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ABSTRACT 

Some environmental factors which influence the reproductive behavior of Acacia 

~ var. hawaiiensis (Rock) were studied on the east flank of Mauna Loa, Hawaii. 

Additionally, some factors were tested under controlled conditions. It was found 

that soil moisture as well as soil temperature in terms of day-degrees are limiting 

factors for koa germination. 

Variability among individual seeds in regard to their germination requirements 

is very great. This results in a functional relationship between germination 

rates and time. 

Another important factor appears to be soil aeration as i.ndicated by the 

stimulating effect of soil cultivation. 

Dry periods limit survival of germinated seeds. 

Vegetative suckering is a compensative reproductive behavior in drier and/or 

cooler areas. But suckering does not occur when the soil is covered by a dense 

and tall grass sward. Scalping the sward, and to a smaller degree, clipping of 

the vegetation, stimulates koa suckering. 

Initial growth in suckers and seedlings depends on temperature, soil moisture 

and light intensity. It was possible to show some relationships quantitatively. 
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INTRODUCTION 

Koa, (Acacia koa var. hawaiiensis Rock) is not only the largest of the trees 

endemic to Hawaii, but it is also a highly priced and valuable timber species. 

Carlson (1971) outlined the koa problem and said that basic data on koa reproduc

tion and growth were urgently needed. 

In spite of the great importance of koa, local foresters have paid little 

attention to this tree in the past. While much effort was put into planting of 

exotic timber species and basic data were collected on them, very little informatiop 

was gathered on koa. 

After most plantings of exotics had proven to be failures and ecologists as 

well as progressive foresters had drawn attention to koa as an important component 

in Hawaiian ecosystems as well as in the economy of the state, greater emphasis on 

koa research has been observed in recent years (Scowcroft 1971). 

As many observations have shown, koa reproduces vegetatively from root 

suckers as well as sexually from seedlings (Baldwin and Fagerlund 1942, Whitesell 

1964, Lanner 1965, Mueller-Dombois 1967, Mueller-Dombois and Krajina 1968, 

Mueller-Dombois 1973). Not much is known, hov1ever, about the reasons for sucker 

versus seedling regeneration. 

V~~t~ve re~roduction 

Reproduction from root suckers appears to be the only mechanism of koa•s 

survival and spread in drier habitats, such as the mountain parkland and savanna 

ecosystems on Mauna Loa, Hawaii. 

In the mountain parkland the native grasses Deschampsia australis and Panicum 

teguifolium are the most important species. These grasses grow in bunches and 

never form a dense cover. Within this grass cover koa forms suckers which easily 

grow up when goats are excluded (Spatz and Hueller-Dombois 1972). 
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In contrast, in the savanna below the mountain parkland, and also in other 

types of grassland that form dense covers, koa suckering does not seem to occur 

without stimulation from ground disturbance. But the question remains, what 

stimulates or suppresses koa suckering in these ecosystems. 

On koa germination, some data ,.;·ere collected by Judd (1920) and Bryan (1929). 

They recorded that seeds germinated successfully after boiling water treatment. 

According to Whitesell (1964), the customary pre-treatment for germination is to 

place the seeds in hot water and to let them soak. On the other hand, he stated 

that koa seeds will germinate easily under favorable conditions, bare mineral soil 

and exposure to sunlight. Land clearing has been suggested as a method to success

fully create an environment that is favorable for koa seed germination and survival. 

Many authors reported that koa can never survive in shade (Hall 1904, Hatheway 1952, 

Russ 1929, Judd 1920). 

Three main requirements for koa germination and survival are emphasized in 

the previously published literature: 

(1) A certain amount of moisture ("o •• boiling ~r treatment, placing koa 

seeds in hot ~ and letting them soak.") (Whitesell 1964, Judd 1920, 

Bryan 1929). 

(2) A certain amount of temperature ( 11 
••• b9i!..i.E.& water treatment, placing 

koa seeds in hot Hater and letting them soak. 11
). 

(3) A certain amount of light (u ••• exposure to ~~Elight, koa can never sur

vive in shade.") (Hall 1904, Hatheway 1952, Russ 1929, Judd 1920). 

However, as will be shown later, conditions for germination and for survival 

have often been confused in the literature. For example light, rather than being 

required for germination, is required instead for koa survival. 
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HATERIALS AND HETHODS 

This study was made within Hawaii Volcanoes National Park and in the nearby 

Kilauea Forest Reserve. 

Figure 1 shows the general area, which uas described by Fosberg 1959• 

Krajina 1963, Mueller-Dombois 1966, 1967 and Spatz and Mueller-Dombois 1972. 

Field experh11ent 

Test plots for suckering.- Nine 2 x 1 m test plots, each consisting of two 

parts, were established within grass communities that formed dense covers. On one 

part the grass was cut with shears ("clipped") monthly. The other part was freed 

from plant cover with a shovel to expose the mineral soil (11 scalped"), and was 

picked free of extraneous plants throughout the experiment (FIG. 2). Once a month 

the plots were checked and clipped or cleared of emergents other than koa. 

Three plots were established at each of the following sites: 

SiteS a, which occurs at 2027 m (6650') elevation within the upper limit of 

the mountain parklan1. Here koa suckers can easily grow among grass bunches. The 

study site, however, is located in a former horse corral, where the introduced 

grasses, Dactylis glomerata, Bole~~ Janatu~ and Poa Rfatensis, form a rather dense 

cover, making it difficult for koa to grow through. 

Site S b, in the savanna grassland at 1219 m (4000 1
) elevation. This site is 

covered maiuly by Paspalum dila~~~ g~eridium ~ilinum var. decornpositum, Holcus 

lanatus, Cynodon dactylon and Commelina diffusa. These plants are so tall and 

dense that koa hardly suckers, unless the ground is disturbed and the grass cover 

is partially removed. 

SiteS c, in a grassland near the Hilina_Pali shelter at 683 m (2240'} 

elevation. This site is covered by vegetation consisting almost completely of 
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FIG. 1. Map of the Hawaiian Islands showing Hawaii Volcanoes National Park and 
study areas. 
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Andropogon virginicus, Andropogon glomeratus and of some Helinis minutiflora. The 

grasses are tall growing, but their cover is not as dense as that of study site S b 

in the savanna grassland. Occasionally koa suckers are able to grow up in the more 

open parts of the grass cover. This study site is already below the natural alti-

tudinal range of koa in this area, but a koa colony, which was started by a Park 

Service planting in the past, has established and spread into the surrounding 

grassland. 

All plots are located within homogeneous grassland, but close to older koa 

trees. In most, but not all plots, shallow spreading koa roots were found. The 

more important environmental factors are shown in TABLE 1. 

