.630 and 4.017 microns and the

fiber-tracheid lumen diameter within the confidance limits of 6.236 and 7.395

microns at the 99% level of probability .

The analysis of variance (Table 17) for fiber-tracheid wall thickness

reveals that the walls of the fiber-tracheid located in the inner part of the



Table 17. Analysis of variance of fiber-tracheid wall thickness

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%) (95%)

Individual trees 44 1013.56016 23.03546** 45.51 1.60

Parts of trees 2 180.76617 90.38308** 176.76 6.01

Age of xylem 1 4.64585 4.64585** 16.71 6.70

Replications 9 12.46813 1.38535

Trees vs. parts 88 658.16655 7.47917** 13.40 1.42

Trees vs. age 44 181. 05408 4.11487** 7.35 1.60

Trees vs. replications 396 200.43068 0.50614

Parts vs. age 2 2.71464 1.35732 2.50 6.01 3.55

Parts vs. replications 18 9.20409 0.51134

Age vs. replications 9 2.50231 0.27803

Trees vs. parts vs. age 88 154.08403 1. 75095** 3.05 1.42

Trees vs. parts vs. replications 792 442.19116 0.55832

\0
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Table 17. (continued) Analysis of variance of fiber-tracheid wall thickness

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%) (95%)

Trees vs. age vs. replications 396 221.79326 0.56008

Parts vs. age vs. replications 18 9.75949 0.54219

Residual (Error) 792 454.43970 0.573779

Total number of samples studied =45; number of parts in each sample· 3; number of replications in each observation =
10; 2 locations--inner and outer--of each part were measured.

Fiber-tracheid wall thicknesses are expressed in ocular scales; one scale is equal to 1. 50 microns.

** Highly significant, P is less than 0.01.

\0
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xylem are thinner than those which occur in the outer part. Thus the trees

tend to have thicker-walled fiber-tracheids as they become older. The

difference between them is very significant (at the 99% level). The average

wall thickness of the fiber-tracheid in the outer part is 3.87 microns and the

inner fiber-tracheid is 3.70 microns.

Regarding the three parts of the stems, the fiber-tracheid wall thickness

decreases from the basal part of the stem toward the upper part; the basal

stems have average fiber-tracheid wall thicknesses of 4.07 microns, the

middle stems 3.8 microns and upper stems 3.6 microns. These differences

are at the 99% level of probability. The F-test value is almost 20 times greater

than the critical F-value.

Considering the individual tree samples, the analysis of variance shows

also that the fiber-tracheid wall thicknesses are significantly different among

the trees at the 99% level of probability .

Based on the multiple comparison among means (Appendix Table 11)

of the fiber-tracheid wall thicknesses the trees can be grouped into 25

classes. Most of the classes have only one or two members. Class 16 has

the maximum number of samples; it includes seven trees. Thus almost all

tree samples have different fiber-tracheid wall thicknesses from each other.

The interaction of the individual trees (Table 17) and the parts of the

stems, and between the trees and the ages are very highly significant at the

99% level. Furthermore, the interaction between three factors, the individual
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trees, the parts of the sterns, and the ages (inner and outer xylem), are also

very highly significant (99%). These results indicate that the fiber-tracheid

wall thickness of the trees is determined by the combination effects of these

tree factors. Thus the mean fiber-tracheid wall thickness depends on the

location of the fiber-tracheids in the inner or outer xylem; either at the

basal part, middle part or upper part of the stem; and it also depends upon

the individual tree. From the grouping in Appendix. Table 11 it appears that

there are no significant correlations between the fiber-tracheid wall thickness

and the taxa involved.

Regarding the lumen diameter of the fiber-tracheids it is found that

the average diameter for all samples studied is 6.8 microns. On this basis

the estimation can be made that the mean fiber-tracheid lumen diameter for

Hawaiian Metrosideros is within the confidance interval 6.429 and 7 .202

microns at the 99% level of probability. The analysis of variance (Table 18)

shows that the lumen diameters in fiber-tracheids located in the inner part

of the sterns are very different from those located at the outer parts. The

inner fiber-tracheid diameters are smaller than the outer ones. The average

diameters are 6.7 microns at the inner part and 7 .a microns at the outer

part. The differences in fiber-tracheid lumen diameters are also very highly

significant between the basal part, the middle part, and the upper part of the

stems. The diameter of the lumen decreases from the basal stems toward

the middle and upper sterns. The averages are 7.2, 6.7, and 6.6 microns,



Table 18. Analysis of variance of fiber-tracheid lumen diameter

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Individual trees 44 1775.70872 40.35702** 32.44 1.60

Parts of trees 2 74.83137 37.41568** 31.67 6.01

Age of xylem 1 19.59243 19.59243** 15.54 6.70

Replications 9 6.50221 0.72247

Trees vs. parts 88 727.10152 8.26252** 6.54 1.42

Trees vs. age 44 399.20752 9.07290** 6.84 1.60

Trees vs. replications 396 492.62950 1.24401

Parts vs. age 2 42.78321 21. 39160** 28.38 6.01

Parts vs. replications 18 21.26487 1.18138

Age vs. replications 9 11.34829 1.26092

Trees vs. parts vs. age 88 399.21539 4.53654** 3.58 1.42

Trees vs. parts vs. replications 792 999.79205 1.26236

.....
0.....



Table 18. (continued) Analysis of variance of fiber-tracheid It,lmen diameter

Degrees Critical
Source of variation of Sums of squares Mean squares F-value F-value

Freedom (99%)

Trees vs. age vs. replications 396 525.51398 1. 32706

Parts vs. age vs. replications 18 13.56498 0.75361

Residual (Error) 792 1002.74573 1.26609

Total number of samples studied = 45; number of parts in each sample = 3; 2 locations--inner and outer--of each part
were measured; number of replications in each observation = 10.

Fiber-tracheid lumen diameters are expressed in ocular scales; one scale is equal to 1.50 microns.

** Highly significant, P is less than 0.01.
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respectively. The fiber-tracheid lumen diameters differ from tree to tree.

Appendix Table 12 indicates how the trees are grouped according to their

average fiber-tracheid lumen diameter differences. In this table there are

27 classes of trees, with the maximum numbers of trees found in classes

12 and 15. The rest of the classes have only one or two samples except for

class 11 which has three samples.

It is obvious from the analysis of variance (Table 18) that the interaction

of the individual tree samples versus the parts of the stems, the individual

trees versus the age of the xylem (inner or outer), the parts of the stems

versus the age of xylem, and the individual tree samples versus the part of

the stems versus the age of the xylem are very highly significant (99% level of

probability). Thus the lumen diameters of the fiber-tracheids are determined

by the combination effects of these three factors.

It was not possible to determine which of these factors had the main

effect on the fiber-tracheid lumen diameter.

4. CORRELATION OF FIBER-TRACHEID LENGTH, WALL THICKNESS AND

LUMEN DIAMETER:

To determine if there were any constant relationships between the

fiber-tracheid wall thickness and the fiber-tracheid lumen diameter with

the length of the fiber-tracheids ten trees (nos. 2, 5, 47, 1, 43, 42, 3, 28,

23, 44) were chosen for multiple regression analysis. These trees had

different fiber-tracheid lengths from each other. The results of the analysis
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are given in Table 19. The F-test indicates that the regression between the

fiber-tracheid length and the fiber-tracheid wall thickness and the fiber-tracheid

lumen diameter is not significant, although the data show that the decrease of

the fiber-tracheid length is apparently accompanied by a degrease in wall

thickness and a decrease in lumen diameter. The second approach, using

the t-test, indicates that neither fiber-tracheid wall thickness nor fiber-tracheid

lumen diameter has a significant regression with the fiber-tracheid length. The

t-value for the regression between the fiber-tracheid length and the fiber-trameid

wall thickness is 0.94 whereas that between the fiber-tracheid length and the

fiber-tracheid lumen diameter is 1.42, which are both smaller than the critical

t-value (2.365) at the 95% level of probability. The multiple correlation

coefficient, R, is 0.624. This value expressed the correlation between the

observed values and the predicted values. Apparently the closeness of fit of

the regression plane is not significant since the minimum value for the

significant correlation coefficient at the 95% level for these data is 0.666.

However, those figures are close enough to each other that the correlation

between the observed values and the predicted values is almost significant.

The value of R2 is 0.39, which shows the fraction attributable to the regression.

Based on this value about 39% of the total variation could be explained by the

regression. The deviation from the regression is 0.61 (1 - R2), which means

that about 61% of the variation can not be explained by the regression. This

indicates that other factors must be involved, but it was not determined what

these factors are.



Table 19. Analysis of variance of the average fiber-tracheid length of 10 samples of Hawaiian
Metrosideros in relation to wall thickness and lumen diameter

Source of variation

Total number of trees

Regression

Deviation (Error)

Degrees of freedom

9

2

7

Sums of squares

1340.15

515.94

824.21

Mean squares

257.97

117.74

1. Total number of samples analyzed = 10.

A
2. Multi~e regression equation: Y = 129.3 + 5.49 Xl + 5.10 X2

Y = fiber-tracheid length
Xl = fiber-tracheid wall thickness
X2 = fiber-tracheid lumen diameter

3. F-value = 2.19 (insignificant); critical F-value = 4.74 (95%).

I-'
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CORRELAnON OF SOME XYLEM ELEMENT LENGTHS

Based on the variation in vessel member length in the trees studied,

ten samples were chosen (nos. 1, 7, 47, 42, 36, 15, 32, 39, 35, 19) for an

analysis of the correlation among the length of the vessel members, the

length of fiber-tracheids, and the height of the rays. The results (Table 20)

indicate that the regression between the vessel member length and the

fiber-tracheid length as well as the height of the rays is not significant.

The data, however, show a parallel decrease between the vessel member

length and the fiber-tracheid length but the height of the rays does not obViously

decrease in a parallel manner.

The t-test shows neither a regression between the vessel member

length and the fiber-tracheid length nor between the vessel member length

and the height of the rays. The t-values of both, 2.228 and 0.0436, are

smaller than the critical t-value (2.365) at the 95% level of probability.

The multiple correlation coefficient, R, is 0.678. This value indicates

that the closeness of fit of the regression plane is significant at 95% level,

since the critical value is 0.666. Thus, there is a definite correlation between

the observed values and the predicted values. The R2 illustrates that this

regression explained about 46% of the total variation. About 54% of the

variation can not be explained by this regression. Therefore, other factors

must be involved, but it has not been determined what these factors are.



Table 20. Analysis of variance of the average vessel member length of 10 samples of Hawaiian
Metrosideros in relation to fiber-tracheid length and ray height

Source of variation

Total number of trees

Regression

Deviation (Error)

Degrees of freedom

9

2

7

Sums of squares

603.6

280.8

323.8

Mean squares

140.4

46.2

1. Total number of samples analyzed = 10.

".
2. Multi:e!e regression equation: Y =47.69 + 0.2616 Xl - 0.1203 X2

Y = vessel member length
Xl = fiber-tracheid length
X2 = ray height

3. F-value = 140.4/46.2 =3.0 (insignificant); critical F-value =4.74 (95%).

.-
8



DISCUSSION AND CONCLUSIONS

Descriptions of variations in both qualitative and quantitative features

of the wood Hawaiian Metrosideros have been presented above. In an

effort to discover some of the factors responsible for the variation patterns

observed, attempts were made to correlate certain characteristics of the

xylem with:

a) Environmental features, especially temperature as indicated by

altitude and annual rainfall,

b) The part of the tree from which the sample was obtained, and

c) The taxa in which the plants were placed.

The following discussion explores these relationships.

VESSELS:

1. Occurrence and distribution

The occurrence and the distribution of the pores in Hawaiian Metrosideros

wood show considerably variation . .AI though most of the woods are diffuse

porous~ on the basis of distribution of pores two different types of wood can

be distinguished, (Plate 1, A, B, C, D) and semi-ring porous (Plates 1, E, F).

Various transitional forms between these two types are found. The tendency for

the diffuse -porous distribution to become semi-ring porous was noted in

several plants. Four types of diffuse-porous woods were recognized in
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relation to the size and the occurrence of the pores. The first is the type with

relatively small, scattered pores and the second is the type with relatively

large scattered pores. The third type has relatively small numerous pores,

and the fourth type has relatively numerous large pores. Two types of

semi-ring porous distribution were detected. The first type has relatively

large pores which are scattered, and the second has relatively small, numerous

pores.

