
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1. The sign or "target" for pages apparently lacking from the document
photographed is "Missing Paga(s)". If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it
is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find .a
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed a definite rnetuod in
"sectioning" the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is
continued again - beginning below the first row and continuing on until
complete.

4. The majority of users indicate that the textual content is of greatest value,
however, a somewhat higher quality reproduction could be made from
"photographs" if essential to the understanding of the dissertation. Silver
prints of "photographs" may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages yuu wish icpiUduccd.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as
received.

University Microfilms International
300 North Zeeb Road
Ann Arbor, Michigan 48106 USA

SI. John's Road, Tyler's Green
High Wycombe, Bucks, England HP10 8HR



WIRAWAN, NENGAH
VEGETATION AND SOIL.WATER REGIMES IN A
TROPICAL RAIN FOREST VALLEy'ON OAHUi HAWAIIAN
ISLANDS, .

UNIVERSITY OF HAWAII, PH,D" 1978



VEGETATION AND SOIL-WATER REGUmS IN A TROPICAL RAIN

FOREST VALLEY ON OAHU, HAWAIIAN ISLANDS

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION
OF THE UNIVERSITY OF HAWAII IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN

BOTANICAL SCIENCES

MAY 1978

By

Nengah. Wirawan

Dissertation Committee:

Dieter Mueller-Dombois, Chairman
Jen-Hu Chang

Douglas J.C. Friend
Noel P. Kefford

Clifford W. Smith
William L. Theobald



iii

ACKNOWLEDGEMENTS

The preliminary field-work of this study was based on my

observations during the time when I, together with Dr. William L.

Theobald, carried out a botanical survey of this valley for the Hawaii

State Park Division, Department of Land and Natural Resources. The

actual study was supported through an NSF grant GB 23230 to the Hawaii

IBP/ISLAND ECOSYSTEMS Integrated Research program under the direction

of Dr. Dieter Mueller-Dombois. The later phase of this study was

financed through personal resources and was completed through a grant

from the Ford Foundation.

I wish to express my sincere appreciation and gratitude to the

following persons who assisted and assured the success of this study.

Dr. I-Pai Wu kindly lent an evaporation-pan and the gauge for

measuring evaporation and Mr. Armand Unabia ably assisted in my

field-work. The latter's wife, Catherine, who accompanied us during

many of the field trips, prOVided additional help.

In the laboratory, Mr. Robert H. Suehisa was very kind in helping

with the determination of exchangeable calcium. The computer

program used for the analysis of vegetation pattern in this study were

made available by Dr. Kent W. Bridges. Assistance in th~ preparation

of data for this analysis was also provided by Ms. Virginia G. Carey.

Throughout this study, Dr. Goro Uehara was always available for

advice on various aspects of soil-water measurements and interpretations.

Similarly, Drs. Gordon Y. TSUji and Paul C. Ekern were also available

for consultation.



iv

Drafts of various portions of this dissertation were read by

Dr. William M. Bolman, Mr. Purwanto Danusugondo, and Ms. Ruth Gay.

Their comments and corrections on grammar and structure of sentences

have made many paragraphs readable. Additional proof-reading was

kindly done by Mrs. Sri Kasiman-TenCate.

Finally, I wish to aKtend my deepest gratitude to Dr. William M.

Bolman and his Wife, Katherine, for considering me as an extended

member of their family. Their kindness and hospitality have made the

last year of my stay in this country most memorable.



v

ABSTRACT

This dissertation is concerned with the correlation of vegetation

patterns and soil-water regimes in a tropical rain forest aren in

Kahana Valley, Oahu, Hawaiian Islands. For determining the influence

of spatial variation in soil-water regimes on the vegetation patterns,

the soil-water regimes of each of 64 sample stands were determined from

the combined,effects of rainfall, topographic position, soil depth and

structures by an equation. In this way a soil-water regime gradient

was identified over which the plant species distribution patterns were

plotted. For this plotting three methods were used, a dendrograph

cluster technique, a two-way synthesis table technique and a single

dominant species analysis. Seven segments along the soil-water regime

gradient were identified (i.e. moderately d~J, fresh, moderately

moist, moist, very moist, wet and very wet). Except for the very wet

soil-water regime which occurred along streams, the other sL~ regimes

were indicated through species distribution and commuLity patterns.

However, not all species distribution patterns were related to these

soil-water regimes. For example, the distribution of Aleurites

moluccana to the gulches appeared to be influenced primarily by

mechanical forces (rolling rocks) that crack the hard coat of seeds of

this species. The study also revealed an explanation for the restricted

distribution of Acacia koa, which was found only on moderately moist

or occasionally dry soils.

For determining the degrees in which different plant covers may

modify a particular soil-water regime, detailed investigations on the

physical char.acteristics of the soils and the fluctuation of soil-water
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contents under paired plant covers with contrasti~g structures (herb

vs. tree covers) were carried out. In general, where the tree species

(Brassaia actinophylla and Eugenia cumini) invaded the Andropogon

virginicus grass cover, the tree covers did not alter the soil-water

reg~e of the grassland significantly. In the case where the tree

species (combination of Acacia koa and Pandanus odoratiss~us) could

have been established at about the same t~e as the herbaceous

Dicranopteris linearis fern cover following the destruction of the

original vegetation, the soil-water reg~e under Acacia-Pandanus was

drier than under Dicranopteris. This indicated a greater loss of water

to the atmosphere from the Acacia-Pandanus than from the Dicranopteris

covers.

The difference in the intensity of soil drying or the magnitude

of water loss was also related to better soil aggregation and greater

volume of macropore space under the tree than under the herbaceous

fern covers. As better aggregation encourages faster internal drainage

of soil-water and consequently a more rapid recurrence of saturation

deficits between showers, greater volume of space is available for

storing the rain water during the storm periods. Under similar

rainfall regimes, such a difference tends to bring about greater

surface runoff or streamflvw from the herbaceous than from the tree

covers. Furthermore, siuce much of the ground water and the stream

water are actually gravitational water that is stored temporarily in

the macropore spaces during rain shower activity, this difference will

also result in greater water yield from watersheds covered with trees

than watersheds covered with herbaceous fern species. Thus, in a
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tropical rain forest, where ~~cessive water is often a problem, plant

covers that dry the soil with greater intensity or lose more water to

the atmosphere are preferable for flood control.
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GENERAL INTRODUCTION

This dissertation is concerned with the correlation of vegetation

patterns and soil-water regimes in a tropical rain forest valley. The

first objective was to examine if in this relatively high rainfall area

species and community distributions were related to environmental

factors that influence the soil-water regimes. If this was the case,

then a habitat classification could be developed in which plant species

or vegetation types are used as indicators of specific soil-water

regimes. If there was no such correlation, then one would have to

rely entirely on physical land characteristics for evaluating soil

water regime differences.

The second objective was to determine some of the functions of the

vegetation cover in their effect on the soil-water regimes. This

information and habitat classification are important background

informations for silviculture and watershed management of forest areas.

This dissertation consists of three parts. PART I is a survey of

the literature. Based on this literature review, two related studies

were proposed and carried out in a rain forest valley on Oahu, in

Kahana Valley. One study relates to the detection of plant responses

to spatial soil water differences, the other to the effect of

different plant covers on basically the same soil-water regimes. The

results of these studies are presented in PART II in sections A and B,

and they are summarized in section C. Primary data on which these two

studies were based are given as appendices in PART III.



PART I

LITERATURE REVIEW
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INTRODUCTION

Soil-water regime as a complex habitat factor

Habitat or site is here defined according to Nichols (1917, cited

by Toumey and Korstian 1947) as a unit area over which the combined

effects of environmental components (climate, soil, and topographic

position) are relatively uniform as indicated by plant growth.

Contained in these environmental components are the factors that

determine the availability of soil air, soil nutrients, and soil water.

The availability of soil air is directly but inversely related to that

of soil water. The availability of soil nutrients is intimately

related to the availability and source of soil water (Mueller-Dombois

1964). Because of these interrelationships, soil water is often

considered the most important factor influencing plant growth and

distribution in natural environments (Toumey and Korstian 1947,

Whittaker 1956, 1960, Loucks 196~, Mueller-Dombois 1964, 1965).

On uniform parent materials in a climatic zone, the environmental

factors that determine spatial variations in soil water are primarily

topography and the associated soil characteristics. In addition to

this spatial variation, soil water of the same habitat may vary also

temporally (i.e. daily, monthly, seasonally or even from year to year)

particularly as related to rair~all. The edaphic factors that influence

the spatial variation in soil water are (1) topographic position,

(2) slope, (3) soil texture, (4) soil depth, and (5) stoniness. The

term soil-water regiffie as used in this study refers to both the

spatial and temporal aspects of soil-water variation among habitats.
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Significance of a soil-water regime classification

in tropical rain forest areas

The tropical rain forests are here understood as the forests

between the Tropics of Cancer and Capricorn that receive relatively

high rainfall distributed more or less evenly throughout the year

(Richards 1952) or receiving at least 100 mm per month for most of the

year (Walter 1973). These forests are floristically complex and are

not as stable as the simpler temperate ecosystems (May 1974, 1975).

Once exploited on a larger scale, these tropical rain forests may not

be renewable (Gomez-Pompa et al. 1972).

In spite of their fragility, the rain forests in many tropical

countries are currently being clear-cut over large areas at an alarming

speed (Meijer 1973, Richards 1973). Unknown properties of the rain

forests that could be of value in the future are eliminated in this

exploitation process. In addition, the devastating hydrological

consequences of such exploitation (flood, soil erosion, land slide,

siltation, etc.) are often emphasized (Da~iel and Kulasingam 1974).

To reduce these losses and damages, basic information is needed for

developing effective plans for intelligent utilization and management

of these essential ecosystems (Mueller-Dombois 1971, May 1975).

Among the basic information needed is knowledge of the vegetation

patterns in the tropical rain forests. Within an area or an island, these

patterns are generally differentiated into large- and small-size patterns

(Richards 1952). In the large-size pattern, the rain forest is ~~pected

to consist of vegetation patterns that are correlated with the habitat

variation in the area. In the small-size or mosaic pattern, the rain
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forest is considered to consist of small patches of tree species

assemblages that have no or little correlation to habitat variations.

Small patches of species assemblages are often related to the

regeneration phases of the light-demanding canopy tree species that

are best developed in forest gaps smaller than 0.1 ha (Kramer 1933).

The numbers of tree species that potentially could invade each of

these small gaps are great. However, the proportion of the total

species assemblage able to invade each gap will be small. With their

species combinations sorted randomly, the floristic composition of

forest gaps will vary continuously from gap to gap (Poore 1968).

The occurrence and significance of this small-size pattern in

maintaining the floristic diversity of tropical rain forest are

generally well recognized (Aubreville 1933 cited from Richards 1952,

Maka 1973, Knight 1975). While dynamic patterns (the small-size

variation) are generally well accepted as real in tropical rain forests,

spatial community patterns as related to habitat variations (the

large-size patterns) are still not well established (Knight 1975).

In the earlier period of tropical rain forest exploitation, many

of the marketable rain-forest tree species from So~theast Asia were

limited to the light-demanding tree species. According to Wyatt-Smith

(1959), a silvicultural practice involving the cutting of non-commercial

tree species carried out a few years before the actual logging of

commercial species, was very successful in enhancing the growth of

seedlings, saplings, and immature trees of commercial species. When

mature economical tree species were cut, there was sufficient

replacement by the younger individuals. Such practice also was
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successful in converting the high-diversity natural forest into a

forest dominated by one or a few economical species.

A problem in using this silvicultural practice arose when manual

labor became more expensive, forested lands less accessible, and more

tree species marketable. The more conservative use-approach was then

replaced by a more complete logging operation over larger areas using

tractors and other heavy equipment (Haji Ali 1966). This practice not

only increased the land exposure to soil erosion but as observed by

Nicholson (1965) and Meijer (1973), also caused severe damage to

seedlings and saplings of the commercial tree species.

The loss of seedlings and saplings during the logging operation,

and the failure of seedlings to become established thereafter are

responsible for much of the forest land in Southeast Asia now becoming

degraded. To counter this situation an extensive tree planting program

is necessary (Haji Ali 1966, Sgerianegara 1970). Because silvicultural

knowledge for reforestation purposes is still very limited (Soerianegara

1974), information on what species grow in specific habitats or

soil-water regimes becomes very important.

In addition, Thames and Ursic (1960) showed that the magnitude of

surface run-off or streamflow is directly related to the soil-water

deficit in the watershed area. Knowing the soil-water regime variation

in the watershed area under the existing forest vegetation could be

very useful for evaluating and predicting the magnitude of surface

run-off·or streamflow following cutting operations.
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~Vhereas the distribution of certain plant species or communities

are strongly influenced by specific soil-water regimes, other plant

species or communities may be influenced more strongly by other factors.

In disturbed areas, several different plant communities may be found on

basically the same habitat type. Each of these may also affect the

soil-water regime differently, because of physiological and

morphological differences among plant species. Thus, for silviculture

and watershed management purposes, it is necessary to know (1) the

soil-water regime variations within a tropical rain forest area,

(2) the effect of soil-water regimes on plant species and community

distribution, and (3) the effect of differing plant combinations on

similar soil-water regimes.

For obtaining background information on the above three points,

this literature review is organized under the following topics:

1. procedures for assessing soil-water regimes and their plant

indicators,

2. studies on the environmental correlation of tropical rain

forest vegetations, and

3. studies on the effect of different plant covers on soil-water

regimes.

In a final section of this literature review, the extant

literature on the study area, the Kahana Valley, is reviewed.
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METHODS FOR EVALUATING SOIL-WATER REGIMES OF SITES

Methods for assessing the soil-water regime status of habitats

can be classified into three approaches: direct, indirect, and

combined (Youngberg 1965, Whittaker 1967, Burger 1972, Mueller-Dombois

and Ellenberg 1974).

Direct approach through soil investigation

In this approach the soil-water regime status of a site is

assessed directly by evaluating and integrating the combined effects of

habitat factors, i.e. topography and soil. Among the methods available

for integrating these factors into a single factor gradient, the soil

water regime classification of Hills (1945) was studied as an example.

This soil-water regime classification is based on the catena

concept of Milne CJ935) and Bushnell (1942). Along a single slope, the

effect of the laterally deflected rain water (in the form of surface

and sub-surface runoff or drainage) and the associated soil erosion

result in a thinner soil layer, drier soil-water regime, and less

nutrition on upper slopes compared to lower ones, A series of

basically similar soils differing only in drainage is called by Milne

a soil catena.

Within a climatic region, the degree of changes in soil properties

along a slope is influenced by the type of parent rock materials. The

porosity of the rock, such as in porous limestone or impervious granite,

determines the amount of rain water deflected along the slope. This

in turn determines the amount of soil nutrients and soil particles
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transported downwards. Thus, in a climatic region, different catenas

each with a different arrangement of soil profiles can be expected on

different types of parent materials.

At similar topographic position and on similar parent material,

soil profiles are influenced also by other soil-forming factors:

climate, vegetation, or time. Under conditions where only one factor

varies in its intensity while other factors are constant, different

types of catenas can be expected under each of these soil-forming

factors. As these soil-forming factors interact, Bushnell (1942)

proposed an integration of these catenas, through factor gradient

analysis, into what he called a multiple catena.

Soil profiles may differ in number, kind, and depth of soil

horizons as well as in structure, texture, stoniness, and organic matter

content of the soil. These properties of soil profiles, which are used

for classifying soils, determine the storage and movement of water in

the soil and also indicate the degree of soil development as influenced

by the combined effects of the soil forming factors. Based on this and

the catena concept of Milne and Bushnell, Hills (1945) suggested a soil

classification based on the soil-water regime status of sites.

Based on his work in Ontario (Canada), Hills assessed the soil

water regime status of a habitat by interpreting soil properties in

terms of their capacities to store and to allow movement of water.

Because soil structure is influenced by plant cover type, in his

classification Hills emphasized only the soil properties that are

relatively stable and readily observable in the field. These include

number and killd of organic and mineral soil horizons; depth and
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fluctuation of ground water table or perched water as indicated by soil

mottling or deposit of iron concretions; and lastly texture and

stoniness of the soil. Based on these properties he established a

soil-water regime gradient which he arbitrarily divided into 10 classes

(class 0 to 9).

In this classification, class 0 is defined by a thin soil layer

and class 9 by thick soil layer that is rich in organic matter content.

The best developed and well drained soils in Ontario were placed in

class 2, the 'normal' class. From this 'normal' class, the soils

became drier towards class 0 and wetter towards class 9. The ends of

the gradient, classes 0 and 9, showed no distinct soil horizons or

little soil development. To indicate extremely dry conditions where

parent material is practically exposed on the ground surface, class 0

was later added to the established 10 classes (Hills 1953 cited by

Farrar 1960).

As internal spaces ('pore pattern') of the parent material also

influence the storage and movement of water, Hills further established

a pore pattern gradient of parent materials and divided the gradient

into 11 classes. For a climatic region where the parent material of

the soils varies, he integrated the classes of the soil-water regime

gradient and pore gradient into a decimal system of soil classification

(Farrar 1960, Burger 1972).

Whereas this seems to be the most accurate method available for

assessing the soil-water regime of a habitat, this approach is

unfortunately impractical because of the work involved. Also, the

results obtained through this approach do not necessarily give any
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information on the productivity of the habitat nor the pattern of

plant distribution in the area.

Indirect approach through the use of

plant indicators

In some areas, species with good spatial correlations to soil

water regimes have been isolated. Such species have been used as site

indicators in site surveys. The advantage of this method is quite

obvious, since it allows evaluation of sites without the need to

investigate the soil. This is here called an "indirect approach."

For establishing the site indicator value of species, groups of

species with similar relationships to soil-water regimes are identified

in the field. In site surveys these species are then used as soil

water indicators. In some cases authors used weighting techniques to

make the indicator value of species more precise. The objective was to

use species composition as an integrated indicator of the soil-water

regime status of a site. Examples of methods using these weighting

techniques are those developed by Rowe (1956) and Bakuzis (1959).

In his weighting technique Rowe used only undergrowth plant species.

Based on intensive field research, Rowe prepared a plant-indicator

table in which he classified the undergrowth plant species in

Saskatchewan-Manitoba forests into five classes of soil-water regimes,

namely dry, fresh, moist, very moist, and wet soil-water regimes. In

his field research he found that the ecological range of amplitude of

indicator species on the very moist and wet soil-water regimes was more

restricted than the amplitude of indicator species on the dry soil-
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water reg~es. He concluded that mesophytic and hydrophytic species

were better site indicators than xerophytic species. To express these

differences in the soil-water regime relationships of plant species,

he assigned to the indicator species weighting values that. increase

geometrically from dry to wet. The weighting values used were 1, 2, 4,

8, and 16 for dry, fresh, moist, very moist, and wet site indicators,

respectively.

For site evaluation purposes, a surveyor would use Rowe's plant

indicator table as follows. For a given site, a plot or sample stand

was established. The undergrowth plant species in this sample stand

were listed according to their soil-water reg~e classes. The numbers

of species in each of the five classes were then multiplied by the

appropriate weighting value of each of the classes. The resulting

products were summed into a single total value, which was then divided

by the total number of species entered in the calculation. The

resulting quotient was further multiplied by 10 for avoiding decUnal

values. This final value was used as an inda~ of the soil-water or

soil-moisture reg~e status of a site. Rowe called this value the

Vegetation Moisture Index (VMI).

In the calculation of the VMI of a site, Rowe excluded rare

species and species whose distribution was ecologically so wide as to

be indifferent to soil water. In testing his technique in Manitoba and

Saskatchewan forests, Rowe reported good correlations between his VMI

values and the actual soil-water regimes of sites as determined through

Hills' method.
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A s~ilar weighting technique was developed by Bakuzis (1959) for

forest habitats in Minnesota. However, Bakuzis used four site factors

in his plant indicator study. These factors were soil water, soil

nutrients, light and heat. For establishing the soil-water indicators,

he used the following procedure.

Based on field observations and published autecological

information, Bakuzis classified plant species in the forest areas of

the region also into five soil-water reg~e related classes. He then

also assigned weighting values, which however followed a linear sequence.

These values were 1, 2, 3, 4, and 5 for plants related to dry, fresh,

moist, very moist, and wet soil-water regimes, respectively. For

evaluating the soil-water regime status of a site, a surveyor used

this information as a tool, in a similar way as he used Rowe's plant~

indicator table.

However, Bakuzis' technique differs in detail from that of Rowe.

Bakuzis used all species present at a site, while Rowe used only

undergrowth ones. Rowe also excluded those that were rare and

insensitive to soil water. In arriving at the value used for the

index of the soil-water reg~e status of a site, Rowe multiplied the

final quotient by a value of 10 to get the VMI value of the site.

Bakuzis, however, left this quotient unmodified and called it the

Plot Synecological Moisture Coordinate. Using a similar weighting

procedure, all species found in each sample stand were evaluated also

in terms of their values as indicators of nutrient, light, and heat

regimes. In this way, for each sample stand, he established the

Plot Synecological Coordinate (PSC) for each of the four site factors.
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These four PSCs were then used to position the sample stand in a

coordinate system, from which sample stands or sites can be classified

or compared relative to one another.

The other difference between the two techniques was that Rowe

gave much stronger weight to the moist-site and wet-site indicators

than that given by Bakuzis. In applying Bakuzis' technique, also in

Minnesota, Pluth and Arneman (1965) concluded that " •.. the accuracy

of the plot synecological moisture coordinate for predicting available

moisture-holding capacities generally decreased as the plot

synecological moisture increases." This means that as the number of

species belonging to wet sites found in a plot increases or as the

plot (site) becomes wetter, the PSC value as an indicator of soil-water

regime becomes less discriminating. This would indicate that Bakuzis'

weighting values did not separate sites as clearly as that of Rowe.

Combined approach

In this approach an equal weight is given to both the vegetation

cover and the soil in the evaluation of a site (Sukachev and Dylis

1964, Krajina 1969, Hartmann 1952). The species indicator concept is

used whenever possible, but the soil characteristics are given the same

degree of attention in site assessment. This combined approach is

particularly useful in disturbed areas, where the site relationships

of species are often obscure. Authors promoting this method may also

be interested in more detailed soil characteristics than can be read

from plant indicators. The superiority of this approach was also

concluded by Ellenberg (1967) and Burger (1972).
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RESEARCH APPROACHES FOR ESTABLISHING

CORRELATIONS BETWEEN VEGETATION AND FACTORS INFLUENCING

SOIL-WATER REGIMES

The research approach for developing vegetation-environment

relationships can begin from two different starting points. One can

either start with the vegetation pattern and then establish environmental

correlations to these patterns, or one can start with known environmental

gradients and then study the responses of species combinations along

these gradients (Mueller-Dombois and Ellenberg 1974).

When vegetation is taken as the starting basis, the vegetation is

stratified into units. This is done, for example, by studying aerial

photographs of the area. Then, several sample stands are established

in each of these units. The number of sample stands depends in part

on the detail, with which the preliminary stratification is done.

Vegetational data collected from these sample stands are then analyzed

through tabular or mathematical correlation methods (Mueller-Dombois

and Ellenberg 1974). This analysis results in the arrangement

(ordination) or classification of sample stands. The vegetation pattern

that results from an ordination or classification is then interpreted

or correlated to environmental factc~s that are also recorded in the

sample stands. However, there may also be other important variables

underlying a vegetation pattern, for example certain historical

influences (fire, past cultivation, or others). It is the objective

of this vegetation approach to analyze and interpret all these variables.
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When the environment is taken as the starting basis, the

environments are first stratified into units or specific factor

gradients. Then, several sample stands are located in each of these

units or along segments of each of the gradients (e.g., rainfall

gradient, altitudinal gradient, and soil-depth gradient). As in the

vegetational approach, properties of the vegetation and the environment

in each sample stand are then recorded. Based on the environmental

records, the final environmental gradient or classification is

established. Properties of the vegetation, which are recorded from the

sample stands, can then be correlated to specific segments of the

gradient or specific units of the environment. In this way the

correlation between the vegetation pattern and segments of environmental

gradients or units of environmental classes becomes the direct result of

the study. In a review study, Whittaker (1967) called this approach the

"direct gradient analysis" and the gradient analysis through the

vegetation the "indirect gradient analysis."

These CWo approaches emphasize primarily the direction from

which one can start in a field analysis. In some ca~es, for

establishing the locations of sample stands, these directions may be

combined. This was done, for example, by Loucks (1960, 1962).

For his study in New Brunswick, Loucks selected 63 sample stands

through a stratified random sampling from a population of 1,800 sample

stands which ~~ere systematically placed in the area, prior to the study.

Three steps of stratification were made before random sampling (by

random numbers) was carried out. First, the 1,800 sample stands were

stratified by classifying them according to a modification of Hills'
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soil-water regime classes. Second, sample stands in each of these

classes were classified into three groups on the basis of the prevalence

of hardwood species (determined by relative basal area). Third, within

each of these groups, sample stands were excluded when (a) they showed

signs of recent disturbance as identified from aerial photographs,

(b) they occurred on variable site conditions, or (c) they were located

2.25 km (1.5 miles) away from a road. The remaining sample stands in

each group were then randomly selected to get the 63 sample stands.

For collecting and analyzing the vegetation and environmental data

from sample stands a wide range of methods are available (Mueller

Dombois and Ellenberg 1974). The procedures for correlating the

vegetation pattern with the environmental factors related to soil-water

regimes may, to some degree, be already determined by the emphasis of

field procedures used in establishing the sample stands or in collecting

the vegetation and environmental data. In general, however, these

procedures may be classified into two groups. The first group consists

of studies where the correlation was carried out through statistical

analysis. The second group consists of studies where the correlation

was based on factor gradient analysis. Examples of studies using

these procedures are described below.

Correlation studies through statistical analysis

In this group of studies, the factors that were considered

important in the habitat were correlated to parameters of the vegetation

through multiple regression analysis. For example, the site inda~ or

height of a certain age of Douglas-fir (Pseudotsuga menziessii) in
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Western Washington was significantly correlated to habitat factors,

such as total soil depth, gravel content, depth to A horizon, clay

content in B horizon, elevation, rainfall, topographic position, aspect,

and angle of slope (Steinbrenner 1965).

In the Black Hills in Wyoming, Myers and van Deusen (1960) showed

that the site index of Pinus ponderosa on soil derived from metamorphic

or igneous rocks was correlated to aspect, angle of slope, topographic

position, and soil depth. On soils developed from limestone, however,

aspect and angle of slope were not important.

Other studies correlating site index to habitat factors were

reviewed by Coile (1952) and Ralston (1964). Studies correlating basal

area and/or density values to habitat factors were shown, for example,

by Borman et al. (1970), Johnson and Risser (1972), as well as Day and

Monk (1974).

As part of an ecosystem study in the Hubbard Brook watershed in

New Hampshire, Borman et al. (1970) showed significant correlations

between basal area and tree density with elevation. However, they found

no correlation between the characteristics of these species and the

other habitat factors, which include aspect, angle of slope, and soil

moisture. Here, soil moisture was assessed through combined estimates

of runon and runoff into and from the stand as well as the cover

estimate of herbaceous vegetation.

In a vegetation-environmental relationship study in the upland

deciduous forest in Oklahoma, Johnson and Risser (1972) attempted to

correlate habitat factors to floristic composition and basal areas of

the four most important trees in the region, Quercus stellata,
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Q. marilandica, Q. velutina, and Carya texana. The 41 habitat

factors used in the study included topographic position, aspect,

angle of slope, depth of litter, depth of A horizon, bulk density, soil

texture, pH, and contents of various chemical elements in the soil

(N, C, P, K, Ca, Mg, Mn, etc.). Among these factors none were found to

be correlated to the vegetation patterns recognized through the Q-type

principal component analysis of orloci (1966). However, by selecting

only the important site factors through the R-type ordination (Orloci

1966), they found that basal areas of the tree species were correlated

to habitat factors that primarily influence soil nutrient and soil water.

Through multiple regression analysis they found that the basal area

of Quercus stellata was correlated to contents of clay, Mg, and Cu in

the soil, and to some degree also the potential insolation as estimated

from aspect, angle of slope, and latitude. The basal area of

Q. marilandica was correlated to topographic position, contents of sand,

silt, Mn, and Cu in the soil, and potential insolation. The basal area

of Carya texana was correlated to pH, contents of clay, P, K, and Mn in

the soil, and base exchange capacity of the soil. However, the multiple

regression for Q. velutina was not significant.

The study by Day and Monk (1974) was carried out in a relatively

undisturbed hardwood forest in a Southern Appalachian watershed. To

establish environmental correlations to the vegetation patterns in the

watershed area, five topographic variables were used. These were

e~evation, aspect, angle of slope, distance from stream channel, and

distance from water divide. Through principal component analysis (using

a computer program written by Goldstein and Grigal 1971), they found
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that the basal areas of most of the important 15 species in the area

were correlated to distance from the stream channel, distance from

water divide (ridge), and elevation.

The authors stated that their results indicated the importance of

factors related to soil-water regime. However, none of the authors

attempted to integrate these factors into a system of interrelated

factors. The problem with this type of statistical analysis is that

the results were applicable only to areas where these specific

correlations were established. The correlationships found do not

necessarily apply to other areas even within a region in which the

climate and parent materials are relatively uniform.

This is shown, for example, by the studies of Thor et al. (1969

cited by Day and Monk 1974) and ,Day and Monk (1974), which both were

carried out in the same region. In spite of the similarities in plant

species and habitat factors used, the results of the studies were

different.

The results of a multiple regression analysis are valid or widely

applicable only if the environmental factors that are being correlated

consist of factors that are independent from each other (Greig-Smith

1964, Snedecor and Cochran 1967). The habitat factors shown in the

examples above can be measured separately from each other. The effects

of these factors, however, are not as independent as their measurements.

As shown by Hills (1945), most (if not all) of these factors influence

one another in determining the soil-water regime status of a habitat.

For example, in terms of soil-water storage, a deep stony soil may be

equal to a shallow fine textured soil. In terms of drainage or water
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movement, a fine soil on a slope may be equal to a coarse soil on a

flat land. Thus, the limitations of this analytical tool should be

properly evaluated before it can be used for a particular study.

Correlation studies through factor

gradient analysis

The basic approach of studies in this group is to identify the

major factors that play important roles in the habitat. Once recognized,

the effects of these habitat factors are evaluated and integrated into

complex habitat factors. The patterns or parameters of the vegetation

are then correlated to or interpreted in terms of these complex habitat

factors. Principles and procedures of this approach are discussed in

further detail by Farrar (1960), Whittaker (1967), as well as

Mueller-Dombois and Ellenberg (1974).

The degree of compla~ity of integrating the habitat factors varies

with the number of factors that have to be considered. In a case where

an investigator is able to select a study area in which he can isolate

a single factor while holding all other factors constant, no integration

is needed. By studying the vegetation along the intensity gradient of

this factor, the investigator can establish a direct correlation between

the vegetation pattern and the habitat factor. However, finding such a

study area is often difficult. The following studies are examples of

how the integration of various single-habitat factors were carried out.

These studies are arranged here according to the degree of complexity

of the integration, from simple to more complex.
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Evaluation of bottomland habitats in Georgia.--In the broad, level

bottomed and fertile flood plains in Georgia, May and Blackmarr (1965)

considered that the major habitat variation was related to the drainage.

The major factor that influences this drainage difference was soil

texture. To investigate the influence of this factor on the properties

of the vegetation, they established sample stands on two soil series

CCongaree and Wehadkee soil series) that differed in clay and sand

contents. The Congaree soil series had a lower clay and a higher sand

contents than the Wehadkee soil series. Other factors, such as

exchangeable Ca, Mg, Na, and K as well as a~tractable P, were generally

similar.

In each of the sample stands, trees over 10 cm diameter at breast

height were recorded by species, diameter, and crown class. Saplings

between 2.5 and 10 cm diameter were recorded by species, diameter, and

height. Similar records were also collected for saplings less than

2.5 cm diameter but taller than 30 cm. Seedlings and shrubs less than

30 cm tall as well as herbs and vines were recorded by species and

biomass. Their records showed that the greatest difference in species

composition occurred in the tree species groups. The Congaree soil

series had a significantly higher number of tree species in all size

classes except for seedlings below 30 cm tall than the Wehadkee soil

series. Similar trends were also shown by the seedlings below 30 cm

tall as well as the herbs, shrubs, and vines but their differences were

not significant.
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In addition, they showed that plant density for all species,

collective heights of saplings and shrubs, as well as oven-dry weight

of vines, shrubs, and plants below 30 cm tall, were significantly

greater on Congaree than on Wehadkee soils. Although the basal area of

trees and saplings was also greater on the Congaree than on the

Wehadkee soils, this difference, however, was not significant. With

these records, they concluded that species diversity and vegetative

productivity were greater on the well drained Congaree soils than on

the relatively poorly drained Wehadkee soils.

Evaluation of topographic moisture gradients in mountains.--A

procedure for evaluating spatial differences in moistness of habitats

was developed by Whittaker (1956, 1960) for studying similar habitats

along altitudinal gradients. Within a narrow elevational belt of 300 m

and on similar parent material, Whittaker considered topographic

position and aspect as the only important factors influencing the

vegetation patterns.

Based on the combined effects of the two habitat factors, Whittaker

established a topographic moisture gradient, which he classified into

10 classes. These moisture classes, which are arranged here from most

mesic (i.e., moist in his case) to most xeric, were represented by sites

located on (1) deeper ravines with flowing streams, (2) shallower or

more open draws without flowing streams, (3) lower, sheltered slopes,

(4) open N, NE, and NNE facing slopes, (5) open ENE and NNW slopes,

(6) open E and NW slopes, (7) open ESE and ~~w slopes, (8) open SE and

W slopes, (9) open SSE and WSW slopes, and (10) open S, ~w, and SSW

slopes.
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Sample stands (up to about 60) in each elevation belt were then

classified according to these locations. The properties of the

vegetation in each stand, such as tree density, were correlated to the

moisture classes as determined by their locations. Because classes

along this topographic moisture gradient were only crude approximations

of the moisture status of sites, ~Vhittaker refined his vegetation

environmental correlation through the use of weighting techniques.

Evaluation of soil-water regimes in a small experimental forest in

Ontario.--In a relatively small area (160 x 200 m or 3.2 ha) in the

Petawawa Experimental Station in Ontario, Fraser (1954) evaluated the

habitat variation through direct soil investigation (Hills 1945). He

investigated the soil in the study area through the soil survey method.

Soil auger was used for taking soil samples from many locations in the

whole study area. Three soil pits were dug at three places. From these

samples and locations, he recorded soil depth, depth to water table,

as well as kinds and thickness of soil horizons. During this survey

he also recorded elevation at many points in the area. Through the

use of these altitudinal records, he drew contour lines for every 2 m

interval of elevation. Based on this detailed topographic map and his

records on soil properties in the area, Fraser classified and mapped the

soil-water regime classes in the area into seven map-units using Hills'

classification system. From the 11 classes recognized by Hills (0, 0,

1, 2, 3, 4, 5, 6, 7, 8, and 9) the map-units were represented by classes

1-2, 2, 3, 3-4, 4, 5, and 5-6, which range from fresh to moist.
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To evaluate the vegetation patterns in the area, in each map-units

over all of the study area (except for the 20 m transect along the

border of t~e units), he recorded tree and herbaceous species, including

the number and diameter of trees of all species. By arranging the

distribution of plant species along the soil-water regime gradient, he

recognized four groups of tree species. The first group occurred all

over the gradient. The other three groups of tree species, which were

also associated to specific groups of herbaceous species, were restricted

to the fresh (classes 1-2), very fresh to moist (classes 3-4), and moist

(classes 5-6) soil-water regimes. In addition, he also showed that

the optimum growth of tree species (in terms of basal area and density)

was confined to specific classes of soil-water regimes.

Evaluation of forest habitats in Manitoba.--In the study by

Mueller-Dombois (1964, 1965) in Southeastern Manitoba, compl~~ factor

gradients (soil-water and fertility gradients) were tentatively

recognized after the study area was thoroughly traversed with the aid

of aerial photographs. Clusters of 2-4 sample stands were distributed

along each of these factor gradients. In each sample stand height,

diameter and age of trees were measured. Plant species were recorded

according to tree, shrub, herb, moss, and lichen strata. Their

abundance and dominance in each stratum were rated according to a rating

scale developed by Braun-Blanquet but modified by Krajina (1933, cited

in Mueller-Dombois and Ellenberg 1974). Form, branching, and rooting

habits of trees were also noted. This information was used for

evaluating the productivity and silvicultural characteristics of the

stand as well as for establishing site indicators.
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To determine the types of forest habitats in the study area,

Mueller-Dombois used the following procedure. The soil properties

(soil horizons, soil texture, depth to water table, type of humus, etc.)

were described from 1-2 soil pits dug in each stand. The physiographic

condition of the stand (topographic position, slope grade, aspect) was

also noted. On these bases he recognized 8 classes of soil-water

regimes: very dry, dry, fresh, very fresh, moist, very moist, wet, and

very wet.

During the course of the field work Mueller-Dombois also observed

that the fertility gradient was influenced by the source of the soil

water. He differentiated ground water, vadose water (rain water held

in the capillary pores), and flood water, which were respectively poor,

intermediate, and rich in nutrients. Based on this information, he

further subdivided some of the soil-water regime classes into

oligotrophic, mesotrophic, or eutrophic categories. In this way he

established a total of 14 types of forest habitats. To show the

characteristics of these habitats as well as their potential for tree

growth (site index) and their relationships to each other, Mueller-Dombois

presented his findi~gs in form of a generalized ecological series,

similar in principle to the ecological series of Sukachev (1928). In

this study he found that undergrowth species were better indicators

of habitat types than tree species.

Evaluation of forest habitats through environmental scalars in

New Brunswick.--In his study in New Brunswick, Loucks (1960, 1962)

classified the habitat factors into three complexes, namely, soil-water

regime, soil-nutrient regime, and local climate. Within each of these
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three complex factors, he measured a number of parameters. For defining

the soil-water regime, he measured (1) depth to the permanent water

table, as indicated by depth to blue-grey mottlings, (2) capillary

fringe, as distinguished by the uppermost layer of red and yellow

mottlings, (3) water holding capacity of the iron-humic B horizon, and

(4) topographic position and slope angle. For defining the nutrient

regime he measured (1) silt and clay contents, (2) depth of soil profile

development, and (3) depth and type of humus. For defining the local

climate as influenced by radiation intensity, heat budget, and nocturnal

temperature gradients, Loucks measured (1) slope direction, (2) steepness

and (3) elevation.

To integrate these parameters into their respective complex factors,

Loucks employed a procedure that was based on principles of multi

dimensional scaling (Torgerson 1958). In this procedure, the gradient

or range of each parameter was divided into units that were weighted on

the basis of their significance in interacting with other parameters to

produce the complex habitat factors. Depending on the kinds of these

interactions (additive or cumulative), different techniques of

integrating these parameters were used. The gradient of each of the

three complex factors was then called a synthetic scalar. In this way

Loucks established (1) a synthetic soil-water regime scalar, (2) a

synthetic nutrient regime scalar, and (3) a synthetic climate scalar.

For establishing the synthetic soil-water regime scalar, Loucks

employed the following procedure. He considered that both the permanent

and the suspended ground-water tables had influences on the vegetation.