TABLE 1. Environmental description of sucker reproduction study sites. Actual 
precipitation and temperature refer to study period from Hay 1971 to 
May 1972 • 

Study site 

Elevation 

Climatical 
characteristics 

Yearly mean 
temperature oc 

Actual mean 
temperature oc 

Yearly mean 
precipitation mm 

Actual 
precipitation mm 

Soil 
characteristics* 

Grass cover 

Mountain parkland (Sa) Savanna grassland (Sb) Hilina Pali (Sc) 

2027 m (6650') 1219 m (4000 1
) 683 m (2240 1

) 

summer-dry-drought summer-dry summer-drought 

11 15 21 

10.6 

1016 

,,,j 1400 

shallow, 
continuous ash-soil 

dense 

16.0 

1524 

',, 1900 

deep ash-soil 

very dense 

700 

shallow, 
ash-pocket soil 

intermediate 

* after Mueller-Dombois (1966} 



Test plots for germination.- Plots of about 1.30 m x 1.20 m size were dug free 

of plant cover and thoroughly cultivated. Half of each plot was left as exposed 

mineral soil ("exposed11
), and the other half was covered to a depth of about 15 em 

with a mulch of grass or litter C'mulched"). These plots vJere kept free of extra

neous plants throughout the experiment and fenced against pigs and goats. 

FIG. 3 is a diagram illustrating the sowing scheme of the germination plots. 

Two hundred seeds were sown in 20 rows, 5 em apart. Each row represents one 

sowing depth of either 0, 1, 5 or 10 em. Each sowing depth was repeated 5 times. 

The 5 seed origins (as indicated in Roman numerals in FIG. 3) were represented by 

5 columns on the exposed side and 5 on the mulched side of the plot so as to make 

10 columns, 2 for each origin. 

Koa seeds were obtained from 5 locations: 

I. Kilauea Forest Reserve at 1646 m (5400') elevation 

II. Kipuka Ki at 1280 m (4000') elevation 

III. Mountain parkland between 1372 m (4500') and 1524 m (5000 1
) elevation 

IV. Mountain parkland between 1524 m (5000') and 1829 m (6000 1
) elevation 

v. Mountain parkland between 1829 m (6000 1
) and 2027 m (6650') elevation 

The 4 plots were established at 4 sites; 3 along a temperature and rainfall 

gradient on Mauna Loa's east flank, and the fourth in an opening in the wet 

Kilauea Forest Reserve. The sites are briefly described as follows: 

Site G a, at 2027 m (6650 1
) elevation in the mountain parkland. This plot 

was at the same location as the sucker reproduction site S a, an environment where 

koa reproduces exclusively by suckers and where it grows close to its upper alti

tudinal limit. 

Site G b, at 1615 m (5300') elevation in the middle of the mountain parkland. 

Here, koa also reproduces vegetatively, forming colonies in the surrounding grass 

and shrubland. Within closed koa colonies small seedlings can be found occasionally. 
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However, no established sapling, which had grown from a seed, was ever recorded. 

Site G c. at 1280 m (4200') elevation in the vicinity of Kipuka Ki. This plot 

was in the open savanna grassland adjacent to a closed forest of the kipuka. Here 

seedling as well as sucker reproduction can be found. Within the kipuka forest, 

reproduction from seed is more common, while koa usually spreads by root suckers 

into the surrounding grassland. This occurs wherever soil disturbed spots are 

created. 

Site G d, at 1646 m ~5400') elevation in th~ Kilauea Forest Reserve. The plot 

was in an opening within the forest. In this forest, dominated by koa as an over-

story, ohia (Metrosideros collina) forms a second layer and tree ferns (Cibotium) 

grow as a variably dense understory. Koa usually reproduces by seeds, but suckers 

sprouting from exposed roots can be found throughout the forest .• 

TABLE 2 describes the environmental conditions for each site. 

TABLE 2. Environmental description of germination test study sites. Actual 
precipitation and temperature refers to study period from May 1971 to 
Hay 1972. 

Study site Mountain parkland Mountain parkland Kipuka Ki Kilauea Forest 
(G a) (G b) (G c) Reserve (G d) 

Elevation 2027 m (6650 1
) 1615 m (5300') 1280 m (4200 1 ) 1646 m (5400 1

) 

Climatical 
characteristics summer-dry-drought summer-dry summer-dry humid 

Yearly mean 
temperature oc 11 13 15 15 

Actual mean 
temperature oc 10.6 l2o9 16.0 14.0 

Yearly mean 
precipitation mm 1016 1143 1524 2540 

Actual 
precipitation mm ,~·v 1400 1540 ,... ..... _J 1800 2329 
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Initial growth measurements.- On the germination test plots as well as on the 

sucker plots,height measurements were made during the whole observation period. 

The height of each seedling or sucker was taken monthly by measuring the distance 

between the terminal bud and the soil surface. 

A germination test series of e:~periments under controlled conditions in 

growth chambers was done to supplement the field data. 

Germination under different so.il ter:'!Eeratures.- In order to test the influence 

of soil temperature on koa germination under controlled conditions, the following 

experiment was set up. 

A total of 375 seeds were used in three groups. Within each test group seeds 

were obtained from the same origin, sown in pots filled with soil and set up in 

. 0 0 0 0 0 growth rooms at 5 d~fferent temperatures (10 C, 15 c, 20 C, 25 C, 30 C). 

Germination was observed over a period of 148 days for group 1, 125 days for 

group 2 and 44 days for group 3. The test seeds were collected from wild-growing 

trees at about 500 feet elevation. No treatment was applied to them. 

Initial gro\-7th measurements under different light intensities and temperatures.-

The initial growth in seedlings was tested under five light intensities. As the 

seedlings grew nearer the light source, the light intensity increased slightly as 

indicated with the higher figure (64-70, 120-140, 270-300, 520-620, 880-920 foot-

candles). A total of 125 seedlings \<Jere raised from seeds in three sets. The 

seeds within each set came from the same origin. Height measurements began after 

the cotyledons had developed and the first pair of juvenile leaves was visible. 

Height was taken between the soil surface and the terminal bud of the seedlings. 

Growth was measured weekly. The measuring period was 7 weeks for set 1, 11 weeks 

for set 2 and 9 weeks for set 3. Set 1 had to be terminated after 7 weeks due to 

painting of the growth rooms. The temperature for sets 1 and 2 was kept constant 
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at 20°C in one room, and the experiment was repeated with set 3 in another room 

0 
with a constant temperature of 25 C. The light period was 12 hours a day. 

RESULTS OF THE FIELD EXPERD1ENT 

Vegetative reproduction 

Suckering along an environmental gradient.- During the first 5 months follow-

ing plot establishment no suckers appeared. In October, a sucker started growing 

on the scalped part each of study sites S a and S b (TABLE 3). During November 

and December several more suckers appeared, and they also grew only on the scalped 

parts of study sites S a and S b. In January, two suckers occurred in the scalped 

plots of study site S c. 

Finally, in January, the first sucker on a clipped part of a plot was observed 

in study site S c. Clipping of the tall-growing Andropogon bunches on this study 

site created exposed soil between the clipped bunches. The soil spots remained 

exposed because there were no creeping or short plants to cover these spots. This 

condition probably favored suckering. But in February, two suckers also became 

established on the clipped part of site S b, where the ground cover was dense. 

This shows that regular clipping of the grass cover can lead to koa suckering. 

During the rest of the observation period, six more suckers on scalped parts 

and five more on clipped parts were counted. In all, 18 suckers had become estab-

lished on scalped parts and 11 on clipped parts. Only on site S a did no suckers 

occur on clipped parts. 