Each tree basically had only one type of pore distribution although the

size of pores was relatively smaller at the upper part of the stem. The

occurrence of these types of pore distribution did not seem to have any

correlation either with the taxon to which plants belonged or with the environment

in which they grew.

2. Sizes and shapes of pores

The sizes of pores are usually expressed by their tangential diamet ers .

This expression, however, does not give enough information concerning the

basic shapes of the pores. The tangential diameters of vessels of Hawaiian

Metrosideros studied showed considerable variations. The largest pore was

found to have a tangential diameter eleven times that of the smallest one.

Considering the radial pore diameter, it was found that the largest

pore also had a radial diameter eleven times that of the smallest one. The

suggestion may be made that the shape of pores is more or less constant.
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Generally the transverse outlines of the pores are oval. The average ratio of

the pore tangential diameter to the radial diameter is 8/9. Smaller pores

often have polygonal outlines, but this appearance is not common.

The sizes of pores differ significantly from the basal part, to the middle

part, to the upper part of the stem, and among the individual trees. Table 21

summarizes the variation in quantitative features among and within the trees

sttdied. Since the interaction of the parts of the sterns and the individual trees

is very significant for both tangential and radial diameters, it may be concluded

that the sizes of the pores depend on the individual trees and on the parts of the

stern where the wood samples were taken. It was impossible to ascertain the

main factor that determined the sizes of the pores because the two factors are

interdependent. The pore sizes of the individual trees may also be related to

environmental factors because there is no obvious parallel relationship between

pore sizes and the external features on which the taxonomy of the genus has

been based. Trees belonging to the same subspecies or even variety, show

considerable variation in pore sizes and also in the distribution and occurrence

of pores. In extreme conditions the sizes of the trees are related to the pore

sizes, and also to the pore shapes. The dwarf trees which were' collected from

the bog forest had mostly smaller pores than the other samples, and were the

plants in which pores with polygonal outlines occurred most frequently.
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Table 21. Variation in the quantitative in wood of
Hawaiian Metrosideros

Inner part Basal part Among

Source of variations toward toward trees
outer part upper part
of xylem of stem

Vessels:
-pore number per square + + +
millimeter

-pore tangential diameter 0 +

-pore radial diameter 0 +

-vessel member length 0 +

-vessel wall thickness 0 +

Fiber-tracheids:

-fiber-tracheid lumen diameter + +

-fiber-tracheid length 0 +

-fiber-tracheid wall thiclmess + +

Rays:
-number of rays per millimeter 0 + +
-width of rays 0 0 +
-height of rays 0 + +

-size of rays in total number 0 0 +
of cells

+ increases significantly
decreases significantly

+ varies significantly
o no significant variation
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3. Pore abundance

Considering the distribution of the pores within the xylem, two groups of

Hawaiian Metrosideros woods may be distinguished. The first has scattered

pores, and the second group relatively numerous pores. About 32% of the trees

studied had scattered pores and about 68% had numerous pores.

Following Record and Chattaway's classification (1939) three groups of

trees could be recognized: (1) those which had less than 50 pores per square

millimeter in all parts of their stems; (2) those which had less than 50 pores

per square millimeter in the lower part of the stem but more than that in the

upper parts; and (3) those which had more than 50 pores per square millimeter

in all parts of their stems.

Pore abundances differed significantly between the different ages of

xylem (inner and outer) among three different levels of the stems, and among

the individual trees (Table 21). Generally the abundance increased from the

inner part toward the outer part of the stems, and from the basal part toward

the upper parts of the stems. Both the location within the tree and the

individual tree had an effect on pore abundance. However, the relationships

of pore abundance with the environment and taxonomic groups could not be

detected.

4. Vessel member length

The length of vessel members has been described by several authors

(Brown 1922; Ingle and Dadswell 1953; Lamberton 1955). From their descriptions
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it might be concluded that the vessel members of Metrosideros range from

medium sizes to moderately long (Committee on Standardization of Terms of

Cell Size) 1937). The present study, however) reveals that in Hawaiian

Metrosiderosthey range from extre~ly short (115 microns) to very long

(1180 microns). The vessel member lengths were found to differ among the

trees and also at three different levels in the same trees (Table 21). The

conclusion might be made that the vessel member lengths are related both to

indiVidual trees and to the parts of the stems sampled. Since there were

some trees which were in the same subspecies but grew in different areas

and these trees had different vessel member lengths) it is suggested that

environmental conditions have considerable influence on the development of

the vessel members in the individual trees.

In an attempt to relate the vessel member length to some factors of the

environment) eleven tree samples of M. polymorpha subsp. incana) which had

different average vessel segment lengths) and two environmental factors) the

altitude and the annual rainfall) were chosen. It was found that the regression

between vessel member length and these environmental factors was not

significant. It appeared that only approximately 2% of the total variation could

be explained by this regression. Therefore) some factor or factors other than·

those analyzed account for the major part of the differences observed.
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5. The vessel walls

The vessel wall thickness usually ranged between 1.30 and 4.70 microns.

It was found that the vessel wall thickness differed significantly among the trees

and between the three different levels of the same stems (Table 21). There is

a gradual decrease in vessel wall thickness from the basal part of the stem

toward the upper part. It is obvious that the interaction of the part of the stem

and the individual tree determines the thickness of the vessel walls. Almost

all vessel members had vestured bordered pits of various shapes. These pits

could be grouped into two basic forms, those with relatively large and elongated

chambers and those with relatively small and rounded chambers. In the first

type the vestures are often difficult to see and sometimes even the borders are

not obvious. Nevertheless, in sectional views the pits always appear to have

borders. It was probably such pits in M .macropus which were interpreted

by Lamberton (1955) as simple. The second type of pit is obviously vestured.

Both types of pits are usually arranged in groups and each group usually has

only one type of pit, although sometimes the group is composed of both types

of pits.

There are four types of pit arrangements which were observed:

scalariform, transitional, opposite, and alternate. Most of the trees, however,

have vessel pits with only the opposite arrangement. It is not obvious whether

the shape of the pits and their arrangement have any relationship to environmental

features.
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The end walls of vessel members vary in orientation from oblique

to truncate. There is a tendency for those vessel members of smaller

diameter to have oblique end walls, and those of larger diameter to have

transverse end walls. The most constant feature of the end walls is that the

perforations are always simple. The diameters of the perforation plates in

the relatively small vessels are less than the diameter of the cell lumens.

In the large vessels, however, the perforation plate and the lumen have nearly

equal diameters. These variations occurred in all samples studied.

6. Vessel contents

Vessel members at maturity are dead cells lacking protoplasts but they

may contain gummy deposits and tyloses. The nature of these contents varies

from tree to tree. On the basis of vessel contents four types of trees were

recognized: (1) trees in which the vessels contain only gummy deposits, (2)

trees which have only tyloses, (3) the trees which have both gummy deposits

and tyloses, and (4) the trees which have no vessel contents at all. Table 9

lists the vessel contents of each tree studied.

The gummy deposits have been called "resin-like substances" by

several authors (Brown 1922; Ingle and Dadswell 1953; Bianchi 1934; Lamberton

1955). There are various types of tyloses present, from small ones with very

thin walls to large ones with very thick walls. However, some tyloses

apparently remain thin -walled. The thin-walled or the thick-walled tyloses



116

sometimes filled the entire lumen of the vessel, sometimes only part of it.

Occasionally both types occurred together in a single vessel lumen. Lamberton

(1855) described the presence of tyloses only in the species M. macropus, but

this study reveals that the tyloses might be present in any Hawaiian Metrosideros

wood, am apparently have no relationship with the taxonomic group.

No correlation could be demonstrated between the presence of tyloses or

gummy deposits and environmental factors, but an influence of the environment

on the formation of the vessel content is suspected since generally t:he trees that

had vessel contents were growing in continuous areas while trees from other

areas lacked such contents.

WOOD PARENCHYMA:

Although previous authors (Metcalfe and Chalk, 1950; Ingle and Dadswell,

1953) indicated that the wood of Metrosideros had only apotracheal arrangements

of wood parenchyma, this study indicates that paratracheal parenchyma also

occurs. These two types of wood parenchyma arrangement usually are found in

the same wood samples. Apotracheal parenchyma is more common than

paratracheal parenchyma in the trees studied. There are various patterns of

apotracheal parenchyma: diffuse, reticulate, or in uniseriate lines. These

patterns do not specifically occur in certain subspecies or species. The diffuse

pattern consists of solitary cells or of groups of cells which are arranged in

tangential rows. The reticulate pattern is not common; when it occurs the cells
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usually form short irregular rows or somewhat anastomosing groups. The

uniseriate pattern occurs more often than the reticulate one. The lines of

parenchyma are usually arranged in tangential rows and sometimes form

scalariform parenchyma.

Wood parenchyma in paratracheal arrangement was found in more than

half of the trees studied, usually in association with apotracheal parenchyma. The

paratracheal parenchyma is mostly sparingly paratracheal, often vasicentric

or aliform, and very rarely vasicentric confluent or aliform confluent. There

is no obvious indication that the occurrence of these various patterns of

parenchyma cells has any connection with the environment, but the abundance

of the parenchyma cells probably has been influenced by the amount of rainfall.

The trees from relatively high annual rainfall areas mostly have more wood

parenchyma cells than those from the dryer areas.

The parenchyma cells usually form parenchyma strands which are

composed of two to three cells, and apparently each strand is derived from a

single fusiform cambium initial. In some trees the parenchyma strands were

very long and probably develop from several vertically superposed fusiform

cambium initials. These strands are often composed of two types of cells,

the parenchyma cells and tracheid cells, although the tracheids occur rarely.

In all trees observed the parenchyma cells had contents in the form of

gummy deposits. The presence of this material has been also described by

Ingle and Dadswell (1953). Metcalfe (1963) considered the presence of ergastic
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substances as being highly significant, generally, for taxonomic purposes.

As far as the species or subspecies of Metrosideros are concerned the

taxonomic value of parenchyma contents is not obvious. Probably this

feature is significant only for the higher taxonomic ranks.

The simple pits of the parenchyma cells are usually arranged in groups,

and are present in larger number on radial walls. Pits also occur, although

rarely, on end walls.

RAYS:

Both uniseriate and multiseriate rays occurred in all samples studied. The

uniseriate rays are one to several cells high. The multiseraite rays generally have

a maximum width of three cells, but on rare occasions rays four cells wide were

found. The shape of the multiseriate rays as seen in tangential view differs

from tree to tree. They may appear as a thick double convex lens, or as a

very slender structure where the uniseriate parts are as wide as the

multiseriate ones. The uniseriate tiers of these multiseriate rays may be

long or short.

In some-tree samples the rays with two or more multiseriate parts

are also present. These rays probably develop from the vertical fusion of

two multiseriate rays or a multiseriate and a uniseriate ray. Th is fusion can

occur at the multiseriate part or at the uniseriate part. This type of ray might

also be formed by the development of the multiseriate parts at more than one

place in an individual ray.
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Aggregate rays are very rare in Metrosideros wood but were observed

in some samples.

The uniseriate rays are usually homocellular, but a few heterocellular

uniseriate rays were found. The multiseriate rays are always heterocellular.

It is obvious that the ray tissue of the Hawaiian Metrosideros is heterogeneous.

This is in accordance with the descriptions of previous authors (Brown 1922;

Metcalfe and Chalk 1950; Ingle and Dadswell 1953; Lamberton 1955). The

heterocellular rays can be distinguished as (1) strongly heterocellular rays

with relatively small procumbent cells, (2) weakly heterocellular rays with

relatively large procumbent cells, and (3) strongly heterocellular rays with

square procumbent cells. This third type of ray is not very common.

In all wood samples the uniseriate and the multiseriate rays always

occurred together. However, the proportion of multiseriate rays to uniseriate

rays varies considerably from one. tree to another.