However, he also considered that neither one was a satisfactory measure
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of relating ground-water to plants. To combine these two factors he

considered the arithmetic mid-point between the permanent water table

and the capillary fringe as a better measure of the prevailing water

table.

The significance of this prevailing water table was also found to

vary with its depth. When the prevailing water table was shallow (less

than 2.10 m), slight differences in depth were correlated with significant

variation in plant cover. However, when it was deeper than 2.10 m,

slight depth differences did not affect the plant cover much. \{hereas

under the first condition the differences in the water holding capacity

of the soils had little or no influence on the vegetation, under the

second condition the opposite was true.

With such relationships, the influences of both the prevailing

water table and the water holding capacity of the soil were then combined

to form a single gradient. Here, the wettest soil was the one that had

its water table at the soil surface. As the water table became deeper,

the soils became drier. When the water table reached 2.10 m depth, the

next drier soils were the ones that had water holding capacity in excess

of 120% (by weight). As the water holding capacity decreased, the

gradient continued towards drier soils. In this case, a logarithmic

scale was found useful in showing the relative differences among the

various points (soils) along the gradient.

To evaluate the influence of topographic position and slope angle,

Loucks developed a nomogram that was used to determine the interaction

between how much a stand at a particular topographic position and slope

angle received runon water from the upper slope and lost runoff water
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to the lower slope. For this purpose, a topographic map was used to

supplement the information on the antecedent slopes and the topographic

position of the stands.

The proportion of runon or runoff (in terms of percent rainfall)

for a particular slope angle was estimated from a curve that was

developed using values derived experimentally by Duley and Hays (1932)

and Kittredge (1948). This curve (Appendix IV, p. 344), which shows

percent runon or runoff plotted over slope angle, indicates a sharp

increase in runon or runoff as the slope angle increases from 0 up to

about 7%. Thereafter, the increase in runon or runoff becomes gradual,

in a more or less straight-line relationship.

Based on the nomogram formed by topographic position and slope

angle, Loucks then established a runon or runoff scalar. This runoff

scalar was then integrated with the soil-water regime gradient that was

formed by depth to the prevailing water table and water holding capacity

into another nomogram. From this nomogram he

then established his synthetic moisture or soil-water regime scalar,

which ranges from 0-10. In this way, the position of sample stands along

the synthetic soil-~vater regime scalar was determined by knowing the

value of the runoff scalar and the position along the water table-water

holding capacity gradient.

Using similar principles, Loucks also showed how to position sample

stands along the synthetic nutrient regime scalar and the synthetic

climate scalar. Using these three synthetic scalars as axes of a

coordinate system, Loucks then plotted the distribution of plant species
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or sample stands into the system to establish the distributional

patterns of plant species or communities and their correlations to

the three factor complexes.

VEGETATION Al~ SOIL-WATER REGIME CORRELATION

STUDIES IN TROPICAL RAIN FOREST AREAS

Correlation studies between vegetation and environmental factors

in tropical rain forest areas have been based primarily on

vegetation changes along altitudinal gradients. In general, along

altitudinal gradients the rate of litter decomposition becomes extremely

slow as the temperature decreases toward higher altitudes. This gradual

increase of organic matter accumulation above the soil surface brings

about the changes in the weathering process from laterization to

podsolization and gleization. These gradual changes which coincide with

the broad physiognomic classification of the rain forest is shown, for

example by Whitmore and Burnham (1969).

On a granite parent material near Kuala Lumpur, Whitmore and

Burnham (1969) showed that the Lowland Rain Forest below 750 m elevation

(mesophyllous with large woody climbers) was correlated to yellow

latosol with mull. The Lower Montane Rain Forest between 750-1500 m

(mesophyllous with large woody climbers uncommon) was correlated to

humic latosol with peat accumulation starting at 1200 m. The Upper

Montane Rain Forest above 1500 m (microphy1lous with large woody climbers

almost absent) was correlated to peaty gley podzol at the lower locations

and peat soil at higher ones.
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Other studies were discussed by Richards (1952) and Walter (1971).

However, rain forest classification on the basis of altitude alone

serves only for general purposes. Within each altitudinal zone, the

forest vegetation may still vary with local physiographic conditions.

In addition, within ~ floristic region, the altitudinal range of rain

forest types also~aries with the size of land masses of the mountains

(van Steenis 1972).

Within an altitudinal or climatic zone, types of rain forests are

correlated to specific habitats, such as topographic positions and soil

types (Richard 1952). This contention was based on initial preliminary

field observation followed by intensive studies over a limited study

area, such as a slope. Comprehensive studies over wider areas with

complex topography are relatively few and their findings were

contr.adictory (Knight 1975).

Vegetation pattern along a slope or a catena

Soil catenas have been studied also in tropical rain forest areas.

For example, in a limestone area on the Malay Peninsula, Joseph (1968)

showed three soil series related to a leaching sequence along a

topographic gradient. Because of the soluble nature of this dolomitic

limestone (double carbonate of calcium and magnesium), the high rainfall,

and the well drained soils in the area, much of the Ca, Mg, K, Na in the

soils were leached. Because of the porous nature of the limestone parent

material, lateral deflections of these leachates along the slopes did not

occur. The remaining concentrations of these cations in the soil

coloids, therefore, were related to the relative length of the leaching
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period. Since soils near the limestone outcrop on the ridge were

younger than the ones at the bottom of the slopes, which consist of

materials eroded from the upper slopes, the concentrations of these

cations along this topographic sequence were decreasing downslope.

As a result, the slope bottom had the lowest base saturation compared

with the one on the higher ~opographic position.

The opposite was observed in a situation where the parent rock

material was not porous. In a detailed study on a relatively steep

slope underlain by metamorphic shale and sandstone in the humid tropics

in Central America, Furley (1974) showed that significant amounts of

these leachates were deflected laterally along the slope. At the bottom

of the slope the soil was always wetter and the concentrations of

organic carbon, exchangeable Mg, Ca, and K were up to three times

higher than at any other place clong the topograph~c gradient. Such

variation was correlated also to changes of vegetation from grassland

on the ridge (top slope) to herbaceous plants, sedges, and ferns on

the lower and bottom slopes. In this study, Furley also concluded that

the position on the slope was more important than the angle of the slope.

In a less prominent relief in an undulating lowland area below

30 m elevation in Sarawak, Wall (1964) related soil variation to

topographic positions. Each of the three major topography-soil

associations recognized in this area consisted of peat, podsolic sand,

humus podsol, and fine textured alluvial soils. This pattern of soil

variation is similar to that reported by Davis and Richards (1934),

who found different plant communities correlated to this soil

variation.
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In a low undulating land area below 100 m elevation at Moroballi

Creek in British Guiana, Davis and Richards (1934) showed the following

soil variations. In the flood plain, the alluvial soil was dirty white

in color, had a fine silt texture and a high water table. At the foot

and mid-slopes the soils were very much like the tropical red soils

(latosols). At the footslope, the soil was sticky as in the alluvial

soil but had a heavy silt texture. At the mid-slope position, the

soil texture was light (sandy) loam with good internal drainage and also

less sticky. At the upper slope and the ridge the soils were sandy in

texture. Due to severe leachings, the sand was completely bleached on

the ridge but some iron oxide and organic material were considered still

present in the upper slope as indicated by its brownish color.

Correlated to this soil variation, Davis and Richards recognized

five forest communities each dominated by specific tree species, except

for the forest on the mid-slope, which was dominated by several species.

They also showed that as the size of individuals within a tree species

decreased towards the ridge, the density increased consistently. Large

trees with enormous plank buttresses were found on the lower slopes,

particularly on the flood plain and foot slope. This buttress formation

made the forests on these habitats physiognomically distinct from the

forest on the midslope, upper slope, and the ridge.

Variation to this generalized pattern was also observed, primarily

to the local topography. The sand-capped ridge and upper slope may be

missing in a low ridge. Here, the forest that was typical to the foot

slope may extend up to this low lying ridge. Also, forests common on
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the alluvial soil may be found on the foot or mid slopes when the

heavy silty soil was shallow.

Vegetation types correlated to specific soils were also observed

in a relatively flat area. In Kalimantan, Richards (1941) observed

that the coarse-textured soils were very much like the temperate podsols.

Considerable variation in the thickness of the elluviated A layer, the

depth of the organic layer, and the intensity of elluviation were also

observed (Richards, 1936, 1952, Wall 1964). Correlated to this

variation were heath forests that were dominated by specific tree

species, such as Dacrydium (Richards 1936, 1952, Wood 1965).

In a detailed study on a 6% slope in Ghana, Lawson et al. (1970)

recognized a catena of six soil series. Four of these soil series were

located on the lower slope. The other two occurred on the mid- and

upper slopes. The distribution of tree species over 30 m tall and

1.5 m girth and undergrowth species below 2 m tall along the slope

suggested that some of them were restricted to either one of these

three topographic positions.

Vegetation pattern over relatively

wide areas and complex topography

Among the studies in this category, further support to Richards'

contention was provided by Ashton (1964), Austin et ale (1972),

Greig-Smith et ale (1967), and marginally by Poore (1968) but not by

Wong and Whitmore (1970) or Knight (1975). For proper evaluation,

each of these studies will be discussed in some detail.
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Study in Brunei by Ashton (1964).--This study was carried out at

Andulau and Belalong Forest Reserves in Brunei. The physiographic

differences between these two forests reserves, justified Ashton in

adopting two sampling procedures. However, the basic criterion for

size and location of sample stands was that the physiography in each

sample stand should be homogenous. On this basis, an area of 0.4 ha

was found to be the largest unit over which physiographical uniformity

existed.

The Andulau Forest Reserve consists of gently sloping hills with

round hilltops and broad valley bottoms, all between 20 to 100 m

elevation. To sample this area, Ashton employed a systematic,

stratified sampling procedure.

The study area of approx~uately 270 ha was first systematically

divided through a grid system into units of 4 ha each. Fifty of these

units were selected for the study. In each unit, a sample stand of

0.4 ha in size was chosen to represent either the ridge, the hill side,

or the valley bottoms. For each of these topographic positions

respectively 15, 15, and 20 sample stands were ultimately chosen.

The Belalong Forest Reserve is physiographically more rugged.

Relatively narrow but flat ridges at 400 to 700 m elevation and steep

ravines and hillsides descend to the river banks at 70 m elevation. In

this terrain, the sampling procedure used in Andulau was considered

impractical. Instead, through careful reconnaissance, transects along

four ridges, two streams, and two contour lines on a sloping area were

first sUbjectively selected. Along each of these transects, sample

stands (also of 0.4 ha each) were then systematically located: ten at
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the valley bottoms, 20 on hillsides, and 20 on ridges.

In most sample stands, soil pits were dug, soil profiles described,

and soil samples collected for further physical and chemical analyses.

In the Andulau Forest Reserve, the sandy soils on the ridges and

hillsides were all residual and excessively drained. They were either

excessively leached yellow podsolic soils with thick raw humus (podsolic

soils) or less leached yellow sandy latosols with no distinct mat of

raw humus (sandy latosols). On the valley bottom, the soils were from

alluvial material of sandy clay or heavy clay textures with patchy or

thick overlying humus layers that were well or poorly drained. Because

of the LntacchangeabLe occurrence of the podsolic soils and the sandy

latosols on the ridges and hillsides, the catenary sequence was

considered rather obscured, at least not as clear as in the Belalong

Forest Reserve.

In the Belalong Forest Reserve, the soils were all residual and

derived from shale rocks. On the ridges above 650 m elevation the

friable soils were often very shallow with shale rocks ~~posed on the

surface (shale lithosols). On the lower ridges, the soils were friable

clay latosols. On the hillsides the truncated friable clay subsoils

(clay lithosols) were friable and shallow on steeper upper slopes but

compact, mottled, and deep on gentler lower slopes. On the river banks

the soils were shallow, sticky clay alternating with shale (clay

lithosols). This series of soils clearly showed a catenary sequence of

soil-water regimes from relatively dry and friable on high ridges to

wet and sticky soils on the river bank.
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To analyze the patterns of forest vegetation in the area, Ashton

(1964) considered the Bray and Curtis (1957) ordination technique to be

most appropriate. For this purpose, absolute basal area values of tree

species larger than 30 em in girth (10 cm in diameter) were used.

In the Andu1au ordination, the alluvium sample stands were well

separated from the ones on hillsides and ridges. These alluvium sample

stands, however, were not tightly clustered because of variation in

their habitats related to soil texture, drainage or water table, leaching,

and accumulation of humus. The hr.Ll.s Lde and ridge sample stands were not

clearly separated from each other. However, there was a tendency for

the hillside sample stands to occur on sandy 1atoso1s and the ridge

sample stands on podsolic soils.

In the Be1a1ong ordination, the ridge sample stands formed tight

clusters, and were well separated from the rest of the sample stands.

One of these ridge clusters (above 650 m elevation) was widely separated

from the ridge clusters at the lower elevations.

The sample stands on the hillside formed two rather distinctly

separated groups (the upper and the lower groups), which were

differentiated by the thickness of raw humus layer and steepness of

slopes. On the upper and steeper hillsides, no distinct mat of raw

humus was observed. On the lower and gently sloping hillsides the

ground was covered by thick mats of raw humus, similar to conditions

found on the flat or gently sloping river banks and ridges. Although the

sample stands on the lower hillside and river bank occupied somewhat

similar mesic positions in the ordination, the sample stands on the river

bank were more tightly clustered than the ones on lower hillsides.
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To find the patterns of plant species distribution in terms of

their habitats, plottings of species distribution on the sample stand

ordination were considered useful. For this purpose, Ashton selected

only species belonging to the Dipterocarpaceae, because this family

consisted of a large number of dominant species which he believed

to have well defined ecological ranges.

The distribution of these dipterocarp species showed that some

of them were restricted in their distributions and coincided with

some of the sample stand clusters. Because of this, Ashton concluded

that these species can be used as indicators of the habitats correlated

to the community types that were indicated by the stand clusters.

These indicator species and their respective habitat types are listed

in Table 1.

Re-analysis of Ashton's study by Austin et al. (1972).--In this

study, Austin et al. re-examined the rain forest data from Brunei

(Ashton 1964) using association analysis (William and Lambert 1959) and

optimal agglomeration technique (Grloci 1967). The results of these

analyses confirmed the general findings of Ashton obtained from the

Bray and Curtis analysis. In addition, Austin et al. also distinguished

four community types within Ashton's alluvium in Andulau. With

additional environmental data that they collected, Austin et al. showed

that these four communities were correlated to soil textures which

varied from clay to clay loam, clay loam to loam, loam to sandy loam,

to sandy loam.



Table 1

Dominant Dipterocarp Species as Indicators of Habitat Types
in Andulau and Belalong Forest Reserves in Brunei (Ashton 1964)

Habita t Type

Topographic Position

Andulau Forest Reserve:

Alluvium

Ridge or hillside

Ridge

Hillside

Belalong Forest Reserve:

Ridge above 650 m elevation

Lower ridge, hillside, and riverbank

Ridge

Hillside and riverbank

Soil Type

Sandy clay to clay soils

Sandy soils

Podsolic soils

Sandy latosols

Shale lithosols

Clay soils

Clay latosols

Clay lithosols

Dominant Dipterocarps as
Indicator Species

Shorea teysmanniana

Dryobalanops aromatica

Shorea flemmichii

Antsophera grossivenia

Cotylobium malayanum

Shorea parvifolia

Dipterocarpus verrucosus

Dryobalanops lanceolata

w
~
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Study in Solomon Islands by Greig-Smith et ale (1967).--This study

was carried out in the Kolombangara Island in the Solomon Archipelago.

The island is circular in shape (30 km in diameter) and has a crater

(16 km in diameter) at its center, between 1500-1600 m elevation. The

study was limited to the lowland tropical rain forest below 600 m

elevation, where the topography generally shows broad ridges and steep

sided narrow valleys about 30 m deep. The soils were latosols underlain

by olivine pyroxene basalts. Twenty two plots were spread out in five

locations to cover geographic and altitudinal variations in the area.

In each location, the plots were selected on ridges, hill-sides, and

valleys. The size of each plot was 100 x 60 m. Soils were described

from soil pits dug in each of these plots. Trees larger than 10 em in

girth were enumerated in sub-plots of 20 x 20 m. From the 172 species

recorded in this enumeration, which included 5,136 trees, only 91

species were actually used in the analysis. These were species that

occurred in at least three of the 22 plots or had a total of six

individuals.

Within each plot, the number of individuals of each of the 91

species found in three sub-plots were combined into one value representing

a stand of 20 x 60 m. Tree densities from each of the total 110 stands

were then analyzed using association analysis (Williams and Lambert

1959, 1960) and principal component analysis (Orloci 1966, Austin and

Orloci 1966). Through the association analysis, seven forest types

were recognized from 102 stands, leaving eight stands unclassified.

Through the ordination, seven forest types were correlated to specific



41

topographic positions, which together with findings by Ashton (1964)

and Austin et al. (1972) support the contention by Richards (1952).--
Study in the Malay Peninsula by Poore (1968).--Whereas Ashton

strongly emphasized the habitat variation in stratifying and sampling

the area, the study by Poore did not use this environmental approach.

Instead, Poore selected his study area in a forest that had canopy

trees uniformly distributed over a large area, as recognized from

aerial photographs. His objective was to find out if, within such a

uniform forest cover, he could define associated species groups with

meaningful ecological interpretation•.

Poore's study was carried out in an area of about 1 km sq. (100 ha)

within the Jengka Forest Reserve in the Malay Peninsula, Malaysia.

The study area was just above the flood plain and was physiographically

a complex of undulating or gently sloping hills intersected by a network

of steepsided, clearly defined drainage channels. The relief rarely

reached 30 m. The drainage channels were generally less than 10 m wide

and the slopes rarely steeper than 30°. Soil variation was not examined

thoroughly but was considered to belong to the Batu Anam Series, a

yellow latosol of heavy texture and stiff compact structure. The soil

was well drained except for about 5% of swampy areas along the drainage

channels.

Under such environmental conditions and without any statification,

the vegetation was systematically sampled using two sets of transects

that were perpendicular to each other. Each set was divided into

20 x 60 m sample stands. In each sample stand trees larger than 91 cm

i~ girth (equivalent to 30 cm in diameter) were counted and their
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girths measured. From the total of 192 sample stands 184 tree species

were reported (excluding the rare species). These data were subjected

to normal and inverse association analyses (Williams and Lambert 1959,

1961, Lambert and Williams 1962), which are also known as sample stand

and species classifications (Kershaw 1973).

The normal association analysis identified plant communities

(sample stand groups) by the presence and absence of a certain

differentiating species (differential species). The inverse association

analysis isolated species groups that were supposedly indicators of

the environmental conditions common to all sample stands in each group.

If the restricted distribution of the differential species were

environmentally related, there should be some similarities between

these species and the indicator species developed through the inverse

association analysis.

In the case of Poore's study, apparently few similarities occurred

between differential and indicator species resulting from his normal

and inverse association analyses. However, on the basis of the

available knowledge on the ecology of plant species in the region,

attempts were made to interpret ecologically the species groups

resulting from the inverse association analysis.

In this analysis 24 species groups were recognized. The nineteen

commonest tree species all occurred in the first six groups. However,

only one group was environmentally correlated (associated to damp, low

lying and poorly drained habitats). A second group was correlated to

forest gaps, as indicated by the presence of colonizing tree species.
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Meaningful ecological interpretations of the other four groups, however,

were considered not possible.

Among the less common or rarer species in the remaining 18 species

groups, one group was distinctly correlated to swamps. This group was

readily detectable, even from species list only, because almost half

of the total tree species listed from these swamps were exclusive to

these areas.

Through the help of a forester who had extensive field a~perience

in the forests throughout the Malay Peninsula, five other groups were

suspected to have tendencies to be associated respectively with hills,

areas with seasonal slight impeded drainage, stream banks, well-drained

sites especially on coastal hills, and hill sides. Based on these

results, Poore advanced a hypothesis suggesting that the environmental

correlations of tropical tree species distributions are limited to

trarer species, t whereas those of the commoner species are generally

not environmentally related.

Study in the Malay Peninsula by Wong and Whitmore (1970).--The

results of Ashton's and partly of Poore's studies showed that the

soil-water regime variation as brought about by topographic position,

soil texture, soil depth, drainage and gra"lnd water table, were correlated

to patterns of tropical rain forest vegetations. Wong and Whitmore's

study was an attempt to verify the findings of these studies. This

study was carried out in the Pasoh Forest Reserve in the Malay Peninsula

(Malaysia) •
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The original objective of the study was to test if soil types or

parent materials influence the distribution of plant species in a

relatively uniform lowland dipterocarp forest in the peninsula. For

this study, three compartments (560 ha) in the Pasoh Forest Reserve,

having different geological parent materials and soil series but uniform

relief, were selected.

After the boundary of the bedrock (granite and shale) was outlined,

five sample stands of 20 x 200 m were randomly distributed on each side

of the boundary. Two sample stands were located on gentle slopes and

the other eight on a flat area. The soil in each sample stand was

relatively uniform, but they occurred on six different soil series

having a range of textures from clay to sandy loam. Further studies of

the soil characteristics indicated that the ten sample stands occurred

on three types of bedrocks (six on granite, one on shale, and three on

alluvium). In spite of these variations, the physical properties of the

soils were classified into only three groups of soil-water regimes.

Four of the sample stands in the first group had well-drained latosols

derived from interbedded shales and granite. This latosol group was

characterized by the absence of the water table or by very deep ground

water.

The second group, called the ground water laterite, consisted of

three sample stands having well-drained soils and derived from shales

interbedded with sand stone and quartzite. The soils in this group were

characterized by the presence of dense layers of laterite concretions

at 20 to 90 em ~rom the surface. These lateritic concretions indicated

a periodic occurrence of seepage water where the ground water table was
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near the surface. However, the soils were also known to dry out in

prolonged spells of dry weather.

The remaining three sample stands formed the third group with

soils derived from local deposits of fluviatile granitic alluvium.

This group was characterized by the presence of a shallow water table,

60-90 cm from the surface.

In each sample stand, trees larger than 10 cm in diameter were

counted and their diameters measured. From at least 328 tree species

recognized and listed from the sample stands, only 190 of them were

actually analyzed. The rest of them were excluded either because they

were very common (occurred in all sample stands), very rare (occurred

only in one sample stand) or their identification was impossible or

doubtful. Using these data, sample stands were ordinated through the

principal component analysis of Orloci (1966). In these ordinations

no clustering of sample stands was observed. Also, the axes of the

ordination were not correlated to habitat variation as influenced by

parent mater.ial, soils, and drainage patterns in the area. ~~e authors

concluded that their results were therefore in contrast to those of

Ashton, who found common species associated with soil types and those of

Poore, who suggested that the rare species in his study area showed

correlation tendencies with soil variations.

Study in Panama by Knight (1975).--This study was carried out in

Barro Colorado Island in Panama. This island is relatively flat with

the highest elevation being 163 m. Tne forest vegetations on this

island are seral vegetations that were established after the original

forest had been cleared for agriculture. For studying late successional
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patterns of tropical rain forest vegetations and also for identifying

habitat correlations of these vegetations, Knight selected 13 sample

stands which varied from 0.8 to 2.0 ha in size. These stands were located

on two soil types (a well drained latosol and a gley soil) that were

developed from four types of parent materials. Each of the stands was.

homogeneous in topography and vegetation structure but no soil

investigation was carried out in the sample stands. Ten of the stands

were on the well drained latosol and three on the gley soil. The

vegetations in these stands also varied in age, from 15 to 200 years.

In the vegetation analysis, each stand was sampled with a 10 x 20 m

quadrats. The intensity of sampling in each of these sample stands

varied between 30 to 50% of the stand sizes. The sizes and intensities of

sampling were based on the efficiency of sampling the density of common

tree species as determined by Lang et al. (1971). In each of these

quadrats trees with at least 2.5 em diameter were counted by species

and sizes. Using these data, sample stands were ordinated through

various ordination techniques, including the technique of Bray and Curtis

(1957} and principal component analysis of Austin and Orloci (1966).

In these ordinations, young stands were well separated from older ones

but no stand clusters were correlated to types of soils or parent

materials. In spite of the low number of sample stands in comparison

with the possible floristic variation related to age and soil properties

of sample stands, Knight indicated that his finding tends to support

Wong and Whitmore (1970) that tropical rain forest species are not

sensitive to soil characteristics.
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Conclusion

From the descriptions of studies mentioned above, the different

results between the two groups of studies in wide areas with complex

topography (Ashton, Greig-Smith et al., and Austin et ale versus Poore,

Wong and Whitmore, and Knight) seem to be related to the procedures

used in stratifying the study areas as well as in selecting the location

and in determining the number and size of sampl~ stands. These differences

are summarized in Table 2.

In the first group of studies where the distributions of tropical

rain forest species were related to specific site conditions, special

attempts were made to stratify the study area into physiographically

uniform units. Within each of these units, several sample stands were

subjectively or systematically selected. As particularly emphasized by

Ashton, the main criterion used in determining the size of sample stand

was the uniformity of physiography within each sample stand.

In the second group of studies where essentially no correlation was

established, the study area was either not stratified or not

uniform in physiography. Sample stands were systematically or randomly

located without considering the uniformity of physiography within each

sample stand. Or, the number of sample stands was relatively low

in comparison with the variation in the habitat or vegetation conditions.

In the first group of studies and also in studies along catenas, the

major site factors that were related to species distribution were t!10se

that influence the soil-water regime. Even for a relatively level

terrain, variation in soil texture was important in determining the
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distributional patterns of plant species, both for the temperate region

(May and Blackmore 1965) as well as the tropical rain forest area

(Austin et ale 1972). Thus, these studies showed that groups of tropical

rain forest species can be isolated and used as indicators of soil-water

regimes in the same manner as done or used in the temperate region~'

So far, these plant indicators were limited to tree species, with

diameters larger than 10 em. The significance of undergrowth species,

as plant indicators, which was well recognized in temperate forest

areas (Rowe 1956, Mueller-Dombois 1964, 1965), has not been established

in the tropics. The study by Lawson et ale (1970) failed to show the

site correlation of herbaceous species in Ghana. ~fure studies are needed

for evaluating the significance of plant undergrowth.

EFFECTS OF PLANT COVER TYPES ON SOIL-WATER REGIMES

As shown earlier, factors important in determining a specific

soil-water regime in an area with uniform parent material are rainfall

and the relatively stable edaphic factors, which include topographic

position, slope, soil texture, soil depth, and stoniness. Within this

soil-water regime, the content and fluctuation of soil water are

modified further by the plant cover found on a particular site. The

interaction between these three components (rainfall, edaphic factors,

and plant cover), however, can be very complex. For studying

exclusively the effect of plant covers on a soil-water regime, certain

conditions should be met. In addition, for evaluating the effect of

plant covers on the soil-water regime properly, it is n~cessary to know

the processes through which plant covers affect a soil-water regime.



50

The effects of plant covers on the soil-water regime are related

to the roles of plant covers in modifying the incoming rainfall and in

modifying the physical properties of the soil that are related to the

storage and internal movement of water in the soil. As a rainfall

modifier, plant cover intercepts a certain amount of the rainfall.

This portion of the rainfall is then evaporated back to the atmosphere

before it reaches the soil surface (interception). From the proportion

of rainfall that reaches the soil (throughfall and stemflow), some may

run over the soil surface as primarily determined by topographic

conditions (surface runoff). The remaining rainfall is either held in

the sailor moved downward by the gravitational force.

The water held in the soil may further be evaporated back to the

atmosphere from the soil surface (evaporation) or through the stomata

and cuticle of plants (transpiration). As evaporation from the soil

surface is directly related to the ground that is covered by the litter

layer and plant canopy, the modifying effects of the plant cover to the

incoming rainfall are related to interception, evaporation, and

transpiration.

The capacity of the soil to hold and to allow movement of water

is determined by the physical properties of the soil. As a modifier

of these properties, the plant cover and the associated soil organisms

act primarily by modifying the organic matter content of the soil and

the aggregation of soil particles. The sizes and shapes of these

soil aggregates are directly related to the size-distribution of soil

pores, which together with the water absorbing capacity of soil organic

matter, determine the capacity of soil to store and to allow internal
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movement of water in the soil.

As will be shown later (p. 106-112), the amount of water loss to

the atmosphere (through interception, evaporation, and transpiration)

from one plant cover can be compared to that from another plant cover

in terms of the evaporative power of the atmosphere (climate) and the

soil-water regime status. However, because soil properties are also

influenced by soil forming factors other than vegetation (climate,

topography, parent rock material, and time), investigation of the

effect of plant cover on soil properties should keep all these factors

constant (Jenny 1958). For this purpose, as suggested by Jenny,

vegetation types that are different from each other, but occur side by

side under similar edaphic and climatic conditions, should be

deliberately sought out in the field. This may involve the comparison

of plant covers in whole watersheds (valleys) or in small areas (plots)

within the watersheds.

In the watershed approach, the effect of plant cover in one valley

is compared with that of another plant cover in a nearby valley that is

similar in size, parent material, and topography to the first valley.

The effect of plant cover is then assessed by comparing the streamflow

coming out of each valley. As the natural vegetation of two similar

valleys adjacent to each other tend to have similar types of vegetation,

studies in this approach have generally investigated the effect of

vegetation changes from natural vegetatio~ to tree plantations. An

example of this study in Hawaii is the one carried out by Anderson et ala

(1966) who compared the effect of a plantation of mixed introduced tree

species with that of a 'koa-ohia' woodland (dense Dicranopteris linearis
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ground cover with scattered Acacia koa and Metrosideros collina trees)

on Oahu.

Unfortunately, despite the attempts to find similar watersheds,

the major criticism to this approach is that no two areas can be

similar in their topography. This means that the difference in

streamflow between the two watersheds may not be related only to the

difference in plant cover. In addition, studies through this approach

alone cannot provide an evaluation of the processes involved in causing

the difference in streamflow (Teller 1968).

For investigating the processes by which plant cover types affect

the soil-water regime, and at the same time reducing the effect of the

difference in the habitats, the plot approach is more applicable. In

this approach, instead of the whole valley, small areas or plots (for

example 5 x 5 m) which have different plant cover types but similar

habitats are chosen. Among studies that investigated the effects of

different tree covers, sites for the study were selected either under

individual trees found in natural forests having mixed species (Alban

1969), under groups of trees in tree plantations alone (Mergen and

Malcolm 1955, Challinor 1968), or in combination with groups of trees

in natural forests (Byrness and Kardos 1963).

Other scientists investigated the effect of different seral stands

of plant covers that were established after the original vegetation was

removed or disturbed (Marston 1962). For comparing the effects of

brush against grass or grass-forb vegetations, Rowe and Reimann (1961)

first measured the content and fluctuation of soil-water from three

triplicate sets of plots covered with brush. A few years later, two
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sets of these plots were cleared and re-seeded with grass or grass and

forb species. By continuously monitoring the soil-water content and

surface runoff from these plots of vegetations, they were able to

compare the effects of plant covers on similar locations.

Most of the researchers who investigated the variation of soil

properties under forest and grass vegetations related these to soil

compaction brought about by different aspects of land use (Lull 1959).

In these studies, compaction of soil particles (e.g. through trampling

by cattle or the use of heavy equipment during logging operations)

caused an increase in bulk density and reduction in pore volume and

size. These consequently resulted in a slow infiltration rate and

increased surface runoff and soil erosion. The studies by Tomaneng

(1966) and Wood (1971) in Hawaii essentially belong to this group.

In this literature review, these types of studies will be excluded.

Based on the processes through which plant covers affect a soil

water regime, this portion of the literature review will discuss the

effects of plant covers on the:

1. accumulation of organic matter in the soil,

2. aggregation of soil particles,

3. water that is lost back to the atmosphere through interception,

4. water that is lost back to the atmosphere through evaporation,

5. and water that is lost back to the atmosphere through

transpiration.

In addition, many studies combined the effects of interception,

evaporation and transpiration as a single value representing the total

water loss from a unit land area. These studies will be discussed last.
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Accumulation of organic matter in soils

under different plant cover types

Soil organic matter is an accumulation of partially decayed and

partially synthesized plant and animal residues, which are continually

broken down by soil organisms. The synthesized form of this

organic matter, which is the more resistant product of decomposition,

is called humus. This humus is black or brown in color and because

of its colloidal properties has the capacity to hold water and cations

far greater than that of clay (Brady 1974).

The amount of organic matter in the soil is generally determined

through the Walkley-Black method (Walkley and Black 1934). In this

method, the organic matter is oxidized by hot chromic acid. The

excess of chromic acid that is not used in this oxidation is determined

by titration with ferrous ammonium sulfate. The amount of organic

matter in the soil is determined from the equivalent chromic acid used

in the oxidation process.

Organic matter content usually decreases with soil depth and

coarser soil texture. In the temperate region, a range between 1-10%

of organic matter content can be expected in the surface layer of the

soil (Brady 1974). Under similar habitat conditions, this variation

is related to plant species growing in the area.

For example, the soil under beech in the Great Smoky Mountains had

a thinner litter layer and less organic matter content than the soil

under spruce-fir forest Gvolfe 1967). In an experimental forest station

in Pennsylvania, Byrness and Kardos (1963) showed that the organic
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matter content and exchangeable calcium were higher under cedar

(Thuja plicata) than under hemlock (Tsuga heterophylla). In addition,

although litter layer under a 20-year old pine (Pinus resinosa)

plantation was as thick as that under a natural mixed hardwood forest,

they also showed higher organic matter content under hardwood than under

pine. This difference between pine and hardwood could be related to

the older and thus longer accumulation of organic matter under the

hardwood stand, but it could also be attributed to the difference in

rates of litter decomposition. The latter factor is more clearly shown

in the study by Challinor (1968).

Although litter production under mature tree plantations of spruce,

red pine, red oak, and white pine were generally the same, Challinor

showed that the organic matter content incorporated in the soil was

highest under spruce, lowest under red oak or white pine, and

intermediate under red pine. The high organic matter content under

spruce was also correlated to dense fine roots and high exchangeable

calcium. In this study and also in the study by Alban (1969) the high

exchangeable calcium under spruce and cedar seemed to be a function

of the high cation exchange capacity related to the high organic matter

content. However, high exchangeable calcium may also bring about high

organic matter content. Because of its impcrtance this inter-relationship

must be discussed separately as follows.

Significance of calcium in the decomposition of litter and

accumulation of organic matter in the soil.--The accumulation of organic

matter in the soil as a function of the rate of litter decomposition is
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much influenced by the micro-organisms (fungi, bacteria, earthworms)

in the soil. The particular role of the exchangeable calcium of the

soil in this connection is in improving the living conditions of these

organisms in such a way that a faster rate of decomposition can be

expected in soils richer in calcium. This is shown, for example, by

the study of Mergen and Malcolm (1955).

In a site with low exchangeable calcium (69.8 ppm under hemlock

and 100.6 ppm under red pine), Mergen and Malcolm showed that very

little organic matter was incorporated in the soils under plantations

of hemlock and pine. In a neighboring area where the land had been

used before for agriculture and which was fertilized with calcium

(436.6 ppm under red pine and 710 ppm under hemlock), well defined Al

horizons were observed under plantations of both species. In this site

earthworms were abundant but few or none were observed in the first

site. Thus, the amount of exchangeable calcium in the soil is important

in determining the accumulation of organic matter content and

consequently the water storage capacity of the soil.

Capacity of plant species in recycling calcium.--In addition to

the above, Mergen and Malcolm showed the effects of plant species on

soil. In the first site, where the soil was never fertilized,

exchangeable calcium under hemlock was not significantly different to

that under red pine. Except for the slight difference in the thickness

of the litter layer (5 cm under hemlock and 7.5 em under red pine),

no other differences were observed between soils under the two species.
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In the second site, where calcium had been added to the soil, the

exchangeable calcium under hemlock was significantly greater than that

under red pine. This difference was associated also with differences

in the litter layer, humus layer, and fine, feeder roots (Table 3).

As the calcium level under both species in this site were originally

the same, the greater exchangeable calcium under hemlock seems to be

related to the greater capability of this species to re-cycle calcium

than the red pine. This conclusion is based on the following

consideration.

The amount of exchangeable calcium in the soil of a habitat is

determined by three factors: (1) the cation exchange capacity of the

soil, (2) rainfall, and (3) the capacity of the plant to re-cycle calcium

between plant and soil. Whereas the cation exchange capacity indicates

the potential amount of cations, such as calcium, that can be adsorbed

by the soil, the cations can be completely leached out by rain.

The major factor that holds calcium against loss from the surface soil,

where it becomes available to plant roots, is the capacity of the

plant to absorb and then to return this element back to the soil

through leaf fall. This is particularly true in the tropical rain

forest areas where rainfall is high. In this way, the surface soil is

the dYnamic part of the mineral cycle in the ecosystem (Galley et al.

1975). Here, calcium or other elements are stored only temporarily

between the time of their release from the decomposed litter to the

time they are absorbed by plant roots.
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Soil Differences Associated With Differences

in Exchangeable Calcium of Soils Under

Hemlock and Red Pine (After Mergen and Malcolm 1955)

Soil Under

58

Soil Properties
Hemlock Red Pine

Exchangeable calcium, ppm 710.0** 436.6

Litter layer, depth in cm 2.5 7.5

Humus layer (thin) present absent

Fine, feeder roots dense sparse

Bulk density, gram/cc 0.970 1.020

Pore volume, % 60.28** 57.40

Infiltration rate, cc/sec 5.88* 1.87

* significant at 5% level

** significant at 1% level
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Depending on the type of element required for plant growth, the

proportion between the amount of an element being absorbed and returned

to the soil through leaf fall can vary from one element to another

(Golley et al. 1975). With regard to the calcium cycle in moist tropical

forests in the Panama (Golley et al. 1975), from the total amount

absorbed by plant roots, only 14800-21300 ppm were held in the roots

and 22200-24400 ppm in the stems. The highest concentration was located

in the leaves, flowers, and fruits (total of 48100-65400 ppm), which

continuously fall to the ground. From the amount included in the

leaf, flower, and fruits that fall to the ground, some remained in

the litter layer (26100-28900 ppm) and the rest entered the soil after

being released from the decomposed litter. Although some of the

calcium that entered the soil was leached out of the surface soil, the

amount that was held temporarily before it was absorbed again by the

plant roots varied from 4232-5854 ppm. This calcium content in the

soil was the total calcium content rather than the exchangeable calcium

value. This value, however, was about 20 to 28 times greater than the

calcium concentration in the underlying bedrock. This ratio suggested

that the plant cover actually accumulates rather than just prev.ents the

loss of calcium from the habitat. Based on these and similar data for

other elements, Galley et al. concluded that the mineral cycle and the

presence of soil organisms are very important in determining the mineral

concentration in the soil.
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In summary, besides the effect of parent material, the calcium

content in the soil is influenced also by the amount of calcium re-cycled

by the plant species growing in the area. Since high calcium content

provides favorable living condition for soil organisms, increases of

population size and activity of soil organisms increase the rate of

litter decomposition. Together with the rate of litter production, the

rate of litter decomposition determines the amount of organic matter

accumulated in the soil and consequently also the water storage capacity

of the soil.