With both treatments, it was possible to stimulate sucker growth. Pig scari-

fication is a kind of cover disturbance that occurs in these grasslands. In areas 

with very dense grass covers, such as the savanna grassland, pigs may stimulate 

koa regeneration. 
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TABLE 3. Chronological order of sucker occurrence and their growth in em on the 
three study sites. Newly emerged suckers are underlined. 

Study site .S a Study site S b Study site S c 

Establishment i1ay 10, 1971 May 13, 1971 May 15, 1971 

Treatment clipped scalped clipped scalped clipped scalped 

Checking date Oct. 10, 1971 Oct. 11, 1971 
Sucker IF and 

height 1 = 1.0 2 = 0.5 

Checking date Novo 6, 1971 Nov. 8, 1971 
Sucker # and 

height 1 = 5.0 2 = 0.5 
3 = 0.5 5 = 2.0 
4 = 1.5 6 :;:: 0.5 

Checking date Dec. 6, 1971 Dec. 7, 1971 
Sucker IF and 

height 1 ·- 5.5 2 = 0.5 
3 = 0 ,. 

oJ 5 = 2.0 
4 = 2.0 6 = 0.5 
7 = 0.5 .§ = 0.5 

Checking date Jan. 4, 1972 Jan. 8, 1972 Jan. 7, 1972 
Sucker 1/ and 

height 1 = 5.5 2 = 0.5 Jl = 1.5 9 = 3._~ 
3 = 1.0 5 = 2o4 10 = 3.5 
4 = 3.0 6 = 1.0 
7 = Oo5 8 = 1.0 

Checking date Feb. 4, 1972 Feb. 4, 1972 Feb. 4, 1972 
Sucker fj and 

height 1 = dead 15 = L5 2 = 0.5 11 = 6.0 9 = 7o0 
3 = 2.5 16 :;:: 3.0 5 = 2.5 12 ::: 2.0 10 ::: 3.5 
4 = 3.0 6 ::: 1.5 13 = 2.Q 14 = 17.0 
7 = Oa5 8 = 1.5 

Checking date Mar. 9, 1972 Mar. 9, 1972 Mar. 7, 1972 
Sucker # and 

height 1 = dead 15 = 2. 0 2 = 1.0 11 = 13.0 9 = 9.5 
3 = 2.5 16 = 3.0 5 = 3.5 12 = 10.5 10 = 3.5 
4 = 7 .o 6 1.5 13 = 9.0 14 = 43.5 
7 = 0.5 8 = 2.5 18 = 2.0 17 = 10.0 

22 = 0.5 19 = 6.0 
20 = 1.5 
21 = 3'!..-Q 
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TABLE 3 Concluded. 

Study site S a Study site S b Study site S c 

Checking date Apr. 2, 1972 Apr. 2, 1972 Mar. 31, 1972 
Sucker :fi and 

height 1 = dead 15 = 2.0 2 = 1.0 11 = 19.0 9 = 11.0 
3 = 3.0 16 = 3.0 5 = 4.0 12 = 11.0 10 = 3.5 
4 = 9.0 6 = 1.5 13 = 19.0 14 = 58.5 
7 = 0.5 8 = 3.0 18 = 2.0 17 = 32.0 

22 = 0.5 19 = 14.0 
20 = 2.0 
21 = 5.0 

Checking date May 4, 1972 May 5, 1972 May 5, 1972 
Sucker :ffo and 

height 1 =dead 15 = 3.0 2 = 2.0 11 = 36.0 9 = 13.0 
3 = 4.0 16 = 3.0 5 = 5.5 12 = 29.0 10 = 3.5 
4 = 9.0 23 = 3.0 6 = 1.5 13 = 32.0 14 = 81.5 
7 = 0.5 8 = 3.5 18 = 2.0 17 = 50.0 

25 = 1.5 22 = 1.4 19 = 40.0 
24 = 2.5 20 = 5.5 .. 
26 1.5 21 = 6.0 = 

Checking date June 8, 1972 June 8, 1972 June 12, 1972 
Sucker :fi and 

height 1 =dead 15 = 3.0 2 = 2.0 11 = 49.5 9 = 13.0 
3 = 14.0 16 = 5.0 5 = 7.0 12 = 49.0 10 = 3.5 
4 = dead 23 = 8.5 6 = 1.5 13 = 42.0 14 = 89.0 
7 = 0.5 8 = 3.5 18 = 3.5 17 = 75.0 

25 = 4.5 22 = 3.0 19 = 51.0 
27 = 3.0 24 = 5.0 20 = 10.0 

26 = 4.5 21 = 6.0 
29 = 2.0 28 = 7.0 
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The fact that the first suckering did not occur until October, five months 

after establishment of the plots, is probably due to the drought conditions during 

the dry season. This hypothesis is supported by the situation at Hilina Pali 

(siteS c), where the first suckers did not appear until January, well after the 

start of the wet season. It was previously found by the author that the more 

severe summer-drought conditions of the Hilina Pali area interrupted the height 

growth of older suckers and caused a shrinkage in the diameters (at breast height) 

of established trees. 

Initial growth reflects microenvironment as well as macroenvironment.- During 

every check of the test plots the height of each sucker was measured, as shown in 

TABLE 3. 

In looking at TABLE 3 it is quite apparent that sucker growth was variable 

among individual suckers on the same plot, probably depending on their situation in 

the root system of the parent tree. But as it appears from FIG. 4, the variation 

was also rather high between the plots. On plot S c ~-7hich is located in the summer

drought climate at Hilina Pali, the late appearance of suckers and their rapid 

growth was caused by the strong seasonality of this climate. On plots S a and S b 

the growth subsided during the winter months. The growth tendency appeared to be 

the same whether the plot was scalped or clipped. 

Sexual reproduction 

Germination in response to the environment.- Germination occurred in both the 

exposed and mulched parts of each test plot and in some plots even at 10 em depth. 

This indicates that light is unimportant for germination (TABLE 4). 

No germination occurred at zero em sowing depth in the exposed sections. The 

best sowing depths were 5 em and 10 em in these sections. In the mulched sections, 

the most successful sm-1ing depth "t-7as at 1 em. As demonstrated, there was no 
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TABLE 4. Number of germinated seeds grouped according to site, sowing depth and 

It seed origin. Period June 1971 to January 1972. 

Germinated seeds Surviving seedlings 
exposed mulched exposed mulched 

Sowing depth 0 1 5 10 0 1 5 10 total 0 1 5 10 0 1 5 10 total --
Origin of seed Ga Mountain p~rkland 2027 m (6650 1

) elevation 
Kilauea Forest Reserve 
1646 m 1 1 0 
Kipuka Ki 
1280 m 1 1 2 0 
Mountain Parkland 
1373 m - 1524 m 2 2 0 
Mountain Parkland 
1524 m - 1829 m 1 3 4 0 
Mountain Parkland 
1829 m - 2027 m 1 1 2 0 
Subtotal 0 2 4 0 3 0 2 0 11 0 0 0 0 0 0 0 0 0 

Origin of seed Gb l1ountain parkland 1615 m (5300 1
) elevation 

Kilauea Forest Reserve 
.. 1646 m 3 1 1 5 0 

Kipuka Ki 
1280 m 0 0 
Mountain Parkland 
1373 m - 1524 m 2 1 3 1 1 
Mountain Parkland 
1524 m - 1829 m 1 2 1 1 1 6 1 1 
Mountain Parkland 
1829 m - 2027 m 1 1 0 
Subtotal 0 1 0 7 2 4 1 0 15 0 0 0 2 0 0 0 0 2 

Origin of seed Gc Kipuka Ki 1280 m (4200 1
) elevation 

Kilauea Forest Reserve 
1646 m 1 1 1 2 5 1 1 
Kipuka Ki 
1280 m 2 l 1 4 2 1 3 
Mountain Parkland 
1373 m - 1524 m 1 1 2 1 1 
Mountain Parkland 
1524 m - 1829 m 2 2 1 2 2 1 10 1 2 3 
Mountain Parkland 
1829 m - 2027 m 1 2 3 0 
Subtotal 0 1 5 5 1 6 2 4 24 0 0 4 4 0 0 0 0 8 

.. 
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l,l TABLE 4 Concluded. 