The ray abundance also differs significantly from tree to tree and from

level to level within a stem (Table 21). The ray abundance increases from the

basal part to the upper parts of the stems. Both the individual tree and the part

of the stem thus had an influence on ray abundance. At the same time there is

evidence that the environment also affects ray abundance.

As previously mentioned the maximum ray width of Hawaiian Metrosideros

was four cells, in a few trees, but most of the trees had a maximum ray width

of three cells. Ingle and Dadswell (1953) indicated that the width of the rays in
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Metrosideros ranged from one to three cells, but most of them were only two

cells wide. The present study also indicates that most of the multiseriate

rays are biseriate. The rounded value for the average ray width is two cells.

The width of the rays among the trees differs significantly, although not as

significantly as the ray abundance. The width of the rays, moreover, does not

vary significantly at different levels of the stem. Since the interaction of

trees and levels yields insignificant results, the conclusion can be drawn that

the ray width is determined mainly by the individual trees. It is not clear

whether genetic (individual tree) or environmental factors are more effective

in determining ray width, but it is suspected that the environmental factors

are more effective, since most of the trees with relatively narrow rays were

collected from extremely wet areas.

The maximum height of the rays also varies considerably. In this study

most of the tree samples appear to have maximum ray heights of less than 25

cells. The total range in maximum height, however, from tree to tree, was

9 to 29 cells. The average ray height of all trees was 8 cells. In the

Metrosideros studied by Ingle and Dadswell (1953) the ray heights were less

than 25 cells. Their description is similar to that reported here for the

maximum ray heights of most of the samples. It is very evident that the ray

heights are different among the individual trees. Although it is not very

highly significant, the height of the rays is also different at three different

levels of the stems. The height increases from the basal part toward the upper
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parts of the stems (Table 21). Since the combination effect of the trees and the

parts of the stems is not significant, it is suggested that the main effect determining

the ray height is the individual tree.

The sizes of the rays, expressed as the total number of cells in a tangential

section, vary considerably. The range is from one cell to more than 50 cells.

Most of the trees, however, have maximum ray sizes between 20 to 30 cells. The

data show that the ray sizes differ very significantly among the trees. At three

different levels of the same trees, the difference in ray sizes is not significant.

Thus the difference in ray sizes is only among the trees and not among the

different parts of the same trees. Obviously the ray sizes are determined by

the individual tree, since the interaction between the individual tree and the

parts of the tree is insignificant.

The ray cell walls bear both simple and bordered pits. Simple pits are

very common among the ray cells while bordered pits were found only in the

ray cells which had relatively thick walls. In surface view the simple pits may

appear rounded and usually two to five simple pits occur in a group. They may

also appear to be elongate and have a sca1ariform arrangement. Such pits are

found especially on the ray cell wall areas that are directly in contact with the

vessels. The bordered pit pairs are usually difficult to detect in the surface

view. The pit borders are usually very narrow and the pit chambers are

inconspicuous. The bordered pits in ray cells usually occur on the walls of the

upright or square cells and very rarely on the walls adjacent to the procumbent
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cells or on the procumbent cells. The ray-vessel pitting can be grouped into

several classes. The first has ray-vessel pitting where elongated pits with wide

apertures in the ray cells are associated with relatively small pits in the vessels.

One ray pit may pair with two or more vessel pits. The second type has

ray-vessel pitting where the ray pits are somewhat rounded, with wide apertures,

and abundantly present and are associated with the elongated form of pits on the

vessel wall. These pit pairs often appear to be simple. The third type has

ray-vessel pitting where the elongated pits with relatively wide apertures are

observed in both rays and vessels. The arrangement of these pits is

scalariform or transitional. The fourth type has ray-vessel pitting where the

ray pits are elongated with thin septations and relatively wide apertures. These

pits are associated with the bordered pits which have slit-like apertures in the

vessel walls. Among these four types of ray-vessel pittings, the second and

the third types are the most common. In the Metrosideros wood from the South

Pacific area Ingle and Dadswell (1953) distinguished two types of ray-vessel

pitting, (1) ray-vessel pitting where the ray pits are small, similar to the

vessel pits, and (2) ray-vessel pitting where the ray pits are small, simple,

rounded to elongate. The second type ef pitting was the one more frequently

observed by them.

The ray cells generally contained gummy or resinous material. The

presence of this material was described by Brown (1922) as resin-like material,

by Lamberton (1955) as dark-staining material, by Ingle and Dadswell (1953)
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as extraneous material or silicious material, by Metcalfe (1963) as deposits

of ergastic substances, and by Bianchi (1934) as silica; the latter observation

was confirmed by Iterson (1934). Bianchi, however, did not mention any

particular cells where this silica material was present. In the present study

tests to determine the chemical composition of the contents of the ray cells

or other cells were not made. However, most ray cells contained large

masses of amorphous dark-staining material, probably of a gummy or resinous

nature. In addition certain ray cells contained irregularly shaped to spherical

bodies which did not stain deeply. These are probably silica bodies.

A quantitative feature of the rays, the ray height, of M. polymorpha

subsp. incana was used in the attempt to correlate ray height with the annual

rainfall and the altitude. The results indicated that the correlation of ray

height and these two environmental factors is not significant. In this regression

analysis it was also shown that only about 17% of the variation could be

explained by the regression whereas about 83% of it was still problematicai.

TRACHEIDS:

Vasicentric tracheids were found in all wood samples studied. This

confirms the report of Metcalfe and Chalk (1950) who used the presence of

vasicentric tracheids as a distinguishing character of the family Myrtaceae.

These tracheids occurred near the vessels, usually mixed with wood parenchyma

cells, which sometimes appeared to be very similar to the tracheids. In
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addition to the vasicentric tracheids, tracheid strands and vascular tracheids

were also present in all specimens studied, although vascular tracheids

occurred very rarely.

FffiER-TRACHEID:

The only type of fibers in Metrosideros wood are fiber-tracheids. These

cells form the ground mass of the wood. One indication that these are

fiber-tracheids rather than libriform fibers is the presence of bordered pits

rather than simple pits on radial and tangential walls. Usually they are arranged

in a single vertical row. All bordered pits of the fiber-tracheids have extended

apertures. These slit-like apertures are usually arranged parallel with the

vertical walls, although somewhat oblique arrangements are also found. The

length of the apertures varies from relatively short to very long, and sometimes

they are vertically joined to each other and form coalescent pits. Most of the

coalescent pits are composed of two pits but long coalescent pits with three

chambers were also observed. Brown (1922) and Lamberton (1955) described

the fiber-tracheid pits as circular-bordered with lenticular orifices and

uniseriate both on radial and tangential walls. However, these authors did not

mention the occurrence of the coalescent pits. The presence of semi-bordered

pits and simple pits were also mentioned by Lamberton (1955) in his description

of M. collina and M. tremuloides. These types of pits we?:e not detected in the

material studied by me.
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Septation of the fiber-tracheids was mentioned by Lamberton (1955),

and also observed in several tree samples studied by me. Since the septa do

not occur regularly, it is possible they do not represent true septa, but rather

the accumulation of cell contents in thin layers in certain places. Some wood

samples contained fungus hyphae which in places appeared superficially

similar to the septa observed. No conclusions could be drawn regarding the

factors responsible for development of septae.

The description of fiber-tracheid lengths given by Brown (1922) is

supported in this study. The fiber-tracheid lengths range from moderately

short to moderately long (Committee on Standardization of Terms of Cell Size,

1937). The fiber-tracheid lengths differ among the trees and among the

different levels within the trees (Table 21). In individual trees the fiber-tracheid

lengths decrease from the basal part toward the upper parts of the stem. It is

also obvious that the length of the fiber-tracheids is determined by the combination

effect of the individual trees and the parts of the trees.

The fiber-tracheid wall thickness differs among the individual trees,

among three different levels of the same stem, and between the inner and the

outer part of the xylem. The fiber-tracheid wall thickness increases from the

inner part of the stem toward the outer part and decreases from the basal part

of the stem toward the upper parts. All three factors, the individual trees,

the parts of the stems, and the location of the fiber-tracheids in the xylem,

are obviously involved in determining the thickness of the fiber-tracheid walls.
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The lumen diameters of the fiber-tracheids also differ from one tree

to another among three different levels of the stems and between the

fiber-tracheids located in the inner part and the outer part of the xylem. The

decrease in fiber-tracheid lumen diameters parallels the decrease in wall

thickness in these cells. The combination effect of the individual trees, the

part of the stems and the location of the fiber-tracheids are also involved in

determining the lumen diameters. The relative effects of genetic and

environmental factors were not determined.

The relationship between the length of the fiber-tracheids, their lumen

diameter, and their wall thickness is not significant. The F-test, the t-test

on the multiple regression, and the multiple correlation coefficient gave

negative results.

The regression analysis indicated that only about 39% of the variation is

explained by the regression. The other 61% is still problematical.

The correlation between the fiber-tracheid length and two factors of

the environment, the annual rainfall and the altitude, was also negative. Both

the F-test and the t-test gave insignificant results. The correlation coefficient

showed that the correlation between the observedvalues and the predicted

values is also insignificant. Only about 28% of the total variation could be

explained by the regression analysis. Therefore, the major factors affecting

fiber-tracheid length are still unknown.



127

CORRELATIONS OF QUANTITATIVE FEATURES OF SOME XYLEM ELEMENTS:

An attempt was made to correlate the vessel member length, the

fiber-tracheid length, and the ray height. The results of this multiple regression

analysis indicated that a decrease in vessel member length was not accompanied

significantly by either a decrease in the fiber-tracheid length or a decrease in

the height of the rays. The result of the t-test, however, indicates that the

correlation between the vessel member length and the fiber-tracheid length

is almost positive. The t-value is almost as large as the critical t-value at the

95% level of probability. If the total number of samples used in the analysis

were increased, there is a possibility that the relation between the vessel

member length and the fiber-tracheid length would become positive. This means

that the shortening of the vessel member length might be accompanied by the

shortening of the fiber-tracheid length. This would be expected since both

fiber-tracheids and vessel members are derived from fusiform cambium

initials, and the differences in length of the mature cells are related primarily

to the amount of intrusive growth which the fiber-tracheids have undergone.

The multiple regression shows also that there is a significant correlation

between the observed values and the predicted values. About 46% of the total

variation can be explained by the regression.

CORRELATIONS OF WOOD CHARACTERS WITH TAXONOMIC GROUPS:

Polygonal graphing (Hutchinson 1936) was used to determine whether any

correlations of quantitative characters could be detected, and whether any single
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character or combination of characters could be correlated with the various

taxa of Hawaiian Metrosideros which have been recognized on the basis of

external morphological features.

The basic graph used, and its interpretation, is described in Figure 1.

Figures 2 - 11 present the graphs prepared for each of the taxa included in this

study.

It is evident from Figures 2 - 11 that no single character nor combinations

of characters can be detected which are correlated with the current taxonomic

treatments of Hawaiian Metrosideros. For instance, the variations within M.

Eolymorpha subsp. incana (Figure 2) are about as great as those observed in all

other taxa together. Similar conclusions can be drawn from a perusal of the

other figures.

One general trend can be detected. Trees from areas of relatively

unfavorable growing conditions such as bogs or arid lava flows tend to have

graphs which include smaller areas that those of trees from more mesic

environments. In other words the cellular dimensions of such plants are

typically smaller than those of plants which have more rapid growth. For

example trees 23 (Figure 4), 45 and 46 (Figure 6), and 21 and 22 (Figure 7),

all from bogs, and tree 8 from a dry lava flow on the leeward side of Hawaii,

all are represented by graphs which include relatively small areas. On the

other hand trees 1 (Figure 5), 43 and 47 (Figure 6), and 44 (Figure 8) are

from more mesic regions and are represented by graphs which include
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relatively large areas. There are exceptions even to this general trend. For

instance trees 25 (Figure 3) and 38 (Figure 2) are represented by graphs

including relatively small areas, yet these plants are from mesic regions.

IMPLICATIONS OF TIIIS STUDY:

While this paper has described the variation in wood structure in

Hawaiian Metrosideros and has considered some of the factors which contribute

to the variation, it has not been possible to correlate the variations in internal

features with those variations of external features currently used in the

taxonomic treatments of the genus. This suggests that further work i~ needed

in studying both internal and external variation, and that genetic and

physiological information will have to be gathered before a satisfactory

classification of Metrosideros in Hawaii and the Pacific can be achieved.