Aggregation of soil particles under

different plant cover types

The combination or aggregation of primary soil particles into

secondary units (peds or aggregates) is called soil structure, which

can be expressed in terms of its aggregate or pore properties.

Soil structure as expressed by the properties of soil aggregates.--

Soil aggregates are characterized by their strength, shape, size, and

their stability. Methods for describing these properties of soil

structure in the field are discussed in the Soil Survey Manual (Soil

Survey Staff 1960). A short summary of these methods is provided by

Buol et ale (1973).

The strength of soil aggregates is subdivided into three general

grades: weak, moderate, and strong. The structure is weak when the soil

aggregates (peds) are observable in the soil profile but destroyed when

removed from the profile. It is moderate when the removal of soil from

the profile for observation in the hand does not destroy the peds.

When these peds are rigid and durable, their structure is strong.
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The shapes of soil aggregates are classified into seven types:

crumb, granular, platy, angular blocky, subangular blocky, prismatic,

and columnar. The crumb and granular types generally occur in the

surface soil, the b10cky, prismatic, and columnar types in the subsoil,

whereas the platy type may occur anywhere in the profile (Brady 1974).

Although five size classes of soil aggregates are generally recognized

(very fine, fine, medium, coarse and very coarse), the size range for

each class vary somewhat with the shapes of soil aggregates, as shown

in Table 4.

As indicated in this table, the smallest size of soil aggregates

that can be recognized in the field (particularly for crumb, granular,

and platy aggregates) is 1 rom. The soil aggregates that are smaller

than one millimeter are lumped together into one size class. The upper

portion of this size class (between 0.02-1.0 rom) is equivalent to the

sizes of fine and coarse sand particles (Brady 1974). The sizes of

these particles are related to the sizes of macropores. As the water

contained in the macropores is subjected to drainage by gravitational

force, in terms of storage and movement of soil-water, the stability and

size distribution of soil aggregates, particularly within the upper

portion of this size class, are important.

Laboratory methods for detailed measurements of the stability and

size distribution of soil aggregates are described and discussed by

Russell (1949). The stability of soil aggregates is usually evaluated

by measuring the decrease in the size of aggregates after the soil sample

was exposed to treatment that tends to disintegrate the soil aggregates.



Table 4

Types of Soil Aggregates (Source: Soil Survey Staff 1960)
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The kind of treatment to be given, however, varies with the purpose of

the investigation. The soil samples are exposed to various sizes and

intensity of water-drops when the stability of soil aggregates is

investigated in relation to rain splash. But, if the purpose of the

investigation is to study the stability of soil aggregates in relation

to soil erosion by runoff water, soil samples of certain aggregate sizes

are exposed to water movement by sieving them in the water. These and

other procedures are discussed in more detail by Kemper (1965).

The size distribution of soil aggregates is most commonly determined

through the wet-sieving method first used by Tiulin (1928) and then

modified by Yoder (1936). In this method, an air dried soil sample is

wetted slowly to reduce dispersion of aggregates. This sample is then

passed through a series of sieves having openings of 5.0, 2.0, 1.0,

0.5, 0.25, and 0.10 mm. The sieving is done automatically with the help

of a machine that lowers and raises the set of sieves in a tank of water.

The amount of soil collected in each sieve is the amount of soil

with aggregate sizes> 5.0, 2.0-5.0, 1.0-2.0, 0.5-1.0, 0.25-0.50,

0.10-0.25, and smaller than 0.10 mm. When the soil is sandy, these

values should be corrected by the amount of the non-aggregated sand

particles collected in each sieve. This can be determined through

textural analysis. For statistical comparison, various methods of

expressing the aggregate size distribution in a single index of

aggregation were proposed (van Bavel 1949, Mazurak 1950, Gardner 1956),

compared (Schaller and Stockinger 1955), and discussed (Kemper and

Chepil 1965). However, because air-dried soils from wet areas in

Hawaii are extremely hard (Yamamoto and Anderson 1967) and do not readily
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return to their original field structure after re-wetting, this method

of evaluating soil structure does not seem satisfactory for the present

study.

Soil structure as expressed by properties of soil pores.--In terms

of soil-water storage and movement, the important properties of soil

pores are their total volume and their size distribution. The total

pore volume indicates the maximum water storage capacity of the soil.

The pore size distribution indicates the volume of water held at

various pore sizes or the volumes of certain statesof water (gravitational,

capillary, and hygroscopic waters). These properties of soil pores are

directly related to the strength, shape, stability, and size of soil

aggregates (Russell 1949).

The total volume of soil pores is the volume of spaces in between

the primary soil particles. This pore volume can be calculated through

the equation:

Bulk density
Porosity = (1 - ) x 100%

Particle density
(Brady 1974).

Bulk density is the oven dry-weight of a unit volume of soil (including

both soil solids and soil pores). Particle density is the oven dry

weight of a unit volume of soil solids. The techniques for

determining both bulk and particle densities are discussed by Blake

(1965a, 1965b). The crucial parts in these techniques are the

determination of the volumes of bulk soil and soil solids.

The volume of bulk soil is usually determined in the field by

measuring the volume of sand or water used in displacing the volume of

the soil sample or by taking a known volume of soil sample using a
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soil-core sampler. The volume of soil solids is determined in the

laboratory by calculating the weight and density of water displaced by

the soil solid. For this purpose the soil sample is mixed with water

in a pycnometer or volumetric flask, which then is placed in a vacuum

chamber to ensure complete replacement of soil air by water. Next,

the flask is filled up with water to its total volume. The weight of

water displaced by the soil solids is calculated by subtracting the

weight of this flask with solid and water from the weight of the flask

with water and the weight of the soil sample. This difference divided

by the bulk density of water at the laboratory temperature then become

the volume of water displaced by the soil solids. This volume of water

is naturally equal to the volume of soil solids that replaces the water.

The size distribution of the soil pores is determined by subjecting

a saturated soil sample to various suction intensities (Vomocil1965).

This is usually done by placing the soil sample on a suitably designed

porous membrane. The volume of water withdrawn at a particular suction

is then used to indicate the volume of pore spaces related to the suction

given. This relationship is based on the following theoretical background.

At a given suction, the remaining water in the soil is held in the

pore spaces that have a total curvature greater than that required to

withstand the applied suction. Assuming the pore spaces are circular in

cross section, this relationship becomes comparable to the relationship

between height of the capillary rise and the diameter of the capillary

pore. The size of the pore being emptied at a particular suction can

therefore be calculated using the height-of-capillary-rise equation for

wat&:
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(Kohnke 1968)
2y

r =
pgh

or
2y

h =
pgr

where h = suction or height of water

r = radius of pore

g = gravity

p = density of water at the given temperature

y = surface tension of water

In this way, the relationships between tensions (or heights of water)

and diameters of pores can be established (Table 5, ~ter Kohnke 1968).

At zero to 1 em of water or 0.001 bar tension, all the soil

pores are filled with water. At this tension, the water holding

capacity of the soil is greatest (maximum water holding capacity).

Some of the soil-water is held in large pores (macropores) and

is readily drained by the gravitational force, which cause these pores

to be relatively empty most of the time. The smallest pore size

related with these empty pores (aeration porosity limit) is generally

considered to be equivalent to a tension of 50 cm of water. More

water can still be drained by the gravitational force from the soil-pores

smaller than this limit. This free drainage however ceases at a tension

of 333 cm of water for most soils (Peters 1965) or 100 cm for

well aggregated fine textured tropical soils (Uehara, personal

communication). In freely drained soil, water held in large pores

(macropores) is generally referred to as gravitational water.

The water that remains in the soil at this tension ( 333 or 100 cm

of water) is held in the capillary pores between the soil particles and in

soil aggregates (capillary water), and also hygroscopically by the soil



Table 5

The Relationship Between Soil-Water Tension and

Soil-Pore Size (after Kohnke 1968)
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colloids or as a very thin layer on the surface of the soil particles

(hygroscopic water). Most of this water, however, is the capillary

water that is held up to about 31 bar tension. Below this tension,

the remaining soil-water (mostly in form of vapor) is the hygroscopic

water.

Although plants may be able to use all the capillary water, most

plants become permanently wilted when the soil-water tension is 15 bar

or slightly less (Richards and Weaver 1943). The soil-water that is

generally available to plants therefore is limited to the water that is

held between field capacity (0.1 to 0.3 bar tension) and the wilting

percentage (15 bar tension).

The important part in the apparatus used for measuring pore size

distribution is the porous membrane on which the soil samples are placed.

Over a range of tension under wet condition, this membrane conducts

water at a relatively fast rate while it remains impermeable to air.

As summarized by Vomocil (1965), depending on the range of tension

required, a number of types of membranes can be used for this purpose.

Relatively coarse-grained membranes such as asbestos board, hard

blotting paper, fritted glass-bead plates are good for low tension

between a to 100 cm of water. For tension between 300 to 400 cm of

water, fritted and sintered glass plates are satisfactory. For all

tensions between a to 15,000 cm of water, ceramic plates are usually

used. Because the pore-sizes in this ceramic plate are relatively

small, the rate of water movement through the plate at low tension will

be relatively slow.
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The size and arrangement of soil aggregates influence the size

distribution of soil pores. For studying the pore size distribution in

the soil, relatively undisturbed soil samples should be used (Richards

1965). For this purpose, soil samples are usually collected in a metal

ring using a soil-core sampler.

Soil structure under different plant cover types.--7he formation

of soil aggregates is brought about by (1) the physical effects of root

extension and physical modification of the soil particles by soil

organisms, (2) freezing and thawing, (3) tillage, (4) alternate wetting

and drying, as well as (5) the modifying effects of soil organic matter

content and adsorbed cations (Brady 1974).

The micro-environments where the soil organisms live are essentially

controlled by the plant cover type in the area. The kinds of soil

organisms and their roles in affecting the structure of the soil therefore

depend on the type of plant cover found in the area (Watanabe 1973).

For the purpose of the present study, the physical effects of plant

roots and these soil organisms will be considered as part of the effects

of plant cover types. In addition, in tropical rain forests, the

effects of freezing and thawing as well as of soil tillage do not apply.

Thus, the major factors that could influence soil structure under

different plant cover types and the associated soil organisms are

related to wetting and drying of soil together with the organic matter

content and adsorbed cations in the soil.

The role of wetting and drying in the formation of soil aggregates

is well described by Baver et al. (1972). The drying of soils causes

shrinkage of soil mass and cementation of particles. As the removal of
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water from the soil mass cannot be done uniformly throughout the soil

mass (particularly if the drying process is rapid), the unequal strains

that occurred throughout the soil mass will tend to break the soil mass

into clods. Furthermore, disruption of these clods into smaller units

occurs when these dry clods are wetted.

The intake of water (particularly if rapid) results in the une~ual

swelling of soil throughout the clod. This swelling tends to produce

fracturation and fragmentation along the cleavage planes. Rapid intake

of water also increases the pressure of the entrapped air in the clod.

This pressure will disrupt the clod when the pressure increases the

cohesion of soil particles.

Among the adsorbed cations, calcium is important because it helps

to flocculate the clay. In combination with the organic matter, the

calcium ion links the clay particle and the organic polymer to form a

stable soil aggregate. In this way, the combined effect of lime and

organic matter is to improve the physical properties of the soil

(Baver ~ ale 1972), particularly in terms of volume and size

distribution of soil pores or storage and movement of soil-water.

As discussed in the preceding section (pp. 54-60), the organic

matter ~nd calcium contents of the soil are related to each other and

are strongly influenced by the type of plant cover growing in the area.

The effects of plant covers on the capacity of soil to store and to

allow the movement of water, therefore, are related to their role in

maintaining a certain level of organic matter and calcium contents in

the soil.
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For example, Alban (1969) showed that because the soil under cedar

had greater organic matter and calcium contents, the soil was better

aggregated (granular) than the soil under hemlock (massive or platy).

For the same reason, the total pore volume was greater and the infiltration

rate was faster under hemlock than under red pine (Mergen and }~lcolm

1955). Together with the greater volume of macropores, content of organic

matter and percentage of water stable aggregates, the infiltration rate

was faster under mixed hardwood forest compared to those under red pine

(Byrness and Kardos 1963).

Whereas all of these studies were carried out in the temperate

region, I am not aware of any similar studies that were carried out in

tropical rain forest areas. As rainfall is relatively high in these

areas, considerable amounts of exchangeable calcium could be leached out

from the habitat. Also, the soil may be wet most of the time. This may

eliminate or reduce the significance of wetting and drying in the

formation of soil aggregates. Thus, in tropical rain forest areas

the role of plant covers in maintaining a satisfactory level of organic

matter and exchangeable calcium in the soil or in influencing

the soil-water regime could be very important. However, this needs

to be investigated.

Interception of rainfall by different plant cover types

Rainfall interception has been studied as early as 1862 when

Krutzch measured the amount of rainfall received under a pine forest in

Germany (Friedrich 1967). In the United States, the earliest intensive

study was probably that of Horton (1919). Later studies were discussed
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and reviewed by Kittredge (1948) and Zinke (1967). In most studies,

rainfall interception was limited to interception by the crown canopy

only. The significance of interception by the litter layer on the

forest floor generally has not been evaluated.

The forest floor is often covered by a thick litter layer that can

intercept significant amount of rainwater. In hardwood forests, the

litter layer may intercept up ,to 1.4 mm of rainfall per storm (Helvey

1964), whereas in coniferous forest it may reach up to 11.2 mm (Rowe

1955). Because this intercepted rainwater does not reach the ground and

thus does not become available to plant roots, Helvey (1964) suggested

that this loss' of rainwater should be included in the interception loss.

Factors influencing interception.--The amount of rainwater

intercepted and then evaporated from the plant canopy and litter layer

is influenced by the kind of rainfall, plant cover, litter layer, and

the evaporating power of the atmosphere during storms. The relation

between the amount of rainwater intercepted by the pl~nt canopy and the

amount of rainfall per storm, as presented by Pereira (1973), indicates

that the percentage of crown interception decreases curvilinearly with

increases in amount of rainfall. Light rainfall of small drop-size may

be completely intercepted, whereas heavier rainfall with larger drop

size may quickly saturate the water storage capacity of the canopy.

With saturation, no additional rainfall can be intercepted, except for

replacing the intercepted rainfall that is directly evaporated during

the storm.
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The type of plant cover and its litter layer determine the capacity

of the plant cover in storing rainwater. The storage capacity of the

crown canopy or litter layer is the maximum amount of rainwater that can

be retained on the surface of the crown canopy or litter layer in still

air (Horton 1919). The storage capacity of the litter layer is determined

by the type and thickness of the litter. Major factors that influence

the storage capacity of the crown canopy are leaf area index, leaf

configuration, leaf orientation, and the viscosity of the rainwater as

influenced by the air temperature (Leonard 1967, Zinke 1967). Similar

to the water storage capacity of the soil, the water storage capacity

of the crown canopy and litter layer of a plant cover type is fixed at

a constant value.

Examples of crown storage capacity of different plant cover types

were listed by Zinke (1967). In general, the storage capacity of

softwood trees were much higher (up to 9.1 mm) than that of hardwood

species (up to 2.0 mm). The age and deciduousness of the stand during

a particular season, which all indicate the surface area available in

the crown canopy, were important factors. A young stand of Pinus

ponderosa (about 5 m tall) had a storage capacity of only one tenth

(0.3 mm) of a mature one. In hardwood stands, the storage capacity may

be reduced to 0.2 mm when the trees have lost their leaves. In addition,

a relatively high storage capacity (3.0 mm) was reported by Jack (1935)

from the foliaceous lichen Cladonia rangiferiana.

The amount of the intercepted rainwater that is evaporated during

a storm is influenced by the evaporating power of the atmosphere during

that particular period. Although the relative humidity during this
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period may be very high or close to saturation, a slight difference in

the temperature between the leaf and the surrounding air or the presence

of wind or air turbulence (mechanical energy) is sufficient for

evaporating some of the intercepted rainwater. Although this loss of

water during the storm is difficult to measure, its contribution to

the total interception loss can be quite important, as will be discussed

later.

Methods for measuring interceotion.--Rainfa11 interception by the

litter layer can be determined by measuring the weight of litter per

unit area after and before a storm. The difference between the two

measurements is the interception by the litter layer. To get a

representative value, replicates of samples were recommended by Helvey

(1964, 1967).

The rainfall interception by the plant canopy can be calculated by

deducting the rainfall received underneath the plant canopy from that

received in the open. The rainfall underneath the canopy consists of

stemflow and throughfa1l. Stemf10w can be measured by placing water

collecting rings around the tree stems. Throughfa1l can be measured by

using regular rain gages. Because of the unevenness of throughfall

distribution brought about by the structure of the plant canopy, a large

number of rain gages (13-46, Helvey and Patrie 1965) are required to get

a representative throughfall value. The technique for determining the

number of rain gages and their distributions are discussed in detail by

Reynolds and Leyton (1963) and Helvey and Patrie (1965).

Results of interception studies.--Interception values in terms of

rainfall can be expressed in form of a regression equation
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I = aP + b

where I is interception and P is rainfall. When rainfall is greater

than the storage capacity of the plant canopy and/or the litter layer,

the values a and b are referred to, respectively, as the fraction of

rainfall lost by evaporation during the storm and the water storage

capacity of the canopy and/or the litter layer (Horton 1919).

Based on data collected from published and unpublished sources,

Helvey and Patrie (1965) analyzed the interception values of mature

hardwood forest stands in the Eastern United States. They found that

the interception value of one stand did not significantly differ from

that of another, which could indicate the structural similarities among

these mature hardwood stands. Storage capacities of stands were reduced

to half during the dormant season when hardwood trees were leafless. A

slight reduction also was found in the fraction of rainfall lost during the

storm. The mean interception values for mature hardwood forests in this

region during the growing and the dormant seasons are shown in Table 6.

While the mean values shown by Helvey and Patrie (1965) incorporated

both canopy and litter interceptions, the original values which they were

using in their analysis were independent values of either canopy

interception or litter interception only. They found no interception

study that measured canopy aLid litter interception simultaneously in the

same area. In this way, the mean values shown were only crude

approximations. For meaningful evaluation of rainfall interception

among plant cover types, they suggested that measurements of canopy and

litter interceptions should be done in the same area simultaneously.



Table 6

Mean Interception Values From Mature Hardwood Forest
Stands in the Eastern United States

During the Growing and Dormant Seasons
(Helvey and Patrie 1965)

Interception Value (mm)
Season

I = a(EP) + ben)

76

Growing Season

Dormant Season*

I = total interception

I = 0.08 (EP) + 1.00(n)

I = 0.06 (EP) + O.SO(n)

EP = total amount of rainfall

n = number of showers greater than the water
storage capacity of the plant cover

a = fraction of rainfall lost during showers

b = water storage capacity of canopy and
litter layer

* = leafless
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Following this suggestion, one of the authors (Helvey 1967) studied

the rainfall interception from three different ages of white pine (Pinus

strobus L.) forests, aged 10, 35, and 60 years, in the Southern

Appalachians (North Carolina). His results (Table 7) showed interception

values to increase consistently with the increasing age of the stand.

In comparison with interception values from hardwood forests that he and

Patrie had derived earlier (Table 6), his results also showed that the

10 year old pine forest intercepted more rainfall than the mature

hardwood forest stand during the growing season. Further comparison of

interception values between mixed deciduous hardwood and coniferous

forests measured in the same area are shown in Table 8. These findings

support the conclusion that rainfall interception in coniferous forests

increases with the age of the forest and can be twice as much as that

in a deciduous hardwood forest.

Higher interception values by 2-3 times in coniferous stands than

in hardwood forests were shown also by Beal (1934) and Delfs (1967).

However, Penman (1963) considered this high interception value to be

not a real loss. He argued that the maximum amount of water that can

be evaporated from a wet surface is determined by the amount of the

available energy, which is about equal to the amount of energy used in

evaporating water from an open water-surface. Because the same energy

cannot be used twice at the same time, Penman suspected that the large

amount of intercepted rainfall may suppress the water loss through

transpiration. In this way, more soil-water may remain in the soil.

The loss of the intercepted water, therefore, cannot be considered as

a real loss. However, although the extra source of energy remains



Table 7

Interception Values of White Pine Forest Stands
at Three Different Ages (Helvey 1967)

Interception Value (mm)
Age (years)

I = a(EP) + ben)
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10

35

60

I = 0.08 (EP) + 1.25(n)

I = 0.12 (LP) + 1.25(n)

I = 0.18 (LP) + 1.50(n)

I = total interception

EP = total rainfall

n = number of showers greater than the water
storage capacity of the plant cover

a = fraction of rainfall lost during storms

b = water storage capacity of canopy and
litter layer



Table 8

Annual Interception Loss From Hardwood and Coniferous Forests

at the Coweeta Hydrologic Laboratory) North Carolina

(Helvey 1967)

Forest Type Age
Annual Interception Loss

rnm % of P*

Mixed deciduous hardwoods

Hhite pine

Hhite pine

Hhite pine

Mature

10 yrs.

35 yrs.

60 yrs.

250

300

375

525

12

15

19

26

* annual rainfall (p) was about 2000 Ifin.

"\0
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insufficiently known, some evidence exists which contradict Penman's

argument.

The field experiment in Puerto Rico by Feldman et al. (1975) showed

that transpiration from forest undergrowth (herbaceous plants and tree

ferns) continued even when the relative humidity had reached saturation

point during a period with intermittent rain. They found a temperature

difference of 1.1-1.6
oC

between the leaf and its surrounding was

sufficient to account for the movement of water from the leaf to the

surrounding air.

In the tropical rain forest in Puerto Rico, where the leaf area

index was about 5, Odum and Jordan (1970) reported an interception value

of 2.65 mm/day when the water loss from the pan evaporimeter located on

a station at the top of the forest canopy was only 1.84 mm/day. In a

mature coniferous stand in Southeast Alaska (Patrie 1966), the

interception values during rainy days were much higher than the

potential water loss calculated through Thornthwaite's equation (Table 9).

In a Pinus sylvestris stand in Southeast England (Rutter 1967), the

interception loss was four times greater than the potential water loss

calculated through Penman's equation. During the winter months

(November-March), about the same ratio (between 1.7-5.6) was also

recorded in a Pinus strobus stand of the Coweeta Hydrologic Station

(Helvey 1967). With the bulk of the intercepted rain water being lost

during the storm period (Rutter et al. 1972), the conclusion that the

intercepted water is evaporated without any saving of stored water in

the soil (Helvey 1967, Rutter 1967, 1968) seems to be well supported.

As for the source of the energy, Rutter (1967) indicated that



Table 9

Comparison of Interception and Potential Water Loss

During Rainy Days* in a Hature Coniferous Forest Stand

in Southeast Alaska (After Patrie 1966)

Water Loss During Rainy Days, mm
Honth

August

September

October

November

December

Number of
Rainy Days

12

15

31

8

17

Total
Rainfall

(mm)

1778

1090

4200

660

2088

Potent La'lww

305

343

394

60

43

Interception

'+27

343

1338

142

389

* Snowfall and snow interception were excluded.

-lei> Calculated through Thornthwaite' s equation.

co.....
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this could come from the air itself. During the time when the

intercepted water was being evaporated, Rutter noticed that the air

was about 10C warmer than the wet leaves. This difference could be

due to the flow of warm air from the surrounding area (advection).

Because of the difficulty in measuring it, this source of energy

however is not accounted for in the Penman equation.

In addition, the storage of the intercepted water may not be

evenly distributed over the leaf surface area. In the conifers, much

of the intercepted water may be held at the base of the clustered

needle-leaves. In the hardwoods, much of the lower leaf surface, where

the stomata are concentrated, may not be wetted at all. From the

relatively dry portion of the lower leaf surface, water loss through

transpiration could occur at the same time as water is lost from the

wet upper surface.

Further evidence, that the intercepted rainfall is a real loss and

is wasted rather than used to suppress transpiration loss, was provided

by Swank and Miner (1968) and Swank and Douglass (1974). Swank and

Miner showed that ten years after a mature hardwood forest was cleared

and replaced with seedlings of white pines, the streamflow coming out

of the area covered by these young pines was lower than when the area

was under hardwood trees. When the pines became 15 years old and the

tree crowns started to form a closed canopy, a 20% reduction of

streamflow was recorded by Swank and Douglass (1974). In relation to

Helvey's finding that stands of white pine intercepted more rainfall

than stands of hardwood species (Table 8), Swank and Douglass concluded

that the intercepted rainfall is lost and wasted from the habitat.
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Evaooration under different plant cover types

The influence of plant cover types on the amount of water lost to

the atmosphere from the soil surface is directly related to the ground

surface area exposed to the atmosphere. Differences among plant cover

types therefore will be primarily related to the extent and intensity

of shading provided by the canopy and litter layer of each plant cover

type. Under a dense plant cover or a thick litter layer such as often

found under coniferous forests, evaporation may be negligible

(Kittredge 1954).

According to Penman (1963), the rate and duration of water loss

from the soil surface (evaporation) is determined by three parameters.

These are (1) the ta~ture and structure of the soil which controls the

pore-size distribution in the soil; (2) the total amount of water

available in the upper soil layer; and (3) the evaporative power of

the atmosphere. These three general factors are important in the

maintenance of capillar; soil-water movement up to the soil surface.

\~en the soil water content is at field capacity or wetter, the

availability of water on the soil surface is not limited. At

this stage, the evaporation rate from any soil (sandy or clay) does

not differ much and this rate is about equal to the evaporation rate

from open water surface. To maintain this rate the soil surface should

be continuously supplied with water. In general, this is made possible

by the upward capillary movement of soil water from greater depth.

When the soil becomes drier and the water is held by the soil

particles at a much greater tension, which consequently reduces the

capillary water movement in the soil, different rates of evaporation
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can be expected from soils having different textures. In a sandy soil

where a greater proportion of the soil pores are large in size, the

evaporating surface may sink slightly below the soil surface while the

evaporating rate is being maintained at the potential rate. At this

soil-water content or tension, the evaporation rate from a clay soil

may be lower than that of a sandy soil. However, because the sandy

soil has a low volume of capillary pores, this rate cannot be

maintained for a longer period or a greater depth.

In the clay soil where much of the pores are small in size

(capillary pores), the increase in soil water tension reduces the

capillary water movement to the soil surface, which consequently

reduces the rate of evaporation. However, because the clay soil has a

greater volume of capillary pores and therefore also has a greater

content of capillary water than the sandy soil, the upward capillary

movement may continue for a longer period and dry the soil to a greater

depth (from the soil surface) than is possible from a sandy soil.

The maximum evaporation rate can be very high or low depending on

the drying intensity of the atmosphere, which is influenced by solar

radiation, temperature, humidity and wind. When the drying rate is

low, the loss of water in the soil surface is continuously replenished

by the soil-water that is moved upward through the capillaries. When

the drying rate is much higher than the rate of upward capillary water

movement, the water loss from the soil surface will be much higher

than the replenishment. This difference in loss and replenishment may

then cause the breakage of capillary channels. Under such conditions,

the dry surface soil may act as a mulch and stop or reduce further
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soil drying (Chang 1968). Although, in nature, this drying pattern

will be affected by the rainfall pattern in the area (Penman 1963,

Milthorpe 1960), evaporation from fine-textured soils is considered

negligible when all the available water in the surface soil up to

10-15 cm deep (Penman 1941) or 20-30 cm deep (Daubenmire 1967) has

been evaporated.

Transpiration from different plant cover types

In transpiration, water movement from the soil to the evaporating

surface in the mesophyll of the leaf and then to the atmosphere is a

physical process related to the existence of a water potential gradient.

This gradient may range from 0 to -15 bars in the soil, to -50 bars ill

the leaf mesophyll, and to -1500 bars in the atmosphere (Etherington

1975). The actual water potential in the soil is determined primarily by

the water content and t~~ture of the soil. High soil-water content is

related to a high soil-water potential. For a specific soil-water

potential, a fine-textured soil generally contains more water than a

coarse-textured soil.

The variation of water potential in the atmosphere is related to

the combined effects of solar radiation, temperature, humidity, and

wind speed. In response to the combined effect of these factors

0~hich determine the drying intensity of the atmosphere) and the

soil-water potential, plant species can modify the steepness of the

water potential gradient by developing morphological and physiological

characteristics related to this water loss efficiency.

The morphological and physiological characteristics of plant

species related to this water loss efficiency are listed by Walter
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(1960) and Daubenmire (1967). A thorough review of the drought

resistance mechanisms of plants is provided by Parker (1968). Among

these properties, the stomata are perhaps the most important one.

The role of the stomata.---By regulating the size of openings of

their stomata, plants can regulate the resistance to vapor transport

from the leaf-mesophyll to the atmosphere and consequently also the

water loss to the atmosphere (Lee and Gates 1964).

The opening and closing of stomata are related to light intensity

and CO
2

concentration in the mesophyll (Meidner and Mansfield 1968).

The increasing light intensity in the morning starts the photosynthesis

process. This process utilizes and lowers the CO2 content in the

mesophyll. The lowering of the CO2 concentration in the mesophyll then

induces the guard cells to open the stomata.

In the afternoon, the gradually decreasing light intensity lowers

and ultimately stops the photosynthesis process. The CO2 resulting from

respiration in the leaf-tissue is not further synthesized and therefore

slowly accumulates. This high CO2 concentration in the mesophyll then

induces the guard cells to close the stomata. This stomata closing can

also occur by noontime when the air temperature is relatively high.

The high temperature tends to lower the atmospheric water potential

and therefore increases transpiration. It also increases the temperature

of the leaf and consequently the rate of its respiration and CO2 produc

tion. When the CO2 production is much higher than the plant can use for

photosynthesis at that time, CO2 accumulation occurs in the mesophyll

and induces the guard cells to close the stomata. In addition, the

closure of stomata can also occur due to endogenous rhythm of the plant.
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Closing of the stomata during day time and the opening at night

has been observed in pineapple (Ekern 1965) and other succulent plants

(cacti, Bryophyllum). This greatly reduces the water loss from the

plant. This type of stomatal behaviour could probably be the highest

form of plant adaptation to xeric conditions.

The number and size of stomata varies with local environmental

conditions and plant species. Along an altitudinal gradient in the

tropical rain forests on Luquillo Mountains, Cintron (1970) showed that

the number and size of stomata are generally increasing from the

lowland and lower montane forests to the mossy forest at higher

elevations where the drying intensity (saturation deficit) of the

atmosphere is lower. In addition, he found great variations in the

number and size of the stomata among plant species within each forest

zone. The number of stomata (in thousand per square cm of lower leaf

surface) in the lowland, lower montane, and the mossy forest species

on the Luquillo Mountains respectively ranged from 28 to 40, 9 to 50,

and 17 to 92. Even when the number of stomata are about the same,

their sizes also show considerable variation, as shown in Table 10.

Because of these stomatal variations, different plant species

within each vegetation zone or type can be expected to have different

rates of transpiration. The fact that such an expectation is real

is provided by data (Table 11) collected by Walter (1971) in the

tropical rain forest at Amani, Africa. In this table, transpiration

rates of some tropical rain forest tree species determined through the

quick weighing or branch cut-off method are listed. They range from

2.6 to 22.0 mg of water per gram of fresh leaf per minute. Such a
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Table 10

Variation of Stomatal Sizes in the Tropical Rain Forest
on Luqui110 Mountains, Puerto Rico (After Cintron 1970)

Plant Species
Number per

cm2 of Lower
Leaf Surface

Size (length x width), ~m

Stomatal
Pore Apparatus

A. Lovrl.and Forest

De10nix regia 40,000 12.0 x 1.8 21.0 x 9.0

Artocarpus a1ti1is 41,000 15.0 x 4.5 18.0 x 18.0

B. Lower Montane Forest

Sloanea berteriana 40,000 6.0 x 6.0 16.5 x 16.5

Didymopanax morototoni 40,000 15.0 x 6.0 21.0 x 9.0

Miconia tetranda 40,000 15.0 x 7.5 15.0 x 12.0

C. Mossy Forest

Tabebuia rigida 40,000 12.0 x 6.0 18.0 x 15.0

Ca1yptranthes krugii 44,000 12.0 x 7.5 18.0 x 15.0

Ocotea spathu1ata 48,000 24.0 x 9.0 30.0 x 21. °
----------------------------------------------------------------------



Table 11

Transpiration Rates (mg/g/min) of Tropical Rain
Forest Tree Species (Upper and Lower Strata)
Determined Through the Quick Weighing Method,

at Amani, Africa, When the Piche Evaporation was
8 mg of Water per Minute (After Walter 1971)

89

Plant Species

Myrianthus arboreus

Tabernaemontana holstii

Allanblackia sthulmannii

Anthocleista orientalis

Piptadenia buchanani

Albizzia fastigiata

Macaranga usambarica

Transpiration Rate (mg/g/min)

2.6

3.0

3.2

8.0

9.0

14.5

22.0
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variation indicates that the magnitude of water loss from a habitat

to the atmosphere can be strongly affected by the combination of

plant species growing in the habitat.

Measurements and estimates of transpiration.--In addition to the

quick weighing method mentioned above, other methods commonly used for

measuring transpiration in the field are the heat-pulse method (Huber

1932) and the tent method. These methods are described in some detail

by Kramer (1969).

In the quick weighing method, a branch of leaf is quickly weighed

on a sensitive balance after it was cut off from the main branch.

This branch is held near its original position for a few minutes

before it is re-weighed. The difference between the first and the

second measurements is the water lost through transpiration during that

period. The effect of cutting on the transpiration rate, however, is

not much known. Studies reviewed by Rutter (1968) indicated that the

effect of cutting varies with species and environmental conditions.

In many cases, however, this effect is small, particularly during the

first few minutes after cutting.

Studies in Russia using this method were reviewed by Penman (1963).

These studies showed that the water loss per unit weight of fresh

leaves of plant species per unit time can be converted to water loss

per unit area per season or year. This was done by multiplying the

water loss per gram of fresh leaves per minute with the weight of

leaves per tree, the number of trees for each species per unit area

and the total length of the day, season or year during which transpiration

could occur.
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In Hawaii, this procedure was used by Mueller-Dombois (1973) for

evaluating the hydrological implications of introduced plant species

that established naturally after the original vegetation was destroyed.

In an area where monthly rainfall ranges from 85 mm in June to 250 mm

in December, the water loss per month during the wetter months

(October through April) was only 46-49 mm from the introduced

Andropogon virginicus grass cover. Thus, the grass cover cannot be

expected to remove the excess soil-water between showers. As shown

by the monthly soil-water records in the vicinity of the area, the

soil-water was always wetter than field capacity.

In addition to the low rate of transpiration, the excess water

in the soil was caused also by the phenology of this bunch grass.

During the winter months when monthly rainfall is high, Andropogon

virginicus is partially dormant. Therefore this species used less

water than the monthly transpiration value measured in October or

April. Further, the dried shoots remain attached throughout the year.

The mulching effect of this leaf litter seems to reduce the soil

water loss from the soil surface to almost zero.

The importance of this mulching effect is apparent even when the

grass is fully growing during the summer months. The higher water

loss during the time when monthly rainfall is relatively less (with

rainfall slightly higher than the transpiration loss) does not deplete

the stored soil-water significantly.

In contrast, the monthly water loss from a nearby stand of

introduced Eugenia cumini trees was about twice (383-435 rom) as great

as the monthly rainfall value. Although periodic soil-water measurements
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under the tree cover were not made, the greater amount of water being

removed than added to the soil was expected to cause a deficit in the

soil-water. Because water does not readily penetrate a soil that is

full of water, a greater amount of surface runoff can be expected from

this grass cover rather than the tree cover. Associated with this

surface runoff, soil erosion should be greater under the grass cover

than the tree cover. As expected, plenty of deeply cut erosion

channels were observed in the surrounding grass land area. Based on

this information, Mueller-Dombois concluded that the introduced

Andropogon virginicus grass was not only a poor utilizer of the habitat

but also caused damage to the landscape and probably contributed to the

siltation problem in the Kaneohe bay area.

In the heat-pulse method, a specific area of the stem is warmed

for a short period. The arrival of this heat in the xylem at a higher

position of the stem is then noted. The time required for the heat

to travel the distance between the place where the heat was applied

and the place where it was detected is used to calculate the rate of

upward water flow in the stem. Knowing the cross-sectional area of

the xylem tissue that is active in the water transport, the volume of

water per unit period transported upward and lost to the atmosphere

can then be calculated. In the tropical rain forest, this method was

tested by Kenworthy (1969) against the watershed method (which will

be discussed later). Although Kenworthy claimed that the two methods

gave comparable results, the problem with the heat-pulse method is

the uncertainty in determining the cross-sectional area of the active

xylem cells that are not clogged by tyloses (Swanson 1967).
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In the tent method, the plants are enclosed in glass or plastic

chambers connected with fans that maintain air circulation into and

out of the chamber. The difference in the amount of water vapor

between the outgoing and incoming air is used to derive the estimate

of water loss. In principle this method can be used for measuring

evaporation, transpiration, or a combination of both, depending on

what is enclosed inside the chamber (bare soil, leaves or branches of

leaves, or soil with plants).

The major problem w~th this method is in controlling the air

circulation, temperature, and light conditions within the chamber.

The quality and intensity of light within the chamber could not be

made the same as outside the chamber because no material is as yet

available to construct a chamber that is 100% transparent for all

wave lengths (Chang 1968).

This method was used by Shachori ~ al. (1967) for determining

the evapo-transpiration loss from shrub vegetation in the arid region

in Israel. Odum and Jordan (1970) also adapted this method for the

tropical rain forest in Puerto Rico.

In the middle of the rain forest at El Verde, Odum and Jordan

erected a giant plastic cylinder to enclose all plants within a radius

of 9 m. The cylinder was 20 m high with its upper part completely

open. At the base of the cylinder on the ground, a fan was located

to draw the air from the inside of the cylinder out. The difference

in the water vapor between the inflowing air at the top of the cylinder

and the outgoing air at the base of the cylinder was used to derive

the evapo-transpiration loss from the area enclosed by the cylinder.
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The results of this study will be discussed in the next section

together with the interception estimate measured in this forest.

Total loss of water to the atmosphere from

a unit land area

The total amount of water that is lost to the atmosphere from a

unit land area is the combination of the amounts of water intercepted

by the plant canopy, the water evaporated from the soil surface,

and the water transpired by the plant. This total water loss can be

calculated by (1) measuring. or esticating .each of these three water

loss components, (2) analyzing the micro-meteorological conditions

of the area, and (3) analyzing the water balance components of

the area, which include rainfall surface and sub-surface runoff,

percolation, and change of soil-water content.

Total estimates of water loss components.--In this method, each

of the water loss components (interception, evaporation, and transpiration)

are measured using the methods described earlier. For example, Rutter

(1968} showed that for the Pinus sylvestris forest stand in Southeast

England the annual interception value was 229 mm and the annual

transpiration (determined through the quick-weighing method) was 427 mm.

Because the water loss from the ground surface (evaporation) was

apparently negligible, this value was not included in the calculation.

The total water loss calculated for the stand was 656 mm. When the

transpiration value was calculated through the modified Penman equation

(Monteith 1965), the transpiration loss was 475 mm and the total water

loss was 704 mm. These two values of total water loss were greater
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than the potential water loss (559 mm) estimated from the annual net

radiation received in the area. A similar pattern was also shown by

Odum and Jordan (1970) for a tropical rain forest in Puerto Rico.