Germinated seeds Surviving seedlings 
exposed mulched exposed mulched 

Sowing depth 0 1 5 10 0 1 5 10 total 0 1 5 10 0 1 5 10 total 

Origin of seed Gd Kilauea Forest Reserve 1646 m (5400 1
) elevation 

Kilauea Forest Reserve 
1646 m 1 2 1 4 1 1 1 3 
Kipuka Ki 
1280 m 1 1 2 1 1 2 
l~untain Parkland 
1373 m - 1524 m 1 1 2 1 1 
Mountain Parkland 
1524 m - 1829 m 2 3 2 1 8 3 1 1 5 
Mountain Parkland 
1829 m - 2027 m 1 1 1 3 1 1 
Subtotal 0 4 7 3 0 4 0 1 19 0 2 5 2 0 2 0 1 12 

TOTAL 0 8 16 15 6 14 5 5 69 0 2 9 8 0 2 0 1 22 

.. 

.. 
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germination close to the easily dried open surface, but germination did occur 

underneath the moisture-retaining mulch-layer and in deeper soil. This fact indi-

cates that soil moisture is a very important, perhaps the most important, factor 

for koa germination. 

Germination was distinctly better at the lov7er elevations of the mountain 

parkland and Kilauea Forest, than it was higher up on Hauna Loa. 

Overall germination ~-Jas rather low (about 3%). Host likely, not all germinated 

seeds were detected, however, because seedlings often die or are eaten by insects 

and rats immediately after germination. A better criterion than germination for 

effective reproduction is the survival of germinated seedlings. 

The influence of soil 'Hater.- To investigate the soil water conditions of the 

four test plots, several soil samples were taken at random times. Soil samples 

were taken at the surface and at 10 em depth in both the mulched and the exposed 

parts of each test (TABLE 5). All soil samples were dried (16 hours at 110°C) and 

the water percentage was calculated. 

TABLE 5. Soil water percentage of samples taken at the soil surface and at 10 em 
soil depth of both mulched and exposed parts. Each figure is an average 
of 17 samples. 

Origin of Soil water % 
soil samples No. of samples average Maximum Minimum 

Exposed surface 17 16.0 84.9 2.1 

Exposed 
10 em depth 17 36.8 120.9 19.6 

I1ulched surface 17 36.6 110.7 15.2 

Mulched 
10 em depth 17 41.2 133.2 20.9 
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Considering the soil water average in TABLE 5, a clear relation between soil 

depth and water percentage and a clear relation between surface situation (exposed 

or mulched) and soil water percentage is evident, Deep sowing depth as well as 

mulching increases the likelihood of high water percentages of the soil around the 

seeds. 

The minimum values of soil water in TABLE 5 'ivcre all measured in plot Ga in 

the mountain parkland, 2027 m (6650') elevation, on September 9, 1971, after a dry 

period of 20 days. The maximum values were found in soil samples taken at Kilauea 

Forest Reserve, 1646 m (5400') elevation, on August 11, 1971, after 70 mm of rain 

during the \-leek before. It is not surprising that the drier test plots Ga and Gb 

in the mountain parkland at 2027 m (6650') elevation and at 1615 m (5200 1
) eleva-

tion showed most germination after the first heavy rainfall • 

.. 
FIG. 5 shows the numbers of germinated koa seedlings in plot Gb in comparisoa 

with the adjacently registered precipitation at 1615 m (5300 1
) elevation. During 

the dry period of June and the first half of July 1971, germination was zero. But 

numerous seeds germinated after a rainfall of about 30 rnm at the end of July. 

The influen~e of soil temperature.- Similarly as soil moisture, soil tempera-

ture seems to be a limiting factor. For instance, in the warmer plot Gc, at 1280 m 

(4200') elevation, five seedlings germinated from 10 em depth in the exposed part 

and four from 10 em in the mulched part (TABLE 4). In contrast to this, at the 

cooler Ga plot, at 2027 m (6650 1
) elevation, no seedlings at all germinated from 

10 em depth, even though the soil moisture was highest at that depth. Another 

example is the rather dry plot Gb at 1615 m (5300') elevation in the mountain park-

land. While most seedlings (7) germinated from 10 em depth in the exposed portion, 

no germination occurred at 10 em in the mulched part vJhere the soil \las ~Yetter 

" (TABLE 5) but the soil temperature lower (FIG 6 A ·· E)" 

Soil temperatures were measured on several days at 0 em, 5 em and 10 em depth 
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under both the mulched and exposed surfaces at each germination test plot. Con-

siderable differences in temperature fluctuation were seen between the two surfaces 

and at the different aoil depths. The equalizing effect of the mulch was clearly 

demonstrated (FIG. 6 A- E). 

Compared with the other curves, the temperature curves for the mulched parts 

at 10 em depth show very little daily variation, while the corresponding curves 

for the exposed parts indicate somewhat lower temperatures in the morning and con-

siderably higher ones in the afternoon. In fact, these afternoon temperatures for 

the exposed parts at the 10 em level even exceed the mulched 5 em level tempera-

tures. 

Comparing the results of TABLE 4 with the soil temperature curves in FIG. 6 

A - E it seems that a certain minimum temperature is needed for inducing koa germi-

nation. TABLE 6 compares koa germination at plot Gb (FIG. 6 A and 6 B) with the 

measured soil temperatures there during two days. 

TABLE 6. Koa germination in relation to m1n1mum and maximum temperature, measured 
during two days at plot Gb, mountain parkland, 1615 m (5300') elevation 
(FIG. 6 B). 

Surface 5 em depth 10 em depth 
exposed mulched exposed mulched exposed mulched 

min max min max min max min max min max min max 

0 Temperature C 9.0 53.0 10.0 29.8 10.0 27.2 12.5 19.1 14.0 23.2 14.5 18.0 

Seeds germinated 0 (l)~'c' 2 (4)~'c' 0 1 7 0 

*The numbers in parentheses are .koa seeds germinated at 1 em soil depth, where 
temperature was not measured. 
The minimum temperatures were measured on August 9, 1971 (FIG. 6 A), the max
imum temperatures on August 26, 1971 (FIG. 6 B) • 

The picture in TABLE 6 is not that simple because two factors (i.e. soil 

moisture and soil temperature) affect germination. The absence of koa germination 
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at the surface and 5 em depth (exposed), reflects insufficient moisture. Lack of 

germination at 10 em and only one germinant at 5 em mulched are quite likely 

related to too low a maximum temperature. 