However, this study does provide certain implications of use to future

workers. Observations of external characters of Hawaiian Metrosideros in the

field and in the herbarium, and the difficulties encountered in classifying the

specimens obtained for this study, indicate that the differences among taxa

emphasized by previous workers are not always clear and distinct. It appears,

rather, that such characters are distributed in many cases, almost at random

among the populations. The present study has revealed a similar, apparently

random, pattern of distribution of anatomical characters in the xylem. It

was not possible to distinguish taxa or populations with distinctive features of

both external and internal structure.
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These observations lend support to Lyon's (1940) suggestion that all

Hawaiian Metrosideros should be considered to belong to a single polymorphic

species. While there are reasonably distinct populations within this species,

there is no evidence available at present to suggest that these populations are

completely reproductively isolated. Rather, the patterns of variation of wood

structure obtained indicate that gene flow among the populations is probably

occurring. Studies of the genetics and of breeding systems are obviously needed

to determine the validity of this hypothesis.

Certain populations have probably become isolated to some degree, and

certain combinations of external characters have become more or less stabilized

in such populations. These are the populations which have been treated by past

authors as constituting distinct species or infraspecific taxa. This study has

shown, however, that such taxa are not distinct in terms of wood structure.

It is suggested that Metrosideros in Hawaii is still in the process of

speciation, and that the stage of differentiation of species is such that no

populations samples in this study are distinct enough to be considered as

different species from the other populations studied.
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Each radius repre
sents a character
which was studied •
quantitatively.
The point where
the radius inter
sects the smaller
inner circle rep
resents the lowest
mean value for the
oharacter among 47
plants studied. The
pOint where the
radius intersects
the o:uter larger
circle represents
the highest mean
value obtained.

Radius
no. Character

1 Number of pores per s~uare millimeter

2 Number of r:ays· per millimeter

3 Ray Width, number of cells

4 Bay size, total number of cells

5 Ray height, number of cells

6 Vessel member length, microns

7 Fiber-tracheid length, microns

8 Fiber-tracheid lumen diameter, microns

9 Fiber-tracheid wall thickness, microns

10 Vessel member wall thickness, microns

11 Pore diameter, radial, microns

12 Pore diameter, tangential, miorons

Lowest Highest
mean mean

9.7 73.1

16.3 29.1

1.1 1.9

5.6 16.0

4.7 11.6

344.0 648.0

780.0 1274.0

4.0 9.3

2.5 ;.2

2.4 4.8

30.1 140.8

26.0 114.6
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PLATE 1.

A. M. polymorpha ssp. incana (tree 24). Transverse section. Wood is

diffuse-porous with pores relatively rare and of small size. X 24.

B. M. polymorpha ssp. imbricata (tree). Transverse section. Wood is

diffuse-porous with pores relatively rare and of large size. X 24.

c. M. polymorpha ssp. micrantha (tree 2). Transverse section. Wood

is diffuse-porous with pores relatively numerous and of small size. X 24.

D. M. polymorpha ssp. incana (tree 19). Transverse section. Wood is

difftEe-porous with pores relatively numerous and of large size. X 24.

E. M. polymoIEha ssp. glabrifolia (tree 47). Transverse section. Wood is

semi-ring porous with pores relatively rare and of large size. X 24.

F. M. polymorpha ssp. imbricata (tree 8). Transverse section. Wood is

semi-ring porous with pores relatively numerous and of small size. X 24.



148



143

PLATE 2 .

. A. M. polymorpha ssp. incana (tree 5). Transverse section. The vessel

wall adjacent to fiber-tracheid walls (lower arrow) is thicker than in other

areas. Bordered pit pair (upper arrow) between vessel and fiber-tracheid

is evident. X 614.

B. M. polymorpha ssp. glabrifolia (tree 47). Radial section. Pits on vessel

wall appear simple and non-vestured (arrow). The pits are relatively

large and have wide apertures. X 614.

c. M. p~lymorpha ssp. imbricata (tree 8). Radial section. Pits on vessel

walls are vestured, elongated, with slit-like apertures, and the pit chambers

are not obvious. X 614.

D. M. polymorpha ssp. glabrifolia (tree 29). Radial section. Vessel walls

shOWing scalariform pitting. The individual pits have wide apertures,

are non-vestured, and have narrow borders. X 614~

E. M. polxmorpha ssp. glabrifolia (tree 29). Radial section. Vessel walls

showing transitional pitting. The features of the individual pits are

similar to those shown in D. X 614.

F. M. polymorpha ssp. incana var. fauriei (tree 28). Radial section.

Vessel walls shOWing vestured pits. X 614.
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PLATE 3.

A. M. polymorpha ssp. glabrifolia (tree 42). Radial section. Vessel

wall showing alternate arrangement of vestured pits. X 614.

B. M. polymorpha ssp. incana var. fauriei (tree 28). Radial section.

Vessel wall showing alternate arrangement of vestured pits. X 614.

C. M. polymorpha ssp. incana var. fauriei (tree 28). Radial section.

Vessel wall showing opposite arrangement of vestured pits. X 614.

D. M. polymorpha ssp. glabrifolia (tree 47). Radial section. Vascular

tracheid wall shoWing included pits which are irregularly arranged.

X 614.

E. M. polymorpha ssp. incana (tree 12). Transverse section. Vessels

containing gummy deposits and plugged with tyloses. X 24.

F. M. polymorpha ssp. incana (tree 19). Radial section. Vessel member

nearly filled with thin-walled tyloses. X 280.
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PLATE 4.

A. M. polymorpha ssp. incana (tree 16). Transverse section. Thin-walled

tylosis has not fully developed yet. X 614.

B. M. polymorpha ssp. incana (tree 19). Radial section. Thick-walled

tylosis which almost completely filled the vessel member. Several

simple pits are evident on the wall. X 614.

C. M. polymorpha ssp. glaberrima (tree 14). Transverse section.

Thick-walled tylosis in which fungus hyphae (arrow) have developed.

X 280.

D. M. polymorpha ssp. incana var. fauriei (tree 28). Transverse section.

Both thin and thick-walled tyloses have developed in the vessel. Some

simple pits are evident. X 280.

E. M. polymorpha ssp. incana (tree 16). Tangential section. FWlgus

hyphae growing OIl the vcsoel aud adjaceiit cells. X 280.

F. M. polymorpha ssp. incana (tree 16). Tangential section. Fungus

hyphae in fiber-tracheids which give fiber-tracheids the appearance of

being septate. X 280.
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PLATE 5.

A. M. polymorpha ssp. incana (tree 5). Transverse section. Irregular

groups of parenchyma cells (arrows) which occur among the

fiber-tracheids . These parenchyma cells are much larger than the

typical xylem parenchyma and ray parenchyma cells, and are somewhat

isodiametric in shape. X 64.

B. M. polymorpha ssp. incana (tree 5). Tangential section. Longitudinal

view of irregular group of parenchyma cells. X 64.

C. M. polymorpha ssp. incana (tree 5). Radial section. Longitudinal view

of irregular group of parenchyma cells. X 64.

D. M. polymorpha ssp. incana (tree 5). Transverse section. Xylem

parenchyma is paratracheal banded. X 64.

E. M. polymorpha ssp. glaberrima (tree 44). Transverse section. Xylem

parenchyma is vasicentric and imperfectly alifonn. X 64.

F. M. polymorpha ssp. glabrifolia var. prostata (tree 21). Transverse

section. Xylem parenchyma is vasicentric, imperfectlyalifonn, and

confluent. X 64.
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PLATE 6.

A. M. polymorpha ssp. glabrifolia (tree 45). Transverse section.

Transverse wall of xylem parenchyma cell (arrow) with simple

pits in scalariform arrangement. X 614.

B. M. polymorpha ssp. glaberrima (tree 44). Radial section. Xylem

parenchyma cell with simple pits in somewhat opposite arrangement.

X 280.

C. M. polymorpha ssp. imbricata (tree 11). Radial section. Vascular

tracheid with included bordered pits in alternate arrangement. X 614.

D. M. polymorpha ssp. incana (tree 15). Tangential section. Vertically

fused rays with the point of fusion at the multiseriate parts of the rays

(arrow). X 280.

E. M. polymorpha ssp. incana (tree 15). Tangential section. Vertically

fused rays with the point of fusion at the uniseriate parts of the rays

(arrow). X 280.

F. M. polymorpha ssp. incana (tree 15). Tangential section. Development

of "vertically fused rays" by cell divisions of the multiseriate parts of

the rays (arrows) and not by fusion between the two multiseriate rays.

X 280.
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PLATE 7.

A. M. polymorpha ssp. incana (tree 15). Tangential section. Aggregate

ray. X 280.

B. M. polymorpha ssp. incana (tree 15). Radial section. Strongly

heterocellular ray with relatively small elongated procumbent cells. X 64.

c. M. polymorpha ssp. incana (tree 9). Radial section. Weakly heterocellular

ray with relatively large elongated procumbent cells. X 64.

D. M. polymorpha ssp. glabrifolia var. prostata (tree 21). Radial section.

Strongly heterocellular ray with square procumbent cells. X 64.

E. M. polymorpha ssp. glabrifolia (tree 43). Tangential section. Ray tissue

in which the multiseriate rays are relatively large with long uniseriate

tiers. Vertically fused multiseriate rays are common in this wood. X 64.

F. M. polymorpha ssp. incana (tree 9). Tangential section. Ray tissue in

which the multiseriate rays are relatively thick with short uniseriate

tiers. X 64.
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PLATE 8.

A. M. polymorpha ssp. imbricata (tree 13). Tangential section. Ray

tissue in which the multiseriate rays are relatively thick with short

uniseriate tiers. X 64.

B. M. polymorpha ssp. incana (tree 15). Tangential section. Multiseriate

ray with the uniseriate parts as wide as the multiseriate part. X 280.

C. M. polymorpha ssp. glabrifolia var. prostata (tree 21). Tangential

section. Ray tissue in which multiseriate rays are almost absent. The

ray tissue is composed mostly of long uniseriate rays. X 64.

D. M. polymorpha ssp. glabrifolia (tree 46). Tangential section. Ray tissue

in which the individual rays are relatively small and short. X 64.

E. M. polymorpha ssp. glabrifolia var. tremuloides (tree 36). Tangential

section. Intercelltiar spaces among the ray cells. X 614.

F. M. polymorpha ssp. glabrifolia (tree 43). Radial section. Ray cells with

bordered pit pairs. The pit apertures are relatively wide and the borders are

narrow. X 614.
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PLATE 9.

A. M. polymorpha ssp. incana (tree 10). Tangential section. Simple

pits on tangential wall of ray cell. X 280.

B. M. polymorpha ssp. incana var. fauriei (tree 28). Radial section.

Ray-vessel pitting in which one ray pit associates wi th two vessel

pits (arrow). X 614.

C. M. polyrnorpha ssp. glabrifolia (tree 42). Radial section. Ray-vessel

pitting in which the ray pits are numerous, womewhat oblong, and

irregularly arranged. X 614.

D. M. polymorpha ssp. glabrifolia (tree 29). Radial section. Ray-vessel

pitting where the ray pits and the vessel pits are in transitional

arrangement. X 614.

E. M. polymorpha ssp. glabrifolia (tree 43). Radial section. Ray-vessel

pitting where the ray pits are relatively long with thin septations. The

vessel pits are elongate, vestured, and have narrow slit-like apertures.

X 614.

F. M. polymorpha ssp. glabrifolia (tree 43). Radial section. Ray-vessel

pitting in which the ray pits are relatively large, have narrow pit borders,

and are transitionally arranged. X 614.

G. M. polymorpha ssp. glabrifolia (tree 43). Radial section. As in F, but

section cut through vessel wall.
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PLATE 10.

A. M. polymorpha ssp. incana var. fauriei (tree 28). Radial section.

Thick-walled ray cells with numerous pits. Structures interpreted

as silica bodies occur in cell lumens and appressed to walls. X 280.