At E1 Verde, Puerto Rico, where the annual rainfall was 3700 mm,

Odum and Jordan calculated the total water loss from the tropical rain

forest to be 1765 mm per year (Table 12). As shown in this table,

this value is 2.6 times more than the mean pan evaporation measured at

the top of the forest canopy, which was 673 mm per year. As indicated

earlier, this higher value is related to the high amount of rainfall

intercepted by the plant canopy (970 mm per year).

Analysis of micro-meteorological data.--In this category, methods

for estimating the total water loss from a unit land area are based

on the principle that when water is lost or evaporated, the change of

water from a liquid to vapor phase requires energy. The aim of these

methods is to derive the best estimate of the equivalent energy used

in the water loss process. One of the basic assumptions made is that

soil water is not a limiting factor. As such, the calculated water

loss is actually the estimate of the potential water loss.

To derive an estimate of potential water loss, several formulae

have been proposed. These formulae are derived either empirically or

through aerodynamic and energy budget approaches (Chang 1968). In the

empirical approach, each formula is a correlation between the actual

water loss and certain micro-meteorological factors measured

simultaneously over a long period in watershed or river basin studies

or in studies using 1ysimeters. The meteorological factors used in

this analysis vary between formulae.



Table"!.2

Annual Water Loss From a Tropical Rain Forest in
Puerto Rico, Calculated From Independent Measurements of

Water Loss Components (after Odum and Jordan 1970)

96

Water Loss Components

Total water loss:

Water Loss Values
(rom/year)

Interception 970

Evapo-transpiration
(measured from a large plastic cylinder) 795

----1765

Potential water loss as measured from a
pan evaporimeter located at the top of
the forest canopy

Annual rainfall

673

3700
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For example, Thornthwaite (1948) considered the mean monthly

temperature and day length as sufficient to clarify and predict the

water loss variation. Blaney and Criddle (1950) used air temperature,

humidity, and a crop index (an arbitrary value related to light and

density of the crop). Makkink (1957), however, incorporated air

temperature and solar radiation. Except for the crop ind~~ used by

Blaney and Criddle, these formulae generally do not incorporate the

plant factors. As such, these formulae cannot be used to evaluate

the water loss variation between plant cover types.

The intensity of the drying effects of meteorological factors

vary from one place to another. As the f0rmulae were derived through

deduction of selected micro-meteorological factors, rather than from

factors involved in the water loss process, these formulae cannot be

improved or modified (Linacre 1963). Thus, the application of these

formulae for estimating the potential water loss may be limited to

regions where the climate is similar to that where the formulae were

developed empirically (Chang 1968).

In the aerodynamic and energy budget approaches, attempts are

made to assess all factors involved in the water loss process. In the

aerodynamic approach, the water loss is considered as a diffusion

process from a wet body to the air above it (Chang 1968). If the

vapor pressure at the surface and some distance from the surface of

the body together with the wind condition in the vicinity are known,

the amount of water loss from the wet body can be calculated. This

is shown for example in the measurement of interception loss from wet

leaves by Rutter et al. (1972). When the leaves are dry, the wet
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surface involved in transpiration is actually located in the mesophyll

tissue, i.e. inside the leaves (Monteith 1965). Unfortunately, the

measurement of vapor pressure at the surface of the leaf is difficult

and impractical (Chang 1968).

In the energy budget approach, the aim is to estimate the amount

of energy being used for evaporation. Energy received by the plant

canopy comes from solar radiation and advection. Advection or

horizontal influx of energy (heat) from neighbouring areas, can form a

significant contribution to the total energy received by the canopy.

However, because of the difficulty in measuring this advection, this

source of energy is usually omitted from the calculation of the energy

budget (Chang 1968).

The net energy received by the plant canopy is either used for

evapo-transpiration and photosynthesis or absorbed by the plant canopy,

the soil, and the air above the canopy. In a closed plant cover,

Chang further indicated that the energy used for photosynthesis as

well as absorbed by the plant canopy and soil is usually small and

negligible (less than 3, 1, and 4%, respectively). As such, the

energy received by the plant canopy is generally considered to be

primarily used for evaporating the water from the plant canopy and for

heating the air above it.

To estimate the proportion of energy used for evaporating the

water from the canopy and for heating the air above the canopy,

measurements of temperature and vapor pressure gradients between the

surface of the canopy (leaves) and the air above the surface are

required (Bowen 1926). In relation to surface temperature and vapor
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pressure, Penman (1948) proposed an equation that eliminates these

surface measurements by combining the energy budget approach with the

aerodynamic one. This equation is more complex than the other

equations. The parameters included in this equation are air

temperature, net radiation or hours of sunshine, wind-speed, and

humidity. The only plant factor included in this equation is the

reflective coefficient of plant cover to radiation.

The reflective coefficient or albedo indicates the percentage of

short-wave radiation being reflected back to the atmosphere. This

value, which can be measured with an inverted pyrheliometer, depends on

the color, wetness, density, and the leaf-arrangement of the plant

canopy and also the angle of the sun (Chang 1968). For example, the

reflective coefficients of the hardwood forests generally range from

0.15 to 0.20, whereas those of the coniferous forests are slightly

lower, between 0.10 to 0.15 (Budyko 1955, cited by Rutter 1968).

Penman~s equation was developed in relation to an extensive and

well watered, short crop cover having an even canopy, that is completely

shading the ground. Here, the plant cover is basically considered

equal to a wick that always has a wet surface. However, such an

assumption is not quite true. The wet evaporating surface in the

plant canopy is located within the leaf tissue (leaf mesophyll,

separated from the outside air by cuticle or stomata). To include the

variation in vapor transport resistance between the space inside and

outside the leaf, a slight modification to the Penman equation was

proposed by Monteith (1965).
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For agricultural crops, the Penman equation (modified or not) has

been found to be accurate and to give good results (Milthorpe 1960).

However, for tree covers where weather measurements were made only a

few meters above the ground and very often miles away from the forest

areas, the Penman equation was found to give lower esti.mates of water loss.

This was shown by Penman (1967) when he compared the actual water loss

from catcl~ent areas in East Africa and from lysimeters stocked with

trees in the Netherlands with values calculated through his equation

using local meteorological data. His analyses showed actual water

losses to be significantly higher than the calculated ones. He suggested

that variation of albedo between wet and dry canopy, advection, and

roughness (height and evenness) of the canopy are possible causes of

variance that need further investigation. Furthermore, he also

suggested tha~ weather measurements should be made among and above

trees, not in clearings along the side of the forest, or miles away

from the forested areas, as was the case with his data. Further

problems of using the Penman equation are discussed by Rosenberg (1974).

In spite of these limitations, the Penman equation is generally

considered to give accurate estimates of the potential water loss.

However, because of the complex calculation and measurements involved

in the equation, direct measurements of water loss from wet surfaces

are more practical. Two types of instruments (evaporimeters) suited

for this purpose are generally used.

The first type measures the evaporation from an open water

surface (pan evaporimeter). The most commonly used pan evaporimeter

is the u.s. Weather Bureau Class A pan. The second type of evaporimeter
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measures evaporation from a wet porous surface (atmometer). This

porous surface can be made out of porcelain (Livingston and Bellani

atmometers) or a paper wick (Piche atmometer). Based on studies that

compared the effectiveness of these evaporimeters, Chang (1968) made

the following generalization: (1) atmometers are cheaper and easier

to install in the field than pan evaporimeter; (2) atmometers are

affected by wind and are less responsive to radiation; (3) the pan

evaporimeter gives a good estimate of evapo-transpiration; (4) the pan

evaporimeter is superior to empirical formulae because it incorporates

the effects of most of the major climatic parameters; (5) the pan

evaporimeter gives more accurate estimates of water loss than that

calculated from the Penman equation. Because of these, many investigations

have found it useful to a~press the actual water loss in terms of the

water loss from the U.S. Weather Bureau Class A pan.

Analysis of water balance components.--The water balance of an

area is the balance between the amount of rainfall received in the

area and the amounts of water remaining and leaving the surface soil

(the rooting zone) of the area. The water remaining in the surface

soil of the area is held by the soil. The water leaving this area can

be classified into (1) the water that is lost to the atmosphere through

interception, evaporation, and transpiration; (2) the water that runs

laterally over and below the soil surface (surface and sub-surface

runoff) to form the streamflow; and (3) the water that percolates

through the surface soil and/or the underlying bedrock down into the

ground water table. For estimating the amount of water lost to the

atmosphere through this water balance approach, the other components

of the water balance should be evaluated.
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If Pt is the incoming water or rainfall to the area, X is the

outflowing water from the rooting zone (including surface and subsurface

runoff R and deep water percolation Po)' Ml and M2 are the soil-water

contents at the beginning and at the end of a period, and Ea is the

amount of the water lost to the atmosphere (including interception,

evaporation and transpiration losses), the water balance equation for

the area can be written (according to Kittredge 1948) as:

Ml + Pt - Ea - X = MZ or

Ea = Ml - MZ + Pt - X

For calculating the magnitude of the total water lost to the

atmosphere (Ea) from this equation, it is necessary to know the change

of soil-water content (Ml - MZ)' rainfall (P t), and the outflowing

water (X). Whereas rainfall (Pt) can be directly measured with rain

gages, the methods for estimating the total water lost to the

atmosphere depend on how the change of soil-water content (Ml - MZ)

and the outflowing water (X) are measured. In general, three methods

may be recognized. These methods are the lysimeter, the watershed,

and the soil-water depletion methods.

(1) Lysimeter method: In this method plants are grown in a

container that is buried in the soil. The size of this container

varies with the size of plants to be grown in it. For accurate results,

the container should be filled with an undisturbed, representative

soil having the natural profile. The container should be deeper than

the deepest roots of the plants, or some sort of device should be made

to maintain the water potential at the bottom of the container similar

to that which occurs at the same depth outside the container. In addition
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the container should be surrounded by soil and vegetation similar to

that found in the container (Chang 1968).

A lysimeter can be constructed to measure primarily the outflowing

water (drainage-lysimeter), or the change of soil-water content as

measured by weighing the whole lysimeter (weighing-lysimeter). In

the drainage-lysimeter, the container is connected at its base to a

water collector which automatically records the amount of water b~ing

drained from the container (X). The change of soil-water content in

the container (Ml - M2) is either measured (Patrie 1961) or is made

to equal zero by having a constant water table (Stearns and Vaksvik 1935).

In the weighing lysimeter the outflowing water (X) is essentially

made to equal zero by allowing no leakage or drainage from the

container (Tanner 1968). The change in soil-water content in the

container (Ml - M2) is derived by weighing the whole container.

An effective method of weighing this container and recording the

change of soil-water content was developed by King et al. (1956). In

this method, the plant container was floated in a slightly larger

container that ~vas also filled with water. The recording of the

weight of the container was based on the volume of water in the larger

container being displaced. As such, this type of lysimeter is also

known as a floating-lysimeter.

When constructed following the above specifications, this weighing

or floating-lysimeter can be very accurate (van Bavel 1961, Chang 1968).

While the weighing-lysimeter can record water loss up to 0.01 rom depth

of water (Chang 1968), it can also be used accurately for short-period

measurements of water loss (up to 5-10 minutes, van Bavel 1961).
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However, its construction is very costly (van Bavel 1961, Chang

1968).

The simpler and less expensive drainage lysimeter, however cannot

be used for short-period measurements. Because of the slow percolation

process, a long time-lag could occur between the recordings of a rainfall

and that of its drainage. Because of this time-lag the difference

between the incoming rainfall and the outgoing drainage water measured

during a particular period may not necessarily represent all the water

that is lost from the container to the atmosphere. Some of the rainfall

that occurred just before the end of the period may still remain in the

container and therefore may not be measured as part of the drainage

water for that period. To eliminate this error, the results from

drainage lysimeters should be expressed as long-period averages

(seasonal or annual averages, van Bavel 1961, Chang 1968).

(2) Watershed method: In this method, the principles are basically

the same as that used in the drainage lysimeter. Here, the outflowing

water (X) from the watershed area is measured by gaging the streamflow

that comes out from the watershed. The change in soil-water content

(Ml - M2), however, is made to equal zero by carefully selecting the

water year. In this water-year, the beginning and the end of the year

is made to coincide with the average time at which streamflow is at the

minimum level. Under this condition the soil-water content in the

watershed area at the beginning of the year eMl ) will be equal to that

at the end of the year (M2). As such, the water balance equation

becomes Ea = Pt - X.

Outflowing water (X) consists of the water that percolates down
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to the ground water table by passing through the bedrock (p) and theo

surface and subsurface runoff (R)'which ultimately flows into the

stream (streamflow Q). When the bedrock is of massive igneous rocks

(granite, etc.), this bedrock is considered impermeable to water and

consequently, the magnitude of Po can be considered to equal zero

(Kittredge 1948). Under this condition, the magnitude of R can be

estimated by measuring the streamflow Q.

In contrast to the drainage lysimeter, where the container is

filled only with one type of soil and stocked with one type of plant

cover, in the watershed method the unit area is the whole valley or

watershed area which may contain several types of soil and vegetation.

Therefore, the estimate of water loss derived from this method is

actually the average of these varying habitats and vegetations. Thus,

the watershed method is not satisfactory for estimating the water loss

from a specific soil-water regime or plant cover type. Furthermore,

a single value of water loss can only be estimated once every year.

To get a representative mean of water loss, several years of streamflow

and rainfall measurements are needed.

(3) Soil-water depletion method: In contrast to the watershed

method, the soil-water depletion method can be used to measure water

loss from a specific habitat or plant community in a much shorter

period (5-20 days, Jensen 1968).

In the soil-water depletion method, the principles are more

closely related to that of the weighing-lysimeter. \{hen the soil

profile (particularly the rooting zone) is maintained at a moisture

content drier than field capacity, percolation and runoff from the



106

habitat will be insignificant. As such, the outflowing water will be

equal to zero. By limiting the estimation of water loss to the period

when this soil-water condition occurs, the water loss can then be

estimated from precipitation and soil-water content values:

Ea = Pt + (Ml - M2)

In temperate regions where high rainfall or snowfall occurs

during the winter and low rainfall during the summer, the water loss

can be measured only during the summer season. During this time the

water loss is calculated by accumulating the soil-water deficits

during the summer season (Shear and Stewart 1934) or by accumulating

the amount of rainfall required to recharge the soil to field capacity

starting in late spring or early summer (Metz and Douglas 1959,

Marston 1962, Rutter 1964, Rutter and Fourt 1965).

In an area where the annual rainfall is relatively low, such as

in the arid region of South California, Rowe and Colman (1951) found

that during the winter rainy season, percolation of water from the

soil column beyond the bedrock occurred only during times of storms

or snow melts and shortly thereafter (within 2-3 days). By taking

soil-water samples 3 days after the end of a storm and again before

the next storm, they then calculated the water loss during the period

between two successive storms. Assuming no water loss took place

during the storms, Rowe and Colman calculated the annual water loss by

accumulating water losses between storms and during summer drought

period. Such approach was also used by Veihmeyer (1953) and Rowe and

Reimann (1961).

~Vhereas the change in soil-water content in the lysimeter method
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is determined by weighing the whole plant container, in the soil-water

depletion method the soil-water content is assessed by sampling the

habitat. Soil-water content can be determined directly through the

gravimetric method or indirectly through the use of soil moisture

blocks or neutron and gamma radiation. These methods are thoroughly

discussed by Gardner (1965).

In the gravimetric method, soil samples are taken from the soil

profile or through the use of a soil auger. The water content of

these samples are determined from the weight loss after drying in the

oven at l050C for at least 24 hours or after burning them with alcohol

when a drying oven is not available.

In the indirect method using soil moisture blocks, blocks are made

of gypsum or fiberglass. These blocks are installed and buried in the

soil at the soil profile or in an auger hole. The electrical

conductivity of the soil as measured through the moisture block is then

used to derive the soil-water content through a calibration chart.

In the indirect method using the neutron or gamma rays attenuation,

the basic principle is that soil-water absorbs and scatters radioactive

radiation. The magnitude of energy being reduced when high energy

neutron or gamma rays are passed through a column of soil is used to

indicate the magnitude of soil-water in the soil column.

In commenting on the suitability of these methods, Gardner

considered the neutron or gamma ray attenuations to be useful only in

the laboratory. He did not consider it practical for field use because

of the difficulty in calibrating the instrument and the high cost and

the frequ~nt malfunctioning of some commercial models of the instrument.
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Regarding the soil moisture block method, Gardner indicated that

the block is not satisfactory for sandy soils or soils that shrink and

swell considerably. Also, it is not accurate for predominantly moist

soils because change in soil-water content does not change the block

resistance sufficiently. Furthermore, despite the elaborate and

time consuming calibration, the precision of the calibration curve is

affected by successive drying and wetting cycles and also by the salt

concentration in the soil. Because of these problems, precision is

affected by care used in the manufacture, selection and calibration of

the blocks. Another influence is that of hysteresis which cannot be

controlled by the operator. An error as great as 100% is considered

by Gardner to be easily possible in this method.

The gravimetric method, although most laborious, is the standard

method used for calibrating or comparing the results of all the other

methods. In this gravimetric method the soil-water content is

determined as the weight of water per unit weight of oven dry soil.

Because the calculation of water loss using the water balance equation

is done in terms of volume of rainfall per unit area or in millimeter

of rainfall, the soil-water content should first be ~xpressed

volumetrically also. This can be achieved by multiplying the

gravimetric value with the bulk density of the soil ~uckman and

Brady 1969).

Because of the relatively heavy work involved in collecting soil

water samples, the major problem in this method is how to get

r epresentatfve but minimum number of samples. The spatial variation of

soil-water content under a forest may be great, depending on the
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structure of the forest (Eschner 1967). To determine the sampling

points within each site, therefore, can be a critical problem. While

random sampling is the ideal approach for including all these variations,

many sampling points may be required. Because having a large number

of sampling points is not practical, particularly when soil-water

content is determined periodically, systematic sampling seems to be

more effective. For this purpose, ~nalyzing possible soil-water

content variations in the forest becomes necessary.

In reviewing studies related to the spatial patterns of interception

and soil-water content variations, Eschner found the soil-water content

variation to be directly related to stemflow and throughfall

distributions. He recognized that the increase in interception value

or decrease in throughfall is correlated with the increase in canopy

density or surface area (as related to tree density or age of the stand).

The greater canopy density near the tree stem, particularly in conifer

trees, is the major reason for the greater amount of interception in

that area and the greater free- or throughfall away from it. Together

with the dripping of water related with pendulous branches (spruce,

pines), the throughfall increases from the stem towards the crown

periphery of the tree. It reaches its maximum just within the perimeter

of the crown. Here, the throughfall value can be greater than the

rainfall value received in the open.

Such variation of throughfall distribution is however less extreme

in har-dwood forest, such as beech. Here the greater stemflow may

counteract the throughfall gradient, particularly within a 0.5 meter

radius from the stem. In addition, the distribution of the water-
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absorbing roots generally occur more towards the periphery of the

canopy. Although these idealized patterns will become more complicated

underneath a multi-layered canopy and rooting zone, Eschner inferred

that the spatial variation of soil-water contents occur in circular

bands around trees, following the distributional patterns of

throughfall, stemflow, and the water absorbing roots.

Apparently realizing these soil-water content variations, Shear

and Stewart (1934) limited their sampling points (in triplicates) to

a distance between 0.9-1.5 m from the nearest tree and 30 em away from

each point. For similar reasons Marston (1962) monitored the

fluctuation of soil-water content by taking sampling points that were

located at about 30 em away from any previous sampling points or from

trees larger than 15 cm diameter. Thus, in taking representative

soil-water samples, the possible soil-water content variations in the

study area should be properly evaluated.

(4) Results of studies using the water balance approach: Results

of studies using the lysimeter, watershed, and the soil-water depletion

methods were thoroughly reviewed by Rutter (1968). These studies were

carried out allover the world where environmental conditions and

plant cover types vary.

In most of these studies, water loss from plant cover types were

compared relative to each other by selecting the study sites close to

each other on relatively similar soil, physiography, and climate

(paired comparison). However, because water loss from plant cover

types is strongly influenced by local soil-water potential and the

evaporating power of the atmosphere (Penman 1949, Makkink and Heemst
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1956), for comparing studies of wider geographical areas, Rutter

classified these studies into five groups of somewhat similar soil-water

deficits: negligible, small, moderate, severe, and extreme soil-water

deficits. Within each group, the water loss from plant cover types

(Ea) was compared in terms of their ratio to the potential water loss

or the evaporating power of the atmosphere (Eo) as indicated by the

available energy received in each of the study areas.

The Ea/Eo ratios for structurally similar plant cover types

within each group were found to be relatively similar to one another.

For forest cover types, the mean Ea/Eo ratios from negligible to

~~treme soil-water deficits were 0.94, 0.99, 0.87, 0.63, and 0.58,

respectively. Although the ratio for moderate soil-water deficit (0.87)

indicates a slight restriction in water loss compared with the negligible

and small soil-water deficit groups, the ratios for these three soil

water deficit groups were found to be not significantly different from

each other. The mean value for these three groups was 0.93. Where the

soil.,..water was limiting, i.e. in places where it was at or below

wilting point for one or more months during the summer, the mean ratio

dropped to about 0.60. Such habitats were in the severe and extreme

soil-water deficit categories.

Table 13 shows E IE ratios for severa.L plant cover types ina 0

California. As evident from these values, the primary cause of

differences among the ratios is rainfall. A secondary modifier is

the plant cover itself. The potential water loss or evapo-transpiration

value was estimated by Rutter (1968) from the net radiation received

in the area. The actual evapo-transpiration values were measured by



Table 13

Reduction of Evapo-Transpiration Loss Relative to
the Reduction in Annual Rainfall at Two Locations in San Dimas area, California (Patrie 1961)

Annual
Rainfall

(rom)
Plant Cover Type

Annual Evapo-Transpiration
Actual (Ea) Potential (Eo)

(mm) (nun)

E IEa 0
Ratio

1230

525

Plnus cou1teri

Adenostema fascicu1atum

Ceanothus crassifo1ius

Quercus dumosa

Pinus cou1teri

Adenostema fascicu1atum

Ceanothus crassifo1ius

Quercus dumosa

637

648

599

630

392

430

455

1~58

830

830

830

830

830

830

830

830

0.77

0.78

0.72

0.76

0.47

0.52

0.55

0.55

~

~
N
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Patric (1961) from a drainage lysimeter where change of soil-water

content was determined using Colman fiberglass soil moisture blocks.

In addition to the above values, Table 14 shows the results of

studies where plant cover types had actual evapo-transpiration losses

(Ea) higher than the potential values (Eo). With the exception of

the plant cover type dominated by the hardwood species Populus

tremuloides and for the growing season only, all plant cover types

with Ea values greater than Eo are dominated by coniferous species.

This difference between hardwood and coniferous plant cover type has

been considered to be primarily caused by the higher interception

values of coniferous species due to their higher interception storage

capacities (Swank and Miner 1968, Swank and Douglass 1974).

From the studies reviewed by Rutter (1968) and also those

published elsewhere, studies in the tropics are relatively few. The

results of these studies are summarized in Table 15. The study by

Pereira and Hosegood (1962) was carried out in a seasonally and

relatively low rainfall area (110 em per year) using the soil-water

depletion method. Other studies (Pereira et aI , 1962, Kentworthy 1969,

Low and Goh 1972) were carried out in high rainfall areas (200-275 cm

per year) using the watershed method. The range of Ea/Eo ratios seems

to agree well with the mean ratios derived by Rutter for the area

where soil-water deficit is negligible.

In the study by Pereira and Hosegood (1962), the relatively low

annual rainfall was apparently compensated for by the deep rooting

systems of bamboo and coniferous trees (up to about 3.6 m deep), which

allow these plant species to use storage water from greater depths.



Tuble 14

Plant Cover Typcs Wi th Actual Evupo-i'l'ranapLra t f on Losses (E )
Higher Than the Potential Evapo-Trnntlplration (Eo)(Uuttcr 19&8)

Locution Ru I nfu Ll
Annual Suuuuer

Plant Cover Typcs
Evapo-Transplration

Actual (Ea) Potential (Eo ) *
Annual Suuuner Annual SUWDler

Ea/Eo Rnti~
Annual Summer

Scanin, Swedcn
(55N,14E,15Om clev.)

Yorkshire, Enlliand
(54N,21l,200m eLev, ]

E~llental, Switzerland
(47N,8E,IIOOw clev.)

CustrLum, Holland
(53N,5E,OIU clev.)

lrerkeh l re , England
(SIN, III,100m e l ev , }

793

1350

1650

840

686

400

675

950

420

378

Picca abies, wet site
dry site

Picen sitchcnsis

M1Ked conifer + dcciduous

P1nus n1gm

Pf uus sy Ives t r Iu

883
716

800

861

655

655

4.5
3.4

500
500

500

670

550

SUO

3.5
3.5

1.77
1.43

1.60

1.29

1.19

1.13

1.37
0.97

Harz MOllntai:>, W. Gcrmany 1250
(52N.9E,600w clcv.)

625 Picea abics 579 580 1.00

Farmington, Utah, USA
(HN.1l2Il.1000m clev.)

JJ40 100-250 PUjll1lutl treml110idcs 567 3.92 830 3.37 0.68 1.06

* Estimated f roru net so l ar radiation

t-'
t-'
~



Table 15

Results of Hater Loss Studies in the Tropics

Location

Kenya: Aberdare
Mountains

Se1angor, Malaysia:
U1u Gombak
Forest Reserve

Annual
Rainfall

(cm)

110
seasonal

250

Vegetation

Pinus radiata, 26-36 yrs.
Cupressus macrocarpa, 13-20 yrs.
Native bamboo forest

Nixed dipterocarp forest

Ea/Eo
Ratio

0.85
0.86
0.86

0.89

Source

Pereira and
Hosegood 1962

Kenworthy 1969

Sungei Lui,
Catchment 1
Catchment 2
Catchment 3

U1u Langat Catchment
Damansara Catchment

Kenya: Logan and
Zaniliret Catchments

215 83% forest, 13% rubber, 4% others 0.86
210 94% forest, 4~% rubber, 1~% others 0.81 Low and Goh
216 98% forest, 2% others 0.86
250 96% forest, 4% rubber 0.98 1972
275 43% forest, 44% rubber, 13% settlement 0.80

200 Tropical rain forest 1.00 Pereira, Dagg,
66% forest, 34% tea plantation 0.90 and Hosegood

1962

I-'
I-'
VI
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The similarities in their rooting systems and also in their canopy

density (all forest types had closed canopies) may also be responsible

for the similarity in their water losses.

The variation in the water loss from catchment studies in

Selangor, Malaysia (Kentworthy 1969, Low and Goh 1972) was attributed

by Low and Goh to the physieal and plant cover types variation of the

catchment areas. In the Low and Goh study, each catchment had specific

physical characteristics in terms of geology, soil type, topography,

exposure to wind, and drainage pattern, which affected the magnitude

of the water balance components. The low water loss value (0.80) in

the Damansara catchment, however, was attributed to a reduction of the

forested land area. Here, 13% of the catchment area is used for

settlement.

The significance of plant cover or land use in determining the

magnitude of water loss is also shown by Pereira, Dagg and Hosegood

(1962) • When one-third of the rain forest is converted to tea

plantation, the water loss decreased by 10%. This decrease of water

loss was found to be reflected in a 15% increase in streamflow.

SIGNIFICANCE OF KAHANA VALLEY AS A STUDY AREA

Kahana Valley is located on the windward side of Oahu in the

Koolauloa District,
000between 21 31' to 21 34' North and 157 52' to

157055' West (Fig. 1). Because of its many unique features, this

valley has attracted many public and private agencies to investigate

the potential of the valley for development. For examples, the

Robinson Agency was interested in developing it for a ranch, dairy



117

Fig. 1. -- Location and map of Kahana Valley, Oahu, Hawaiian Islands:

A - pasture and agricultural land area
B - cliff area
C - study area (not shaded)

The climate diagrams represent:
U.S. Weather Bureau Station no. 883, Kahana Valley
U.S. Weather Bureau Stati~n no. 884, Punaluu

------- rainfall isohyets
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farm, and resort area (Belt, Collins and Associates 1955).

A basically similar plan was also prepared by Pullium and Associates

(1962).

The Hawaii State Park Division (1962) considered the valley

important, because of its historical value and its potential as a

recreation area. Restoration and interpretation of the Huilua Fish

Pond and other uses of the valley by the Hawaiians were considered of

significant value for a park development in the valley. On this basis,

a cost benefit study for the proposed park was then considered

necessary by the Hawaii Department of Land and Natural Resources. This

study was carried out by Hulten (1965) who recommended, among other

things, the acquisition of the entire valley. This recommendation was

followed by the State and was completed in 1969.

Independently, a team appointed by the Trustees of the Pacific

Tropical Garden Corporation to select the headquarters site for a

Pacific Tropical Botanic Garden considered the valley as the most
,
appropriate one (Skinner, et al. 1965). Following this recommendation

a plan for the garden in the valley was then prepared by Wolbrink and

Associates, Inc. (1966). At the same time, a plan was also prepared by

Pursel (1966) for the Foundation for Southeast Asian Art and Culture.

This agency was interested in constructing a Thai village in the

valley floor.

The Board of the Water Supply considered the quality of the ground

water from the Waihole tunnel in the valley exceptionally high and

proposed that the back part of the valley be restricted and managed as

a watershed area. Because of the high annual rainfall in the valley
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and the high amount of its unused runoff water, the U.S. Geological

Survey and the State Division of Water and Land Development considered

it important to conduct an extended study on the water balance of the

area (Tongg and Associates 1970).

Because of the varied interests expressed by these agencies and

corporations, additional surveys were then considered necessary by the

Hawaii State Parks Division for meaningful planning and development of

the valley. One of these surveys, in which I was a member in the

survey-team, was the Botanical Survey. The difficulty in traversing

the total valley due to its rugged terrain and the limited time given

to carry out the survey made the investigative part of the survey very

preliminary in nature (Theobald and Wirawan 1973). To yield the

information needed for thorough planning, development, and perhaps

also management of the vegetation in the valley (for watershed,

wilderness, or other purposes), I considered it important that a more

detailed investigation should follow this botanical survey.

For example, the aerial photographs that I used to prepare a

vegetation map for the botanical survey (Theobald and Wirawan 1973: 26)

indicated that the valley vegetation could be reasonably subdivided

into a number of communities. However, because of the preliminary

nature of the report, the mapped communities were not yet well defined.

In addition, no correlation between these communities and their

environments was made. For example, 'kukui' (Aleurites moluccana) has

been recognized as a moisture-indicating plant (MacCaughey 1917). As in

other places in the Hawaiian Islands, the distributio~ of this tree

species in Kahana Valley is restricted to the gulch bottoms. In the
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middle and back parts of the valley where monthly rainfall is relatively

high (Taliaferro 1959), the moisture contents of soils may always be

high and the difference between the moisture contents of soils in the

gulch bottoms and the ridges may not be significant. If such an

assumption on soil moisture variation was correct, then the question

arises as to why 'kukui' does not grow on the ridges.

In this connection, and also in relation to the importance of

soil-water regime as indicated in the preceding literature review, a

vegetation and soil-water regime correlation study in this valley will

be directly valuable for the development and management of this valley

as a wilderness or watershed area. Moreover, Kahana Valley is a

tropical rain forest valley and as such the results of a vegetation and

soil-water regime study could have a wider application. Because of

these possibilities the valley was then chosen as the siteof the present

study. The physical properties, historical background, and the present

vegetation of KahanaValley are as follows.

Physical properties of Kahana Valley

Topography.--Kahana Valley (Fig. 1) is one of the largest valleys

located on the windward side of Oahu. The valley is more or less

rectangular in shape and physiographically well defined. It extends

about 7 km from the crest of the Koolau Range (780 m elevation) at the

back part of the valley to sea level at its mouth at Kahana Bay. It is

separated from the neighbouring Kaaawa and Waikane Valleys on the south

east side and Punaluu Valley on the northwest side by two major ridges

that are about 3 km apart and run somewhat parallel in the northeast
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direction from the Koolau Range. The valley is therefore facing the

incoming northeast tradewinds.

Kahana Valley is about 2,100 ha in size. It consists of flat land

(0-20% slope), talus or gentle sloping land (20-30% slope), and steep

sloping land and cliffs (more than 30% slope) which respectively cover

about 17%, 13%, and 70% of the total valley area (Tongg and Associates

1970). Much of the flat land area is located near the mouth of the

valley (the valley floor). This valley floor is surrounded by gentle

to steep sloping land and cliff areas. The sloping land is generally

deeply dissected into narrow ridges and gulches. At the bottom of

these gulches or ravines, runoff water gushes during heavy storm periods

but is absent during the rest of the year.

The main ridge between Kahana and Kaaawa and Waikane Valleys branches

and a spurr extends out onto the valley floor. The Kawa Stream, which

originates on the eastern side of this secondary ridge, joins the main

Kahana Stream at the upper portion of the valley floor. From here on

the two streams join into a single course, which meanders along the

valley floor. Kahana Stream is a perennial stream, which originates

at the back part of the valley and passes along the west side of the

secondary ridge before joining the Kawa Stream.

The valley floor is currently being used for grazing and other

agricultural purposes. For the present study, both the valley floor

and the inaccessible cliff area were excluded from the study area.

Climate.--In Kahana Valley, there was one climatic station serviced

by the U.S. Weather Bureau from 1951 to 1960 (U.S. Weather Bureau 1965).

This station (No. 883) was located at the back part of the valley
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(Fig. 1) on the side of the Waiahole Ditch Trail at 240 m elevation.

It recorded rainfall data only. All other information that may be

applicable to Kahana Valley was derived from climatic stations located

in the vicinity of the valley.

The mean rainfall values for the area at the back part of the

valley together with the values from the coastal area at Punaluu

(Fig. 1, U.S. Weather Bureau Station No. 884) for the ten-year period

(1951-1960) are shown in Table 16. The rainfall gradient, as shown by

isohyets in Fig. 1, was copied from Tongg and Associates' report, which

could have been developed from a more general rainfall map of Oahu

(Taliaferro 1959). On this map the portion of the Koolau Range at the

back part of Kahana Valley was shown to receive the highest annual

rainfall on the island. Except for the coastal area during the summer

months, the rest of the valley has a mean monthly rainfall much higher

than the 100 rom lower limit for the tropical rain forest area (Walter

1973). Further, Taliaferro's map also showed that the coastal area of

Kahana Valley receives the same amount of rainfall as the coastal area

at Punaluu. These two areas receive the highest annual rainfall

compared with any other coastal area on this island. Kahana Valley

therefore is the wettest valley on Oahu.

On the windward side of Oahu, the climatic stations nearest to

Kahana Valley that have temperature records are those of Kahuku on the

northwest side and Kaneohe on the southeast side. The mean annual

temperature at the two stations are 23.80 and 24.00C, respectively.

The coastal area of Kahana Valley, located in between the two stations,

therefore can be assumed to have an annual mean temperature of about



Table 16

Mean Rainfall Values (mm) at the U.S. Weather Bureau Stations
No. 883 (at the back of Kahana Valley, 240 m elev.) and No. 884 (at Punaluu, 6 In elev.)

for the Period of 1951-1960

U.S. Weather Bureau Station: No. 883 No. 884

Honthly Values: January 366.00 204.25
February 485.50 228.50
March 586.25 286.75
April 455.75 142.00
May 476.50 97.25
June 362.00 56.50
July 623.00 89.25
August 683.50 121.50
September 392.75 99.75
October 508.75 145.50
November 483.75 205.00
December 539.00 180.75

Mean Annual Value: 5962.75 1857.00

High Year Value: 6860.25 2324.25

Low Year Value: 4397.75 1128.75

......
N+,
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23.90C. With a O.SoC decrease with an increase of 100 m in elevation

(Kartawinata and Mueller-Dombois 1972), the ~ean annual temperature on

top of the Koolau Range (7S0 m elevation) at the back part of the valley

owould probably be around 17.9 C.

Prevailing wind conditions for a normal year were recorded at the

Kaneohe Marine Air Corps Station. These may be applicable to Kahana

Valley. The values show that 72% of the total wind is easterly

tradewind. They blow on the average with a speed of 20-30 km per hour

and causes rainfall over most parts of the windward mountain area.

In addition, the area may experience occasional storms brought about by

southerly winds or 'Kona storms' which may occasionally blow as fast as

144 km per hour and then usually cause tree breakage (Tongg and

Associates 1970).

Soil.--The soil map and soil properties of Kahana Valley as shown

in a report by Tongg and Associates (1970) and in the soil survey map

of Oahu (Foote, et al. 1972) were based on a report prepared by

Swindale and Hill (1966).

In the valley, Swindale and Hill recognized 17 soil phases:

11 restricted to the flat land area, four to the gentle and steep

sloping lands, and two to the cliff area. Since the cliff area and

part of the flat land area (the valley floor) are excluded from the

present study area, only seven soil phases actually occur within the

study area. These soil phases belong to four soil series. The

distributional patterns of these four soil series are shown in Fig. 2.

Three of the soil phases are alluvial soils th~t occur in the

flat land area (WIB, HnA, and HoB), along the Kawa and Kahana Streams.



Fig. 2. -- Soil map of Kahana Valley (adapted from Foote, ~ al. 1972)

WIB - Waialua stony silty clay
HnA - Hanalei silty clay
HoB - Hanalei stony silty clay
WpE - Waikane silty clay, 8-70% slope
rRT - Rough mountainous land

A - pasture and agricultural lands
B - cliff area
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They are relatively deep soils (more than 1.5 m deep) underlain by

clayey alluvium. The Waialua stony silty clay (WIB) is the alluvial

soil that occurs along the Kawa Stream. This soil is moderately

well-drained. The surface soil (30 cm deep) is neutral (pH 6.6-7.3)

with subsoil slightly acid (pH 6.1-6.5).

The Hanalei silty clay (RnA) and the Hanalei stony silty clay

(HoB) soils are the alluvial soils that occur along the Kahana Stream.

The stony phase occurs an the upper part of the stream, whereas the

non-stony one occurs on the lower part towards the valley floor. These

soils are poorly drained with the subsoil (below 30 cm depth) strongly

mottled. The soil reaction for the surface and subsoil is neutral,

with pH ranges from 6.5 to 7.3.

The other four soil phases occur on the gentle to steep sloping

land areas. Three of these four soil phases belong to the Waikane soil

series (WpE). These well-drained silty clay soils are differentiated

from each other on the basis of the steepness of the slope. The slope

varies from 8 to 70 percent. The depth of the soils varies with the

steepness of the slopes, however, the dark brown surface soil is

u~ually up to 20 cm thick. The dark reddish-brown subsoil may extend

to about 1.50 m depth. Below this depth the substratum consists of

soft, highly weathered, gravelly alluvium and colluvium (saprolite).

These soils are relatively poor in nutrients and strongly acid in

reaction (pH ranges from 4.5 to 5.0).

The fourth soil phase erRT) belongs to the rough mountainous

land. The general description as provided by Foote, et al. (1972)

shows that this land is very steep and is broken by numerous
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intermittent drainage channels or gulches. It is characterized by deep,

V-shaped valleys that have steep side slopes and narrow ridges. Its

soil mantle is usually thin, ranging from a few centimeters to 25 cm

thick. It is underlain by a substratum consisting of soft saprolite

that is permeable to roots and water.