During the test period, temperatures were measured only on a few days. There

fore, even at 10 em soil depth, mulched, temperatures higher than 18.0°C (TABLE 6) 

might be expected. Fortunately, a permanent climatic station, with a recording 

hygrothermograph was located just next to the germination test. A comparison of 

the temperature of August 26 with temperatures of other days showed that August 26 

was one of the hottest days and that it came after a period of sunny days. Thus, 

the maximum temperature at 10 em (mulched) was probably not higher than 18.0°C 

during the period of study. The minimum temperatures certainly dropped below the 

ones shown in TABLE 6. Even so, occasional low temperatures do not seem to affect 

koa germination. 

The field experiment indicated that koa germination was better at higher soil 

temperatures. The question, does koa germination require a certain minimum temper

ature was tested in an experiment under controlled conditions and will be discussed 

later. 

Germination as a function of time.- What is not apparent in TABLE 4, but was 

very evident on all test plots, is the fact that germination shows a clear relation 

to time. In FIG. 7 the percentage of germinated seeds is drawn against the time 

axis. Within the first month after sowing almost 4% of all sown seeds had germi· 

nated. By the sixth month germination had declined to almost zero. Although the 

actual germination rates were influenced by factors other than time, such as rain

fall and temperature fluctuations, the decline in the germination rate becomes 

evident along the time axis in FIG. 7. The bars represent germination rates and 

refer to the total germination on all four plots, including plot Ga where the 

overall germination remained minimal. The predicted germination rate as a function 
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of time is drawn with a dashed line. As mentioned before, probably some additional 

germination could not be noticed, because some germinants may have been eaten 

immediately after germination. 

Soil cultivation increases germination rate.- In January 1972, the test 

conditions were changed for all of the plots. The mulch which had covered one part 

of the plot was removed and the whole plot was dug throughout to about 5 em, with-

out damaging the established seedlings. The plots were cultivated again in late 

April 1972. The purpose of this digging was to increase the germination rate 

artificially. The results are included in FIG. 7. Obviously, cultivation 

increased the germination rate, which afterwards declined again with time. 

The higher germination rate after the second cultivation in late April was 

certainly due to better climatic conditions (higher temperatures) at that time 

than existed after the first cultivation in January. 

The_!nfluence of seed origin.- A possible influence of seed origin is indi-

cated in TABLE 7. 

TABLE 7. Influence of seed or~g1n. Number of germinated seeds grouped according 
to site and seed origin (extracted from TABLE 4). 

Mountain Parkland•Mountain Parkland•Kipuka Ki •Kilauea Forest 
Seed origin 2027 m (6650') 1615 m (5300') 1280 m (4200 1

) 1646 m (5400') total 
Ga Gb Gc Gd 

Kilauea Forest 
1646 m 1 5 5 4 15 

Kipuka Ki 
1280 m 2 4 2 8 

Mountain Parkland 
1373 m - 1524 m 2 3 2 2 9 

Mountain Parkland 
1524 m - 1829 m 4 6 10 8 28 

Mountain Parkland 
1829 m • 2027 m 2 1 3 3 9 
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Although none of the five seed origins were failures, the best germination 

occurred from seeds collected between 1524 - 1829 m (5000 - 6000 ft) elevation on 

Mauna Loa's east flank. The second best germinating seeds were from Kilauea Forest 

Reserve, 1646 m. Thus, seed from 1524 - 1829 m elevation seemed most vigorous 

regardless of whether it was obtained from rain forest koa or from koa growing in 

a summer-dry climate. This seems to indicate temperature to be more important for 

seed viability than rainfall. However, the results are not yet conclusive, as 

there may be year to year or individual tree variations. 

Seedling survival depends primarily on soil moisture.- Under the mulched 

parts of all tests, except test Gd in Kilauea Forest Reserve, no seedling was able 

to survive. This was because the germinated seedlings in the other tests, which 

were covered by a mulch of dense grass, were not able to grow through that mulch. 

Test Gd was covered with koa litter, which was not as dense as the grass mulch. 

Hence, some koa seedlings were able to grow through, and these survived. 

Survival of seedlings growing on the exposed parts was best (73%) at 1280 m 

(4200') elevation (Kipuka Ki) and less (64%) in the Kilauea Forest Reserve at 

1646 m (5400') elevation. It decreased markedly in the drier location in the 

mountain parkland. Here survival vJas 25'7. at 161.5 m (5300 1 ) and zero at 2027 m 

(6650') near the upper boundary of the mountain parkland. Although the rainfall 

in August was high enough at 2027 rn elevation for some germination, all young 

seedlings died at 2027 m elevation in test Ga and most of them at 1615 m elevation 

in test Gb as soon as the soil dried out again after the rain. This mortality is 

closely related to soil moisture fluctuations because the driest soils occur at 

the highest sites. This indicates that soil moisture is a very important factor 

for survival of koa seedlings during their first stages of growth. 

Initial growth in response to macroenv~ronmen~.- As in the sucker plots, the 

height growth of established seedlings was measured during each check of the plot. 
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• 
Since the conditions for the germination tests were more uniform than was the case 

for the sucker plots,there was less variation in seedling growth than was found in 

sucker growth. Except for the different sowing depths and the seed origins, the 

conditions for any seed were more or less the same within each test plot. 

Since no seedling survived in test Ga at 2027 m (6650 1
) elevation, only tests 

Gb, Gc and Gd are included in FIG. 8. 

On the dry site Gb at 1615 m elevation in the mountain parkland, koa usually 

reproduces from suckers. Seedling growth declined considerably in late summer and 

winter due to drought conditions and the cool, cloudy weather respectively. In 

the Kilauea Forest Reserve where sexual reproduction is prevalent, seedling growth 

can be very rapid. Adequate moisture supports a continuous growth which increased 

considerably with the warm weather conditions in March and April. The decline in 

.. average growth rate in May and June was due to the fact that the seedlings were 

badly affected by larvae of the moth Enarmonia walsinghami* which feed in the ter-

minal buds and can interrupt longitudinal growth. The maximum growth still 

increased at this time because the most vigorous seedlings were not yet affected 

by the caterpillar. 

At the summer-dry plot Gc on the deep ash soil of Kipuka Ki, where both kinds 

of reproduction occur, an intermediate but continuous growth of the germinated 

seedlings was observed. Again, in June, all seedlings were badly affected by 

Enarmonia caterpillars and the growth stopped totally. Therefore~ no measurement 

was taken in June. 

RESULTS OF THE GROWTH CHAMBER EXPERIMENT 

Qermination and soil temperature in day-degrees 

The results of the germination test under controlled conditions with five 

different temperatures are condensed in TABLE 8. The overall germination seemed to 

* identified by John Leeper 
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TABLE 8. Germination in growth chamber at five different temperatures. 

1) Percentage of germinated 2) Number of days and day-degrees between 
seeds over total length of sowing and germination 
ex12eriment 

No. of days between Day-degrees between 
sowing and germination ~wing and germination. 