B. M. polymorpha ssp. incana (tree 17). Tangential section. Tracheid

strands with numerous bordered pits which are arranged irregularly.

X 280.

C. M. polymorpha ssp. incana (tree 17). Tangential section. Tracheid

strands with short scalariform and elongated pitting. X 280.

D. M. polymorpha ssp. imbricata (tree 11). Radial section. Coalescent

pits in the fiber-tracheids. This type of pit is only found in the radial

walls of the fiber-tracheids. X 614.

E . Coalescent pits as in D.

F. Coalescent pits as in D.

G. M. polymorpha ssp. incana (tree 38). Radial section. Septate-fiber

tracheids. X 280.

H. M. polymorpha ssp. incana (tree 38). Tangential section. Septate

fiber-tracheids. X 280.
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SUMMARY

Studies were made of secondary xylem from 47 trees of Metrosideros.

The trees included representatives of 12 taxa, and were collected from

seceral ecological zones on the five major Hawaiian Islands. Wood samples

were collected from the basal, middle, and upper parts of each tree.

Qualitative and quantitative data were collected, and quantitative data were

analyzed by statistical methods.

The secondary xylem is composed of a ground-mass of fiber-tracheids

among which are distributed vessel members, tracheids (vascular tracheids,

vasicentric tracheids, tracheid strands), parenchyma and ray parenchyma.

No libriform fibers were found.

The most constant features, observed in all specimens studied, include:

simple perforation plates; vestured pits in vessel members; vasicentric

tracheids around vessel members; extended bordered pits in fiber-tracheids;

included bordered pits in tracheids and vessel members; deposits of gums

or tannins in parenchyma and ray parenchyma cells.

Other features were not constant. In some trees the vessels exhibited

a diffuse-porous arrangement, in other trees a semi-ring porous arrangement,

and intermediate forms were also found. The number of vessels per square

millimeter, and the length and radial and tangential diameters of vessel
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members, and the vessel member wall thickness all varied from plant to

plant from level to level within a plant. In some plants tyloses and/or

gummy deposits developed in older vessels, while in other plants such

structures did not develop.

Fiber-tracheids varied in length, wall thickness, and lumen diameter

within and among plants.

In most plants parenchyma cells were apotracheal but some plants

exhibited both apotracheal and paratracheal parenchyma.

Rays were heterocellular and ray tissue heterogeneous. There was

variation among plants with respect to width, height, and total size of rays

as well as the number of rays per millimeter. There was variation within

plants in ray height and number of rays per millimeter.

Analyses of quantitative data indicate that there is a decrease in

length, diameter, and wall thickness of vessel members and fiber-tracheids

as ore proceeds from the base to the middle to the top of a single plant. On

the other hand there is an increase in the height of rays, the number of vessels

per square millimeter, and the number of rays from basal to upper parts of

a plant. The number of vessels per square millimeter and the lumen diameter

and the wall thickness of fiber-tracheids were greater toward the outer part

of the stem than toward the inner part.

No significant correlations could be established among vessel member

length, fiber-tracheid length, and ray height. No significant correlations
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were evident among fiber-tracheid length, lumen diameter, and wall thickness.

Various quantitative features were analyzed in reference to annual

rainfall and to altitude. No correlations could be established.

All features studied were analyzed in relation to the taxonomic units

involved. No single character nor combination of characters could be found

which would facilitate the use of current taxonomic treatments of the genus.
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Appendix Table 1. Grouping of the trees according to their average
vessel tangential diameter differences from those
of a certain group of the tree samples*

Tree
Class code

no.

Average vessel
tangential diameter

In ocular In
scales microns

Trees having average vessel tangential
diameters which are different signifi
cantly from those of the class**

1

2

3

4

5

6

7

8

9

10

11

1
20

47

12
5

26

43

15

19
14

42
35

4
9

36

32
17

28
39
37
40
7

45
2

17.90
16.53

16.30

15.67
15.63

15.13

14.60

14.33

14.30
14.23

14.10
14.06

13.87
13.83 '
13.73

13.40
13.40

12.97
12.96
12.93
12.93
12.87
12.83
12.73

114.56
105.79

104.32

100.29
100.03

96.83

93.44

91. 71

91.52
91.07

90.24
89.98

88.77
88.51
87.87

85.76
85.76

83.00
82.94
82.75
82.75
82.37
82.11
81.47

2 to 4, 6 to 9, 11, I3;to 15, 17, 19,
21 to 47.

2 to 4, 6 to 9, 11, 13 to 15, 17to 19,
21 to 25, 27 to 46.

2, 3, 6 to 8, 11, 13, 18, 21 to 25, 27
to 31, 33, 34, 37 to 41, 44 to 46.

1, 3, 6, 8, 11, 18, 20 to 25, 29 to 31,
33, 34, 38, 41, 44.

1, 6, 8, 11, 18, 20 to 25, 29 to 31,
33, 34, 38, 41 , 47.

1, 6, 8, 11, 18, 20 to 25, 30, 31, 38,
41, 47.

1, 6, 8, 18, 20 to 23, 25, 30, 31, 38,
41, 47.

1, 6, 18, 20 to 23, 25, 30, 31, 38,
41, 47.

1, 6, 18, 20 to 23, 25, 30, 31, 41, 47.

1, 18, 20 to 23, 25, 30, 31, 41, 47.

1, 5, 12, 18, 20 to 23, 25, 30, 31, 41,
47.



174

Appendix Table 1. Grouping of the trees according to their average vessel
(continued) tangential diameter differences from those of a certain

group of the tree samples*

Tree
Class code

no.

Average vessel
tangential diameter

In ocular In
scales microns

Trees having average vessel tangential
diameters which are different signifi
cantly from those of the class*

11 13 12.73 81. 87
(cont'd)46 12.70 81. 28

27 12.67 81.09

1, 5, 12, 18, 20 to 23, 25, 30, 31,
41, 47.

12 44 12.30 78.72 1, 5, 12, 20 to 23, 25, 26, 30, 41, 47.
13 3__....:1:=2..:..:.2=.;:3=---_---.,;7:.....;:8:...:..::..27:..---_~1,~5,:...-.::.:12~,.....:2::..:0=-t:..:.o....::.2:..:3~, ...::2~6~, ...::3~0,~4~1,=-4..::.:7:....;.=--
14 34 12.00 76.80 1, 5, 12, 20 to 23, 26, 30, 41, 43, 47.

33 12.00 76.80
29 11.90 76.16
24 11.83 75.71
11 11.83 75.71

16 8 11.67 74.69 1, 5, 12, 14, 15, 19, 20 to 23, 26, 30,
43, 47.

17

18

19

20

22

23

38 11.56 73.98

6 10.97 70.21

31 10.16 65.02
18 10.00 64.00

25 9.76 62.46

41 9.23 59.07

30 8.83 56.51

22 6.10 39.04
23 5.56 35.58
21 4.06 25.98

1, 5, 12, 14, 15, 19, 30 to 23, 26, 30,
35, 42, 43, 47.
1, 4, 5, 9, 12, 14, 15, 19, 23, 26, 35,
36, 42, 43, 47.
1,2,4,5,7,9, 12 to 15, 17, 19.to
23, 26 to 28, 32, 35 to 37, 39,40, 42,
43, 45 to 47.

1 to 5, 7 to 9, . 11 to 15, 17, 19 to 24,
26 to 29, 32 to 40, 42 to 47.
1 to 9, 11 to 15, 17 to 20, 24 to 47.

* In all appendix tables trees no. 10 and 16 are not included since the
material consisted of only two parts of the stems.

** The difference in average vessel tangential diameters between these trees
and those in the class is at least 2.49 ocular scales ( =D =QSi).
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Appendix Table 2. Grouping of the trees according to their average vessel
radial diameter differences from those of a certain group
of the tree samples

Class

1

Tree
Code
no.

1

Average vessel
radial diameter

In ocular In
scales microns
20.00 140.80

Trees having average vessel radial
diameters which are different signifi
cantly from those of the class*

2 to 9, 11 to 15, 17 to 47 .
18.58 118.912

3

4

5

6

7

8
9

10

11

12

13

14

15

47

5
15
43

12

26
14
20
35
4

36
27
13
32
42

9
19
11
44
7

39

28

33
2
3

29

17

18.23
18.20
18.16

17.83

17.43
17.16
16.60
16.40
16.27
15.86
15.83
15.73
15.70
15.60
15.50
15.50
15.43
15.40
15.37
15.23

15.10

15.06
15.00
14.90
14.83

14.53

116.67
116.48
116.10

114.11

111.55
109.82
106.24
104.96
104.13
101.50
101.31
100.67
100.48
99.84
99.20
99.20
98.75
98.56
98.37
97.47

96.64

96.38
96.00
95.36
94.91

92.99

1 to 3, 6 to 9, 11, 17 to 19, 21 to 25,
28 to 31, 33, 34, 37 to 42, 44 to 46.
1 to 3, 6, 8, 17, 18, 21 to 25, 18 to 31,
33, 34, 37 to 41, 45, 46.
1 to 3, 6, 8, 17, 18, 21 to 25, 28 to 31,
33, 34, 37, 38, 40, 41, 45, 46.
1, 6, 8, 17, 18, 21 to 25, 29 to 31, 34,
37, 38, 40, 41, 45, 46.
1, 6, 8, 18, 21 to 25, 30, 31, 34, 37, 38,
40, 41, 45, 46.
1, 6, 8, 18, 21 to 25, 30, 31, 34, 38,
41, 45.
1, 6, 8, 18, 21 to 25, 30, 31, 34, 41, 45.
1, 6, 18, 21 to 25, 30, ~1, 41, 45.

1, 18, 21 to 25, 30, 31, 41, 45, 47.

1, 5, 15, 18, 21 to 23, 25, 30, 31, 41,
45, 47.
1, 5, 15, 18, 21 to 23, 25, 30, 31, 41,
43, 45, 47.
1, 5, 15, 18, 21 to 23, 30, 31, 41, 43,
45, 47.

1, 5, 12, 15, 18, 21 to 23, 30, 41,r 43,
45, 47.
1, 5, 12, 15, 18, 21 to 23, 30, 43, 45,
47.
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Appendix Table 2. Grouping of the trees according to their average vessel
(continued) radial diameter differences from those of a certain group

of the tree samples

Trees having average vessel radial
diameters which are different signifi
cantly from those of the class * ,

Average vessel
radial diameter

In ocular In
scales microns

Tree
Code --------
no.

Class

16 37
46
40

14.13 90.43
14.13 90.43
14.10 90.24

1, 5, 12, 14, 15, 18, 21 to 23, 26, 30,
43, 45, 47.

17 38 13.40 85.76 1, 5, 12, 14, 15, 20 to 23, 26, 30, 35,
43, 45,47.

18

19

34
8
6

13.23
13.10
12.70

84.67
83.84
81.28

1, 4, 5, 12, 14, 15, 20 to 23, 26, 30,
35, 43, 45, 47.
1, 4, 5, 12 to 15, 20 to 23, 26, 27,30,
32,35,36,43,47.

20 24 12.30 78.72 1, 4, 5, 7, 9, 11 to 15, 19 to 23, 26,
27, 30, 32, 35, 36, 42 to 44, 47.

21

22

25

31

12.13

11.80

77.63

75.52

1, 4, 5, 7, 9, 11 to 15, 19 to 23, 26 to
28, 30, 32, 35, 36, 39, 42 to 44, 47.
1 to 5, 7, 9, 11 to 15, 19 to 23, 26 to
28, 32, 33, 35, 36, 39, 42 to 44, 47.

23 41 11.70 74.88 1 to 5, 7, 9, 11 to 15, 19 to 23, 26 to 29,
32, 33, 35, 36, 39, 42 to 44, 47.

24

25

18

45

11.16

9.93

71.42

63.55

1 to 5, 7, 9, 11 to 15, 19 to 23, 26 to 29,
32, 33, 35 to 37, 39, 40, 42 to 44, 46, 47..
1 to 5, 7 to 9, 11 to 15, 17, 19 to 21, 23,
26 to 29, 32 to 40, 42 to 44, 46, 47.