In my reconnaissance study in the rough mountainous land erRT)

area, I found soils that were deeper than generally described above.

Furthermore, in spite of variations in depth, the characteristics of

this soil in terms of texture, color, structure are very similar to

those of the Waikane silty clay soils (WpE). On this basis, for the

present study, I consider these well drained soils (WpE and rRT), as

one soil type which varies in soil depth and percent of slope. In

addition, below the cliff area, the soil may be stony also.

Historical background of Kahana Valley

Much of the history of Kahana Valley has been uncovered during the

recent archeological survey carried out by the Bishop Museum for the

Hawaii State Parks Division (Hammon and Barrera 1971). In this survey,

114 archeological sites were discovered. Based on the archeological

features of the sites, Hommon and Barrera classified the past human

activities in the valley into three major groups. Sites used for:

(i) living headquarters, (ii) religious ceremonies, and (iii) economic

purposes, including areas used as animal enclosures for pigs and dogs,

fish ponds, and agricultural fields. The agricultural fields are

characterized by irrigation channels or 'auwai' and wet taro terraces.

Whereas many of these activities apparently took place on the valley
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floor and its surroundings, the wet taro cultivation occurred far back

in the valley, along the stream. Based on their findings, Hammon and

Barrera suggested that the valley may be one of the first pioneer

Polynesian settlements on Oahu, settled more than 1,200 years ago.

The area that was probably intensively used by the Hawaiians as

outlined by Hommon and Barrera is shown in Fig. 3 as an overlay

upon the vegetation map.

Regarding the numbers of past inhabitants in the valley, a wide

range of estimates has been given. In a recent newspaper article, as

many as 20,000 Hawaiians were considered to occupy the valley in ancient

times. The earliest historic record, however, indicated that about

1,000-1,200 people were assembled in the village school for Sabbath on

July 2, 1826 (Chamberlin 1826).

In Kahana Valley, old mango and bread fruit trees and clumps of

Hawaiian bamboos are scattered extensively, even far outside the area

surveyed by Hommon and Barrera. These plants have been considered as

signs of former home sites. Further, under various vegetation types,

I also found charcoal buried at various depth in the soil, an indicator

of past fires in the area. Based on available information, one may

assume that all the flat and gentle sloping land area (30% of the total

valley area) was intensively used by the Hawaiians for agriculture and

habitation. In addition, much of the steep sloping area could also

have been disturbed through burning. Thus, much of the original

vegetation in the valley, may have been destroyed and replaced by

other vegetation types.
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Present vegetation of Kahana Valley

In the botanical survey (Theobald and Wirawan 1973), 13 plant

communities were tentatively recognized. The sizes of these communities

and their distribution are shown on the vegetation map, Fig. 3. Almost

two-thirds of the valley, the middle and back portions, are covered by

woodland vegetation types. Here, koa and pandanus trees (plant community 3)

and ohia trees (plant community 4) are scattered in a fern matrix of

thick and dense Dicranopteris 1inearis ground cover. The other eleven

plant communities, which are scattered in the valley, make up the other

one-third of the valley area. The distribution of these plant communities

seems to be somewhat correlated with the rainfall gradient and the

physiographic variation in the area.

These plant communities were defined and mapped on the basis of

their combined structural and floristic characteristics. Aerial

photographs were used not only for preparing the map but also for

orientation before and during the field reconnaissance. In addition to

the recognition of vegetation patterns, Theobald and Wirawan's report

(1973) also listed plant species found in each community and in the

whole valley.

Conclusions

Kahana Valley, located on the windward side of the Island of Oahu,

is one of the largest and moistest valleys on the island that receives

relatively high amounts of rainfall, more or less evenly distributed

throughout the year. The ten-year averages of annual rainfall and

temperature, respectively, range from 1875 mm and 24°C at the coastal



Fig. 3. -- Historical land-use map in relation to rainfall and vegetation maps of
Kahana Valley

* Shaded area in the overlay indicates the area that was intensively used
by ancient Hawaiians (Hommon and Barrera 1971)i

* Vegetation types of Kahana Valley (Theobald and Wirawan 1973);

1 - Kukui forest
2 - Koa-Pandanus forest
3 - Koa-Pandanus woodland
4 - Ohia woodland
5 - Albizzia forest
6 - Hibiscus forest
7 - Brassaia forest
8 - Mixed forest-scrub
9 - Mixed grass-scrub

10 - Pasture and cultivated ecosystem
11 - Strand
12 - Dry cliff
13 - Wet cliff

* ---------- rainfall isohyet
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area or the mouth of the valley to 7500 mm and lSoe at the summit of

the Koolau Range at the back of the valley. The soils in the study

area consist of (i) alluvial soils that occur on the flat land along

the streams and (ii) well-drained silty clay soils that vary in

thickness and percent slope and occur on the gentle to steep sloping

land area.

Kahana Valley probably was once heavily inhabited and utilized by

the Hawaiians. In this respect the original rain forest vegetation in

the valley is considered to have been heavily disturbed, destroyed and

then replaced with similar or other vegetation types. The recent

botanical survey indicated that the present vegetation can be divided

into several distinguishable plant communities. In spite of the past

human use of the valley, the present vegetation patterns gave an

indication of being correlated with the prevailing site factors.

Further, with the plan of preserving and making the best use of the

valley for park, wilderness, and watershed purposes, the selection of

this valley for the present study was thought to reveal useful

scientific information for support of the management plan of the

valley. Kahana Valley, therefore, was most appropriate for the present

study.

HYPOTHESES

The preceding literature review has shown that very little is

known about the plant distribution and habitat correlations within

tropical rain forest areas. The results of the few studies available,

which I had classified into two groups, contradict each other. It is

therefore an open question whether plant indicators of soil-water
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regimes can be found in tropical rain forest areas.

In addition, the literature review also indicated that different

vegetation types on the same basic habitat may change soil-water

regimes significantly. This is related to morphological and

physiological differences among plant species and to structural

variations in different vegetation types. Based on this information,

I propose to test the following general hypotheses:

1. That plant indicators of soil-water regimes can be isolated

in a tropical rain forest area similarly as they have been

isolated in temperate forests.

2. That structurally different types of vegetation on the same

basic habitat cause a significant change in soil-water regime.
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VALLEY ON OAHU, HAlo/AllAN ISLANDS



ABSTRACT

Detailed analyses of the vegetation along a soil-water regime

gradient in a tropical rain forest valley on the Hawaiian Island of

Oahu, show patterns which are otherwise not apparent from general field

observations. Based on the distributional patterns of plant species or

groups of plant species along the gradient of soil water regime

indices, seven soil-water regime zones are recognized in the valley.

The structural variation of vegetation as recognized in an earlier

botanical survey (e.g., woodland vs. forest), however, does not

correspond completely to this soil-water regime classification. These

structural patterns are related more to the dynamics of the stand

vegetation related to changes from grass to woody plant covers or to

the kinds and densities of pioneer plant species that colonize the sites.

This study also shows the importance of successful seed germination

and seedling establishment in determining the vegetation patterns.

Contrary to the generally accepted opinion, the confinement of Aleurites

moluccana to the gulch area is related to the availability of a

mechanical force that cracks its hard seed coat rather than to soil

water. The restricted distribution of Acacia koa to the upper topographic

positions corresponds to the relatively dry or well aerated soils, which

apparently are required for seed germination of this species. Since

studies in other tropical rain forests also indicated that certain

tropical rain forest species require conditions for seed germination

similar to those for Acacia koa, understanding the habitat factors that

control seed germination is useful for elucidating the complex vegetation

patterns in a tropical rain forest.
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INTRODUCTION

Study objectives

This study is concerned with the correlation between soil-water

regimes and the distribution of plants in a tropical rain forest area

in Kahana Valley, Island of Oahu. The objective was to determine if,

in this warm and humid valley, it is possible to develop a soil-water

regime classification where plant species or communities are used as

indicators.

Soil water, soil nutrients, and climate are the major environmental

factors that influence plant distribution. Locally, where climate is

uniform and extreme chemical and physical variations in the parent rock

material are absent, soil water becomes the dominant controlling factor

for plant distribution (Toumey and Korstian 1947, Whittaker 1956, 1960,

Loucks 1960, 1962, Mueller-Dombois 1964). To explain the underlying

causes of plant distribution patterns in such an area, it is important

to evaluate the soil-water regime variation in the area and to determine

if this soil-water regime variation is related to plant distribution.

If a correlation can be established, plants may be used as

indicators of soil-water regimes in site surveys.

Knowledge of soil-water regime differences in a forest area is

very important for silvicultural purposes, for example, in determining

the establishment, survival, and growth potential for certain tree

species. This kind of information is urgently needed in the tropical

rain forest areas because in many tropical countries, rain forests

are currently exploited over large areas with alarming speed (Meijer



141

1973, Richards 1973). Much of these forest lands are now being

de-forested and are subject to severe hydrological changes (Daniel and

Kulasingam 1974). To avert total degradation of these cut-over forest

sites, extensive tree planting is necessary (Haji Ali 1966, Soerianegara

1970). For this purpose, basic information on the ecological behavior

of trees and associated plant species becomes very important. However,

such information is still very limited (Soerianegpra 1974) or

inconclusive (Knight 1975).

Definition and evaluation of soil-water regimes

The soil-water regime of a site is the degree of moistness and

its fluctuation relative to other sites. The term refers to both the

temporal and spatial aspects of moistness of the site.

The moistness of a site varies with the temporal variation of the

incoming water, i.e. rainfall, flooding, etc. The moistness of a site also

varies spatially according to the spatial variation of site factors that

determine the capacity of the soil to store and to allow movement of

water. On similar parent material, these site factors are related to

the physiography (i.e. topographic position and soil properties) of the

site. The wetness of a site as influenced by these environmental

factors, however, cannot be measured because this soil-water regime is

still influenced by the type of plant cover growing in the site.

Literature on the significance of soil-water regimes in the

classification of forest sites, particularly for the temperate region,

is abundant (Youngberg 1965, Burger 1972, Mueller-Dombois and Ellenberg

1974). In these publications, the combined effects of rainfall and
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physiography of the site are evaluated directly by surveying the

variation of soil-profile characteristics in the area (Hills 1945),

indirectly by using plants as indicators (Rowe 1956, Bakuzis 1959, Pluth

and Arneman 1965), or through the combination of these two approaches

(Fraser 1954, Whittaker 1956, 1960, McMinn 1960, Loucks 1960, 1962,

Mueller-Dombois 1964, 1965).

In the direct approach, the soil water variations are investigated

in a similar way as making a soil survey. Data recorded in this survey

are incorporated and interpreted in terms of their capacities to store

and to allow movement of soil water. The soils are then arranged along

a gradient on the basis of their soil water status, from dry to wet.

This series of soil types along the soil-water regime gradient can then

be classified into units or classes.

An example of soil-classification on the basis 0& soil water status

of soils is that developed by Hills (1945). In this classification,

Hills emphasized the properties of soils that are relatively

stable and readily observable in the field. These include kind and

thickness of organic and mineral soil horizons as well as depth and

fluctuation of ground water table, soil texture, and stoniness.

This approach, however, is rather impractical because of the amount

of physical work involved in digging the soil pits. The results

obtained through this approach alone also do not necessarily give

information on the productivity of the sites or the pattern of plant

distribution in the area.
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In the less laborious indirect approach, the values of plant

species found in the area as indicators of specific segments of the

soil-water regime gradient (from dry to wet) are first established.

Based on their relationships to soil-water regimes, these plant

species are then given a weighted value. These weighing values

increase geometrically (Rowe 1956) or linearly (Bakuzis 1959) from

dry, fresh, moist, very moist, to wet. The soil-water regime of a site

is then evaluated by using the species found at a site and by evaluating

them by special weighting techniques.

For establishing the indicator values of species, this approach

often makes use of published autecological information to supplement

the field observation. This information, however, is not always

available~

In the combined approach, the site condition and the vegetation

are both investigated in some detail at similar locations through

sampling (Hartmann 1952, Sukachev and Dylis 1964, Krajina 1969). In

this way, the site variation can be directly correlated to the vegetation

patterns. Compared with the other two approaches, this combined

approach is the most effective one for forest-site classification

purposes (Ellenberg 1967, Burger 1972).

~{hereas standard methods are available for investigating the

properties of the vegetation, the methods for integrating the site

factors vary with local site conditions. For example, in a relatively

small experimental forest in Ontario, Fraser (1954) used

Hill's method of soil-water regime classification. In a complex terrain

in southeastern Manitoba, Mueller-Dombois (1964, 1965) found the
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source of soil-water mechanism (ground, vadose, or flood water) an

important means for finer classifications of the soil-water regimes.

In the bottomland habitats in Georgia, May and Blackmarr (1965)

emphasized the importance of drainage as influenced by soil texture.

In an area where the climate and parent rock material are uniform,

the soil-water regime variation is often related to topographic

position. Under such conditions, Whittaker (1956, 1960) classified the

soil-water regimes in his study areas only on the basis of topographic

position and slope aspect. However, as micro-topographic variation

also influences the soil-water regime status of the site (MCMinn 1960),

direct soil investigation becomes important.

While considering the major soil profile characteristics

(soil depth, depth and fluctuation to ground water table), Loucks

(1960, 1962) in his study in Ontario evaluated the influence of

topographic position and slope in terms of their roles in modifying

the spatial distribution of the incoming rainfall. To integrate all

these factors quantitatively, Loucks developed a system of

classification that was based on the scaling procedure of Torgerson

(1958). In this classification, the intensity of each of the site

factors is divided or scaled into units which are then given specific

values. Using these values, he integrated all the site factors

through nomograms. From these nomograms he then established his

so-called synthetic soil-water regime classes.
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Results of environmental correlation studies in tropical

rain forests and their sampling procedures

Environmental correlation studies of tropical rain forest

vegetation are relatively few and any generalizations from such

studies are almost impossible, particularly when the results, as

well as the procedures, used in these studies are different.

Nevertheless, two groups of studies may be recognized. The first

group indicates that the distribution of plant species in the

tropical rain forest can be classified into plant communities that

are correlated to soil-water regime variation along the slope or catena

(Davis and Richards 1934, Ashton 1964, Greig-Smith et al. 1967, Austin

et al. 1972, Furley 1976). Such a correlation can still be observed even

when the steepness of the slope is only 6% (Lawson et al. 1970).

Furthermore, Austin et al. (1972) found by re-analyzing the study of

Ashton (1964) that the distributional patterns of plant species in the

relatively flat valley plain in the Andulau Forest Reserve, Sarawak, can

further be classified into four plant communities on the basis of soil

texture.

Correlation of tropical rain forest communities with habitat factors

is also supported, though marginally, by Poore (1968) but not by Wong and

Whitmore (1970) or Knight (1975). In these three studies (the second

group), the physiographic variation in each of the study areas is

essentially within the range of that described in the first group of

studies. The major differences between these two groups of studies,

which may account for differences in their results, are related to the

procedures used in selecting the location and in determining the number
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and size of the sample stand. These differences are summarized in

Table 17 and discussed as follows.

Location and number of sample stands.--In the first group of

studies (i.e., those that established habitat correlations), each of the

study areas was stratified into relatively uniform physiographic

segments. Sample stands were then located subjectively or systematically

within these uniform physiographic units. When the study involved more

than just a single slope (Ashton 1964, Greig-Smith et ale 1967, Austin

et ale 1972), replicates of sample stands were established in each of

these physiographic units. Thus, while minor floristic variations within

each physiographic unit were accounted for by the replicates, these

floristic variations can be separated from variations related to

differences in the physiographic units.

In the second group of studies (i.e., those that did not find

habitat correlations), the physiographic stratification in each of the

study areas was less intense or was not clear. The floristic differences

among stands within a physiographic unit therefore cannot be separated

from differences between physiographic units. In a terrain of undulating

or gently sloping hills intersected by well-defined drainage channels

(Poore 1968), each of the sample stands that were systematically located

along transects may not have always been physiographically uniform.

Such a situation was discussed, for axample, by Kershaw (1973).

In the study by Wong and Whitmore (1970), the environmental

conditions of the study area were investigated in detail but the findings

were not used.to determine the location of the sample stands. In this

study, the study area was located on flat to generally sloping land
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where sL~ soil series on three types of parent materials were recorded

and three soil-water regimes based on depth to ground-water table were

recognized. In view of the number of these site factors, the sample of

10 stands that were randomly distributed over the whole study area

appears rather small. This seems to apply also to the study by Knight

(1975), who used only 13 sample stands.

In Knight's investigation, two distinct soil types (gley soil and

well drained latosol) were recognized on an island having seral vegetations

of different ages. Although it is well known that stands of different

ages have different floristic composition (Richards 1952), this source

of variation was not well separated in the habitat correlations of

plant species. For example, the three stands on the gley soil were all

of different ages.

Size of sample stand.--One of the major problems in studying the

tropical rain forest vegetation is in establishing a practical and

acceptable criterion for determining the size of the sample stand. This

problem is brought about primarily by the compl~~ity of tropical rain

forests. For example, in one hectare of this forest an average of about

60 tree species larger than 10 em in diameter may be found (Richards

1952). In general, many of these species are not wel~ described

taxonomically. Also; these species are represented only by a few

individuals per unit area.

In Brunei, 74% of the tree species are represented by one to five

individuals per two hectares (Nicholson 1965a). In the Malay Peninsula,

about 40% of them occur as single individuals (Poore 1968, Wong and

Whitmore 1970). From the 375 tree species recorded by Poore in his
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23 hectare study area, only two species were represented by more than

four individuals per hectare.

Because of the complexity of the tropical rain forests, the

application of releve, count-plot and plotless methods (Mueller-Dombois

and Ellenberg 1974) often cannot be carried out properly. The size of

the minimal area required for the releve method is often too large to be

practical, ranging from 2.5 (Ashton 1965) to 5 ha (Poore 1968). The

extremely small population sizes of the species make the quantitative

data (density, basal area, frequency) derived from the count-plot and

the plotless methods meaningless, except for the few most abundant

or common tree species.

The effectiveness of using the abundant or common species for

forest classification and site correlation studies, however, is not well

established. To determine the groups of plant species that can be used

most effectively in classification of rain forest vegetations, Webb

et al. (1967, 1967a) compared the results of forest classification based

on the total species with those based on groups of species belonging to

various synusiae (canopy or sub canopy trees, ground layer herbs, lianes,

epiphytes, etc.). Their results show that classification using canopy

trees produces the same classification as that using the total plant

species. They further determined that not all canopy trees have distinct

distributional patterns. From the total of 269 canopy species, they

were able to reproduce the ~riginal classification with only 65 tree

species. With further study in the area, Williams et al. (1973)

recommended that the spot listing of 20-25 adjacent larger trees at each

sample stand (one tree and its 19 to 24 nearest trees) would be sufficient.
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In general, this conclusion is similar to the one resulting from an

earlier study by Austin and Greig-Smith (1968). They show that the use

of the 200 most numerous or abundant tree species in the study area is

sufficient to produce a meaningful ordination. Furthermore, Greig-Smith

(1971) indicates that a small plot (0.04 to 0.4 ha) may be satisfactory

for qualitative analyses based on the absence and presence of species

but a larger plot (probably 10 ha) is necessary for quantitative analysis.

Instead of using this large plot he suggests that a count of mature

individuals of 10 to 20% of the most abundant tree species may provide

an adequate basis for ordinating or classifying the vegetation. Thus,

there is considerable evidence that the most abundant species can be

used to describe and classify the tropical rain forest vegetation.

However, the environmental correlation of vegetation units recognized in

these studies was not investigated.

The only vegetation-environment correlation study I found in the

literature which used the most abundant species as the basis for

determining the size of the sample stands was that by Knight (1975).

However, the effectiveness of the size of these sample stands cannot

be evaluated because the results (no habitat correlations) seem to be

also influenced by stages of vegetation development and the low number

of sample stands used.

A study which separates the more common canopy species

from the less common ones (the rarest ones were excluded) and evaluates

their environmental status is that by Poore (1968). Whereas the size of

the sample stands used in this study was determined arbitrarily and not

on the basis of the most common or abundant species, Poore showed that
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the distributional patterns of the nineteen most common canopy species

in the Jengka Forest Reserve in the Malay Peninsula did not correlate

to any changes of soil and micro-environment. Environmentally

correlated species groups were formed only among the less common tree

species (called the 'rarer' species) though not all of them were useful.

Thus, for environmental correlation studies of tropical rain forest

vegetations, no practical criteria were proven satisfactory for

determining the size of the sample stand on the basis of the properties

of the vegetation.

Similar to Poore, the size of sample stands used by Wong and

Whitmore (1970) was also arbitrarily determined. In contrast to these

studies, which form the second group of studies (Table 17), the studies

in the first group established the size of the sample stands under the

condition that pach of the sample stands should be physiographically

uniform. This criterion, which is well stated by Greig-Smith (1964) and

Muel1er-Dombois and Ellenberg (1974), was particularly emphasized by

Ashton (1964).

In his study in Brunei, Ashton considered physiography to be one of

the most important habitat factors controlling plant distribution in the

area. In this study, units of physiographically uniform areas were not

large. The largest size of sample stand possible under this condition

was 0.4 ha. To maintain the size and uniformity 0f the sample stand,

particularly on narrow ridges, Ashton even had to modify the shape of

his sample stand.
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In confirming Ashton's findings, Austin et al. (1972) further

re-emphasized the importance of an environmentally uniform sample stand.

The inclusion of varying topographic conditions within each sample

stand, which may have been the case with many of the sample stands used

by Poore (1968), is possibly the major reason why the environmental

correlations of species groups resulting from the vegetation analysis

are obscured.

The varying topographic or habitat conditions also seem to be

responsible for the large minimal area generally assumed for the

tropical rain forest. The continuing increase of the number of plant

species associated with the increasing size of sample stands might well

be due to changes of habitats.

In a relatively complex terrain, the size of the relatively uniform

habitat appears to be small. Because of this and the estimate of the

minimum number of species required for effective ordination (Austin and

Greig-Smith 1968), Austin et al. (1972) suggest that a sample stand of

40 x 20 m is sufficient for most phytosociological studies in the

tropical rain forests. The successful usage of this sample size remains

to be tested. However, for successful correlation studies in the

tropical rain forest there is a tendency that this can be achieved only

by careful stratification of the study area and by having replicates of

sample stands within each of the environmentally uniform segments.
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STUDY AREA

Location and topography

This study was carried out in Kahana Valley, on the windward side

of the Island of Oahu, Hawaiian Islands (F~g. 4). The valley extends

about 7 km from the crest of the Koolau Range (780 m elevation) at the

back of the valley to sea level at its mouth in Kahana Bay. It is

separated from the neighboring Punaluu Valley on the northwest side and

Waikane and Kaaawa valleys on the southwest side by two major ridges

that are about 3 km apart and run somewhat parallel in the northeast

direction from the Koolau Range. In this way, the valley is facing the

incoming northeasterly trade winds.

Kahana Valley consists of flat lands and sloping lands that range

from gentle to steep, to very steep (cliffs). Much of the flat land

area is located at the mouth of the valley, the valley floor. The

surrounding sloping lands are generally deeply dissected into narrow

ridges and gulches. At the bottom of these gulches or ravines, runoff

water flushes during heavy rain storms, but during the rest of the

year, the gulches remain dry.

The main ridge between Kahana and the Kaaawa and Waikane valleys

branches and extends out onto the valley floor. Kawa Stream, which

originates on the eastern side of this secondary ridge, joins the main

Kahana Stream at the upper portion of the valley floor. The two streams

converge into a single stream that meanders along the valley floor

towards the bay. Kahana Stream, which always has plenty of running

water, originates at the back part of the valley. It runs on the west

side of the secondary ridge before converging with Kawa Stream.
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Fig. 4. -- Location and map of Kahana Valley, Oahu, Hawaiian Islands:

A - pasture and agricultural land area
B - cliff area
C - study area (not shaded)

------ rainfall isohyets

The climate diagrams represent the U.S. Weather Bureau
Station no. 883, Kahana Valley and the U.S. Weather Bureau
Station no. 884, Punaluu. The months indicated on the
X-axis of the climate diagrams are from September through
September with March shown in the center. The mean monthly
rainfall values, shown by the upper curves, are based on
lO-year averages (1951-1960), U.S. Weather Bureau Records.
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The valley floor is used for grazing and other agricultural

purposes. Together with the cliff area, which is not accessible, these

areas were excluded from the study area. The greater part of the study

area, therefore, was located in the gently to the steeply sloping land

areas.

Climate

Kahana Valley is characterized by a warm climate with a mean annual

temperature in the coastal area of 240C (U.S. Weather Bureau 1965). The

valley is the wettest valley on Oahu (Taliaferro 1959). Although

cyclonic storms that bring heavy rains allover the valley often occur,

much of the rainfall is brought about by the north-easterly trade wind

that blows on the average of 20 to 30 km per hour (Blumenstock 1961).

In this connection, because of the orographic variation in the valley,

the annual rainfall increases from 1875 rom in the coastal area to

7500 rom at the summit of the Koolau Range. This rainfall pattern is

shown by the isohyets in Fig. 4 (Taliaferro 1959, Tongg et al. 1970).

Except for the coastal area which may receive less than 100 rom of

rainfall per month during the summer months, the rest of the valley

receives a high monthly rainfall (of more than 100 rom) throughout the

year. The monthly variation as received at Punaluu in the coastal area

(u.S. Weather Bureau Station No. 884) and at the back part of Kahana

Valley (U.S. Weather Bureau Station No. 883) is shown by the climate-

diagram in Fig. 4. These climate-diagrams were constructed following

the procedure described by Walter and Lieth (1960).
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Geology and soils

Except for the calcareous marine sediments near the bay, the parent

rock material in Kahana Valley consists of basalts that are derived from

the Koolau volcanic series. As described by Lau (1973), this parent

rock material has only a few minerals that are resistant to weathering.

This soft, weathered parent material, which underlies the soil, is

called saprolite. Spatially, this saprolite varies only in thickness.

On steep slopes or ridges, this saprolite layer is thin. On the more

favorable gentle slopes, it reaches up to about 30 m thick. Because

silica and alkalines are readily leached in the weathering process,

this saprolite is largely composed of iron and aluminum hydro-oxides

mixed with kaolinite clays.

Based on a report prepared by Swindale and Hill (1966), 12 soil

series (including 17 soil phases) are recognized and mapped in the

valley (Tongg and Associates 1970, Foote et al. 1972). Among the soil

series, four of them are in the area delimited for the present study.

Two of these soil series (Hanalei and Waialua series) are found on flat

lands along Kahana and Kawa Streams. The other soil series (the rough

mountainous land and the Waikane series) occur on the gently to steeply

sloping areas. All of them are fine-textured soils.

The Hanalei silty clay found along the lower part of Kahana Stream

and the Hanalei stony silty clay along the upper part of the stream are

alluvial soils. Under the present U.S. Comprehensive Soil Classification

System (Soil Survey Staff 1960, 1964, 1967) these soils were classified

by Swindale (in Foote et al. 1972) into the. Typic Tropaquepts sub-group

of the Order Inceptisols. The soils are neutral in reaction (pH 6.5-7.3),
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poorly drained because of a high water table. The subsoil

(below 30 em depth) is strongly mottled.

The Waialua stony silty clay soi~ found along the Kawa Stream, is

a Low Humic Latosol (Mollisol) belonging to the Typic Haplustols

subgroup. This soil is relatively deep (more than 1.5 m), moderately

well drained, neutral (pH 6.6-7.3) in the surface soil but slightly

acid (pH 6.1-6.5) in the subsoil.

Except for the soil-depth variation, I found the field

characteristics (soil horizons, texture, color) of the soils mapped as

rough mountainous land to be similar with those of the Waikane series.

Waikane silty clay soils are Ultisols belonging to the Humoxic

Tropohumults subgroup. These soils are relatively poor in nutrients,

well drained, and strongly acid in reaction (pH 4.5-5.0). Although

stoniness may occur in small pockets at the head of the gulches or below

the cliff areas, the major variation in these soils is related to the

steepness of the slope and the depth of the soil.

History

Based on the archeological features found in the valley, Hommon and

Barrera (1971) speculated that Kahana Valley was heavily populated and

utilized by the ancient Hawaiians, particularly the flat and the gently

sloping land areas. In these areas, remnants of ethnobotanical

characteristics (bamboo patches, bread fruit trees) can still be

observed. In addition, I also observed charcoal buried at various

depths in the soil, in a number of locations under different plant-cover

types. On these bases, the original vegetation in the flat and gently
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sloping land may have been completely disturbed or destroyed and

replaced by similar or different types of plant-covers. A certain

degree of disturbance, particularly by fire, could also have occurred

in the steeper land areas.

A more recent but restricted disturbance certainly occurred when

the Waiaho1e Ditch Tunnel in the back part of the valley (at about 240 m

elevation) was constructed and completed in 1921 (Lau 1973). Along this

tunnel, a trail was constructed and alien tropical tree species

(Albizzia fa1cataria, Ficus spp., Me1a1euca 1eucodendron) were planted

on its sides. These trees are growing well and can be recognized on

aerial photographs.

Vegetation

In a recent botanical survey in the valley, Theobald and Wirawan

(1973) recognized and mapped 13 types of vegetation. Nine of these

occur in the present study area. These vegetation types were defined on

the basis of their structural and floristic characteristics. The three

major structural units recognized are forest, woodland, and mixed

forest-scrub to grass-scrub units. The forest and woodland are defined

as in Ellenberg and Mue11er-Dombois (1967).

Five forest types and two woodlands are recognized on the basis of

dominant tree species. The forest types are scattered in small areas

over the valley. The Albizzia fa1cataria forests occur along the

Waiaho1e ditch trail, the A1eurites mo1uccana forests in the head

gulches, the Hibiscus ti1iaceous forests primarily along the streams,

the Brassaia actinophy11a forests along the gulches and on lower slopes
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near the valley floor, and the Acacia koa-Pandanus odoratissimus forests

are scattered on upper slopes and ridges in the middle portion of the

valley.

In contrast to the forest types, the two woodlands are the major

vegetation types in the valley. The Acacia koa-Pandanus odoratissimus

and the Metrosideros collina woodlands occupy two-thirds of the valley

area, which are located in the middle and back portions of the valley,

respectively. The major differences between the two woodlands are the

tree components. ~ihereas the ground cover is closely and densely covered

by the Dicranopteris linearis fern, the trees are either predominantly

Metrosideros collina or a mixture of Acacia koa and Pandanus odoratissimus.

The mixed unit consists primarily of forest-scrub and grass-scrub.

Each of these units consists of small patches of forest and scrub or

grass (herb) and scrub. They occur allover the valley, particularly

in the flat to gently sloping areas where past disturbances were intense.

FIELD METHODS

Based on the knowledge of environmental and vegetational variation

in the valley gained from previous work (rheobald and Wirawan 1973) and

several reconnaissance visits in the study area, I selected 64 releves

or sample stands for a detailed vegetation analysis as shown in Fig. 5.

These sample stands were established in the field after their locations

and topographic positions were predetermined on aerial photographs and

a topographic map. The criteria used for location of sample stands were:

(1) the stands should be fairly evenly distributed along the rainfall

and topographic gradients, (2) the stands should represent major



Fig. 5. -- Map of Location and Distribution of Sample Stands

Used in the Vegetation Analysis of Kahana Valley

-----400----- contour line, in feet

---- jeep (dirt) road
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'45 location of a particular sample stand
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vegetation patterns recognized on aerial photographs, and (3) the

locations of these stands should be fairly accessible.

The size of each sample stand was 400 square meters. This size

was determined through a minimal-area curve that was constructed from

data collected in a floristically rich forest stand (Appendix I, p. 312).

Because each sample stand should also be uniform in physiographic

condition, variable shapes of stands were adopted. On slopes, square

(20 x 20 m) stands were used, whereas on narrow ridges and at the

bottoms of slopes along the gulches rectangular ones (40 x 10 m) were

necessary.

In each stand, plant species were stratified by height. The total

percent cover of each stratum was estimated and the cover-abundance of

each plant species in each stratum was assessed using the Braun-Blanquet

scale (Mueller-Dombois and Ellenberg 1974). Together with the list of

plant species found in the valley, these records are shown in

Appendix II (p. 315).

In addition, the physical characteristics of the habitat in each

stand were also investigated. The location, elevation, slope aspect,

and litter layer were recorded. The percent slope was measured with a

height-range finder. Following the procedure described in the Soil

Survey Manual (Soil Survey Staff 1951), the soil characteristics (soil

horizons, texture, structure, depth, stoniness, rooting depth) were

studied from soil pits dug in the center of the sample stands or from

auger samples (Appendix III, p. 334),
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SOIL-~vATER REGIME EVALUATION OF SAMPLE STANDS

The major source of water, which influences soil-water regime

variations in the valley, is rainfall. It increases from the coastal

area towards the back part of the valley. The effectiveness of rainfall,

however, is determined by (1) the soil-water storage capacity as

influenced particularly by soil depth and stoniness; (2) the magnitude of

water running on and off the habitat, as influenced by topographic

position and percent slope; and (J) the depth of the ground water table.

For incorporating these factors in evaluating the soil-water

regime of a habitat, I have developed a formula that will provide an

objective means of classifying the habitat. For this purpose I adopted

a procedure that was similar in principle to the scaling procedure of

Loucks (1960, 1962).

I estimated the annual rainfall received in each stand by

extrapolating it from adjacent isohyets. Except for the stands located

in the flood plain of the Kawa and Kahana Streams, the soil-water regime

status of each stand was derived by multiplying the rainfall value with

a correction factor C, which was calculated from the following formula.

C =
(12 - A) (Ron - Rof f + 100)

x
12 100

where: 12 = number of months in a year

A = an arbitrary estimate of the number of critical dry months:

A = 0 when the soil is deep and non-stony

A = 1 when the soil is deep and stony or shallow and non-stony

A = 2 when the soil is shallow and stony



= runon water }
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= runoff water
percentage of rainfall
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This formula was developed through the following considerations.

Based on my observations in this valley, I made the following

assessment of the capacity of soil to store water. In this valley,

where rainfall is relatively high, I do not consider soil-water storage

limiting for plant growth when the soil is deep (more than 50 cm to the

weathered parent material) and non-stony (stones or gravel less than

15% by volume). Thus, for such soils, I arbitrarily gave a rating for

A = O. However, when the soil was shallow (less than 50 cm) and

non-stony, or deep and stony, the decrease in storage capacity could be

critical particularly during the last month of summer, when rainfall is

relatively low. Here I gave a rating for A = 1. When the soil was

shallow and stony, soil water could become limiting at an earlier time.

Under this condition I gave a rating for A = 2.

In addition, depending on the topographic position (ridge, upper

slope, mid-slope, slope-bottom, and gulch), a stand may receive runon

water from the upper slope while at the same time losing it to the

lower slope through runoff. For this reason, the ridges and upper

slopes may not receive any runon water. For a site at a lower slope

position the net soil water status is determined by the magnitude of

the runon and runoff waters. The magnitude is influenced by the

steepness of the slope above and below the stand.

To determine the magnitude of such runon (R ) and runoff. on

waters, I used the curve developed by Loucks (1960), which relates the

magnitude of runon or runoff water to the steepness of the slope.
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(Appendix rJ, p , 344). I estimated runoff by using the slope measured

in the sample stand and runon by using the antecedent slope above the

stand, which was determined from a topographic map. Considering the

importance of the soil-water storage capacity and the effect of these

runon and runoff waters, the above formula was established for

correcting the amount of rainfall that would potentially remain at the

stand, which is referred here as the soil-water regime index (SRI)

of the stand.

Although the length of slope above the stand could contribute to

the amount of rainfall deflected laterally down the slope, this parameter

was not incorporated because its significance on runon does not seem

to justify the efforts of its measurement and subsequent calculation in

the formula. To demonstrate the derivation of the SRI of s~ple stands,

stand number 10 is used here as an example. As shown in Appendix III

(p. 334), this sample stand is described as being located at a mid-slope

with 70% slope above the stand and 18% slope below the stand. Also,

the stand has a deep and non-stony soil.

By plotting the percent slope into the runon-slope or runoff-slope

curve of Loucks (Appendix IV, p. 344), the runon (Ron) and runoff (Roff)

received by and loss from the stand were respectively 34% and 20% of

the rainfall received at the stand. In this case, the annual rainfall (Pt)

estimated for this sample stand was 270.8 em. Because the soil is deep

and non-stony, the number of critical dry months (A) for this stand is

equal to zero. Based on these values, the correction factor C can be

calculated from the formula as follows.



c =
(12 - 0)

12

C = 1.14

x
(34 - 20 + 100)

100
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With this correction factor and the rainfall value mentioned above, the

SRI for sample stand number 10 was calculated as:

SRI = 1.14 x 270.8

= 308.7 or 309

The SRI for the other sample stands, together with the values of

parameters used in their calculation, are shown in Appendix V, p. 345.

Based on these soil-water regime indices (SRI), stands were arranged

along a gradient. Stands located in the flood plains are placed at the

wet end of the gradient because they are generally wet all the time

(due to the influence of the stream water). Because the SRI indicates

only the total amount of rain water that the site could possibly have,

to indicate the fluctuation of this soil-water as particularly related

to drainage, the topographic position of each site is shown also. This

arrangement of sample stands are shown in Table 18.

To classify this soil-water regime gradient into ecologically

meaningful zones, in the following sections plant communities and

plant species will be ordinated along this gradient. Based on the

ranges of their distributions along the gradient, attempts will be

made to select plant communities and/or plant species that are

restricted to specific segments of the gradient. These plant

communities and/or plant species will then be used to sub-divide the



Table 18 168
Arrangement of Sample Stands Based on Their

Soil-Water Regime Indices

Soil-water Sample
Running regime index stand Topographic
number (SRI) no. oosition

1 129 32 ridge
2 129 33 :::idge
3 138 47 ridge
4 143 49 upper slope
5 151 48 ridge
6 156 46 cid-s10pe
7 156 50 ridge
8 181 45 mid-slope
9 183 56 mid-slope

10 195 44 gulch
11 204 35 lower slope
12 214 55 gulch
13 216 34 gulch
14 227 51 mid-slope
15 229 54 lO\.1er slope
16 239 17 ridge
17 241 41 ridge
18 241 42 gulch
19 241 43 mid-slope
20 242 9 ridge
Zl 245 61 ridge
22 245 8 ridge
23 Z46 31 mid-slope
24 247 40 mid-slope
25 248 52 10\.1er slope
26 252 2 gulch
27 259 64 upper slope
28 261 18 ridge
29 265 16 ridge
30 267 12 ridge
31 287 5 ridge
32 295 7 mid-slope
33 308 63 mid-slope
34 309 10 mid-slope
35 31Z 1 gulch
36 317 11 mid-slope
37 319 15 ridge
38 320 3 ::lid-slope
39 321 6 lower slope
40 343 53 gulch
41 350 62 mid-slope
42 369 57 lower slope
43 376 13 mid-slope
44 384 58 10\.1er slope
45 388 37 mid-slope
46 392 4 mid-slope
47 398 38 lower slope
48 426 14 lower slope
49 459 Z8 mid-slope
50 463 30 lower slope
51 505 21 ::lid-slope
52 513 24 mid-slope
53 523 25 lower slope
54 537 23 mid-slope
55 541 22 mid-slope
56 554 26 mid-slope
57 602 27 gulch
58 650 29 mid-slope
59 39 l60 20 valley
61 36 I bottom
62 59

J
0:-

63 60 streambed
64 19
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soil-water regime gradient into soil-water regime zones. If such

plant communities and/or plant species can be isolated, these plant

communities and/or species will directly become the indicators of the

corresponding soil-water regime zones.