Length of Ave. for all Ave. for all 
'l'o experiment germinated First germinated First 

Germination in days seeds seedlin~s seeds seedlin~s 

Temperature 10°C 

Set 1 10.00 147 .91.00 74 910.00 740 
Set 2 6.67 128 58.00 58 580.00 580 
Set 3 13.33 47 31.00 29 310.00 290 
Average 53.67 536.67 

Temperature 15°C 

Set 1 10.00 148 31.00 24 465 .oo 360 
Set 2 13.33 128 27.50 19 412.50 285 
Set 3 o.oo 46 
Average 21.50 322.50 

Temperature 20°C 

" Set 1 10.00 148 61.00 26 1220.00 520 
Set 2 26.67 128 37.75 12 755.00 240 
Set 3 13.33 47 16.00 11 320.00 220 
Average 16.33 326.67 

Temperature 25°C 

Set 1 13.33 147 18.00 8 450.00 200 
Set 2 6.67 128 52.00 52 1300.00 1300 
Set 3 13.33 47 10.50 3 262.50 75 
Average 21.00 525.00 

Temperature 30°C 

Set 1 46.67 148 53.71 10 1611.43 300 
Set 2 40.00 128 31.83 7 955.00 210 
Set 3 30.00 46 14.89 7 446.67 210 
Average 8.00 240.00 
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increase with increased temperatures and was clearly highest at 30°C where the 

average germination reached 47% in 148 days (set 1), 40% in 128 days (set 2) and 

30% in 46 days (set 3). 

The average number of days between sowing and germination decreased rapidly 

with higher temperatures in each set. Since the total germination peJ.~iod was not 

equal for all three sets, the set averages are not comparable. But looking at the 

seedlings which germinated earliest in each set the difference in required days 

becomes quite evident. The earliest germinants of each set in TABLE 8 occurred 

after an average of 54 days at 10°C and after an average of 8 days at 30°C, a ratio 

of 6.8 : 1. 

In contrast to the different requirements of time at various teG?Crnture 

levels, the required day-degrees (number of days x temperature level) are not thnt 

dissimilar. The three earliest germinants at 10°C required day-degrees of 537°C, 

those at 30°C required day-degrees of 240°C, a ratio of 2.2 

day-degrees at 25°C are nearly the same as at 10°C. 

1. The required 

There is, of course, a high variation among the individual seeds (APF;:<;NDIX 1) 

but the general tendency that koa germination requires certain day-deg~ces rather 

than a certain absolute temperature becomes evident. 

The same tendency is shown from another aspect in TABLE 9. Here the ger~ina-

tion percentages within certain periods of time (15, 30, 45 ••• days) are tebulated. 

Only setsl and 2 are included in this table because the period for set 3 was too 

short. 

At 10°C,germination ~V'as zero within the first period of 15 days, as it ~;as at 

15°C. After 30 days none of the sown seeds had germinated at 10°C, 7% at 15°C, 

0 0 0 0 
8% at 20 C, 7% at 25 C and 20% at 30 C. At 25 C an irregularity in the trend can 

') be noticed, which may have been caused by an unknown factor in the 25 C dnrk:~:oon. 

The total germination over the whole period of time also remained very 1o'>7 in this 
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TABLE 9. Percentages of germinated seeds within certain periods of times at 
different temperature levels. 

Period of 
days 15 30 45 60 75 90 105 120 135 150 

·Temperature 10°C 

Set 1 0 0 0 0 3.33---~- 10.00 ·-- -·~ 
Set 2 0 0 0 6.67-- ---·-· -----·~-~--~· 
Average 0 0 0 3.33 5. 00 -· ------~ 8 • 34 . ----- -------·-----··-···- ..... ·-· 

Temperature 15°C 

Set 1 0 6.67 10.00--- ---------·-····· ·------· --?> 
Set 2 0 6.67 13.33 ----------·- 4:-
Average 0 6.67 11.67 

Temperature 20°C 

Set 1 0 3.33 ....... 6.67 ~ 10.00-
Set 2 13.33 ) 20.00- 26.67-
Average 6.67 8.33 11.67 13.34 " 16.67 18.34· ·' 

Temperature 25°C 

Set 1 6.67 13.33 
Set 2 0 0 0 6.67 
Average 3.34 6.67 '· 18.00 10.00 

Temperature 30°C 

Set 1 6.66 13.33 23.33 30.00 36.67 40. 34 -----?- 43.67 
Set 2 26.67 p 33.33 40.00 7 
Average 16.67 20.00 25.00 28.34 35.00 40.17 > 41.86 
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room. After a period of 45 days, 25% of the sown seeds had germinated at 30°C, but 

none had germinated at 10°C. 

A comparison with the results of the field experiment in TABLE 6 (p. 22) 

raises some questions. There, no seed had germinated below a maximum soil tempera-

ture of 18°C on plot Gb. Under controlled conditions germination rates declined 

0 
at lower temperature levels, but even at 10 C a considerable percentage of seeds 

germinated within the total observation period. 

The explanation for this discrepancy lies in the difference of the field situ-

ation as compared to the conditions provided in the growth chamber. In the labora-

tory all factors except temperature were held constant, in the field the environ-

ment changed all the time. Assuming that a seed needs in addition to a certc~n 

number of day-degrees an optimal composition of other factors influencing germin~-

tion, it is logical that this required composition of other factors can be achieved 

much easier during a short period than during a long period. 

For example, an assumed, required level of day-degrees of 500°C can be achieved 

0 
within 25 days at an average temperature of 20 C, but a period of 50 days would be 

h . h of 10°C. necessary to ac 1eve t e same temperature sum at an average temperature 

Viewed from this aspect it seems reasonable to say that koa germination at plot Gb 

at 10 em depth under mulch was not likely because under the given low temperatures 

a relative long period was necessary to achieve the required level of day-degrees. 

Since it is not yet known whether the required day-degrees to be effective 

have to occur without interruption, such as caused by dry soil conditions or other 

unknown factors, conclusions have to be drawn carefully. Also the gas exchange 

between the seeds and the air seems to be of great importance, as the stimulating 

effect of soil cultivation on germination has sh~n. In this regard) it could be 

that the mulch layer on one half of the experiment had some limiting influence in 

addition to the low temperature. 



- 33 -

Germination as a function of time 

In FIG. 9 the germination rates within periods of 15 days are drawn along the 

time axis inasimilar way as was done in FIG. 7 for the field experiment. The bars 

in FIG. 9 represent the actual germination for each temperature level as an average 

of the two first sets (from TABLE 9). The dashed line is the estimated germination 

rate as a function of time taken to approximate the average temperature used. 

Under laboratory conditions the germi:tation rates are much higher than they 

were in the field, and they decline more rapidly with time. After 148 days 42% of 

all sown seeds had germinated at the highest temperature level (TABLE 9). 

Comparing the germination rates at 30°C and at 10°C it becomes additionally 

0 0 
evident that germination declines much faster at 30 C than it does at 10 C. 

Initial growth reflects light intensity_ang~~~rat~re 

The heights of all seedlings were measured weekly and are listed in APPE~DIX 2 o 

Only the seedlings which survived till the end of the measuring period are included 

in the curves of FIG. 10. 