26

27

28

30

22

23
21

9.09

7.50

6.03
4.70

58.18

48.00

38.59
30.08

1 to 9, 11 to 15, 17, 19 to 21, 23 to 29,
32 to 40, 42 to 44, 46, 47.
1 to 9, 11 to 15, 17 to 20, 24 to 29, 31
to 44, 46, 47.
1 to 9, 11 to 15, 17 to 20, 24 to 47.

* The difference in average vessel radial diameters between these trees and those
in the class is at least 2.94 ocular scales (D =QSi).
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Appendix. Table 3. Grouping of the trees according to their pore abundance
differences from those of a certain group of the tree
samples

Class

1

2

Tree
Code
no.

23

30

Average
pore abundance

Per field Per square
of view millimeter
103.07 73.06
106.60 71.30
73.58 52.15

Trees having average pore abundances
which are different significantly
different from those of the class*

1 to 9, 11 to 15, 17, 19 to 22, 24 to 47.

1 to 9, 11 to 15, 17 to 20, 22 to 29,
31 to 47.

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

21

22
45
28

46

13
24
37
38

8

6

19

12
41

7

14

29
32
20

2
3

27
40

69.86

66.18
65.95
57.18

54.45

53.17
53.03
49.95
48.42
47.13

44.63

43.78

41.07
40.95
39.30

38.58

37.62
37.57
37.47
37.22
37.10
36.88
34.50

49.52

46.91
46.74
40.53

38.59

37.69
37.59
35.40
34.32
33.41

31.63

31.03

29.11
29.02
27.86

27.35

26.66
26.63
26.56
26.38
26.30
26.14
24.45

1 to 9, 11 to 15, 17 to 20, 23 to 29, 31
to 44, 46, 47.
1 to 9, 11 to 15, 17 to 20, 23 to 44, 46,
47.
1 to 9, 11, 12, 14, 15, 17 to 23, 25 to
27, 29 to 45, 47.
1 to 9, 11, 12, 14, 15, 17 to 23, 25 to
27, 29 to 36, 39 to 45, 47.
1 to 7, 9, 11, 12, 14, 15, 17 to 23, 25
to 27, 29 to 36, 39 to 45, 47.
1 to 5, 7, 9, 11, 12, 14, 15, 17, 18,
20 to 23, 25 to 36, 39 to 45, 47.
1 to 5, 7, 9, 11, 14, 15, 17, 18, 20 to
23, 25 to 36, 39, 40, 42 to 47.
1 to 5, 9, 11, 13, 15, 17, 18, 20 to 36,
39, 40, 42 to 47.
1, 4, 5, 9, 11, 13, 15, 17, 18, 21 to 28,
30, 31, 33 to 36, 39, 40, 42 to 47.

1, 4, 5, 9, 11, 13, 15, 17, 18, 21 to
26, 28, 30, 31, 33, 39, 42 to 47.
1, 4, 5, 8, 9, 11, 13, 15, 18, 21 to
26, 28, 30, 31, 33, 35 to 38, 42, 43, 45 to
47.
1, 4, 5, 8,9, 11, 13, 15, 18, 21 to 25,
28, 30, 31, 33, 35 to 38, 42, 43, 45 to 47.
1, 4 to 6, 8, 9, 13, 15, 18, 21 to 25, 28,
30, 31, 33, 35, 37, 38, 42, 43, 45 to 47.
1, 4, 6, 8, 9, 13, 15, 18, 21 to 25, 28,
30, 31, 33, 35, 37, 38, 42, 43, 45 to 47.

1, 4, 6, 8, 9, 13, 15, 18, 19, 21 to 25,
28, 30, 31, 33, 35, 37, 38, 43, 45 to 47.
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Appendix Table 3. Grouping of the trees according to their ?ore abundance
(continued) differences from those of a certain group of the tree

samples

Class

18

Tree
Code
no.

17

Average
pore abundance

Per field Per square
of view millimeter

34.27 24.29

Trees having average pore abundances
which are different significantly
different from those of the class*

1, 4, 6, 8, 12, 13, 15, 18, 19, 21 to
25, 28, 30, 33, 35, 37, 38, 41, 43,
45 to 47.

19

20

21

23

24

25

26

27

28

29

30

31

44

39
34
26

5

42

31
9

43

25

35

15

47
4
1

33

34.02

33.65
33.48
32.45

30.88

30.30

27.73
27.67
27.37

27.08

24.40

20.87

17.38
16.27
13.90
13.68

24.11

23.85
23.73
23.00

21.89

21.48

19.65
19.61
19.40

19.19

17.29

14.79

12.32
11.53
9.85
9.70

1, 4, 6, 8, 12, 13, 15, 18, 19, 21 to
25, 28, 30, 33, 35, 37, 38, 41, 45 to 47.
1, 4, 6, 8, 12, 13, 15, 18, 19, 21 to 24,
28, 30, 33, 35, 37, 38, 41, 45 to 47.
1, 4, 6, 7, 8, 12, 13, 15, 18, 19, 21 to
24, 28, 30, 33, 35, 37, 38, 41, 45 to 47.
1, 4, 6 to 8, 12 to 15, 18, 19, 21 to 24,
28, 30, 33, 32, 37, 38, 41, 45 to 47.
1 to 4, 6 to 8, 12 to 15, 18 to 24, 28, 30,
32, 33, 37, 38, 45 to 47 .
1 to 4, 6 to 8, 12 to 15, 18 to 24, 27 to
30, 32, 33, 37, 38, 40, 41, 45 to 47.
1 to 4, 6 to 8, 12 to 15, 17 to 24, 27 to
30, 32, 33, 37, 38, 40, 41, 45 to 47 .
1 to 4, 6 to 8, 12 to 14~ 17 to 24, 27 to
30, 32, 33, 37,38, 40, 41, 44 to 47.
1 to 4, 6 to 8, 11 to 14: 17 to 24, 26 to
30, 32 to 34, 36 to 41, 44 to 47.
1 to 3, 5 to 9, 11 to 14, 17 to 24, 26 to
34, 36 to 46.
2, 3, 5, to 9, 11 to 14, 17 to 32, 34 to 46.

2, 3, 5 to 9, 11 to 15, 17 to 32, 34 to 46.

* The difference in average pore abundance between these trees and those in
the class is at least 6.65 per field of view (D = QSx)'
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Appendix Table 4. Grouping of the trees according to their average vessel
member length differences from those of a certain
group of the tree samples

Class

1

Tree
Code
no.

1

Average vessel
member length

In ocular In
scales microns

101.20 647.68

Trees having average vessel member
lengths which are different significantly
from those of the class*

2 to 6, 8, 9, 11 to 14, 17 to 31, 33 to 35"
37, 38, 40, 41, 45, 46.

2

3

4

5

6

7
8
9

10

11
12

13

14

15
16

7

47

42

36

15

32
39
43
44
26
38
33
31
24
35

4
37
20
45

9
34
28
25
46

5
12
19
29

3

98.13

95.36

93.70

91.37

90.90

87.51
86.20
85.80
84.33
81.90
81.67
81.50
81.00
80.90
80.03
79.53
79.43
78.46
78.36
78.20
77.53
76.53
76.50
75.43
75.13
74.93
74.43
72.70
72.39

628.03

610.30

599.68

584.77

581. 76

560.06
551.68
549.12
539.71
524.16
522.68
521.60
518.40
517.76
513.92
508.99
508.17
502.14
501.50
500.48
496.19
489.79
489.60
482.75
480.83
479.93
476.35
465.28
462.72

2, 3, 5, 6, 8, 9, 11 to 14, 17 to 23, 25,
27 to 30, 34, 40, 41, 45, 46.
2, 3, 5, 6, 8, 11 to 14, 17 to 19, 21 to
23, 27, 29, 30, 40, 41, 46.
2, 3, 6, 8, 11, 13, 14, 17 to 19, 21 to
23, 27, 29, 30, 40, 41.
2, 6, 8, 11, 13, 14, 17, 18, 21 to 23, 27,
30, 40, 41.
2, 6, 8, 11, 13, 14, 18, 21 to 23, 27, 30,
40, 41.
6, 8, 11, 13, 18, 21, 23, 27.
8, 11, 13, 18,23,27.
8, 13, 18,23,27.

1, 13, 18, 23, 27.

1, 13, 18, 23.
1, 13, 18.

1, 7, 13.

1, 7, 13, 47.

1,7, 13, 42, 47.
1, 7, 42, 47.
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Appendix Table 4. Grouping of the trees according to their average vessel
(continued) member length differences from those of a certain

group of the tree samples

Average vessel
memberlen~Class

17
18

19

20
21
22

23

24

25

Tree
Code
no.

17
14
2

30
22
40
41
21

6
11

8
27

23

18

13

In ocular
scales
72.00
71.70
71.60
70.20
70.00
69.93
68.43
68.23
67.8)
66.80
64.63
61.63

60.60

59.80

53.73

In
microns

460.80
458.88
458.24
449.28
448.00
447.55
437.95
436.67
433.92
427.52
413.63
394.43

387.84

382.72

343.87

Trees having average vessel member
lengths which are different significantly
from those of the class*

1, 7, 36, 42, 47.
1, 7, 15, 36, 42, 47.

1,7, 15,32,36,42,47.

1,7, 15,32,36,39,42,47.
1, 7, 15, 32, 36, 39, 42 to 44, 47.
1, 7, 15, 24, 26, 31 to 33, 36, 38, 39,
42 to 44, 47.
1, 7, 15, 24, 26, 31 to 33, 35, 36, 38,
39, 42 to 44, 47.
1, 4, 7, 15, 24, 26, 31 to 33, 35 to 39,
42 to 44, 47.
1, 4, 5, 7, 9, 12, 15, 19, 20, 24 to 26,
28, 31,to 39, 42 to 47.

* The difference in average vessel member length between these trees and those
in the class is at least 19.17 ocular scales (D = QSx).
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Appendix Table 5. Grouping of the trees according to their average vessel
wall thickness differences from those of a certain group
of the tree samples

Tree
Class Code

no.
1 29

2 40

3 11
15

4 33

5 2
5

39
6 13

7 43

8 47
27
34
42

9 36
41

10 38
9

28
12
24

6
11 35

1
44

12 18
20
25

13 23
14 4

7

Average vessel
wall thickness

(microns)
4.83

4.63

4.20
4.20
4.10

4.03
4.03
4.03
3.96

3.93

3.86
3.83
3.80
3.80
3.77
3.73
3.67
3.66
3.60
3.56
3.56
3.53
3.46
3.43
3.43
3.40
3.40
3.40
3.33
3.27
3.27

Trees having average vessel wall
thicknesses which are different signifi
cantly from those of the class *
1 to 9, 12 to 14, 17 to 28, 30 to 39, 41
to 47.
1, 3, 4, 6 to 9, 12, 14, 17 to 28, 30 to 32,
34 to 38, 41 to 47.
1, 3, 4, 7, 8, 14, 17 to 23, 25, 26, 30 to
32, 35, 37, 44 to 46.
3, 4, 7, 8, 14, 17 to 23, 25, 26, 29, 30
to 32, 37, 45, 46.
3, 4, 7, 8, 17, 19, 21 to 23, 26, 29, 30
to 32, 37, 45, 46.

3, 8, 14, 17, 19, 21, 22, 26, 29, 30 to
32, 37, 45, 46.
3, 8, 14, 17, 19, 21, 22, 26, 29, 30 to
32, 37, 40, 45, 46.
3, 19, 21, 22, 29, 30, 31, 37, 40, 45,
46.

3, 19, 21, 22, 29, 30, 40, 45, 46.

19, 21, 22, 29, 40, 45, 46.

11, 15, 19, 21, 22, 29, 40, 45, 46.

11, 15, 21, 22, 29, 33, 40, 45, 46.

2, 5, II, 15, 21, 22, 29, 33, 39, 40, 46.
2, 5, 11, 15, 21, 29, 33, 39, 40, 46.
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Appendix Table 5. Grouping of the trees according to their average vessel
(continued) wall thickness differences from those of a certain group

of the tree samples

Class

15

16

17

18

19

20

21

Tree Average ve~sel

Code wall thickness
no. (microns)
8 3.23

17 3.23
26 3.23
32 3.23
14 3.20
31 3.10
37 3.10
30 3.03

3 3.00
19 2.73

45 2.70

22 2.60

46 2.56

Trees having average vessel wall
thicknesses which are different signifi
cantly from those of the class*
2, 5, 11, 13, 15, 21, 29, 33, 39, 40, 43.