THE PLANT COMMUNITIES AND THEIR RELATIONSHIPS

TO SOIL-WATER REGIMES

For defining the types of plant communities that may occur in the

valley by objective procedures, the floristic data from the 64 sample

stands were analyzed using the dendrograph technique (McCammon 1968,

McCammon and Wenniger 1970) and the two-way synthesis table technique

(Ceska and Roemer 1971). Using Hawaiian vegetation as examples, the

principles involved in these computer programs were well summarized by

Mueller-Dombois and Bridges (1975). These programs are readily available.

Sample stand clusters by dendrograph technique

In the McCammon's dendrograph technique, sample stands are clustered

on the basis of their similarities to one another. The clustering method

used in this program is described by Mueller-Dombois and Bridges (1975)

as an If -- agglomerative, centroid, unweighted pair-group method."

Coefficients or indices of similarities among stands (a similarity matrix)

can be calculated through Jaccard's or Sorensen's s;milarity coefficients

or through modifications of these indices. These indices are discussed

in detail by Mueller-Dombois and Ellenberg (1974).
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In analyzing my data, the use of five of these similarity indices

gave results in the form of five dendrographs. From the comparison of

these five dendrographs, I selected the dendrograph that was derived

through the similarity matrix calculated using Spatz's formula

(Mueller-Dombois and Ellenberg 1974). This dendrograph (Fig. 6)

produces sample stand clusters that correspond well to the plant

communities recognized in the Botanical Survey (Theobald and Wirawan 1973).

Spatz's index of similarity is a modification of the quantitative

application of Jaccard's formula as applied by Gleason (Mueller-Dombois

and Ellenberg 1974). Spatz's index is written as

IS =
z (M :M,)w 0

a + b + c
x x 100

where: IS = Index of Similarity

a = number of species occurring in stand A only

b = number of species occurring in stand B only

c = number of species common to both stands A and B

Ma = sum of quantitative values of the species unique to stand A

Mb = sum of quantitative values of the species unique to stand B

Mc = sum of quantitative values of the species unique to stands

A and B

~ = smaller quantitative value of a species common to stands

A and B

Mg = greater quantitative value of a species common to stands

A and B



Fig. 6. -- Clusters (A to G) and sub-clusters (a to g) of sample stands as
defined by lines 1 and 2; the dendrograph was constructed through
the McCammon's dendrograph technique using similarity indices
calculated through Spatz's formula.
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In this index the percent canopy cover was used as the quantitative

value of each species. This value was derived from the midpoint cover

classes related to the Braun-Blanquet scales. This conversion of the

Braun-Blanquet scale to the percent cover was carried out automatically

by the computer. The matrix of similarities among sample stands

calculated through this procedure is shown in Appendix VI (p. 349).

In Fig. 6, clusters of sample stands are indicated

by horizontal lines (parallel to the X-axis) that connect sample

stands. The distance of each of these lines from the X-axis indicates

the degree of similarity of the two stands being connected. This

degree of similarity is shown in the Y-axis.

To identify the major clusters of sample stands (here defined as

groupings of at least three sample stands) that are ecologically

meaningful, I followed the inductive method described by Mueller-Dombois

and Bridges (1975). Two cut-off lines were used to subdivide the

dendrograph into clusters of sample stands. These two lines are

parallel to the X-axis. Line 1 was made to subdivide the dendrograph

into major clusters only, whereas line 2 allowed at least 25% of the

sample stands to form single clusters (groups of one to two sample stands.)

The major clusters defined by line 1 are A, B, C, D, E, F, and G.

The sub-clusters defined by line 2 are a, b, cl, c2, dl, d2, el, e2, f,

and g. As shown in Fig. 6, within-group similarities are higher in the

groups defined by line 2 (between 20-24%) than by line 1 (between 12-17%).

This indicates that the sub~clusters form more homogenous groups of

stands than do the major clusters.
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The major clusters and their related sub-clusters correspond well

with the plant communities recognized by Theobald and Wirawan (1973).

The plant communities that represent each of these major clusters are

listed in Table 19.

To determine if these clusters were correlated with specific

soil-water regimes, sample stands in each of these groups were transferred

to the soil-water regime gradient shown earlier in Table 18. The

distributions of major clusters and sub-clusters along this gradient are

shown in Fig. 7. The homogeneity of these major or sub-clusters are

indicated by the similarity values on the right side of the figure.

Major clusters and sub-clusters that were correlated to specific portions

of the soil-water regime gradient were used for subdividing the gradient

into ecologically meaningful soil-water regime zones. The zone-boundary

is the soil-water regime where the distributional limits of at least

two major clusters or sub-clusters end or meet. In this way, five soil

water regime zones were recognized. These zones corresponded with

cluster C as well as sub-clusters dl, d2, band f. The remaining sample

stands at the wettest segment of the gradient, which are represented by

sample stands located in the streambed area, formed another zone but

this zone was not correlated to any specific clusters or sub-clusters.

The other sub-clusters (g, el, e2, and 'a') were distributed in the

middle range of the gradient, overlapping with the distributional range

of both sub-clusters d2 and b. Further analysis of the habitat

correlation of these sub-clusters showed that their distributions in

this segment of the soil-water regime gradient were correlated to

specific topographic positions. As indicated by the topographic
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Major Dendrograph Clusters as Identified Through
the McCammonts Dendrograph Technique and
Their Corresponding Plant Communities as

Recognized in a Botanical Survey by Theobald and Wirawan (1973)

Major
Dendrograph

Cluster

A

B

C

D

E

F

G

Corresponding Plant Community
as recognized by

Theobald and Wirawan (1973)

A1eurites and Hibiscus forests

mixed forest-scrub

mixed grass-scrub

Brassaia forest

combination of Acacia-Pandanus and
Albizzia forests

Metrosideros woodland

Acacia-Pandanus woodland
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positions plotted under the respective sample stands along the gradient

(Fig. 7), sub-clusters g, el, and e2 consisted of sample stands

occurring on upper topographic positions.

In contrast, sub-clusters d2, b, and 'a' represented sample stands

located on lower topographic positions. Whereas sub-cluster 'a'

occurred allover this segment of the gradient, sub-clusters d2 and b

were restricted to the drier and moister portions of this middle range

of the gradient. Based on the distribution of these clusters and

sub-clusters along the soil-water regime gradient, and in terms of

their topographic positions, a total of seven soil-water regime zones

were then recognized. These zones (I to VII) are shown at the bottom

of Fig. 7.

The soil-water regime zone I relates with the driest segment of the

gradient, where the SRI values range from 129 to 156. This segment of

the soil-water regime gradient is here referred to as the moderately

dry soil-water regime. It is represented by sample stand cluster C or

the mixed grass-scrub vegetation. As indicated by the presence of

sub-clusters cl and c2, this cluster is rather heterogenous. All sample

stands in this cluster are located on mid-slopes, upper slopes, or

ridges in the low rainfall area near the mouth of the valley.
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The soil-water regime zone II, which is slightly moister than

zone I, has SRI values ranging from 181 to 204. This segment of the

gradient is here referred to as the fresh soil-water regime zone.

Habitats with this soil-water regime occur in the same general area as

zone I but are restricted primarily to mid-slopes, lower slopes, and

gulches. Sample stands in this zone are represented by sub-cluster dl,

which corresponds with stands of Brassaia forests.

Soil-water regime zone III is defined by sample stands in

sub-clusters g, el, and e2, which have SRI values ranging from 214 to

463. This zone is restricted to sites on the upper topographic

positions in the middle portion of the valley. This zone, which is

referred here as the moderately moist soil-water regime zone,

corresponds with the Albizzia forest together with the Acacia-Pandanus

forest and woodland.

Soil-water regime zones IV and V, which occur in the same general

area as zone III, are restricted to sites on lower topographic positions

only. Zone IV or the moist soil-water regime zone is defined by sample

stands in sub-cluster d2, which. have SRI values ranging from 214 to 317.

It corresponds with certain stands of the Brassaia forest.

Zone V or the very moist soil-water regime zone is defined by

sample stands in sub-cluster b, which have SRI values ranging from 319

to 463. This zone corresponds with the mixed forest-scrub.

Soil-water regime zone VI is defined by sample stands in cluster F,

which have values ranging from 505 to 650. This zone, referred as the

wet soil-water regime zone, occurs in the high rainfall area in the back

part of the valley. It corresponds with the Metrosideros woodland.
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Soil-water regime zone VII is represented by sample stands in the

wettest segment of the gradient. These sample stands, which are located

in the alluvial soils along the Kahana and Kawa Streams, belong to four

different clusters (D, B, G, and A). This indicates that the floristic

composition of these sample stands are heterogeneous. Because at one

time or another many parts of the streambed areas were used for taro

cultivation, the plant covers along these streams may be related to

factors other than the soil-water regime.

Although these zones are generally correlated to plant communities

recognized in the earlier botanical survey (Theobald and Wirawan 1973),

the plant species that characterize these zones have not been identified.

To identify these species and to verify these zones, the same floristic

data were subjected to a two-way synthesis table analysis.

Differential species by two-way

synthesis table technique

The Ceska and Roemer (1971) program is a simulation of the

Braun-Blanquet synthesis table technique, which aims at classifying the

vegetation types of an area into plant communities which are differentiated

by groups of species having similar ranges of distribution in a restricted

area (Mueller-Dombois and Ellenberg 1974). One of the advantages of this

computer program is that it provides an objective way of defining the

species groups and the ranges of thei+ distribution (sample stand

groups) by employing specified threshold values. For this purpose,

the following two rules are used (Mueller-Dombois and Bridges 1975).
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First, a species is associated with a species group when this

species occurs in at least x% of the stands of the group and is not

present in more than y% of the stands outside the group (Rule I).

Species that meet this rule are scanned from the data sets. Because

the distributional patterns of these species may still differ to a

varying degree, the actual number of stands that are correlated to the

species gro~p may change from time to time during the formation of the

group. In this process, the computer accepts a stand as a member of

the stand group when the stand contains at least x% of the associated

species group (Rule II). In the scanning process of the data sets,

these two rules are applied alternately until all species groups

correlated with relatively uniform stand groups are identified.

A group is defined by at least two species or sample stands. For

phytosociological studies, five options of the x/y threshold values

(50/20, 50/10, 66/33, 66/20 and 66/10) are generally used (Mueller-Dombois

and Bridges 1975). The environmental correlations of the associated

species groups can be evaluated on the basis of the environmental records

collected in each sample stand. When the environmental variation in the

study area can be expressed in terms of a gradient, the environmental

correlations of the associated species groups may be derived through

two approaches.

In the first approach, the sample stands in each species group can

be transferred to the gradient and their distributions along the gradient

evaluated. This approach is the same as the evaluation of the sample

stand clusters that resulted from the dendrograph technique. In the
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second approach, a prescribed series of sample stands is dictated into

the Ceska-Roemer computer program. The species groups thus identified

are directly correlated to specific intensities of the factor gradient.

For identifying species groups that are correlated with specific

soil-water regimes in Kahana Valley, both of these approaches were tried

in conjunction with the five x/y threshold values. For each of these

threshold values, the results from these two approaches are essentially

the same. Among the five x/y threshold values, the 50/10 option produced

eight species groups, which were about equal to the number of plant

communities recognized in the botanical survey by Theobald and Wirawan

(1973). The grouping of sample stands also resemble the sample stand

clusters produced by the dendrograph technique using Spatz' index of

similarity. For these reasons, the results of the 50/10 option were

used for the following analysis.

The species groups which resulted from this option are shown in

Table 20. These species groups are numbered according to the order in

which they are identified in the computation cycles. The distribution

of these species groups along the soil-water regime gradient are

indicated by the" sample stand groups. The sample stands that make up

each sample stand group are indicated by asterisks located in the

sample stand columns on the top and bottom of each species group. Each

of these sample stand groups indicates the common distributional range

of the plant species in the respective species group.
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Table 20

Species groups defined through the use of
Ceska-Roemer computer program and the 50/10 threshold value
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For example, species group 2 consists of Stachytarpheta jamaicensis,

Passiflora suberosa, Sphenomeris chusana, Paspalum orbiculare,

Andropogon virginicus, and Schinus terebinthifolius. These species

occur in the driest portion of the soil-water regime gradient, i.e. the

sample stands with running numbers 1 to 11. These sample stands are

similar to those in the dendrograph cluster C and sub-cluster dl. Thus,

this species group may be used to characterize these dendrograph cluster

and sub-cluster as well as the moderately dry and fresh soil-water

regime zones that correspond with these cluster and sub-cluster. Here,

the two soil-water regime zones are separated by species groups 8 and 1.

Based on the distribution of these species groups along the soil

water regime gradient, five zones are recognized. These zones are

indicated at the bottom of Table 20. The boundaries of these zones

are established at the soil-water regime indices at which the

distributional limits of at least two species-groups end or meet.

Zone I is characterized by species groups 2 and 8. Zone II is

characterized by species groups 2 and 1. These zones I and II are

related, respectively, to the moderately dry and fresh soil-water

regime zones recognized through the dendrograph technique.

Zone III, which corresponds to moist soil-water regime zones, is

characterized by the presence of species groups 1, 3, 4, and 7 and the

absence of species groups 2, 8, 5, and 6. Species in group 1 a~e

widely distributed over the soil-water regime gradient and also over

all topographic positions. Except for Psidium guajava, the

distributions of these herbs and shrubs apparently are more influenced

by the availability of shade from the forest canopy. These herbs and
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shrubs are typical undergrowth vegetation in shaded forests.

The distribution of species in groups 3, 4, and 7 are restricted

to lower topographic positions only. Species in group 7 are endemic

species (except Alocasia indica) that occur primarily on the unstable

rocky or stony lower slopes at the heads of the gulches. Species in

group 4 are introduced species that grow in the abandoned agricultural

fields. However, these and other sites on lower topographic positions

in this zone, which correspond to the moist and very moist zones are

generally characterized by species group 3.

Zone IV is defined by species groups 5 and 6. This zone

corresponds well with the wet soil-water regime zone recognized through

the dendrograph technique.

Zone V is represented by sample stands in the wettest segment of

the gradient, which consists of sample stands located in the alluvial

soils along the streams. These sample stands are those that were used

in the dendrograph analysis to define the very wet soil-water regime

zone. Similarly as in the dendrograph analysis, where no specific

cluster of sample stands correlated to this zone, the synthesis table

technique also fails to identify specific species groups that can be

used as the indicator of this zone. However, several tree species

(Psidium guajava, Aleurites moluccana, Eugenia malaccensis) and

herbaceous species (Oplismenus hirtellus, Zingiber zeruw~et) are

generally found in abundance in this zone.
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Soil-water regime classification

based on distribution of plant communities

The analysis of the aistributional patterns of species groups

recognized through the two-way synthesis table technique resulted in

the recognition of five soil-water regime zones. One of these zones

coincided with two of the zones recognized through the dendrograph

technique (the moist and very moist zones). The other four zones

coincided well with four of the zones recognized through the dendrograph

technique (the moderately dry, fresh, wet, and very wet zones). Whereas

the species groups used in defining the latter four zones can be used

as indicators of the zones, no species group was available for

differentiating the moist from the very moist zoneq. In addition,. no

species group was correlated to the moderately moist zone defined

through the dendrograph technique.

The presence of soil-water regime zones, whose plant indicators

have not yet been identified through the synthesis table technique,

could be related to the difference in the criteria used in these two

grouping techniques. In the formation of the dendrograph clusters and

sub-clusters, the similarity indices among sample stands are based on

all species found in each sample stand. With the use of Spatz's index

of similarity, the abundance of species is also evaluated.

In contrast, in the two-way table technique, the ubiquitous or

dominant species (present in more than 66% of the sample stands) and

the rare species (present in one or two sample stands) are excluded from

the analysis. From those included in the analysis, only the presence/

absence of species is actually used. The abundance of species is not
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evaluated. Further, with the way the species group is defined in the

computer program (Rule I), some of the dominant species included in the

analysis may form vegetation units dominated by single species and not

by species groups. The plant communities recognized in the botanical

survey, which generally correspond well to the dendrograph clusters and

sub-clusters, are based primarily on the distribution of single dominant

species. The evaluation of these dominant species therefore is useful

for clarifying the status of plant communities in this valley.

DISTRIBUTIONAL PATTERNS OF DOMINANT PLANT

SPECIES ALONG THE SOIL-WATER REGI~lli GRADIENT

The dominant plant species that were used by Theobald and Wirawan

(1973) to define the plant communities in this valley are listed in

Table 21, together with their life forms, abundance, distribution along

the soil-water regime gradient and topographic positions in which they

occur. The soil-water regime zones and sub-zones as recognized through

the dendrograph and synthesis table techniques are shown at the bottom

of this table. Except for Andropogon virginicus and Aleurites moluccana,

none of the species listed in this table are members of the previously

defined associated species groups as shown in Table 20.

The distribution of the species on Table 21 indicates that some of

them (Albizzia falcataria, Andropogon virginicus~ Brassaia actinophylla,

and Eugenia cumini) are restricted to certain portions of the soil

water regime gradient. Others are more widely distributed over the

gradient. Among these species only Aleurites moluccana and Acacia koa

show correlations to specific topographic positions. The remaining

five species (Pandanus odoratissimus, Dicranopteris linearis, Clidemia
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Distribution of Dominant Plant Species in Terms of the Soil-Water Regime Zones Defined Through
Analysis of Plant Communities Along the Soil-Water Regime Gradient in Kahana Valley, Oahu
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hirta, Hibiscus tiliaceous, and Metrosideros collina) occur on all

topographic positions. These five species, therefore, are not useful

as indicators of soil-water regtmes.

Among the species that are more restricted in their distribution,

Albizzia falcataria cannot be used as an indicator. The occurrence of

this species in the wet zone (running numbers 53 and 56) is limited to

the area along the Waiahole Ditch Trail where this species grows well

since it was planted some 55 years ago. Here, trees of this species

grow up to 30 m tall with a diameter of 160 cm. As can be seen from

aerial photographs, the umbrella-shaped canopy of this species

population spreads out rather widely away from the trail. Therefore

this tree group was called Albizzia falcataria forest. The woody plant

species found in this plant cover are essentially the same as in the

surrounding Metrosideros woodland. The main difference between the

two plant covers is related to density of their individuals. The shade

of the A. falcataria closed canopy excludes the light demanding

Dicranopteris linearis from the forest cover type, which allows for

denser populations of woody plant species.

Andropogon virginicus is a bunch grass and is a member of species

group 2, which represents the moderately dry and fresh soil-water

regimes. The distribution of this species is restricted only to upper

topographic positions and does not extend beyond the limit of the zone.

It is best developed in the moderately dry zone.

Brassaia actinophylla is a tree species that occurs in the drier

segment of the gradient. It is best developed on the fresh soil-water

regime zone, where its individuals grow up to about 10 m tall and form
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pure stands of closed forest cover. Such forest stands may also occur

in the moist zone but the abundance of this species in this zone

decreases towards moister sites (with higher SRI values). In this zone,

the distribution of this species is limited to lower topographic

positions. It extends to SRI values of 317. This distributional range

essentially is equal to the range of the moist soil-water regime. In

the moderately dry soil-water regime, this species occurs as shrubby

individuals of less than 5 m tall that are scattered in the Andropogon

grassland area.

The distribution of Eugenia cumini, though more restricted, is

essentially the same as that of Brassaia actinophylla. Both species

seem to be good indicators of the moist soil-water regime.

Aleurites moluccana and Acacia koa primarily occur in the middle

range of the soil-water regime gradient and seem to exclude each other

very well. As indicated earlier in Table 20, Aleurites moluccana is a

member of species group 3, which occurs on lower topographic positions

and coincides with the moist soil-water regime. In contrast, Acacia koa

is restricted to the upper topographic positions, which correspond to

the moderately moist soil-water regime zone; except for the sample

stands with running numbers 3, 4 and 5. These sample stands occur on

the moderately dry soils. Acacia koa trees found in each of these

stands, however, belong to a colony of trees that grew from suckers

that originate from the roots of the parent trees, similar to the tree

colonies found in the seasonal mountain parkland on the island of Hawaii

(Mueller-Dombois 1967, Spatz and Mueller-Dombois 1973).
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The distribution patterns of these five dominant species indicate

that these species can be used as indicators of specific soil-water

regimes. Andropogon virginicus, as a member of species group 2, and

Aleurites moluccana, as a member of species group 3, remain indicators

of the moderately dry to fresh soil-water regimes and the moist to very

moist zones, respectively. Brassaia actinophylla and Eugenia cumini

are here established as the indicators of the moist soil-water regime

zone and Acacia koa as indicator of the moderately moist zone. With

inclusion of the ungrouped dominants, plant indicators for all units

of soil-water regimes indicated by the dendrograph clusters and sub

clusters have now been identified, ~~cept for the very moist soil-water

regime. However, this phase of the soil-water. regime may be defined

spatially by the absence of Brassaia actinophylla and Eugenia cumini.

SOIL-WATER REGIME CLASSIFICATION OF KAHANA VALLEY

Based on the soil-water regime correlations of plant communities

recognized through the dendrograph and synthesis table techniques as

well as that of the dominant plant species, seven zones or types of

soil-water regimes are recognized for Kahana Valley. This soil-water

regime classification is shown in Fig. 8. The soils in the first six

soil-water regimes are ultisols having a silty clay texture. The soils

in the last soil-water regime are alluvial soils found along the Kahana

and Kawa Streams. Other major characteristics of soil-water regime

types recognized in this valley are as follows.
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Annual Rainfall (mm)
Soil Topographic

25
100 5+0

Plant
Position 1500 Sub-humid Humid Per-humid 6500 Indicator

upper 1. Moderately Spec. groups 2 + 8;
Dry scattered shrubby

Brassaia

Lower II. Fresh Spec. groups 2 + 1; dens
Brassaia, Eugenia

Ultisols upper III. Moderately Moist Presence of Acacia koa

lower IV. Moist Absence of Acacia koa
Presence of Brassaia,
Eugenia

lower V. Very Absence of Acacia koa,
Moist Brassaia, Eugenia

all VI. \-Jet Spec. groups 5 + 6

Alluvial streambed VII. Very Wet Hibiscus tiliaceous
Soils Psidium guajava

Eugenia malaccensis

Fig. 8. -- Soil-water regime and habitat classification of Kahana Valley
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Moderately dry and fresh soil-water regime types

The moderately dry and fresh suil-water regimes occur in the lower

or sub-humid rainfall area (annual rainfall between 1500-2500 mm), near

the mouth of the valley. They are characterized by species group 2,

which consists of Stachytarpheta jamaicensis, Passiflora suberosa,

Sphenomeris chusana, Paspalum orbiculare, Andropogon virginicus, and

Schinus terebinthifolius. The moderately dry soil-water regime is

restricted to soils at upper topographic positions where the influence

of seepage is negligible. This soil-water regime is characterized by

species group 8 (Osteomeles anthyllidifolia, Cocculus ferrandianus,

Conyza canadensis, Chrysopogon aciculatus, and Centella asiatica).

The Acacia koa colonies are also found in this soil-water regime.

The fresh soil-water regime is found in soils at lower topographic

positions that receive temporary seepage during and after showers.

This soil-water regime is indicated by species in group 1 (Oplismenus

hirtellus, Cordyline terminalis, Psidium guajava, and Cyclosorus

dentatus), which are bet~er developed in the moister or wetter sites.

They are generally correlated with forest stands, where Q. hirtellus,

~. terminalis, and~. dentatus grow best under the shade of the forest

~anopy. Their occurrence in this sub-zone seems to depend on Brassaia

actinophylla and to some extent also on Eugenia cumini, which form

dense stands and a closed forest canopy.

The species that characterize these two soil-water regimes are

essentially the same as those that characterize the Andropogon grass

community described by Kartawinata and Mueller-Dombois (1972). However,

these authors suggested that the plant cover in this community is
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not yet in equilibrium with its environment.

Andropogon virginicus, the dominant species in this community, is

a perennial bunch grass that was introduced to Hawaii in 1932 (Rotar

1968, 1Vhitney et al. 1939). It has since invaded forest openings and

abandoned lands, where it forms ~~tensive grass communities (Kartawinata

and Mueller-Dombois 1972). Kartawinata and Mueller-Dombois indicated

that this grass forms a closed cover which is maintained or extended by

fire. They also noted that very few seeds of woody species can

germinate under the closed cover of this grass, because its dried

leaves remain on the ground all year round. They observed that the

establishment of woody plant seedlings in this grass community from such

species as Acacia koa, Metrosideros collina, and Scaevola gaudichaudiana

can take place only after a fire eliminates the grass foliage. Based on

the growth rate of these seedlings and also the intolerance of Andropogon

to shade, they predicted that this grass community would disappear and

be replaced by woody plants in less than 50 years in the absence of

additional fires.

This time-related change of vegetation cover also occurs in Kahana

Valley. This is shown by the comparison of aerial photographs taken in

1949 and 1969 (Appendix VII, p. 354), in which the grass area shown in

the 1949 photograph was greatly reduced by the invading tree species

shown in the 1969 photograph. Beside the role of fire in starting the

invasion of woody plants into the grassland area, observations in the

valley also indicate that the invasion of woody plants can start through

other methods.
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In some places in Kahana Valley, seedlings of Acacia koa ('koa')

apparently got established naturally (without the help of fire) where

the soil is relatively shallow and the grass cover is sparse. From

these establishments, the spreading of the population into the denser

grass cover was carried out by suckers. Instances of such invasion can

be observed in sample stands with running numbers 3, 4, and 5 (Table 21).

Although in each of these stands koa canopies are interlocking with each

other, the relatively open type of their canopies does not shade the

ground sufficiently to eliminate the Andropogon virginicus grass cover.

Examples in which the extent of this grass cover is reduced by

woody plants occur wherever this grass species is found together with

the native creeping shrub Osteomeles anthyllidifolia, such as in sample

stands with running numbers 1, 2, 6, and 8 (Table 20). Here, the

native shrub is displacing the introduced grass species. The woody

stems of the shrub creep over and suppress the grass foliage. This

suppression occurs particularly during the winter rainy season when

the grass is in the dormant stage and the shrub in its full growing

stage. Because the shrub is an evergreen and the grass grows best

only during the summer period, the shrub is better adapted to the

local conditions, when fires are absent.

Under patches of Osteomeles anthyllidifolia, the bunch grass

Andropogon virginicus forms very little ground cover. This relatively

open ground surface is then taken over by the stoloniferous grass

Chrysopogon aciculatus and seedlings of Brassaia actinophylla. Once
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these seedlings get established and grow into larger sizes, the shade

of their canopies slowly but consistently eliminate the shade-intolerant

Andropogon grass cover. As indicated by the comparison of the 1949 and

1969 aerial photographs, this grass cover still occurs on upper

topographic positions but has been completely eliminated from the

gulches and lower slopes where Brassaia actinophylla fo~~s a dense tree

stand with a closed canopy (Fig. 9).

To determine the future status of this tree species in this zone,

I analyzed the population structure of this species in both the grass

and forest areas. For this purpose, I established sample plots

(of 15 x 15 m in the grass area and of 10 x 15 m in the fares t area)

in which I counted and recorded the number of individuals and

their sizes. Plants below 5 or 30 cm tall were sampled from each

plot using smaller quaurats. The numbers of these plants were

then adjusted to the total size of each plot. The number of individuals

belonging to a particular size (height or diameter at breast height)

was then plotted into a density over size-class histogram.

The population structures of this species in the grass and

forest stands are shown by the histograms in Fig. 10 and 11

respectively. As shown by the histograms of each of these stands, the

high number of young individuals which decreases curvilinearly with

increasing size class indicates that the species is perpetuating itself

in each of the two plant cover types (Meyer 1943, Bray 1956, Leak 1965,

Wirawan 1972). Because of this trend, the invasion of this tree species

to the grass area will probably result in the replacement of the grass



Fig. 9. Brassaia actinophylla stand in the gulch
area near the ~outh of the valley; a dense
stand where trees of all size-classes are
present.

196



6,500

1,125

25
N

S
l/"l
N
N-U)

~ 20co
~

"0.,...
:>.,...

"0
l::.,...

4-l
0

I-l
Q)

,.c
S
~
:z

10

o

r n
r Ih

t-

~

I-

~

I I I ~
o 5 30 80 180 280 380 480

Height class in cm

197

Fig. 10. -- Size class distribution of Brassaia actinophylla
individuals found in a 225 m2 plot located on a mid-slope
in the Andropogon virginicus community. Seedlings between
0-5 em were recorded from two 1 x 1 m plots; plants
between 5-30 cm tall were recorded from a I x 2 m and a
0.5 x 0.5 m plots; number of individuals in these sm2ller
plots were then adjusted to the 225 m2 plot size.
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plants above 200 cm tall,
classified into diameter
classes; class interval =
1.25 cm; counted from a
10 x 15 m plot.

2017 .515

seedlings, plants below
5 cm tall; counted from
four 1 x 1 m plots.

plants between 5 - 200 cm
tall; counted from a
10 x 15 m plot.
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Fig. 11. -- Size class distribution of Brassaia actinophylla individuals
found in alSO m2 plot located in a gulch area near the
mouth of the valley.
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community by the Brassaia forest cover. In spite of this possibility,

based on the growth of Brassaia actinophylla, the differentiation of the

two soil-water regimes is still justifiable. Whereas on the moderately

dry lower slopes this tree species grows as a single-stemmed tree up to

about 10 m tall, on the fresh upper slopes it generally grows in a

shrubby form less than 5 m tall.

Moderately moist, moist, and very moist

soil-water regime types

These soil-water regimes occur in the humid rainfall area (annual

rainfall between 2500-5000 rom) in the middle portion of the valley.

The vegetation pattern in this zone is quite complex. These soil-water

regimes are characterized more by the absence of species groups 2, 5,

6, and 8 which occur in the moderately dry, fresh and wet soil-water

regimes, rather than the presence of certain species or species groups.

Moderately moist soil-water regime.--This soil-water regime is

found on soils at upper topographic positions where the influence of

seepage water is negligible. This soil-water regime is characterized

by the presence of Acacia koa and the absence of species groups 3, 4,

and 7. Major vegetation patterns that may be observed in this sub-zone

are the Acacia-Pandanus forest and Acacia-Pandanus woodland. These

structural variations, however, do not correlate with soil-water

regime variation. Rather, they are probably related to a historical

event giving rise to open vs. closed stand structures.
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Acacia koa has a relatively open canopy compared to Pandanus

odoratissimus. The various combinations of densities between these

two species determine the amount of light reaching the forest floor.

The intensity of this light strongly influences the type of plant

species covering the ground. Among the undergrowth species that often

form dominant covers are Dicranopteris linearis , Clidemia hirta, and

Oplismenus hirtellus.

In the woodland type, where Acacia koa and Pandanus odoratissimus

trees are scattered, the ground is dominated by a thick cover of

Dicranopteris linearis and to some extent also Clidemia hirta. This is

also true under the relatively open canopy of forest dominated by

Acacia koa. However, where the density of Pandanus odoratissimus in the

forest stand increased, Cibotium splendens and Cordyline terminalis'

became more dominant in the shrub layer, and the grass Oplismenus

hirtellus in the herbaceous layer. When the forest becomes dominated

by Pandanus odoratissimus, this grass may still be dominant. But where

the ground is relatively flat, the accumulation of the slowly decomposed

Pandanus leaves often completely excludes these undergrowth species.

Further observations in this valley indicate that the

topographically related distribution of the indicator species Acacia koa

seems to be the result of its specific requirements for seed germination

and seedling establishment. To understand the underlying cause of this

distributional pattern, I will discuss my observations in relation to

what is known in the literature about these topics.
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(1) Factors related to seed germination of the indicator species

Acacia koa.--Several authors (Judd 1935, Whitesell 1964, Wood et al.
- - --

1969, Scowcroft 1971, Kartawinata and Mueller-Dombois 1972) report

excellent germination of Acacia koa or 'koa' seeds after vegetations

containing or adjacent to koa trees was burned, cut and cleared. Koa

regeneration from seed was thought by Whitesell (1964) to be induced by

the additional light reaching the surface from these new openings.

However, Spatz (1973) concluded that light is not necessary for koa

germination.

In his field experiments in the Hawaii Volcano National Park (June

1971 - January 1972), Spatz found koa seeds can germinate when buried

10 cm below the soil surface. My observations in Kahana Valley support

Spatz's conclusion. In this valley, koa seedlings occur on well drained

upper topographic positions under various shade intensities of tree and

shrub canopies, including dense thickets of Clidemia hirta.

Spatz further suggested that the limiting factors for successful

germination of koa seeds are soil water and soil temperature. He found

that better seed germination occurred in the humid Kilauea rain forest

than in the summer-dry mountain parkland. Seed germination in the

mountain parkland occurred only after heavy rainfall had sufficiently

wetted the soil. In addition, Spatz observed that no seed germination

occurred on easily dried open surfaces. These observations led Spatz

to believe that high soil-water content is very important for successful

germination of koa seeds.
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In a low rainfall area soil-water may be critical. But in the

rain forest where rainfall is relatively high, soil-water cannot be the

limiting factor. The study by Kartawinata and Mueller-Dombois (1972)

and my soil-water sampling (reported in Part B) showed that the soil is

usually wetter than field capacity. For sites on ridges and during

a relatively dry summer month, the soil-water may decrease somewhat

below field capacity. At this soil-water content, enough soil water is

still available for seed germination.

The experiments by Spatz on the effect of temperature indicated

that germination depends on the number of day-degrees or the accumulated

temperature and not on a particular level of temperature. At 30 days

after sowing, his data indicated a general increase of germination from

zero at 10oC, 7% at lSoC, 8% at 20oC, 7% at 2S~C, to 20% at 30oC.

However, my observations do not seem to agree with this finding.

In the course of gravimetric soil-water sampling in the Acacia

Pandanus forest stands, which I carried out for the study reported in

Part B, I was not always able to dry the soil sample directly

upon arrival from the field. On such occasions, germinants of koa were

often encountered in the soil samples before these soil samples were

placed in the oven the next day. This phenomenon cannot be explained

on the basis of soil-water or temperature differences.

The soil samples were collected in cans closed with the tightfitting

covers. The water content of the soil samples was expected to be the

same as that under field conditions. The accumulated temperature

differences between the field conditions and the soil samples one day

after sampling would be also negligible as compared, for example, with
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Spatz's 300 day-degrees (30 days after sowing at 10oe) which gave zero

germination. Thus, the relatively similar conditions between soils in

the field and soil samples in the cans cannot explain why koa seeds

germinated only after being removed from the ground.

During my field work in the valley a relatively large number of

seedlings was observed along the more frequently used foot-paths. The

occurrence of these seedlings seems to be related to the removal or

destruction of leaf litter along the foot paths, which consequently

exposed the soil directly to the atmosphere. In connection with this

observation, I made the following test. In an Acacia-Pandanus forest

stand I established two 1 x 1 m plots, side by side. The leaf litter

in one of the plots was removed while it was left intact in the second

plot. No koa seedling was observed at the time when the two plots were

established. The results of a month-long observation are shown in

Table 22. Whereas 28 seedlings were counted from the first plot where

the litter was removed, none were recorded for the second plot.

In connection with periodic soil-water content determination from

this Acacia-P~ndanus forest stand, a much greater number of seedlings

were counted from soil-auger holes that had been re-covered with their

original soil. As shown in Fig. 12, about 50 seedlings were established

at a sip~le auger hole two weeks after the soil was loosened. A similar

finding was also observed by Spatz (1973). In his field experiment on

seed germination, a relatively greater number of seedlings were observed

in seed-beds where the surface soil was loosened or turned over.



Table 22

Seed Germination of Acacia koa as the Result of the
Removal of Leaf Litter From the Ground Surface in

1 x 1 m Plot Observed for One Month

204

Treatment

Leaf litter removed

Leaf litter left undisturbed

Number of seedlings

28

o



Fig. 12. -- Seedlings of Acacia koa that were
established on a soil-auger hole
that had been re-covered with its
original soil.
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As reported by Kartawinata and Mueller-Dombois (1972) as well as

shown in Part B of this dissertation, the fine-textured soils in the

tropical rain forest are generally wet and therefore poorly aerated,

i.e. with relatively high CO 2 and low 02. Under this condition, the

common feature of the effect of removing the leaf litter from the soil

surface and loosening or turning over the surface soil, which triggered

the germination of koa seeds, seem to be related to the exposure of the

wet or imbibed seeds to normal atmospheric condition, i.e. with

relatively low CO 2 and high OZ.

The importance of atmospheric exposure in the germination of

imbibed seeds was shown by Bibbey (1948), and reviewed by Koller (1964).

This atmospheric ~~osure seems to be the major factor responsible for

the excellent koa seed germination after rain forest vegetations were

burned or cut and cleared. Exposure to normal atmospheric conditions

can also explain why the koa seedlings in the Kilauea montane rain

forest were confined to the well-drained or aerated (1) moss-covered logs,

(2) tree collars, and (3) mineral soils that were disturbed or turned

over by pigs (Cooray 1974). As this conclusion is derived only on the

basis of field observation, to further substantiate the importance of

soil aeration in the germination of this species controlled experiments

should be carried out. This experiment should include the test for

finding the critical CO 2 and 02 level for germination and also the

monitoring of these gases and soil-water content in the field.
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(2) Factors related to seedling establishment of Acacia koa.-

Although light is not critical for the germination of koa seeds, Spatz

(1973) showed that light intensity can affect the growth of koa seedlings.

In his laboratory axperiment, Spatz found that light between 120 to 140

foot-candles (about 0.1% of full sun light intensity) already limits the

growth of koa seedlings. This finding suggests that the forest floor

in rain forests is generally too shaded for the successful development

of koa seedlings. Several researchers (Hall 1904, Judd 1920, Hatheway

1952, Whitesell 1964) found that koa seedlings grow well only at warm

and sun-exposed sites.

(3) Factors related to the distributional and maintenance patterns

of Acacia koa.--Because of the probable requirements of Acacia koa for

well aerated soil for seed germination, together with high light

intensity and high temperature for growth and establishment of seedlings,

the upper topographic positions are the places where these requirements

can be met in this relatively high rainfall zone. During heavy and

frequent rainfall periods (rainy season), the soils in all topographic

positions are generally equally saturated with water. During low

rainfall or during extended between-shower periods (short dry seasons)

the soils in the upper topographic positions are generally drier than

the soils in the lower positions. During this period the lower

topographic positions may continuously receive seepage water, while the

loss of seepage water from the upper topographic positions is not

replenished. In this way, the lower topographic positions will be wet

all the time, while the upper positions experience relatively drier

conditions during the short dry spells. Since drier soils are more
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frequently aerated, the favorable sites for ~he germination of Acacia

koa seeds seem to be restricted to the upper topographic positions.