Within each level of light intensity all curves are of similar shape. But 

when all the levels of light intensity are considered the general shapes differ. 

At a light intensity of 64-·70 foot-candles (FoCn), the initial elongation was 

highest. Before the first pair of juvenile leaves became vinible, the shoots were 

already between 48 and 96 mm long. During the first week of measurem0.nt the growth 

was very fast but dec lined gradually afterwards. BetvJeen the sixth and the eighth 

week the growth had practically stopped due to insufficient light for photosynthe~ 

sis and an exhaustion of the energy supply in the seed. The curves for 120-140 

F.C. show a similar shape, but the primary elongation was less and the grov1th 

lasted longer before stopping. At 270-300 F.C. the growth uas continuous through-

out the observation time, but seemed to decline in the eighth and ninth 'veek. The 
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curves for 520-620 F.C. are very similar. Between 880 and 920 F.C. the primary 

elongation was least, but the seedlings maintained a rapid growth rate throughout 

the whole period and the total growth was highest at this light intensity. 

In looking at the different temperatures, the influence of temperature on 

growth becomes obvious. At every light intensity the growth rates in the 25°C 

room were higher than in the 20°C room for both the average and the maximum growth 

curves. 

DISCUSSION AND CONCLUSIONS 

Important characteristics with regard to reproductiQn 

The reproductive characteristics of koa indicate that it is well adapted to 

grow in different habitats. The ability of koa to reproduce vegetatively by root 

suckers allows it to extend its range into habitats where sexual reproduction is 

not possible because either the seeds do not germinate or germinants can not 

survive under those extreme conditions. Therefore, on the upper slopes on Mauna 

Loa where rainfall and temperatures are very low, kon 

tively and does so very successfully. 

reproduces only vegeta-

A sufficient supply of water to the root system and the occurrence of exposed 

soil seem to be essential for suckering. The causality in the observation that 

open soil is necessary for suckering can only be assumed. Probably it is tempera

ture which causes suckering. Open soil can be heated up quite high by sun radia

tion within the upper soil layer. As was observed, only shallow growing or totally 

exposed roots sent up suckers. This hypothesis is supported by findings in the 

literature. Vogl (1969) mentioned that heavy koa suckering occurred in burned 

over areas immediately after a fire. 

In areas with higher precipitation and temperature, koa reproduces primarily 

by seeds. Seeds can germinate under absolute darkness, but germination requires a 
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favorable combination of several factors. With regard to soil moisture, there is 

a clear relation between increasing soil water percentage (water expressed in 

percent weight of dry soil) and increasing germination rate. With relation to soil 

temperature it was found that germination depends on certain required day-degrees 

rather than on minimum, maximum or mean temperatures. Also, gas exchange between 

seed and air seems to play an important role in koa germination, but no quantita

tive values could be gathered on this factor. 

Koa germination rates are closely related to the number of day-degrees and to 

the variability among the seeds with regard to this accumulative heat requirement. 

In relation to time, germination rates follow a non-linear regression function. 

This could be an important aspect in the survival of this species because 

delayed germination guarantees a supply of seedlings over a period of time after 

the seed source, namely the parent tree, has been removed or has died. The seed 

sample involved in this study was not large enough to calculate meaningful regres

sions, however this could be done in the future and would give important informa

tion on the question: how long can koa be expected to survive as seed under dif

ferent environmental conditions after the seed source has gone. 

Artificial stimulative effects on re£roduction 

In areas where the grass cover is not very dense, such as the mountain park

land, koa suckering occurs more or less continuously without stimulation by ground 

or root disturbance. In contrast, koa suckering in areas with dense ground vege

tation, as in the savanna grassland, does not occur without stimulation by ground 

disturbance. Two related factors seem responsible for this. 

In the savanna ecosystem, the soil is deeper and the grass biomass per unit 

area is much greater there than in the mountain parkland. Also, the roots are not 

forced to grow as close to the surface as in the mountain parkland. Artificial 
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soil disturbance (removing the sward) creates conditions similar to those naturally 

found in the mountain parkland. This was found to result in suckering. 

In regard to germination, artificial cultivation or loosening of the surface 

soil results in increased germination. This phenomenon has been observed already 

in the past after logging and other incidents and is certainly caused by an improve

ment of gas exchange, soil moisture and temperature conditions. This finding does 

not disagree with the relationship of germination and time mentioned before. 

Initial growth and enyiro~~! 

Initial growth in suckers is highly influenced by the situation of the indi

vidual sucker within the root system. Superi.r.1posed, ho~Jever, are environmental 

factors such as soil water and temperature. 

Initial growth in seedlings depends on their physical environment. At moist 

and warm locations seedlings grmv rapidly and continuously throughout the year. 

At locations where koa naturally reproduces vegetatively, seedlings grow minimally 

and mostly die after a short period" 

Under controlled conditions seedling gro'dth clearly reflects temperature and 

light intensity. Growth becomes limited within a range of 120 to 140 foot-candles 

for a 12-hour light period. The coopcnsation point for koa seedlings, therefore, 

can be expected at a slightly lower light intensity. 

The often mentioned observation that koa is very shade intolerant can be 

supported by the results of the above described e~~periment. For instance, the two 

other important species in the wet koa forests like the Kilauea Forest Reserve, 

namely Metrosideros collina and Cibotium gl?UC.!:L.ll!, grm..:r at much lower light inten

sities. Friend and Becker (personal communication) found that Metrosideros seed

lings still grow at 64 foot-candles, and Cibotium gametophytes can even grow at a 

light intensity as low as 2 foot··candles. 
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The findings discussed here are of a preliminary nature and have to be sup

ported and improved by more comprehensive research under controlled conditions in 

the future. The purpose of this study is rather to encourage further research into 

koa than to give final answers. The aforementioned results and conclusions, 

however, are thought to be valuable for practical aspects in koa management and 

preservation, and as a base for research in the future. 
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APPENDIX 1. Days be~ween sowing and germination and corresponding day-degrees 
(days x temperature), listed after temperature levels and experiment 
sets. 

1fo of days from 11 of days from 
sowing to days X sowing to days x 
germil'l.!: tion temperature germination temperature 

Temperature 10°C Temperature 15°C 

Set 1 74 740 Set 1 27 405 
104 1040 24 360 
95 950 42 630 

Set 2 58 580 Set 2 19 285 
Set 3 31 310 36 540 

29 290 
31 310 
33 330 

Temperature 20°C Temperature 25°C 

Set 1 108 2160 Set 1 15 375 
26 520 8 200 
49 980 20 500 

Set 2 14 280 29 725 
32 640 Set 2 52 1300 
93 860 Set 3 7 175 
12 240 8 200 

Set 3 12 240 24 600 
13 260 3 75 
11 220 
28 560 

Temperature 30°C 

Set 1 32 960 Set 2 7 210 
60 1800 7 210 

115 3450 9 270 
45 1350 86 2580 
60 1800 73 2190 
75 2250 9 270 
32 960 Set 3 7 210 
77 2310 30 900 
17 510 3 240 
71 2130 7 210 
76 2280 10 300 
10 300 26 780 
26 780 8 240 
56 1680 7 210 

31 930 
" 

.. 
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APPENDIX 2. Height (mm) of seedlings under different light intensities and two 

temperature steps. Height was measured once a week. 