2, 5, 11, 13, 15, 27, 29, 33, 34, 39,
40, 42, 43, 47.
2, 5, 11, 13, 15, 27, 29, 33, 34, 36, 39
to 43, 47.
1, 2, 5, 6, 9, 11 to 13, 15, 24, 27 to 29,
33 to 36, 38 to 44, 47.
1, 2, 5, 6, 9, 11 to 13, 15, 18, 20, 24,
25, 27 to 29, 33 to 36, 38 to 44, 47.
1, 2, 5, 6, 9, "II to 13, 15, 18, 20, 23
to 25, 27 to 29, 33 to 36, 38 to 44, 47.
1, 2, 4 to 7, 9, 11 to 13, 15, 18, 20,
23 to 25, 27 to 29, 33 to 36, 38 to 44,
47.

22 21 2.43 1, 2, 4 to 9, 11 to 15, 17, 18, 20, 23
to 29, 32 to 36, 38 to 44, 47.

* The difference in average vessel wall thickness between these trees and those
in the class is at least 0.70 microns (D =QSi)'
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Appendix Table 6. Grouping of the trees according to their average ray
abundance differences from those of a certain group of
the tree samples

Class

1

Tree
Code
no.

13

Average ray abundance
Per 100 Per
ocular millimeter
scales

. ~8.63 29.11

Trees having average ray abundances
which are different significantly from
those of the class*

1 to 9, 11, 12, 14, 15, 17 to 26, 28 to
47.-

2

3

4

5

6

7

8

9

10

11

12

13

14

15
16

17

27

28
23
39

18

45

21

30

41

2

22

37

40

25

29
35
38
17

17.27

16.57
16.50
15.47

15.23

14.77

14.70

14.13

13.83

13.73

13.56

13.30

13.20

13.10

13.03
12.76
12.73
12.67

26.98

25.89
25.78
24.17

23.80

23.08

22.97

22.08

21.61

21.45

21.19

20.78

20.62

20.47

20.36
19.94
19.89
19.80

1 to 9, 11, 12, 14, 15, 17 to 22, 24 to
26, 29 to 38, 40 to 47 .
1 to 9, 11 to 15, 17, 19, 20, 22, 24 to
26, 29 to 38, 40 to 44, 46, 47.
1, 3 to 9, 11 to 15, 17, 19, 20, 24 to
26, 29, 31 to 38, 40, 42 to 44, 46, 47.
1, 3 to 9, 11 to 15, 17, 19, 20, 24 to
27, 29, 31 to 36, 38, 40, 42 to 44, 46,
47.
1, 3 to 9, 11 to 15, 17, 19, 20, 24, 26,
27, 31 to 36, 38, 42 to 44, 46, 47.
1, 3 to 9, 11 to 15, 17, 19, 20, 24, 26,
27, 31 to 34, 36, 42 to 44, 46, 47.
1, 3 to 5, 7, 11,··13 to 15, 19, 20, 23,
24, 26 to 28, 31 to 33, 42 to 44, 46, 47.
1, 3 to 5, 7, 11, 13 to 15, 19, 20, 23,
24, 26 to 28, 32, 42, 44, 47.
1, 3 to 5, 7, 11, 13 to 15, 19, 20, 23,
26 to 28, 32, 42, 44, 47.
1, 4, 5, 7, 13, 14, 20, 23, 27, 28, 32,
42, 44, 47.
1, 7, 13, 14, 20, 23, 27, 28, 32, 39,
42, 44, 47.
1, 7, 13, 14, 18, 20, 23, 27, 28, 32,
39, 42, 47.
1, 7, 13, 14, 18, 20, 23, 27, 28, 32,
39, 47.
1, 13, 14, 18, 23, 27, 28, 32, 39, 47.
13, 14, 18, 23, 27, 28, 32, 39, 45.

13, 14, 18, 21, 23, 27, 28, 32, 39, 45.
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Appendix Table 6. Grouping of the trees according to their average ray
(continued) abundance differences from those of a certain group of

the tree samples

Class
Tree
Code
no.

Average ray abundance
Per 100
ocular
scales

Trees haVing average ray abundances
which are different significantly from
those of the class*

18

19

20

21
22

23

24

25

26

27

28

29

9
12
6

36
34

8
43
46
33
31
24
11
3

26
15
19
5
4

44

42

7
20
47

1
32

14

12.63
12.60
12.47
12.30
12.27
12.17
12.13
12.10
11.96
11.90
11.77
11.70
11.67
11.67
11.60
11.60
11.47
11.33
11.30

11.20

11.10
11.06
10.93
10.83
10.66

10.40

19.73
19.69
19.48
19.22
19.17
19.02
18.95
18.90
18.69
18.59
18.39
18.28
18.23
18.23
18.12
18.12
17.92
17.70
17.66

17.50

17.34
17.28
17.08
16.92
16.66

16.25

13, 14, 18, 21, 23, 27, 28, 39, 45.

13, 18, 21, 23, 27, 28, 39, 45.

13, 18, 21, 23, 27, 28, 39, 45.

13, 18, 21, 23, 27, 28, 39, 41, 45.
2, 13, 18, 21, 23, 27, 28, 39, 41, 45.

2, 13, 18, 21, 22, 23, 27, 28, 39, 41,
45.
2, 13,. 18, 21, 22, 23, 27, 28, 37, 39,
45.
2, 13, 18, 21, 22, 23, 27, 28, 37, 39,
40, 45.
2, 13, 18, 21, 22, 23, 25, 27, 28, 37, 39,
40, 45.
2, 13, 18, 21, 22, 23, 25, 27, 28, 29,
37, 39, 40, 45.
2, 13, 17, 18, 22, 23, 25, 27 to 29, 35,
37 to 39, 40, 45.
2, 6, 9, 12, 13, 17, 18, 22, 23, 25, 27
to 29, 35, 37 to 39, 40, 45.

* The difference in average ray abundance between these trees and those in the
class is at least 1.98 (D =QSi).
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Appendix Table 7. Groupings of the trees according to their average ray
width differences from those of a certain group of the
tree samples

Tree
Class Code

no.
1 3

17
2 34

43
19
13
47

8
27
40
44

1
12

9
26
28

4
15
42
36
38
41
37
31
11
20
29
35
39
5
7

25
33
18
24
30

Average ray width
(number of cells)

1.90
1.90
1.83
1. 80
1. 77
1. 76
1. 76
1. 73
1. 73
1. 73
1. 73
1. 70
1. 70
1.67
1.67
1.67
1.63
1.63
1.63
1.60
1. 60
1.60
1.57
1.56
1.53
1.53
1.53
1.53
1.53
1.50
1.50
1.50
1.50
1.47
1.46
1.46

Trees having average ray widths which
are different significantly from those of
the class*
23

o
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Appendix. Table 7. Groupings of the trees according to their average ray
(continued) width differences from those of a certain group of the

tree samples

Tree
Class Code Average ray width

no. (number of cells)
2 32 1.46
(cont'd) 45 1.46

6 1.43
2 1.40

14 1.40
22 1.36
46 1.36
21 1.30

23 1.10

Trees having average ray widths which
are different significantly from those of
the class*
o

3.17

* The difference in average ray width between these trees and those in the class
is at least 0.77 (D =QSx)'
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Appendix Table 8. Grouping of the trees according to their average ray
height differences from those of a cer..ain group of the
tree samples

Tree
Class Code Average ray height

no. (nunb er of cells)
1 43 11.63

2 44 10.76
3 1 9.50

34 9.36
21 9.30
39 9.16
26 8.93
41 8.83
22 8.53
27 8.36
28 8.10
7 8.03

19 7.96
5 7.90

35 7.86
29 7.77
36 7.76
12 7.70
37 7.70
38 7.60
33 7.56
40 7.56
11 7.50
9 7.43

31 7.43
45 7.40

3 7.33
42 7.33
15 7.30
32 7.03

4 4 6.70
14 6.66
47 6.63

8 6.57
18 6.50
17 6.46

Trees having average ray height which
are different significantly from those of
the class*
2, 4, 6, 8, 13, 14, 17, 18, 20, 23 to
25, 30, 46, 47.
2, 6, 20, 46.
o

'-.

43
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Appendix Table 8. Grouping of the trees according to their average ray
(continued) height differences from those of a certain group of the

tree samples

Tree
Class Code Average ray height

no. (number of cells)
4 30 6.40
(cont'd) 25 6.35

23 6.16
13 6.06
24 5.97

5 6 5.80
2 5.60

20 5.60
46 4.73

Trees having average ray height which
are different significantly from those of
the class*
43

43, 44.

* The difference in average ray height between the:e trees and those in the class
is at least 4.88 (D =QSx).



189

Appendix Table 9. Grouping of the trees according to their average ray
size differences from those of a certain group of the
tree samples

Tree
Class Code Average ray size

no. (number of cells)
1 43 16.03
2 34 14.46

27 14.00
44 13.73

3 1 13.53
26 13.06
28 12.03
39 11.96
11 11.80
3 11.53

29 11.43
7 11.20

19 11.60
13 10.83
36 10.63
40 10.63
41 10.53
12 10.43
37 10.30
9 10.23

35 10.20
5 10.13

15 10.06
22 10.06
33 9.90
38 9.90
31 9.80
21 9.76

4 9.73
25 9.60
14 9.53
47 9.30
32 9.00
17 8.93
45 8.80

8 8.73
18 8.46
20 8.43

Trees having average ray sizes which
are qifferent significantly from those of
the class*
2, 6, 23, 24, 30, 46.
46.

o
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Appendix Table 9. Grouping of the trees according to their average ray
(continued) size differences from those of a certain group of the

tree samples

Tree
Class Code

no.
4 30

24
6
2

23
5 46

Average ray size
(number of cells)

7.83
7.53
7.37
7.30
6.60
5.57

Trees having average ray sizes which
are different significantly from those of
the c1ass*
43.

43, 34, 27, 44.

* The difference in average ray size between these trees and those in the class
is at least 8. 12 (D =QSx).
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Appendix Table 10. Grouping of the trees according to their average
fiber-tracheid length differences from those of a
certain group of the tree samples

In
microns

Trees having average fiber-tracheid
lengths which are different significantly
from those of the class*

Average fiber-tracheid
length

In ocular
scales

Tree
Code

----~----
no.

Class

1 2 199.10 1274.24 4, 6 to 9, 11 to 15, 17 to 41, 44 to 46.
2 5 197.37 1263.17 4, 6 to 9, 11 to 14, 17 to 32, 34 to 41,

44 to 46.
3

4

5

47

1

43

194.83

189.67

186.63

1246.91

1213.89

1194.43

4, 6, to 9, 11 to 14, 17 to 22, 24 to 27,
29 to 32, 34 to 41, 45, 46.
4, 8, 9, 11, 12, 14, 17 to 22, 24 to 27,
29 to 32, 34 to 37, 40, 41, 45, 46.
4, 8, 11, 12, 14, 17 to 22, 24, 25, 27,
30 to 32, 34 to 37, 40, 41, 45.

6 42 184.26 1179.26 4, 8, 12, 14, 17 to 22, 24, 25, 27, 30
to 32, 34 to 37, 40, 41, 45.

7

8

3

15
33

180.57

171.10
170.90

1155.65

1095.01
1093.76

4, 8, 12, 14, 18 to 22, 24, 25, 27, 30
to 32, 34, 36, 37, 40, 41, 45.
2, 8, 18, 19, 21, 22, 27, 30, 32, 40,
41.

9 28 169.03 1081. 72 2, 5, 8, 18, 19, 21, 22, 27, 30, 32,
41.

10
11
12

23
44

7
39
13
38

6

167.77
167.30
166.23
166.06
164.03
162.83
162.37

1073.73
1070.72
1063.87
1062.78
1049.79
1042.11
1039.17

2, 5, 8, 18, 19, 21, 22, 27, 30, 32.
2, 5, 8, 18, 21, 22, 27, 30, 32.
2,5, 8, 18, 21, 22,27, 30, 32, 47.