These upper positions thus probably are the better sites for Acacia koa.

The wetter soils at the lower topographic positions are perhaps a

little cooler than the soils at the upper topographic positions. The

light intensity at the soil surface at the lower sites where the

vegetation is denser, is less than at the ridge sites. Also the light

duration may be shorter, because of topographic shading in the late

afternoon or early morning (depending on aspect). Because successful

growth of Acacia koa seedlings requires a high light intensity and high

temperature, the lower topographic positions therefore are not as

favorable as the upper positions for the establishment of Acacia koa.

Furthermore, since this species is intolerant to shade, its maintenance

in the rain forest area depends much upon the creation of new forest

openings or gaps.

This view of the distributional and maintenance patterns of

Acacia koa essentially supports the findings of Cooray (1974) on the

population status and dynamics of this species in the montane rain

forest in the Kilaue~ Forest Reserve, Hawaii. The reason for the

relatively good establishment and maintenance of this species that

Cooray found on root collars of fallen trees, however, is not necessarily

limited just to the protection of Acacia koa germinants and seedlings

from pig disturbance. In terms of soil-water, soil aeration, temperature,

and light intensity, the root collars in these forest gaps actually are

the most favorable sites in the area for the establishment and

maintenance of this species. When such favorable conditions occur on
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the ground, successful establishment of Acacia koa can also be found.

This condition, for a~ample, occurs along the fence between the Kilauea

Forest Reserve and its adjacent ranch area where pig population and

activity are about the same as in the forest reserve.

Moist and very moist soil-water regimes.--Both soil-water regimes

are found on soils at lower topographic positions. Whereas both regimes

are influenced by incoming seepage water, this influence is limited to

during and after showers in the moist regime but continuously (including

between showers) in the very moist regime.

The two soil-water regimes are characterized by the absence of

Acacia koa and the presence of species groups 3, 4, and 7. Members of

species group 3 include Zingiber zerumbet, Aleurites moluccana, Eugenia

malaccensis, and Dioscorea pentaphylla. Members of species group 4 are

Eupatorium riparium, Rubus rosaefolius, and Dioscorea bulbifera. Those

in species group 7 include Pisonia umbellifera, Cyrtandra stupantha,

Athyrium sandwicensis, Alocasia indica, and Cyrtandra degeneriana.

~Vhereas members of species group 7 are primarily restricted to the

unstable rocky or stony lower slopes at the heads of the gulches and

those of group 4 in the abandoned agricultural field, members of species

group 3 generally occur allover the lower topographic positions,

including the streambed areas. The moist and very moist soil-water

regimes are recognized by the presence of Brassaia actinophylla and

Eugenia cumini in the first regime and their absence in the latter one.

p~ong the plant indicators of both moist and very moist regimes,

Aleurites moluccana is of particular interest. This tree species is

one of the plants that were brought in by the early Polynesian immigrants.
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The seed of this plant has a hard seed-coat. Inside this seed-coat is

the kernel which consists of an embryo and a thick endosperm. This

kernel is rich in fat and can be used as a spice or source of oil.

Strung together on a stick, these kernels were also used by the early

settlers as a torch (Degener 1930). While walking along mountain

trails at night, travellers may have tossed remnants of such torches

away. Some of these may have contained kernels with living embryos

and endosperms. Such dispersal could perhaps be responsible for the

wide distribution of this species on all high islands.

Since this species generally occurs in the gulches or lower

topographic positions, which are relatively moister than the upper

topographic positions, this species is generally accepted as a moisture

indicating plant (MacCaughey 1917). However, the distribution of this

species over a wide range of climate, from the low rainfall area in the

Waianae Mountains to the high rainfall area in the Koolau Mountains,

does not seem to support this conclusion.

If moisture is the major factor related to the distribution of

this species, this species should occur more on the lower portion of the

gulch or along the main stream at the Dottom of a valley than on the

upper end or head of the gulch. In Kahana Valley, for example, this

species should occur more along the perennial Kahana and Kawa Stre~~s.

Although this species does occur along these streams as scattered

individuals, generally it forms pure dense stands only at the head of

the gulch. This species can De identified on aerial photographs by its

whitish canopy.
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In addition, this species may also be found on a ridge in a low

rainfall area, such as found in the Waianae Mountains in Mokuleia.

This indicates that the species can also tolerate dry habitats. Thus,

the distribution of this species seems to be related to factors other

than soil water.

My field observations indicated that this distributional pattern

may be related to factors that control seed germination, particularly

those that are related to the cracking of the hard seed coat. . To test

this hypothesis, I did the following experiments.

First, I collected 352 seeds from a gulch bottom in Kahana Valley,

where hundreds of these seeds were imbedded in the soil surface or lay

loose on the ground. To find out if these seeds were still viable, I

placed them into a bucket of water. Seeds that floated were separated

from the submerged ones. I found that 95 or 25~~ of them. floated. When

cracked these floating seeds were empty indicating that the embryo had

used up its food storage and then died.

Of the remaining 257 seeds that sank in the water, I took 171 as

samples for the following three tests. From this sample, I opened 50

seeds and found that all still had their kernels. This suggests that

the submerged seeds were the viable ones. From the batch of seeds that

sank, I selected a batch of 100 seeds for a germ;nation test. Fifty of

them were cracked slightly without damaging the kernels. The other 50

were left intact. The two groups of seeds were then grown in pots

(five in each pot) using Vermiculite as the subst~ate. The seeds that

were cracked gave 100% germination 2-3 weeks later. The seeds that were

not cracked had not germinated even when the experiment was terminated
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6 months later. This suggests that cracking the seed-coat helps

germination.

The remaining 21 seeds were placed in a dry container in the

laboratory on July 20, 1972. Their viability was tested periodically

by using the floating technique. On January 29, 1973, four of the seeds

floated and were found empty when cracked. On May 3, 1974, none of the

17 seeds floated. This was also the case on November 26, 1975, when all

of the 17 seeds were then cracked slightly and grown on Vermiculite.

A fe~v weeks later, all of these seeds germinated. This test shows that

the embryo can stay viable for more than 3 years.

Although the tests indicate that the embryo can stay alive for

quite a long pe~iod, the 95 empty seeds that were floating in the

preliminary test suggests that their embryoes had died in the field

because their seed coats were not cracked. These series of tests

support the hypothesis that seed germination of Aleurites moluccana

requires the cracking of the seed coat. In nature, the physical force

that could crack this seed coat seems to occur only in the gulches,

which could therefore explain why this species is restricted to the

gulches and other lower topographic positions.

The physical force that could crack the seed coat in the field is

provided by the loose rocks and stones that generally occur in these

gulch-heads. During a storm, the rain-water may move these rocks and

stones. Land-slides (Fig. l3a), which may cause more violent rock

movements, may also occur during such time. Such earth or rocks when

moving may knock down trees (Fig. l3b). This force should be more than

sufficient for cracking the seed-coats of Aleurites moluccana.
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Fig. 13. -- Photographs showing the factor and process that may be
involved in the establishment and maintenance of 'kukui'
(Aleurites mo1uccana).

Photograph (a) shows a land slide above the gulch head (indicated by
an arrow) that could lead to violent collision oetween rocks and
'kukui' seeds. Such a collision could crack the coat of the 'kukui'
seeds, and induce germination. An ~~amp1e of such a rock is shown in
(b). Here a rock that has rolled downslope has almost knocked a tree
down. Photograph (c) shows 'kukui' seedlings generally abundant in the
gulch-head area. Photograph (d) shows the mature 'kukui' stand in the
area. Note the range of tree sizes, from small to large, which
indicates that the species is maintaining itself in the area. The
occurrence of uneven-sized stands of kukui trees in this gulch head
seems possible only because of the presence of loose rocks available
for cracking kukui seeds to start germination.
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The cracked seeds may then germinate directly at the site where

they were originally hit by the rocks (Fig. l3c). Consequently, stands

of pure Aleurites moluccana trees of different diameter sizes that one

can find are in the gulches (Fig. l3d).

Some of the cracked seeds may also be washed downstream and then

germinate at lower elevations, at the middle or margin of the gulch or

at the flood plain. For example, a few weeks after the land-slide shown

in Fig. 15a occurred, mounds of cracked seeds and germinants were

observed in a flood plain at the lower portion of the gulch. The

survival of these germinants, however, is very much dependent upon how

soon, how frequent, and how strong the next storm is going to be.

The seedlings that survive the subsequent floods may grow into

mature seed-producing trees. Although these trees generally do not form

pure stands, individuals of such trees may be found scattered along

the gulches or streams. The seeds produced by these trees, as well as

the uncracked seeds washed from the gulch-head, may either be washed

away or remain idle on the ground without ever having a chance to

germinate. Under such trees, hundreds of nuts may be found loose or

imbedded in the soil surface. The 352 seeds used for the germination

tests discussed earlier were collected from such a site in an area of

only a few square meters. Thus, the physical force provided by the

unstable ground surface that is generally found at the gulch-head or at

the bottom of a waterfall, not the soil water, seems to be respon~ible for

the best development of Aleurites moluccana stand in the gulch-head and

also for the distribution of this species along the gulch. As such, the

use of this species as a moisture indicating plant does not seem appropriate.
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Wet soil-water regime

This soil-water regime occurs in moderately well drained soils in

the perhumid rainfall area (more than 500 cm rainfall per year) in the

back portion of the valley. This regime is indicated by species in

groups 5 and 6 generally found in the Metrosideros woodland. These

species groups consist of Psychotria hexandra, Eugenia sandwichensis,

Diospyros ferrea, Metrosideros tremuloides, Elaphoglossum reticulatum,

Antidesma pulvinatum, Cibotium chamissoi, Alyxia olivaeformis, and

Hibiscus arnottianus. These species also found in the Albizzia

falcataria forest along the ~faiahole Ditch Trail but with higher

densities.

Very wet soil-water regime

This soil-water regime occurs in alluvial soils which are inundated

periodically. l'he surface soils are often mucky and the subsoil

permanently soaked because of high water table. This soil-water regime

occurs along the Kahana and Kawa Streams, where rainfall varies from

sub-humid to perhumid. No particular species group was identified as

indicators of this soil-water regime but several tree species (Psidium

guajava, Aleurites moluccana, Eugenia malaccensis, Hibiscus tiliaceous)

together with herbaceous species (Oplismenus hirtellus and Zingiber

zerumbet) are generally found in this soil-water regime.
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DISCUSSION AND CONCLUSIONS

The results of this study support the hypothesis that plant

indicators of specific soil-water regimes can be isolated from plant

species and communities found in the tropical rain forests. However,

because of past disturbances in the study area, not all of the plant

cover types that were recognized in an earlier survey (Theobald and

Wirawan 1973) are related to soil-water regimes. For ~~ample, the

Acacia-Pandanus forest and Acacia-Pandanus woodland were found on

basically similar soil-water regimes or site conditions.

Furthermore, because the present flora of the study area consists

primarily of naturalized introduced species with a relatively low number

of species per unit area, the results of this study do not necessarily

apply to the primary, species-rich tropical rain forests as found, for

example, in Southeast Asia. However, the observation that vegetation

patterns are related to topography and soil conditions in addition

to rainfall is similar to the findings of Richards and Davis (1934),

Ashton (1964), Austin et al. (1972) and Greig-Smith et al. (1967). As

the field procedure used in the present study is essentially similar to

that used by Ashton, this procedure may also be responsible for the

similarity of results. Thus, careful stratification of the study area

into relatively uniform segments (environmentally and vegetationally)

in which sev~ral sample stands (at least 5-6) are distributed in each

segment, seem to be an important requirement for successful vegetation

environment correlation studies.
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In addition, field observations in Kahana Valley also suggested

that the topographically related distribution of Acacia koa was related

to the habitat conditions that favor seed germination. In this

generally wet tropical rain forest valley, poor soil aeration

(relatively high CO 2 and low 02) associated with wet soil was suspected

to be the limiting factor for the germination of its seeds. Germination

was shown to occur only after the imbibed seeds were exposed to normal

atmospheric conditions (relatively high 02 and low CO2). Knowledge

about such causal relationships are important for clarifying the

habitat correlations of tropical rain forest vegetations.

The soil-water regime zones and their apPlication

to other lowland rain forest areas on Oahu

For evaluating the applicability of the soil-water regime

classification of Kahana Valley to other lowland rain forest areas on

Oahu, a summary of the vegetation or ecological zonation of Oahu is

necessary for comparison.

Much of the native vegetation in the lowlands of Oahu have been

altered directly and indirectly by man (Fosberg 1961). Many of the

introduced plant species, which arrived in the island particularly since

the arrival of Captain Cook in 1778, have established themselves in thi.s

area into various community patterns. Among the major patterns, most

of them have been described and discussed by Fosberg (1961) in connection

with their site factors. These plant communities are defined primarily

on the basis of their physiognomy and floristic composition. The

environmental correlations of these communities are based on knowledge
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from extensive field observation in the islands. These generalized

descriptions of the major ecosystems, however, are intended only to

give an overview of the Hawaiian ecosystems. They do not provide

detailed information on the dynamic and environmental correlation of

plant species and communities. My detailed study of nine of the 13

plant communities found in Kahana Valley resulted in the recognition

of seven ~oil-water regime zones. To determine whether this

classification can be applied to other lowland rain forest areas on

Oahu, a summary of the vegetation or ecological zonation of Oahu is

necessary for comparison.

The vegetation zonation by Hillebrand (1888) classifies Hawaiian

vegetation into five zones on the basis of elevation. Within each of

these zones, Rock (1913) recognized the wet and dry zones based on the

annual rainfall value. In an intensive observation of }~noa Valley,

MacCaughey (1917) also incorporated the influence of topographic

position on the effectiveness of rainfall. He recognized eight ecologic

zones. However, this study is only of local value because the zone is

based on local physiographic subdivisions. In addition, although each

zone was provided with a long list of species, no effort was made to

select some of them as the indicator of the zone.

In a detailed study in the Kipapa Gulch, Hosaka (1937) recognized

six vegetation zones on the basis of rainfall, elevation, as well as

the structure and the dominant species in the area. These zones were

then redefined into nine zones and phases or sub-zones for wider use in

the islands (Ripperton and Hosaka 1942, Hosaka and Ripperton 1955).
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In describing the vegetation zones of Oahu, Egler (1939) essentially

followed Hosaka's classification. Although Krajina (1963) basically

retained these zones and sub-zones, in his biogeoclimatic zonation

Krajina also added or redefined these zones and sub-zones into 14 zones

on the basis of more detailed biologic, geologic, and climatic features.

In these three classifications the vegetation zones that occur in the

lowland rain forest climate of Oahu are the guava (Psidium guajava), koa

(Acacia koa) , and ohia (Metrosideros collina) zones. Although the exact

annual rainfall used in defining these zones may still vary depending

on local conditions (Krajina 1963), the major characteristics of these

zones can be listed as in Table 23.

In general, che moderately dry and fresh, the moderately moist,

moist, and very moist, as well as the ~vet soil-water regime zones

recognized in Kahana Valley correspond with the island-wide guava, koa

and ohia zones. The present soil-water regime classification of Kahana

Valley, therefore, should be applicable also to other lowland rain

forest areas on Oahu. Tae finer details of my results and other

observations in this valley, however, reveal new information that is

fundamental in understanding and classifying the lowland rain forests

on Oahu.

The annual rainfall and cloudiness over the moderately dry and

fresh soil-water regime zones are approximately equivalent to those

described for the guava zone. The use of Psidium guajava in naming

the zone or even as one of its plant indicators, however, seems to be

misleading. As indicated in Table 20 (p. 182), the occurrence of this

species in this zone is only marginal. Its main distributional range



Table 23

~mjor Characteristics of the Lowland Rain Forest Zones on Oahu
(After Egler 1939, Ripperton and Hosaka 1942, and Krajina 1963)

Zone

Guava Zone

Koa Zone

Ohia Zone

Annual
Rainfall

in cm

100-150

150-188

188-250

Cloud Cover

Occasional

Very Frequent

Common

Dominant Plant Indicator

Psidium guajava (guava)
Lantana camara
Stype1ia tameiameiae
Sphenomeris chusana
Setaria geniculata
Paspalum orbiculare

Acacia koa (koa)
Nephro1epis exa1tata
Oplismeenus hirtel1us
Paspalum conjugatum
Dicranopteris linearis

Netrosideros co11ina (ohia)
Cibotium spp.
Dicranopteris spp.
Lycopodium cernuum

tv
tv
~...
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in this valley actually occurs in the koa zone, where the upper limits

of annual rainfall range reaches + 500 em. The dominance of this

species in the high rainfall area can be observed also in other areas

in the island, such as in the Acacia koa-Metrosideros collina forest

on Mt. Tantalus, above Honolulu (Mueller-Dombois and Ellenberg 1974).

Furthermore, as was also shown by Kartawinata and Mueller-Dombois

(1972) the plant cover in this zone is not as yet in equilibrium with

its environment. Although on Windward Oahu this zone is currently

dominated by the Andropogon virginicus community, its future plant

cover will be most likely dominated by tree species. In Kahana Valley,

this species seems to be the introduced Brassaia actinophylla. Since

in another valley, other tree species may also occupy this zone, the

use of Brassaia actinophylla as an indicator of this zone or the moist

and very moist regimes may not be widely applicable.

Although no further comment needs to be made for the wet or ohia

zone, further sub-division of the moist or koa zone is necessary. In

spite of the complex vegetation patterns in this zone, the restricted

distribution of Acacia koa to the upper topographic positions suggests

the sub-division of this zone into the occasionally moist upper

topographic positions or sub-zone and the continuously moist lower

sub-zone. This sub-division may be widely applicable.
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The importance of soil aeration in the regeneration

of plant species and the classification of tropical

rain forests

The complex patterns of tropical rain forest vegetations has been

correlated to some degree to the regeneration patterns of plant species.

As summarized by Richards (1952), within an area of relatively uniform

site conditions, the growth of seedlings of plant species is controlled

primarily by the light intensity reaching the forest floor. These plant

species are grouped into species that are either stimulated, independent,

or inhibited by high light intensity. Knowledge of the category to which

a plant species belongs is available for some species, and this has been

used as the basis for silvicultural practice. Unfortunately, no

information is available for the majority of the tropical rain forest

species. This is also true with the factors that influence their seed

germination.

Various observations quoted by Richards (1952) show that the

frequency and abundance of seed production varies greatly among tropical

rain forest species. Since sufficient soil-water is always available

for seed germination, in some species, seeds of the same crop germinate

simultaneously and immediately after falling from the tree. In

other species, germination may be spread over a prolonged period or,

as reported by Ashton (1965), seeds of some dipterocarp species may

even germinate while they are still attached to the branches of the

trees. These phenomena, which are related primarily to the biological

characteristics of the species, may be responsible for the abundance or

absence of seedlings of plant species during a certain period or throughout
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the year. The importance of micro-site variation in this connection,

however, is not much known.

In the Western Ghats in India, Aiyar (1932, cited by Richards 1952)

observed that tree-seeds falling off just before the rainy monsoon

generally germinated only after the soil became drier at the beginning

of the following dry season. In the montane rain forest area on the

Island of Hawaii, Mueller-Dombois and Lamoureux (1967) observed dense

seedlings of Sap indus and Coprosma invading many of the pig-scarified

grounds. They concluded that these sites (where soil aeration is

greatly improved by loosening the soil surface) were ideal seed beds

for the germination of tree-seeds.

In the adjacent Kilauea Forest Reserve (Hawaii), Cooray (1974)

found that seedlings of the majority of tree species in the area

(including the dominant Acacia koa var. hawaiiensis and Metrosideros

collina ssp. polymorpha) were established on well drained or well aerated

moss-covered logs, root collars, or on relatively dry mineral soil in

the forest gap areas. Similar findings were also observed with regard

to the regeneration of Nothofagus cunninghamii in Australia (Howard 1973)

and N. fusca in New Zealand (June and Ogden 1975). These and the success

of seed germination of Acacia koa in the relatively drier soil or better

aerated substrates in Kahana Valley and other places in Hawaii suggest

that well-aerated soils are critical for the success of seed germination

of these tropical rain forest species.
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As indicated for Acacia koa, the distributional patterns of plant

species depend on the success of their seed germination. Within a

climatic region, soil aeration is often influenced by topographic

positions, soil textures, pig-digging, forest gaps, root collars, and

logs. For those species that require well-aerated soil for germination,

their distributional patterns could be correlated to any of these site

factors. The significance of topographic positions and soil texture in

the classification of the dipterocarp forests in Brunei (Ashton 1964,

Austin et al. 1972), for example, may be related to the presence of

species groups whose seed germination are controlled by soil aeration.

The obscured environmental correlations of rain forest types (Poore 1968)

may be due to the fact that good soil aeration can also be provided by

pig-digging, forest gaps, root collars, or logs whic~ could occur in

the forest somewhat randomly. These findings suggest that explanations

related to the large- and small-scale patterns of tropical rain forest

vegetations may be found through causative research of germination

conditions.
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PART II.B.

EFFECT OF PLANT COVER TYPES ON SOIL-WATER

REGIMES IN A TROPICAL RAIN FOREST VALLEY ON OAHU,

HAWAIIAN ISLANDS



ABSTRACT

In the investigation of the effect of plant covers on a particular

soil-water regime, paired axamples of different plant covers found side

by side under similar site conditions were selected at four sites along

the soil-water regime gradient in the moderately dry, fresh, and

moderately moist soil-water regime zones of Kahana Valley. Detailed

investigations on the physical characteristics of the soils and the

fluctuation of soil-water contents under these paired plant covers

showed that in the moderately dry and fresh to moderately moist soil

water regime zones, where tree species (Eugenia cumini and Brassaia

actinophylla) invaded the Andropogon virginicus grass cover, the tree

covers have not altered the soil-water regime status of the grassland.

In the fresh to moist and particularly in the moist soil-water

regime zones where the tree species (Acacia koa, Pandanus odoratissimus)

could have been established at about the same time as the Dicranopteris

linearis fern cover following the destruction of the original

vegetation, the soil-water regime under Acacia-Pandanus was drier than

under Dicranopteris. This was related to the greater loss of water to

the atmosphere from the Acacia-Pandanus than the Dicranopteris covers.

The amount of rainfall intercepted by the Pandanus crown canopy was

suspected as the major factor that brought about these differences in

water loss.
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In addition, the drier soil under Acacia-Pandanus was responsible

for better soil aggregation and greater volume of macropore space under

this plant cover than under Dicranopteris fern cover. This encourages

faster internal drainage of soil-water and consequently greater

saturation deficit under Acacia-Pandanus than under Dicranopteris fern

cover. Because of the greater deficit (by a factor of two), twice

as much space for water storage is available during the storm period

under Acacia-Pandanus than under Dicranopteris. Under similar

rainfall regime, this difference will result in greater surface

run-off or streamflow from Dicranopteris fern cover than from the

Acacia-Pandanus tree cover. Thus, the plant cover that is good for

flood control in the tropical rain forest area is the plant cover

that loses greater amounts of water to the atmosphere. This water

loss not only reduces the amount of rain water entering or stored in

the soil but also encourages soil aggregation and increases macropore

spaces, which improve internal soil-water drainage.

Key words: soil-water regime, saturation deficit,

tropical rain forest, soil structure, soil-water constants, water

loss to the atmosphere, Oahu, Hawaiian Islands.
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INTRODUCTION

Scop~ and objectives of the study

The importance of plant covers in the watershed area for regulating

surface water yield and for controlling floods is well known. The

significance of soil-water regimes in determining the distributional

pattern of plant distributions is also widely recognized (Davis and

Richards 1934, Whittaker 1956, 1960, Loucks 1960, 1962, Mueller-Dombois

1964, Ashton 1964, Greig-Smith et al. 1967, Austin et al. 1972, Furley

1974). This is also shown by my study in Kahana Valley (Part II.A. of this

dissertation). In spite of this, very little is known about the degree

in which different plant covers modify the soil-water regime of a site.

This study is concerned with this latter aspect of soil-water regime.

As defined in the preceding study, the soil-water regime of a site

is the degree and fluctuation of moistness of a site relative to other

sites. The different effects of plant covers on the moistness of a

particular site are related to the role of plant covers in modifying

the incoming and outgoing water into and from the site.

By intercepting some of the incoming rainfall, the plant canopy and

litter layer may reduce the amount of rain water reaching the ground

surface. Some of the rain water that reaches the ground may be deflected

do~m the slope (surface run-off) due to topographic position and slope.

Some of the rain water that enters the soil may also leave the site

through internal drainage (sub-surface run-off and percolation). The

amount of rain water that enters and is retained in the soil as soil

water may further be depleted through evaporation from the soil surface

and transpiration by the plants.
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Topographic position and slope are stable site factors that are not

influenced by a plant cover. The amount of water loss through

evaporation from the soil surface depends on the shade of the canopy and

litter layer provided by the plants. Under similar site conditions,

the degree of influence of different plant covers on the soil-water

regime, therefore, is related to the degree in which plant covers modify

the amount of water loss to the atmosphere through interception,

evaporation, and transpiration as well as the amount of water retained

or drained from the site.

Because of the capacity of the soil organic matter to absorb water

due to its colloidal properties, the effect of plant covers on the

amount of water retained at the site is influenced by the incorporated

organic matter under each plant cover. The amount of water

retained at or drained from the site is also determined by the volume

and size distribution of soil pores. For a certain depth and type of

soil, the volume and size distribution of soil pores are related to the

sizes of the primary soil particles (soil texture) and the sizes of

aggregation of these primary particles (soil structure). As the sizes

of the primary soil particles are relatively stable, the effect of

plant cover on the amount of water retained at or drained from the site

is related mainly to the sizes of the aggregation of these primary soil

particles.

The roles of plant cover in the aggregation of primary soil

particles into soil aggregates (secondary soil particles) are related to

the influence of plant cover and the associated soil organisms on the

(1) organic matter content of the soil, (2) exchangeable calcium in the
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soil, and (3) the intensity of drying and wetting of the soil or the

fluctuation of soil water content (Brady 1974). For comparing the

degree of influence of different plant covers on the amount of water

retained at or drained from the site and the underlying factors related

to this influence, evaluating these three factors as well as the volume

and size distribution of soil pores are necessary.

Differences in the amount of water loss to the atmosphere between

plant covers, which occur side-by-side under similar site conditions,

may be assessed indirectly by monitoring the soil-water contents under

each of the plant covers. These records of soil-water contents can

also be used to assess the intensity of wetting and drying of the soils,

which influence the aggregation of primary soil particles. To compare

the effects of plant covers on the soil-water regime, the objectives

of this study were to compare the effects of plant covers on:

(1) the organic matter content of the soil,

(2) the exchangeable calcium in the soil,

(3) the volume and size distribution of soil pores, and

(4) the fluctuation of soil-water content.

For background information, major properties of soil profiles were also

described.

The soil water content under a particular plant cover at a

particular time can be used to determine the amount of space available

for additional incoming water before the saturation capacity of the soil,

which is here defined by the total pore volume, is reached. This

saturation deficit or the difference between the total pore volume and

the soil-water content, particularly that preceding a storm is very
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critical in determining the extent of surface runoff from the site or

streamflow after the storm (Thames and Ursie 1960). Because of this

relationship, knowledge on the effect of different plant covers on the

soil-water regime is very important for determining the effectiveness

of a particular plant cover in regulating surface water yield and

controlling flood from the watershed area.

Hydrological studies in Hawaii wildlands

In Hawaii, an adequate water yield is one of the most important

reasons for keeping wildland vegetation. Water, in addition to supplying

urban needs, is also important for the maintenance of agriculture and

industry on these islands. The primary goal of managing these wildlands

has been to control floods and at the same time to maximize water yield

(Anderson et a~. 1962, Nelson 1965, Duffy 1965, Hawaii State Department

of Land and Natural Resources 1971). Most of the water-related forest

studies carried out in these islands emphasized only the effect of

changes of land use from tree plantation to pasture and/o~ agricultural

lands (Yamamoto 1963, Yamamoto and Duffy 1963, Tomaneng 1966, Wood 1971).

In these studies, the effect of plant covers on soil-water regimes also

included the effect of cattle and the use of heavy equipments in

compacting the soils or influencing the hydrological characteristics of

the soils. The only studies where these latter influences were excluded

are those of Anderson et ale (1966) and Mueller-Dombois (1973).

The watershed study by Anderson et ale (1966) compared the

streamflow coming from a watershed covered with a tree plantation of

mixed introduced species with that of a near-by watershed covered with
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dense Dicranopteris linearis fern with scattered Acacia koa and

Metrosideros collina tree species. This study showed that the streamflow

from each of these watersheds formed only a small proportion (6-25%) of

the average annual rainfall (236-267 cm). The annual streamflow from

the fern watershed was about twice as much as that from the tree

watershed, particularly during the rainy season. They also found that

the amount of rainfall during a week preceding a storm was crucial for

determining the magnitude of streamflow yielding from the fern watershed

but this rainfall parameter was unimportant for the forest-covered

watershed. After the fern watershed was burnt, they measured a 20%

increase of the monthly streamflow. No explanation was given for the

difference in streamflows between the two watersheds. Likewise, no

reason was given for the importance of the pre-storm rainfall quantity

in assessing the water relations in the fern covered watershed.

The study of Mueller-Dombois (l973) showed monthly transpiration

rates (estimated through the short-period weighing method) to be about

ten times higher from a Eugenia tree cover (383-435 rom) than from an

adjacent Andropogon grass cover (46-49 rom). In addition, because of the

mulching effect of the dense dry foliage of Andropogon which covers the

ground throughout the year, the evaporation rate from the ground under

Andropogon was also considered low. He concluded that these low

evaporation and transpiration rates were the primary reasons why the

soils under Andropogon covers in the neighbouring areas were always

wetter than field capacity. He implied that the soil water under the

tree cover would be better circulated and would perhaps be periodically

drier than under the grass cover. Consequently more surface run-off
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could be expected from the grass area. To substantiate this conclusion

he suggested, among other things, that soil-water content should be

monitored under both plant cover types simultaneously. The present

study is essentially a follow-up of his study.

STUDY PROCEDURES

Location and characteristics of the study sites

For comparing the effect of different plant covers on a soil-water

regime, the sample stands should occur on similar site conditions, close

to each other. As reported in the preceding study (Part II.A.), such

a requirement was observed in Kahana Valley where certain plant covers

occurred side-by-side under similar soil-water regimes.

Investigating the soil and fluctuation of soil water contents under

these plant covers, therefore, should allow the comparison of the

effects of plant cov~~s on the soil-water regime.

For these reasons, five pairs of contrasting plant covers found on

basically s~~lar sites were selected for this study. These plant

covers were located on "upper slope" positions, at four sites at

different positions along the rainfall gradient. The soils at these

sites were generally well drained, deep, non-stony, and were described

and mapped as Waikane silty clay (Swindale and Hill 1966, Foote et al.

1972). The location of these four sites and their ~limate diagrams

(Walter and Lieth 1960) are shown in Figure 14. The climate diagram

for site II, which is not shown in this figure, is essentially the

same as that for site III.
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Fig. 14. -- Locations and climate diagrams of study sites,
Kahana Valley, Oahu, Hawaiian Islands

.1 - site no. 1

------ rainfall isohyets
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In the climate diagrams, the rainfall curves were based on median

monthly rainfall (based on a la-year record) extrapolated from rainfall

maps of Oahu (Taliaferro 1959). The mean monthly temperature curves

were derived from records taken at the nearby coastal weather stations

(Kahuku and Kaneohe, U.S. Weather Bureau 1965). These diagrams show

that annual rainfall increases from 1600 mm at site I to 4000 mm at

site IV. For all sites, low rainfall occurs around January, June, and

September, with September receiving the lowest rainfall. In spite of

this, the rainfall line is always above the temperature line suggesting

thdt the sites do nut experience any drought period. As 100 rom rainfall

is generally accepted as the average water storage capacity of a soil

(Thornthwaite 1948), the excess rainfall indicated by the dark area

&bove the 100 rom rainfall line suggests that monthly rainfall is

sufficient to keep the sites moist all the time except for the months

of June and September in site I. Here, the monthly rainfall fell below

the water storage capacity of the soil. During these months this site

may be slightly dry.

The plant covers found at each site and the slope variation under

each of these plant covers are listed in Table 24. At sites I, II, and

III the paired samples consisted each of a grass cover (Andropogon

virginicus communities) and a tree cover. At site I, the tree cover

was a Brassaia stand. At sites II and III, the tree covers were Eugenia

stands. Two more paired vegetation samples were established in which

the comparison was between a matted fern (Dicranopteris linearis) and a

tree cover. One of these paired samples occurred also at site III,

the other at site IV further inland. The tree stand in both cases was



Table 24

Contrasting Five Pairs of Plant Covers Found in the Four Study Sites

Soil-water Elevation Slope
Site regime zone*) (m) Plant cover exposure steepness

I Moderately dry 40 Brassaia 90° E ISo
Andropogon N 700 E 18°

II Fresh 25 Eugenia N 20° E 18 0

Andropogou N 200 E 190

III Fresh to moderately moist 50 Eugenia N 31° E 18°
Andropogon N 310 E 19°

Acacia-Pandanus E 100° S 13°
Dicranopteris N 30° E 20°

IV Moderately moist 120 Acacia-Pandanus 90° E 16°
Dicranopteris 90° E 18-19°

*) Based on rainfall and topographic positions (Part II.A.).

N
~

0\
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an Acacia-Pandanus forest. Photographs of some of these stands are

shown in Appendix VIII (p. 356).

The Andropogon virginicus grass community is one of the major plant

cover types on the moderately dry and fresh soil-water regimes. As

indicated in the preceding study (Part II.A.), this plant cover is being

invaded by woody plants such as Brassaia actinophylla and Eugenia cumini.

The Brassaia and Eugenia tree-covers used in this study are actually

clumps of these tree species that are scattered in the Andropogon

grass-cover.

Andropogon virginicus, the dominant species in the grass-cover

area, is a bunch grass that is active only during the usually drier summer

months. It appears to undergo dormancy during the winter months

. (Kartawinata and Mueller-Dombois 1972, Mueller-Dombois 1973). Its dried

leaves remain attached to the plants throughout the year. They form a

thick closed cover but with very little of it lying on the ground sllrface.

Brassaia actinophylla is a facultatively deciduous tree that may

shed its leaves completely during the dry months of August and September

before it starts flowering. In spite of this, the leaf litter on the

ground is generally sparse. At least it is not as thick or dense as

under Eugenia cumini, which generally grows continusouly throughout the

year. Under the canopy of these nro tree species, herbaceous and woody

species, which are normally found in the grass area, form dense undergrowth.

A denser and thicker layer of leaf litter occurs under Acacia-Pandanus

tree-covers in sites III and IV. But here the undergrowth vegetation

is less dense. These tree stands are samples of the Acacia-Pandanus

forest map unit recognized in the earlier survey (Theobald and Wirawan
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1973) and discussed in (Part II.A.). The herbaceous plant covers

chosen for comparison at these two sites are formed by Dicranopteris

linearis, which are parts of the Acacia-Pandanus woodland. Under both

the Acacia-Pandanus tree cover and the Dicranopteris fern cover,

charcoal was found at 15 cm depth. Thus there has been fire in the

past in these areas and it is suggested that both plant covers are

possibly of fire origin.

The Dicranopteris fern cover is a thick mat of herbaceous plant

material (about 1.5 m thick) which can be stratified into three layers.

The top layer consists of green living plant material. The middle layer

consists of dry fern foliage and the bottom layer of partly decomposed

dead plant materials. In the bottom layer, the undecomposed fern stems

are mixed with the main feeding roots of the ferns. The apparently

ever-wet or moist condition in this litter layer allows this root to

grow. As these roots continue to grow, they form root-mounds that are

quite common in the area. The stratification shown in Figure 15 is

outlined from photographs in Appendix VIII (p. 36".



Height (cm)

150

100

50

o

,

B

249

Fig. 15. A profile diagram of the thick mat of Dicranopteris
linearis fern cover; A = green foliage, B = dry
foliage, C = roots + undecomposed stems of ferns.
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Methods of study

For detecting differences in the degree of influence of contrasting

plant covers on the soil-water regime, the following site parameters

under each of the paired plant covers were studied and compared: .

1. the soil profile and rooting pattern,

2. the organic matter content,

3. the exchangeable calcium,

4. the total volume and size distribution of soil pores, and

5. the fluctuation of soil-water content.

For determining the total volume of soil pores, the particle density

and bulk density values of the soil were needed and, therefore,

measured. The bulk density value was also needed for converting the

soil-water content from gravimetric to volumetric, so that the soil

water contents can be expressed in terms of millimeters of rainfall.

To interpret the fluctuation of these soil-water contents, the amount

of rainfall received at each site and the evaporative power of the

atmosphere were also measured.

Field methods.--For sampling purposes, the site parameters were

studied in an area of 4 x 5 m. Samples were limited only to the

upper 60 cm of the soil surface, because the effects of plants on the

soil occur primarily up to this depth. For practical purposes, this zone

was divided into four sampling depths, namely 0-15, 15-30, 30-45, and

45-60 cm depths.

The characteristics of the soil profile and rooting pattern were

studied from the soil pit dug at the center of the sample area or

from trenches around it. The procedure used in describing these profile
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characteristics follow those described in the Soil Survey Manual (Soil

Survey Staff 1951). The soil colors were determined by using the Munsell

color chart. The terms used in this description were based on the

Glossary of Soil Science Terms (Soil Science Society of America 1975).

From the soil pit or soil trench, samples were collected at the

four sampling depths. Additional samples were collected using a soil

auger. These were taken from at least two other sampling points in the

area. All samples of the same depth were lumped to form a composite

sample of a particular depth. These composite samples were used for

determining the organic carbon content, exchangeable calcium, and

particle density.

To determine bulk density and size distribution of soil pores for

each soil depth, two to six undisturbed soil samples were taken from

the soil pit or trenches using soil-core samplers. In sites III and IV,

the soil samples collected through this method were retained in metal

rings. In sites I and II, this soil-core sampler could not be used

without compacting the soil samples, particularly when used to sample

the sub-soil. Here, undisturbed soil samples were collected by taking

chunks of soils from different depths in the soil profile, which were

then carefully cut with a knife into cylindrical layers of soils (about

2 cm thick each) resembling the core samples retained in the metal ring.

To monitor the fluctuation of soil-water contents, the gravimetric

method of soil-water content determination was used. Two replicates of

fresh soil samples were collected from DvO points in the sampling area.

At each sampling point, samples were taken using a soil auger from each

of the four sampling depths. This soil-water sampling was carried out
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every ~NO weeks for a period of one year, from September 1973 to

October 1974.

The amount of rainfall received at each site was collected with

two Thru-Check rain gauges installed in the open outside the

sampling area. To correlate the fluctuation of soil-water content with

the incoming rainfall, these rain-gages were read and emptied every two

weeks, on the same day as sampling for the soil-water content was done.

The evaporative power of the atmosphere or the potential water

loss to the atmosphere as influenced by local weather conditions was

measured using a pan-evaporimeter (U.S. Weather Bureau Class A Pan,

Chang 1968). This pan-evaporimeter was set up at site III in late July

1974. Records of water loss from this evaporimeter were read every two

weeks together with. the soil-water sampling and rainfall measurements.

The recording of water loss was terminated when the field work ended

on October 2, 1974.