Temperature 20°C, light intensity 64 to 70 foot candles (F .C.) 
Week 1 2 3 4 5 6 7 8 9 10 11 

Tree 1F 
1 5·1 86 90 90 90 
2 73 118 118 119 120 
3 58 87 91 92 93 93 95 
4 63 103 109 109 111 111 
5 30 60 70 

Average set 1 58.0 87.0 91.0 92.0 93.0 93.0 
6 58 75 
7 60 76 80 82 89 90 96 102 103 103 103 
8 56 68 67 72 75 76 78 
9 67 77 82 34 84 87 87 87 87 87 87 

10 56 83 87 88 100 104 104 104 106 108 
11 50 67 69 69 75 76 79 79 81 83 83 

Average set 2 58.3 75.8 79.5 80.8 87.0 88.8 91.5 93.0 93.8 94.8 95.3 

Temperature 20°C, light intensity 120 to 140 F .c. 
~-Jeek l 2 3 4 5 6 7 8 9 10 11 

Tree iF 
1 47 93 95 95 100 100 100 
2 45 83 89 89 89 91 90 
3 49 68 68 72 74 75 
4 42 88 83 84 92 92 92 
5 42 72 84 84 84 84 86 

Average set 1 45.0 80.8 83.8 84,8 87.8 88.4 
6 64 85 92 97 105 107 108 108 110 110 110 
7 42 54 57 60 62 63 68 68 71 73 74 
8 50 67 74 80 85 88 90 94 97 98 100 
9 41 34 45 46 46 48 51 56 56 57 

10 55 77 82 87 
11 62 71 73 73 80 80 90 94 

Average set 2 49.3 60.3 65.8 70.5 74.5 76.0 78.5 80.3 83.5 84.3 85.3 

Temperature 20°C, light intensity 270 to 300 F.C. 
vleek 1 2 3 4 5 6 7 8 9 10 11 

Tree iF 
1 45 58 61 
2 50 83 93 96 98 99 100 
3 36 61 68 71 74 
4 38 65 71 74 75 77 77 
5 32 69 85 85 89 90 
6 23 53 60 60 62 62 

Average set 1 35.8 67.5 77.3 78.8 81.0 82.0 
7 55 64 71 86 93 107 113 114 119 121 128 
8 65 81 88 92 98 100 103 104 104 104 104 
9 45 47 50 50 50 52 52 55 

... 10 36 42 42 44 47 53 55 
Average set 2 60.0 72.5 79.5 89.0 95.5 103.5 108.0 109.0 111.5 112.5 116.0 
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APPENDIX 2 Continued. 

0 
Temperature 20 C, light intensity 520 to 620 F .C. 

Week 1 2 3 4 5 6 7 8 9 10 11 
Tree 41 

1 29 49 56 62 69 73 80 
2 32 53 58 64 66 66 65 
3 49 88 102 107 110 111 112 
4 46 75 91 98 102 105 105 
5 30 55 62 64 67 71 
6 26 56 66 71 72 73 76 
7 24 36 43 45 49 51 48 

Average set 1 33.7 58,.9 68.3 73o0 76.4 78.6 
8 34 47 51 55 62 68 
9 39 45 52 59 

10 26 
11 52 61 77 69 75 80 83 87 88 93 100 
12 5l~ 69 76 32 90 98 108 110 114 119 127 
13 52 67 78 83 93 100 108 108 110 117 126 
14 66 95 

Average set 2 52.7 65.7 77.0 73.0 86.0 92.7 99.7 101.7 104.0 109.7 117.7 

Temperature 20°C, light intensity 880 to 980 F.C. 
Week 1 2 3 4 5 6 7 8 9 10 11 

Tree 41 
1 22 45 53 53 58 58 
2 43 61 72 74 76 81 80 
3 27 37 46 54 56 60 80 
4 26 42 53 56 56 56 
5 20 39 48 51 53 57 59 
6 34 53 63 71 74 81 80 
7 20 30 37 43 46 49 46 

Average set 1 27.4 43.9 53.1 57.4 59.9 63.1 
8 49 66 80 87 105 114 116 116 120 124 129 
9 58 67 78 90 105 112 131 143 148 152 159 

10 41 57 57 57 63 68 71 73 75 78 82 
11 39 45 53 56 72 37 103 109 117 122 124 
12 42 64 66 67 78 90 105 114 118 119 124 

Average set 2 45.8 59.8 66.8 71.4 84.6 94.2 105.2 111.0 115.6 119.0 123.6 

Temperature 25°C, light intensity 64 to 70 F.C. 
Week 1 2 3 4 5 6 7 8 9 

Tree 41 
1 97 107 107 111 111 113 113 113 114 
2 57 62 62 62 62 63 64 64 64* 
3 66 74 79 80 80 80 82 82 82 
4 75 90 96 96 96 96 105 99 100 
5 96 108 112 112 114 115 115 116 119 
6 72 73 78 78 78 80 
7 85 92 92 94 95 97 

Average 78.2 88.2 91.2 92o2 92.6 93.4 94.2 94.8 95.8 

*dead 
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.. 
q APPENDIX 2 Concluded. 

Temperature 25°C, light intensity 120 to 140 F .C. 
Week 1 2 3 4 5 6 7 8 9 

Tree 4fo 
1 65 70 75 83 
2 62 65 68 71 73 
3 74 99 101 103 105 107 112 112 113 
4 65 68 68 69 70 70 72 72 72 
5 64 67 
6 73 81 89 79 

Average 69.5 83.5 84.5 86.0 87.5 88.5 92.0 92.0 92.5 

Temperature 25°C, light intensity 270 to 300 F.C. 
Week 1 2 3 4 5 6 7 8 9 

Tree 4fo 
1 75 90 100 115 129 137 147 158 170 
2 43 76 85 89 97 104 118 133 138 
3 64 75 84 90 94 101 109 114 116 

Average 60.7 80.3 89.7 98.0 106.7 114.0 124.7 135.0 141.3 

Temperature 25°C, light intensity 520 to 620 F .c. 
Week 1 2 3 4 5 6 7 8 9 

Tree 41 
1 47 55 64 71 71 71 71 78 83 

.. 2 25 40 
d 3 38 45 55 60 67 71 76 76 80 

4 65 70 
5 55 63 
6 90 97 102 108 115 120 135 154 166 
7 31 44 51 62 62 65 68 115 123 
8 35 38 40 42 51 

Average 51.5 60.3 68.0 75.3 78.8 81.8 87.5 105.8 113.0 

Temperature 25°C, light intensity 880 to 980 F.C. 
Week 1 2 3 4 5 6 7 8 9 

Tree 4fo 
1 71 86 109 140 150 154 160 168 178 
2 45 53 59 73 85 90 93 99 104 
3 50 53 66 77 82 83 88 93 106 
4 46 48 60 68 78 82 83 90 97 
5 62 64 76 84 87 89 95 109 11l~ 

6 60 77 92 111 115 115 
7 62 74 102 118 125 130 133 141 154 

Average 56.5 63.0 78.7 94.2 101.2 104.7 108.7 116.7 125.5 