13 26
9

29
46

161.13
160.56
160.40
160.33

1031.23
1027.58
1026.56
1026.11

1, 2, 5, 8, 18, 21, 22, 27, 30, 32, 47.

14
15
16

11
17
35

159.03
156.53
154.20

1017.79
1001.79
986.88

1,2, 5, 8, 18, 21, 22, 32, 43, 47.
1, 2, 5, 8, 21, 42, 43, 47.
1,2, 5, 21, 42, 43, 47.

17 45
4

36

152.67
152.33
149.86

977.09
974.91
959.10

1 to 3, 5, 21, 42, 43, 47.
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Appendix Table 10. Grouping of the trees according to their average
(continued) fiber-tracheid length differences from those of a

certain group of the tree samples

Trees having average fiber-tracheid _
lengths which are different significantly
from those of the class*In

microns

Average fiber-tracheid
length

In ocular
scales

Tree
Code

-=-----::----"''----:=----
no.

Class

18 25
12
37
14
20
24
34
31

148.83
148.03
146.90
146.63
145.50
145.40
144.16
143.66

952.51
947.39
940.16
938.43
931.20
930~56

922.62
919.42

1 to 3, 5, 42, 43, 47.

19 40 142.10 909.44 1 to 3, 5, 15, 33, 42, 43, 47.
20 41 140.43 899.75 1 to 3, 5, 15, 28, 33, 42, 43, 47.
21 19 140.00 896.00 1 to 3, 5, 15, 23, 28, 33, 42, 43, 47.
22 30

27
132.20
132.10

846.72
845.44

1 to 3, 5 to 7, 9, 13, 15, 23, 26, 28,
29, 33, 38, 39, 42 to 44, 46, 47.

23 22
18
32

131.33
129.82
129.66

840.51
830.91
829.82

1 to 3, 5 to 7, 9, 11, 13, 15, 23, 26,
28, 29, 33,38, 39, 42 to 44, 46, 47.

24 8 128.43 821. 95 1 to 3, 5 to 7, 9, 11, 13, 15, 17, 23,
26, 28, 29, 33, 38, 39, 42 to 44, 46,
47.

25 21 121.80 779.52 1 to 7, 9, 11, 13, 15, 17, 23, 26, 28,
29, 33, 35, 36, 38, 39, 42 to 47.

* The difference in average fiber-tracheid length between these trees and those
in the class is at least 27.60 ocular scales (D =QSx).
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Appendix Table 11. Grouping of the trees according to their average
fiber-tracheid wall thickness differences from those
of a certain group of the tree samples

Trees haVing average fiber-tracheid
wall thicknesses which are different
significantly from those of the class*

Average fiber-tracheid
wall thickness

In ocular In
scales microns

Tree
Code

~---:-----::----
no.

Class

1 1 3.480 5.210 2, 3, 5 to 9, 11 to 15, 17 to 47 .
2 4 3.200 4.800 2, 3, 6 to 9, 11 to 14, 17, 18, 20 to

37, 39 to 47.
3 5 3.00 4.500 1, 2, 6 to 8, 11 to 14, 17, 18, 20 to

27, 29, 30, 32 to 37, 40 to 42, 44 to
46.

4 15
38

2.910
2.910

4.360
4.360

1, 2, 6 to 8, 11 to 14, 17, 18, 20 to
24, 27, 30, 32 to 37, 41, 44 to 46.

5 19 2.880 4.320 1, 2, 6, 8, 12 to 14, 17, 18, 20 to 24,
27, 30, 32 to 37, 41, 42, 44 to 46.

6 9 2.840 4.260 1, 4, 6, 8, 12, 14, 17, 18, 21 to 24,
27, 30, 32 to 37, 41, 44 to 46.

7 43
3

31

2.820
2.800
2.800

4.220
4.200
4.200

1, 4, 8, 12, 14, 17, 18, 21 to 23, 27,
30, 32 to 37, 41, 44 to 46.

8 28 2.747 4.121 1, 4, 8, 14, 17, 18, 21, 22, 27, 30,
34, 35, 37, 41, 46.

9 39
37

2.722
2.705

4.084
4.057

1, 4, 14, 17, 18, 21, 22, 27, 30, 34,
35, 37, 41, 46.

10 11
29
40

2.682
2.665
2.665

4.024
3.997
3.997

1, 4, 5, 14, 17, 18, 21, 22, 27, 30,
34, 35, 37, 41, 46.

11 25 2.625 3.937 1, 4, 5, 21, 22, 27, 30, 34, 35, 41.
12 26 2.600 3.900 1, 4, 5, 21, 22, 30, 34, 35, 41.
13 7 2.567 3.851 1, 4, 5, 15, 21, 22, 30, 35, 38.
14 2

20
42
13

2.532
2.530
2.522
2.515

3.799
3.795
3.782
3.772

1, 4, 5, 15, 19, 21, 22, 30, 35, 38.

15 24
6

2.490
2.482

3.735
3.724

1, 4, 5, 9, 15, 21, 22, 30, 35, 38.
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Appendix Table 11. Grouping of the trees according to their average
(continued) fiber-tracheid wall thickness differences from those

of a certain group of the tree samples.

2.417 3.626

In ocular In
scales microns

Average filier-tracheid
wall thickness

2.480 3.720
2.465 3.697
2.465 3.697
2.457 2.686
2.457 3.686
2.450 3.675
2.440 3.660

1 to 9, 11 to 13, 15, 19 to 21, 23 to
26, 28, 29, 31 to 33, 36, 38 to 40, 42
to 45, 47.
1 to 9, 11 to 13, 15, 18 to 20, 23 to 26,
28, 29, 31 to 33, 36 to 40, 42 to 45,
47.
1 to 9, 11 to 15, 17 to 20, 22 to 29, 31
to 47.

1 to 7, 9, 11 to 13, 15, 19 to 21, 23 to
26, 28, 29, 31 to 33, 36, 38 to 40, 42
to 45,47. _

1, 3, 4, 5, 9, 11, IS, ° 19, 21, 25, 26,
28, 29, 31, 38 to 40, 43,47 ..

1, 3, 4, 5, 9, 11, 15, 19, 21, 25, 28,
29, 31, 38 to 40, 43, 47.

1, 3, 4, 5, 9, 11, 15, 19, 21, 28, 29,
31, 38 to 40, 43, 47.

1, 3, 4, 5, 9, 11, 15, 19, 21, 28 to
31, 38 to 40, 43, 47.

1, 3, 4, 5, 9, 15, 19, 21, 22, 28, 30,
31, 38, 43.

Trees haVing average fiber-tracheid
wall thicknesses which are different
significantly from those of the class*

1, 3, 4, 5, 9, 15, 19, 21, 22, 30, 31,
35, 38, 43.

3.022

2.561

3.124

3.161

3.409
3.397

3.485

3.499
3.499
3.472

3.510
3.510

2.015

1. 707

2.082

2.107

2.290

2.474
2.265

2.332
2.332
2.315

2.340
2.340

30

8

22

21

35

34
41

27

14
46
17

18
37

45
23
44
12
36
32
33

Tree
Code
no.

25

24

Class

23

22

19

21

18

17

20

16

* The difference in average fiber-tracheid wall thickness between these trees
and those in the class is at lease 0.319 ocular scales (D = QSx).
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Appendix Table 12. Grouping of the trees according to their average
fiber-tracheid lumen diameter differences from
those of a 'certain group of the tree samples

Trees having average fiber-tracheid
lumen diameters which are different
significantly from those of the class*

Average fiber-tracheid
lumen diameter

In ocular In
scales microns

Tree
Code ---------no.

Class

1 5 6.200 9.300 3, 4, 6 to 9, 12, 14, 17 to 26, 28 to
43, 45 to 47.

2

3

2

11

6.050

5.900

9.052

8.856

3, 4, 6,8, 9, 12, 14, 17 to 19, 21 to
26, 28 to 30, 32 to 43, 45, 46.
3, 4, 6, 8, 9, 12, 14, 17 to 19, 21
to 26, 28 to 30, 32 to 43.

4

5

6

15
1

44

27
13

5.850
5.830
5.680

5.345
5.335

8.800
8.745
8.520

8.018
8.002

3, 6, 8, 9, 12, 14, 17 to 19, 21 to 25,
28 to 30, 32 to 40, 42, 43, 45.
3, 8, 9, 12, 17, 19, 21 to 25, 28 to
30, 32, 34 to 40, 42, 43, 45.
8, 12, 19, 21 to 24, 28 to 30, 34, 36
to 39, 43, 45.

7 20
47

5.180
5.145

7.770
7.718

5, 8, 19, 21 to 24, 28, 30,34, 36 to 39,
43, 45.

8 7 5.100 6.870 5, 8, 19, 21 to 24, 28, 30, 36 to 38,
43, 45.

9 31 5.050 7.575 2, 5, 8, 19, 21 to 24, 28, 30, 36 to
38, 43, 45.

10

11

41

4
26
46

4.930

4.915
4.915
4.895

7.395

7.372
7.372
7.342

2, 5, 11, 19, 21 to 24, 28, 30, 37, 38,
43, 45.
2, 5, 11, 19, 21 to 24, 28, 30, 38, 43,
45.

12 18
33

6
14

4.850
4.845
4.765
4.765

7.275
7.268
7.148
7.148

1, 2, 5, 11, 15, 19, 21 to 24, 28, 38,
43, 45.

13 42
3

4.660
4.650

6.990
6.975

1, 2, 5, 11, 15, 21 to 24, 28, 38, 43
to 45.

14
15

9
25
32
40
35
17

4.580
4.565
4.480
4.480
4.465
4.450

6.870
6.848
6.720
6.720
6.698
6.675

1, 2, 5, 11, 15, 21 to 24, 28, 43 to 45.
1, 2, 5, 11, 15, 22 to 24, 28, 44, 45.
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Appendix Table 12. Grouping of the trees acc ording to their average
(continued) fiber-tracheid lumen diameter differences from

those of a certain group of the tree samples

Class

16

17

18

19

Tree
Code
no.

29
12
34
39

8
36
37

Average fiber-tracheid
lumen diameter

In ocular In
scales microns
4.280 6.420
4.250 6.375
4.180 6.270
4.165 6.247
4.050 6.075
3.995 5.992
3.965 5.948

Trees having average fiber-tracheid
lumen diameters which are different
significantly from those of the class*

1, 2, 5, 11, 13, 15, 23, 27, 44, 45.

1, 2, 5, 11, 13, 15, 20, 23, 27, 44,
45, 47.
1, 2, 5, 7, 11, 13, 15, 20, 23, 27,
31, 44, 45, 47.
1, 2, 5, 7, 11, 13, 15, 20, 23, 27,
31, 41, 44, 45, 47.

20

21

22

23

24

25

26

27

30

19

38

21

43

28
24
22
23

45

3.915

3.750

3.680

3.615

3.610

3.595
3.410
3.395
3.000

2.655

5.872

5.625

5.520

5.423

5.415

5.115
5.120
5.092
4.500

3.982

1, 2, 4, 5, 7, 11, 13, 15, 20, 26, 27,
31, 41, 44 to 47.
1, 2, 4, to 7, 11, 13 to 15, 18, 20,
26, 27, 31, 33, 41, 44 to 47.
1 to 7, 11, 13 to 15, 18, 20, 26, 27,
31, 33. 41, 42, 44 to 47.
1 to 7, 11, 13 to 15, 18, 20, 26, 27,
31, 33, 41. 42. 44 to 47.
1 to 7, 11, 13 to 15, 18, 20, 26, 27,
31, 33, 41, 42, 44, 46, 47.
1 to 7, 9, 11, 13 to 15, 17, 18, 20,
25 to 27, 31 to 33, 35, 40 to 42, 44,
46, 47.
1 to 9, 11 to 15, 17, 18, 20, 25 to 27,
29, 31 to 37, 39 to 42, 44. 46, 47.
1 to 9, 11 to 15, 17 to 21, 25 to 27,
29 to 42, 44, 46, 47.

* The difference of the average fiber-tracheid lumen. diameter between these
trees and those in the class is at least 0.958 ocular scales (D =QSi)'