Laboratory methods.--The organic carbon content, ~~changeab1e

calcium, and particle density of soil at each sampling depth were

determined in triplicates from the composite soil samples. For the

organic carbon content, the Walkley-Black method was used (Allison 1965).

To determine the amount of ~~changeable calcium, the exchangeable cation

of the soil was washed out and replaced with NH3+ This was done by

adding ammonium acetate to a 5 gram soil. The solution was made to a

100 ml volume. The solution was placed in a shaker for one hour,

centrifuged for about 5 minutes and then the supernatant was collected

into an Erlenmeyer. The procedure was repeated twice. The exchangeabLe

calcium was then det.arm.med through an atomic adsorption method.
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The total volume of pore space for each sampling depth was

calculated from the particle density and the bulk density values

through the equation:

bulk density
Pore Volume = (1 - ) x 100% (Brady 1974)

particle density

Particle density was determined following the procedure described by

Blake (1965a) using a 5 gram soil sample and a 50 ml volumetric flask.

Bulk density was determined by measuring the volume and the oven-dry

weight of the undisturbed soil samples. For the soil layers not

retained in metal rings, their volumes were determined through the clod

method (Blake 1965b).

The total volume of pore space calculated through this procedure

is considered here as equivalent to the amount of water held between

zero bar tension or saturated condition and 10.000 bar tension or

oven dry condition. This pore volume, which is used here as a measure

of the saturation capacity, can be sub-divided into three major size

classes. These are the macropore, capillary pore, as well as the fine

capillary and colloidal-size pores, where gravitational, available

capillary, as well as non-available capillary and hygroscopic waters

are held, respectively (Kohnke 1968). The boundaries between the

macropore and capillary pore as well as between the capillary pore and

the combination of fine capillary and colloidal-size pores are

respectively defined by the soil water constants at 0.1 and 15.0 bar

tension. Although the 0.33 bar pressure is generally recognized as the

boundary between water held by macropores and capillary pores or the

limit for removing the gravitational water from the macropores, for
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tropical soils rich in kaolinite or iron and aluminum oXides, the 0.1

bar pressure is considered as a better estimate because these fine

textured tropical soils are generally well aggregated (Uehara, personal

communication). In this study, both values will be shown but the

interpretation of the results will be based on the 0.1 bar value.

For determining the soil-water constants at 0.1, 0.33, and 15.0 bar

tension, the undisturbed soil samples were placed on ceramic plates,

saturated with water for at least 24 hours, and then placed in the

pressure membrane extractor (Richards 1965). After the samples had

come to an equilibrium at 0.1 bar tension, the samples were weighed

and then returned to the extractor for determining the soil-water

constants at 0.33 bar and then also for the 15.0 bar tensions. The

samples were then oven dried at 11SoC for 48 hours. As these samples

were also used for determining bulk density before they were placed in

the oven, for soil samples not retained in metal rings, layers of wax

were used (in lieu of the metal) to hold the samples to avoid breakings

during the soil water constants determination (Appendix X, p 377).

When returning from the field or on the next day after arrival at

the laboratory, the soil-water samples (that were collected every two

weeks) were weighed, oven dried, re-weighed, and the values were then

used for calculating their water contents. To express these soil-water

contents in terms of millimeters rainfall, the values were multiplied

by their respective bulk densities and soil depth. For example, a

soil sample from 0-15 cm depth or ISO mm deep may have 60% soil-water

content by weight and a bulk density of 0.9 gram/cc. Its rainfall

equivalent is calculated as 60/100 x 0.9 x ISO mm = 81 mm. Based on



255

these records of soil-water contents, the rates of water loss to the

atmosphere and the deficits of saturation capacity under each of the

paired plant cover types were calculated and compared.

The deficit of saturation capacity of the soil was calculated by

deducting the soil-water content from the saturation capacity of the

soil as represented by the total pore volume. As the soil-water

content under each plant cover was measured every two weeks, similar

numbers of saturation deficits were calculated. This set of saturation

deficits was then compared through a paired t-test with the set of

saturation deficits from the other member of the paired plant covers.

The rates of water loss to the atmosphere were estimated only when

the soil was drier than field capacity, which occurred between August

and October. As rainfall during this time is relatively low, the amount

of soil-water percolating downward due to gravity and the amount of

rain water running over the surface can be assumed to be zero. Under

such conditions, as used by Kittredge (1948), the amount of water loss

to the atmosphere can be calculated through the following water balance

equation:

~s + Po + Roff + Ea

P t (~S + Po + Rof f)

where:

E =a

Pt = rainfall

~S = change of soil-water content

or

Po = percolation

Rof f = surface runoff

Ea = water loss to the atmosphere through interception,

evaporation and transpiration



256

With Po and Rof f = 0,

Ea = P t - ~S

As the rate of water loss to the atmosphere from a vegetated area

(Ea) is strongly influenced by the evaporative power of the atmosphere

(E ), which varies with the weather, for meaningful interpretation ofo

the amount of water lost to the atmosphere during a particular period,

this water loss was expressed in terms of the potential Eo value for

that period as was done by Rutter (1962).

RESULTS AND DISCUSSION

Major properties of soils

under the paired plant cover types

Major properties of soil profiles and rooting patterns.--Photographs

and descriptions of soil profiles under each plant cover type in each

of the four sites are presented in Appendix VIII (p. 356). In general,

the effects of plant covers on the characteristics of soil profiles at

each site differ only slightly. As shown in Figures 16 through 20, these

differences are related to soil color, soil structure, depth, and

boundary of soil horizons, as well as density and distributions of roots.

In the moderately dry soil-water regime at site I (Fig. 16), the

soil under Brassaia is slightly darker (lower chroma) in the A horizon

and lighter (higher chroma) in the B horizon than the soil under

Andropogon. The boundary between A and B horizons is less abrupt under

Brassaia than under Andropogon. Except for these differences, the other

characteristics of the soil profiles under the two plant covers are

essentially the same.



SOIL PROFILES AT SITE I - Moderately Dry Soil-Water Regime
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blocky
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B moderate, medium sub-angular
blocky

roots few

Fig. 16. Major characteristics of soil profiles under
Brassaia tree and Andropogon grass covers in
the moderately dry soil-water regime zone
at site I, Kahana Valley.
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SOIL PROFILES AT SITE II - Fresh Soil-Water Regime

under under
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sub-angular blocky
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Fig. 17. Major characteristics of soil profiles under
Eugenia tree and Andropogon grass covers in
the fresh soil-\<1ater regime zone at
site II, Kahana Valley,
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SOIL PROFILES AT SITE III - Fresh to Moderately Moist Soil-Water Regimes

under under

~ large root
dark~ish brown (5YR3/4)
strong, medium granular
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Fig. 18. Major characteristics of soil profiles under
Eugenia tree and Andropogon grass covers in
the fresh to moderately moist soil-water regime
zone at site III, Kahana Valley,
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SOIL PROFILES AT SITE III - Fresh to Moderately Moist Soil-Water Regimes

Depth Horizon
(cm)

o

A

under

Acacia-Pandanus

dark reddish brown (5YR3/4)
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A
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....-....-
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---.. -- .- .....,-

reddish brown (5YR4/3)
weak, medium sub-angular blocky

roots few

Fig. 19. Major characteristics of soil profiles under
Acacia-Pandanus tree and Dicranopteris fern
covers in the fresh to moderately moist soil-water
regime at site III, Kahana Valley.
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SOIL PROFILE AT SITE IV - Moderately Moist Soil-Water Regime

under under
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Fig. 20. Major characteristics of soil profiles under
Acacia-Pandanus tree and Dicranopteris fern
covers in the moderately moist soil-water
regime zone at site IV, Kahana Valley.
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In the fresh soil-water regime at site II (Fig. 17), the density

and distribution of fine roots under Eugenia and Andropogon are

essentially the same. The differences in soil structure and soil color,

however, are apparent. In the A horizon the soil under Eugenia is

slightly darker than under Andropogon. The soil structures are similar

(moderate, fine to medium granular), except for the massive surface

layer under Andropogon. As this area is still used for pasture, this

massive surface horizon (AI) could be the result of trampling by cattle.

This Al horizon has a clear wavy boundary with the underlying A2 horizon.

The soils in the B horizons under both plant covers were similar

in structure but not in their color. The soil color was relatively

uniform under Eugenia (dark yellowish brown) but varied under

Andropogon. This variation was the basis for differentiating this

horizon into the Bl (dark grayish brown) and B2 (brown and reddish

brown) horizons. The boundary between Bl and B2 horizons is gradual

and discontinuous.

The boundary between the A and B horizon is parallel and clear

under Eugenia but wavy and abrupt under Andropogon. Associated with

these differences, the depth of the A horizon under Eugenia is generally

constant at 20 cm but varies from 20 to 30 cm under Andropogon.

In the fresh to mOderately moist soil-water regime at

site III, the soil colors under Eugenia are comparable to that under

Andropogon (Fig. 18). But under Eugenia the soil has stronger

aggregates and the roots penetrate deeper than under Andropogon. The

depth of the A horizon varies under Eugenia (between 15-30) but is

relatively constant under Andropogon (at 30 cm). The boundary of this
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horizon with the underlying B horizon is wavy and clear to diffuse

under Eugenia but parallel and abrupt to clear under Andropogon. A

transitional horizon (A3) occurs under Andropogon but not under Eugenia.

This horizon has the colors of those found in the A and B horizons but

the structure of the B horizon only.

At site III, the major characteristics of the soil profile under

Acacia-Pandanus trees are essentially the same as those under the

Dicranopteris fern (Fig. 19). The only differences are that the soil

under Acacia-Pandanus generally has stronger aggregates and its A

horizon is slightly deeper than those under Dicranopteris.

In the moderately moist soil-water regime at site IV (Fig. 20),

the soil under Acacia-Pandanus is darker, has stronger structure and

more roots than under Dicranopteris. The A horizon under Acacia-Pandanus

and the B horizon under Dicranopteris are relatively uniform but the

A horizon under Dicranopteris is differentiated into Al and A2 horizons

by their structure. The B horizon under Acacia-Pandanus is divided into

Bl and B2 horizons by root density and soil structure. The boundaries

of these soil horizons are generally less abrupt under Acacia-Pandanus

tree than under Dicranopteris fern covers. Thus, from these descriptions,

major physical differences between soils under the paired plant cover

types are generally related to a (1) deeper rooting system, (2) less

abrupt soil boundary, and (3) stronger soil aggregates under tree as

compared to herbaceous covers.
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Organic carbon contents.--As shown in Fig. 21, the organic carbon

at each site decreases with depth. At the 45-60 cm soil depth, the

values were about the same for plant covers in all sites or their

differences were small. These values range from 0.93% under Acacia

Pandanus at site III to 1.69% under Eugenia at site II. Significant or

slightly bigger differences generally occurred above this depth.

In the moderately dry soil-water regime at site I and the fresh

regime at site II, the organic carbon contents under trees (Brassaia

and Eugenia) were higher than under Andropogon grass covers. Though

only for the 15 cm surface soil the same relationship was found between

Eugenia and Andropogon in the fresh to moderately moist soil-water

regime at site III. Below this depth the soil under Andropogon had more

organic carbon than under Eugenia. At this site, the organic carbon

under the herbaceous Dicranopteris fern was consistently higher than

that under the Acacia-Pandanus tree cover. This also was true at site

IV, except for the 0-15 cm depth where the values were about the same.

However, in spite of these differences between species in each site,

the organic carbon contents for the 0-15 cm and the total 0-60 cm soil

depths were generally about the same from one site to another.

As shown in Figure 2Z, these values ranged from 2.73% under

Andropogon at site I to 4.34% under Dicranopteris at site IV for the

surface 0-15 em soil depth and from 6.19% under Andropogon at site I

to 11.53% under Eugenia at site II for the total 0-60 em soil depth.
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Fig. 21. -- Mean values of organic carbon contents of soils at four
depths under differ~~t plant covers at four sites in
Kahana Valley.
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Exchangeable calcium.--Following a pattern similar to that of the

organic carbon content, the exchangeable calcium at each site (Fig. 23)

also decreases with depth. With the exception of site II, differences

between plant covers in each pair were generally insignificant or small

below the 15 cm soil depth. At the surface 0-15 cm depth, the

difference between plant covers was highly significant. At this depth,

as shown in Fig. 22, the soils with higher organic carbon contents

(under Brassaia and Eugenia at sites I, II, and III as well as under

Dicranopteris at sites III and IV) have always higher exchangeable

calcium than the soils with lower organic carbon.

Unlike the organic carbon content, which tends to remain the same

with increase in rainfall from site I to site IV, the exchangeable

calcium was decreasing with increase in rainfall. The values, expressed

in meq/lOO gr soil, ranged from 3.55-4.57 at site I to 0.66-1.62 at

site IV for the surface 0-15 em soil and from 10.06-11.94 at site I to

1.8-2.9 at site IV for the total 0-60 em soil depth (Fig. 22).

Total volume and size distribution of soil pores.--The total

volumes of pore spaces ill the soils under the paired plant covers are

generally about the same (Appendix XI, p. 378). For the surface

0-15 em soil depth, these values ranged from 63.91% under Andropogon

at site I to 78.41% under Dicranopteris at site IV. For the 45-60 cm

soil depth, the range was from 61.15% under Brassaia at site I to

68.07% under Dicranopteris at site IV. The individual values for each

soil depth under the paired plant covers are shown in Figures 24 through

28 and are indicated by the zero bar tension mark. In these figures

the oven dry condition is indicated by the 10,000 bar tension mark.
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** Significant at 5% level.
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Fig. 27. Size distribution of soil pores at four depths under
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in the very fresh to moist soil-water regime zone at
site III, Kahana Valley.

* Significant at 10% level.
** Significant at 5% level.
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Fig. 28. Size distribution of soil pores at four depths under
Acacia-Pandanus tree and Dicranopteris fern cover in
the moist soil-water regime zone at site IV, Kahan~

Valley.

* Significant at 10% level.
** Significant at 5% level.
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The size distribution of soil pores and the associated types of

soil waters, as defined by the soil water constants at 0.1 and 15.0

bar tensions, are also shown in these figures. Significant differences

in the volumes of each of the three pore-size classes between soils

under the paired plant covers are indicated by asterisk(s). In addition

to these pore-size classes, which consist of macropores, capillary pores,

as well as the combined fine capillary and colloidal-size pores, the

types of soil-waters associated to these pore-size classes are also

indicated in each of these figures.

As shown in Fig. 24, no differences in the total volume and size

distribution of soil pores were observed between soils, at all depths,

under Brassaia and Andropogon at site I. At site II (Fig. 25),

significant differences between soils under Eugenia and Andropogon

were observed only in the volumes of macropore space at 0-15 cm,

15-30 cm, and 45-60 cm soil depths. ~vhereas the volume of macropore

space at 0-15 em soil depth was greater under Eugenia than under

Andropogon, the inverse relationship was true for the volume of

macropore space at 15-30 cm and 45-60 em soil depths.

At site III (Fig. 26), the differences between soil pores under

Eugenia and Andropogon were related to the greater volumes of capillary

pore and macropore at 30-45 em soil depth under Andropogon. At this

site (Fig. 27), the volume of fine pores (capillary and colloidal-size

pores) were generally greater under ~~cranopteris than under Acacia-
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Pandanus. This was also true at site IV (Fig. 28). As the total pore

space under Dicranopteris and Acacia-Pandanus at sites III and IV were

about the same, the volumes of macropore at these sites were generally

greater under Acacia-Pandanus than under Dicranopteris. However, these

differences were significant only for the 0-15 cm soil depth at

site III.

As the effect of plant covers on the size distribution of soil

pores is primarily related to the volumes of macropores, the difference

in the volume of macropores between soils under the paired plant covers

are summarized in Fig. 29. This figure shows that at lower soil

depth, particularly at the 45-60 cm depth, plant covers have no effect

on the volume of macropores, except for the soil at 45-60 cm depth at

site II. In addition, except for the soil at this depth and at 15-30 cm

depth at site II and at 30-45 cm depth at site III, the volumes of

macropore space were generally greater under tree than under herbaceous

covers.

Fluctuation of soil-water contents

under the paired plant covers

The fluctuation of soil-water content for the total 60 cm soil

depth under the paired plant covers at each site is shown by the soil

water diagrams in Fig. 30-34. In each of these diagrams the fluctuation

of soil-water content is shown in relation to the soil-water constants

(0, 0.1, 0.3, and 15.0 bar tension) and the amount of rainfall measured

at the site. The soil water content indicated by the horizontal line

at 0 bar tension is used here as a measure of the saturation capacity
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* Significant at 10% level.
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SOIL-WATER DIAGRA}lS
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Fig. 30. Fluctuation of soil-water contents in the 60 em soil depth
under Brassaia tree and Andropogon grass covers at site I,
Kahana Valley.
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SOIL-WATER DIAGRAMS
SITE II
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Fig. 31. -- Fluctuation of soil-water contents in the 60 cm soil depth
under Eugenia tree and Andropogon grass covers at site II,
Kahana Valley.
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SOIL-WATER DIAGRAMS
SITE III
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Fig. 32. -- Fluctuation of soil-water contents in the 60 cm soil depth
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280

SOIL-WATER DIAGRAMS
SITE III
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SOIL-WATER DIAGRAMS
SITE IV
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the soil. This water may consist of (1) the gravitational water (the

soil-water between a and 0.1 bar tension) which is held only temporarily

during and shortly after the storm, (2) the capillary water (between

0.1 and 15.0 bar) that is available LO plants, and (3) the capillary

and hygroscopic waters that are held at tensions above 15.0 bar and

are not available to plants.

As mentioned earlier, these types of water are held, respectively,

in the macropores, capillary pores, as well as in fine capillary and

colloidal size pores. The shaded area below the soil-water

curve indicates the types of water ~r the types of pores being filled

with water. the dark shading indicates the gravitational water, the

hatched shading the capillary water, and the dotted shading the fine

capillary and hygroscopic water. The soil pores that are not filled

with water, as indicated by the blank area between the soil-water

held at a bar tension and the soil-water curve, is the deficit of

saturation capacity of the soil. From these diagrams, the intensity of

wetting and drying as well as the deficit of the potential water

storage capacity of the soil can be evaluated for any time of the year.

Most important, the water loss to the atmosphere may be estimated

during the time when the soil is drier than field capacity (at 0.1 bar).

Intensity of wetting and drying of soils.---The soil-water content

was generally correlated to the amount of the incoming rainfall. In

this relatively high rainfall area, the soil was generally moist or wet

all the time. A short dry period may be recognized in January or

February but a longer one occurs in August and September. The wetness
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or dryness during these periods, however, varied with the plant cover

and the amount of rainfall received at the sites.

At site I (Fig. 30) the soils under the paired plant covers

generally showed similar patterns and intensities of wetting and drying.

These soils were around field capacity most of the time but dropped to

or drier than wilting percentage in February and August through

September when the monthly rainfall was less than 100 rom.

At site II (Fig. 31) the fluctuation of soil-water under

the paired plant covers also showed similar patterns. Eowever, the soil

under Eugenia was generally moister than the soil under Andropogon.

Under both plant covers the soils were relatively drier in August and

September when compared to the rest of the year but their water contents

fluctuated around the 0,1 bar tension under Eugenia and they were

slightly below the 0.3 bar tension under Andropogon. ~is difference,

however, does not directly relate to the difference in plant cover.

As indicated earlier, this area is still used for pasture. Despite

attempts to select an area not influenced by trampling of cattle, such

a selection proved to be impossible in the Andropogon grassland. Here,

the effect of trampling can be noted from the massive Al horizon,

which showed less macropore space than the surface soil under Eugenia.

Consequently, the rate of water infiltration under Andropogon will be

slower than under Eugenia. With a slower infiltration rate,

more rain water will run over the surface while less enters the soil

under ~ndropogon. Although the soils under the two plant covers had

similar water holding capacities this difference seems to be the main
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reason for the drier soil under Andropogon, particularly below the

0-15 cm soil depth.

At site III, the soil-water under Eugenia and Andropogon

(Fig. 32) were generally around the saturation capacity most of the

time except in August and September when they become slightly drier and

were near or around field capacity. In theory, the soil-water content

can never exceed the total volume of pore space or the saturation

capacity of the soil. Therefore, the consistently wetter than saturated

condition shown by the soil under Eugenia is apparently due to error.

Because the relatively higher bulk density value tends to give a lower

total volume of pore space or a higher volumetric soil-water content,

this error could be related to the variation in bulk density in the

sampling area or to an error made in determining the bulk density values.

Although the soil under Eugenia could be drier than indicated in

this figure, the records of soil water tension (Fig. 35) indicated

that the surface soil was probably not much drier than field

capacity, except in August and September. In this figure, the soil

water tensions under Eugenia at 90 cm and 120 cm depths were always

drier than field capacity (0.1 bar), except in August and September

when they were drie~ than the 0.3 bar tension. As the soil at 120 cm

depth was generally drier (with higher tension) than the soil at the

90 em depth, the soil above the 90 em depth could still be wetter than

the soil below it. If this relationship also holds true for the upper

soil layer, this soil may not be drier than field capacity, except

during the summer months when low rainfall and high evaporation may

cause the surface soil to be much drier. Such a relationship is
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~hown, for ~~ple, in this figure by the soil under the Andropogon

grass cover.

Under this grass cover the soil-water tension at 60 cm depth was

always greater than 0.1 bar (drier than field capacity). Above this

depth, at 30 and 45 an depth~ the soil was always wetter than field

capacity. These tensiometer records support the soil-water record

as obtained from the measurement of soil samples (Fig. 32).

Under Acacia-Pandanus and Dicranopteris the soil water contents

were near field capacity or wetter most of the time, ~~cept in August

and September when they became drier than field capacity (Fig. 33).

During this time, the soil water under Acacia-Pandanus fell below wilting

point and was drier than the soil under Dicranopteris. A similar pattern

is shown also by the soil-water tension records at 60 an depth under

Acacia-Pandanus and at 30 em depth under Dicranopteris (Fig. 35).

Although they do not cover the whole annual cycle, these records

indicate that the soil at those depths were wetter than field capacity

most of the time, except in August and September.

At site IV, the fluctuation of soil-water content under Acacia

Pandanus was somewhat different from that under Dicranopteris (Fig. 34).

Under the Acacia-Pandanus the soil was at or slightly drier than field

capacity during the rainy season (October to January), wetter than field

capacity during the transition from rainy to dry season (February to June

and much drier (near wilting point) during the dry season (July to

September). Although rainfall during the rainy season was consistently

high, much of the wat~r was apparently used to replenish the soil-water

that was depleted during the dry summer period. When such storage had
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been replenished to field capacity, any moderate rainfall was sufficient

to bring the soil to a state wetter than the field capacity.

The fluctuation of soil-water content was further supported by

the records of soil-water tension at 45, 60, 90, and 120 cm depth

(Fig. 36). These records show that the soils at these depths were

generally drier than field capacity (between 0.1 and 0.3 bar) with the

peak occurring in August and September when the soil-water tension

at 45 em depth exceeded 1.0 bar.

Under Dicranopteris fern, the soil-water curve on Fig. 34 shows

the soil to be drier than field capacity during the rainy season (from

October to January). The soil was also much drier than under the

Acacia-Pandanus tree cover. However, the soil became wetter during

the transitional and dry periods and occasionally reached saturation

capacity in May, June and August. During the dry season soil water

dropped below field capacity but only for a short time. It was also

not as dry as under the Acacia-Pandanus tree cover.

The low soil-water content during October-January indicated in

Fig. 34 was apparently due to sampling error. This error seems to be

related to the coarser soils from which the soil-water samples were

taken. In carrying out the soil-water sampling, I followed a procedure

in which I started taking soil-water samples from locations nearer to

the trail and then progressing away from it, to reduce the effect of

trampling. In this particular case my earlier samples were apparently

taken from sampling points where the soils were mixed with sandy

materials used in the construction of the near-by jeep trail. Since

the sandy soil contains less water than the clay soil, the low soil-
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water contents in the earlier samples could be related to this textural

difference. The most likely wetter condition than sho~vn on Fig. 34

is indicated by the soil-water tension values at 30 cm depth measured

during that period (Fig. 36). The nine-month fluctuation of soil-water

tension shows the soil to be wetter than field capacity (0.1 bar) even

during the relatively dry August and September 1973 months.

Deficit of saturation capacity.--As indicated earlier, the

fluctuation of soil-water content under Andropogon at site II (Fig. 31)

and under Eugenia at site III (Fig. 32) were influenced by factors

other than the plant cover types. The soil-water storage deficits

under each of these covers, therefore, cannot be compared with those

under the plant covers that were paired with them. Thus, the Eugenia

and Andropogon pair at sites II and III will be excluded in this analysis.

This will also be the case with. a portion of the soil-water storage

deficit records (from September 1973 to January 1974) between Acacia

Pandanus and Dicranopteris at site IV (Fig. 34).

The mean saturation deficits under the paired plant covers at

sites I, III, and IV, together with the results of the paired t-test

between the paired plant covers at these sites, are shown in Table 25.

These mean-saturation deficits are the bi-weekly averages of the

capacity of the soils to absorb rain water under the respective plant

covers. In terms of their effect on streamflow, the most critical

deficits, however, are their minima. ~{hen the soil has a small deficit,

light rainfall will be sufficient to re-saturate the soil. Any

moderate or heavy rainfall during that period could cause excessive

runoff or streamflow (flood).
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Table 25

Differences in Saturation Deficits Between

Soils Under Some of the Paired Plant Covers

Site Plant cover
Saturation deficit (rom)

st. deviation
t df.

I

III

IV

Brassaia 64.65 25.37

Andropogon 59.55 25.47

Acacia-Pandanus 101.15 27.87

Dicranopteris 45.03 20.23

Acacia-Pandanus 85.49 22.94

Dicranopteris 40. 73 29.09

2.58* 23

11. 52** 19

4.10** 12

1) Based on bi-weekly records: from September 1973 to October 1974

for sites I and III and from February to October 1974 for site IV.

* Significant at 10% level.

** Significant at 5% level.
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At site I, the mean soil-water storage deficit under Brassaia

(64.55 mm) was only slightly greater (significant at 10% level) than

under Andropogon (59.55 mm). Greater and highly significant

differences in the mean saturation deficits occurred at site III

(101.15 mm vs. 45.03 mm) and at site IV (85.49 mm vs. 42.93 mm)

between soils under Acacia-Pandanus and Dicranopteris. This shows

that the soils under tree cover had a higher storage capacity than those

under herb cover.

Loss of water to the atmosphere.--The fluctuation of soil-water

content and tension presented earlier suggest that estimates of water

loss could be made during the months of August and September, when

the soil-water content was drier than field capacity. These estimates

can be made for all plant covers except for Andropogon at site II,

Eugenia at site III, and Dicranopteris at site IV. As discussed

earlier, the fluctuation of soil-water content under Andropogon at

site II was affected by trampling of cattle. The record of soil-water

under Eugenia at site III was unrealistic due to the relatively high

bulk density value used. The soil-water content under Dicranopteris

at site IV (Fig. 34} fell below field capacity only once or for a very

short period. Under such conditions, estimate of water loss calculated

from soil-water contents would not reflect the effect of plant cover

only.

The actual water loss from plant covers (Ea) calculated from the

amount of rainfall and increase or decrease of soil-water contents

during the period between August 1 and October 2, 1974 are shown in

Table Z6 in terms of the potential water loss during that period.



Table 26

Actual ~later Loss (Ea) from Plant Cover Types (Calculated from Rainfall and
Changes of Soil-Hater Contents) in Relation to the Potential lvater Loss (Eo)

as Measured from a Pan-Evaporirneter, August 1 to October 2, 1974

Site

I

Plant cover

Brassaia

Date

Aug. I-Oct. 2

Pt
(nun)

134.37

13l~. 37

~S

(mm)

-6.05

5.23

Ea
(mm)

140.42

129.14

Eo
(mm)

251.71

251.71

Ea in terms of Eo
(%)

56
54

51

61
58

II

III

IV

Andropogon

Eugenia

Andropogon

Dicranopteris

Acacia-Pandanus

Acacia-Pandanus

Aug. I-Oct. 2

Aug. I-Sept. 14

Aug. I-Sept. 14

Aug. I-Sept. 14

Aug. I-Oct. 2

Aug. I-Oct. 2

134.37

134.37

1LI4.27

149.90

149.90

149.90

149.90

236.90

236.90

314.90

314.90

-19.58

-4.28

-29.52

-17.75

-50.28

5.26

-17.12

35.13

-30.34

6.43

-5.57

153.95

138.65

173.79

167.65

200.18

144. 6l~

167.02

201. 77

267.24

308.47

320.47

251.71

251. 71

193.14

193.14

193.14

193.14

193.14

251. 71

251. 71

251. 71

251. 71

55

90

87

104

75

86

80

106

123

127

90+

96+

81+

93

+
125 N

vo
N
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These records show that the actual water loss varies from 54 to 125%

of the potential value. In interpreting these values three major

factors should be considered. These are the availability of soil-water

for evapo-transpiration, the influence of seasonal plant growth, and

the role of interception.

As discussed by Chang (1968), under certain weather conditions,

the highest rate of evapo-transpiration occurs when the soil-water is

freely available to plants, i.e., during periods of low soil-water

tension or when the soil is near field capacity. As the soil-water

content decreases and is held at greater tensions, the availability of

soil-water becomes restricted, which reduces the rate of evapo

transpiration.

In the present study, the limitation on evapo-transpiration imposed

by low soil-water content occurred under Brassaia and Andropogon at

site I (Fig. 30) as well as under Acacia-Pandanus at site III (Fig. 33).

Here, the soil-water contents were far drier than field capacity and

for some time even reached wilting percentages (15 bar tension). Thus,

the ~vater losses from Brassaia, Andropogon, and Acacia-Pandanus were

relatively low (54, 58, and 93% of the potential value, respectively).

When the soil-water is freely available the rate of water loss increases

to 96% for Andropogon (site III) and to 125% for Acacia-Pandanus

(site IV). Under this favorable condition, the rate for Dicranopteris

at site III is 81% of the potential value.
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The influence of seasonal plant growth on the water loss may be

the reason for the slightly greater water loss from Andropogon than

from Brassaia (site I) and Eugenia (site III). During this relatively

dry period (August to September), Brassaia, and to a lesser degree

Eugenia, shed a portion of their leaves while Andropogon is at its

best growing season. Thus, the greater water loss from Andropogon

could be related to a greater evapotranspiration rate, greater

interception, or their combination.

The reverse relationship should be true during the rest of the

year when Andropogon becomes relatively dormant and Brassaia and Eugenia

are at their best growing season. In spite of these considerations, the

differences between Brassaia and Andropogon at site I as well as

between Eugenia at site II and Andropogon at site III are apparently

small. These are indicated by the similarities in the fluctuations

of their soil-water contents (Fig. 30) and/or their estimates of

water loss (Table 24).

The significance of interception to the total water loss from

a vegetated area, as an addition to evaporation and transpiration

(evapo-transpiration), was well demonstrated by Swank and ~~ner (1968)

and a follow-up study by Swank and Douglass (1974) in the Coweeta

Hydrologic Laboratory, North Carolina (annual rainfall = 2000 mm).

These authors monitored rainfall interception and streamflow coming out

of a watershed area before and after the mature hardwood forest in the

watershed was cleared and replanted with seedlings of \vhite pine (Pinus

strobus). Ten and 15 years after the conversion of the forest cover

from hardwood to pine, they found a decrease in streamflow associated
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with an increase in interception. In a tropical rain forest in Puerto

Rico, where the annual rainfall was 3700 mm, Odum and Jordan (1970)

showed an interception value (970 mm/year) that is of the same magnitude

as the evapo-transpiration value (795 rom/year) or the potential

evaporation measured from a pan-evaporimeter (673 mm/year). These

findings support the earlier conclusions of Helvey (1967) and Rutter

(1967, 1968), but not of Penman (1963).

Penman believed that the intercepted rain water is not a real

loss because this water suppressed the water loss through transpiration,

which therefore saved the water stored in the soil. He argued that

for a unit land area the energy available for evaporation cannot at

the same time be used twice to evaporate the intercepted water and

the soil-water. Because of this and also because much of the intercepted

rain water is evaporated during the storm period (Patric 1966, Rutter

et al. 1972) when the relative humidity reaches almost 100%, other

sources of energy should be available.

For example, Rutter (1967) indicated that the a~tra energy could

come from the surrounding ~armer air (advection). He showed that

a 10e difference between the leaf and the ambient temperature is

sufficient for the transpiration process to occur. This was also

shown by Feldman~ al. (1973) who demonstrated the occurrence of

transpiration at 93-95% relative humidity and 1.1 to 1.60 e temperature

difference.

A plant cover having a total water loss greater than the potential

value, also has a tendency of causing high interception of rainfall

(Rutter 1967). Therefore, it seems reasonable to suggest that the high
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water loss as shown by Acacia-Pandanus at site IV (Table 26) is

related to high interception loss. Although the open canopy of Acacia

may not contr~bute much to this interception loss, a considerable

amount of rain could be intercepted by the canopy of Pandanus.

The leaves of Pandanus are linear (about 10 cm wide and 150 cm

long) and are clustered at the tips of the branches. Their midribs

form a V-depression which could channel the intercepted rain water

to the leaf-base where this water is collected and its excess flowed

down the Pandanus stem (stemflow). In this way the intercepted water

does not necessarily cover the whole surface of the leaf, particularly

not its lower surface where most of the stomata are located. As

evaporation is also a function of the area covered with a film of

water, the evaporation of the intercepted rain water collected at the

leaf-base should not interfere with transpiration or the loss of

soil-water through plant stomata.

Based on the preceding discussion, not all of the rates of water

loss shown in Table 26 can be applied to other parts of the year when

soil-water content was not a limiting factor and plants other than

Andropogon were in their most productive state. The rates that were not

limited by the availability of soil-water and, therefore, can be

applied to other parts of the year are those that are marked with

crosses. These rates are generally lower than the potential rate

measured from a U.S. ~veather Bureau Class A pan, except for Acacia

Pandanus tree cover at site IV.
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DISCUSSION AND CONCLUSIONS

The results of this study show that the soil properties at

30-45 and/or 45-60 cm depths under plant cover types in each pair

were similar to one another. These findings support the assumption

that these plant covers were located on similar site conditions.

Differences above these depths, which can be considered as the effects

of differences in plant covers, were related primarily to soil

structure.

The soil properties observed from the soil profile show that the

soil under tree covers were generally better aggregated than the soils

under herbaceous plant covers. This tendency is also shown by greater

volumes of macropore space under tree than under herbaceous covers.

In sites I, II, and III, this difference in macrospace between soils

under Brassaia or Eugenia tree and Andropogon grass cuvers, however,

was insignificant or was related to factors other than the plant covers.

The similarity in patterns of soil-water fluctuation and/or similarity

in the magnitude of water loss to the atmosphere between the paired

plant covers in these sites further suggest that the invading tree

species (Brassaia actinophylla and Eugenia cumini) have not altered

the soil-water regime of the Andropogon grassland. This similarity

may be related to the relatively recent invasion of the tree species

and therefore the tree cover effect may not have been long enough to

have a significant effect on the soil properties.

These findings failed to substantiate the contention made by

Mueller-Dombois (1973) that the soil under Eugenia should be periodically

drier than under Andropogon. In this study, the continuously wet soils



298

(wetter than field capacity) under both plant covers may be related to

the relatively similar magnitudes of water loss between Eugenia and

Androoogon, which were respectively 90 and 96% of the potential water

loss (Eo) as measured from pan evaporimeter. As the water loss through

evaporation from the two plant covers may be both insignificant, the

greater transpiration loss from Eugenia than from Andropogon (Mueller

Dombois 1973) suggest that the Andropogon grass cover may intercept

more rain water than Eugenia tree cover. In addition, during periods

with heavier rainfall when potential water loss is generally low, it

is also possible that the actual water loss from both plant covers

were much less than the incoming rainfall. As the a~cess rainfall may

partly be used to maintain the wetness of the soil, differences in

the effect of plant covers during that period may be rela~ed to the

magnitude of surface runoff. However, as both interception and

surface runoff were not investigated in my study, no final judgement

could be made on the effect of Eugenia and Androoo~on on the soil-

water regime.

Relatively greater differences in the effect between paired

plant covers on the volume of macropore space and intensity of 'soil

drying were observed in sites III and IV between Acacia'-?andanus tree

and Dicranooteris fern covers. Although the difference in the volume

of macropore space was significant only for the 0-15 cm soil depth

at site III, the greater volume under Acacia-Pandanus than under

Dicranooteris was consistent for all depth in both sites. The greater

drying intensity under Acacia-Pandanus was apparently related to the

greater water loss from this plant cover than from Dicranopteris fern
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cover, i.e. 125% vs. 81% of Eo' The combination between the volume

of pore space (particularly the macropore space) and the fluctuation

of soil water further shows that the saturation deficit under Acacia

Pandanus was significantly greater than under Dicranopteris, i.e.

101.15 mm vs. 45.03 mm at site III and 85.49 rom vs. 40.73 rom at

site IV.

Importance of water loss in drying and

improving soil aggregation in the tropical rain forest

Organic carbon content, exchangeable calcium, and intensity of

wetting and drying are plant-related factors that can influence the

aggregation of soil particles--thus also the volume of macropore space

(Brady 1974). Data presented earlier, however, suggest that the

exchangeable calcium and the organic carbon content do not play any

signficiant roles in the aggregation of soils in this tropical rain

forest valley.

Higher exchangeable calcium content associated with higher

organic carbon content under Dicranopteris than under Acacia-Pandanus,

both at sites III and IV, does not correlate with greater volume of

macropore space. The consistently greater volume of macropore space

under Acacia-Pandanus than under Dicranopteris at these sites was

correlated only to the greater magnitude of water loss and soil

drying under Acacia-Pandanus. Thus, among the three plant factors,

soil drying seems to be the most important factors in the aggregation

of soils in the tropical rain forests.
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Importance of water loss to the atmosphere

in water yield and flood control

In the tropical rain forest, where the soil is generally wet most

of the time, differences in the water loss among plant covers is the

major factor that directly and indirectly influences the soil-water

regime. This water loss directly reduces the amount of rainfall

reaching the soil, which results in the relatively low soil-water

content or occasionally dry soil.

The intensity and frequency of soil drying indirectly influences

the soil-water regime through its influence on soil aggregation.

Greater intensity and/or more frequent soil drying in the generally

wet tropical soils result in better soil aggregation and greater volume

of macropore space. As the water held in these pores is subject to

removal by gravitational force, soil under a plant cover that loses

more water to the atmosphere will also tend to lose more water through

percolation. This and the reduction of rainfall reaching the ground

consequently create a greater saturation deficit under this plant cover

as compared to the one that lost less water to the atmosphere.

The magnitude of the saturation deficit indicates the capacity of

soil to absorb additional water during a rain storm. As much of this

absorbed rain water consists primarily of gravitational water, the

storage of this rain water is only transitory. This water will

ultimately be drained to the ground water table through percolation or

it will be deflected laterally along the slope in the form of surface

runoff or sub-surface seepage water. As much of the ground water and

the stream water in between the storms are actually gravitational water,
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the magnitude of saturation deficit is very important in determining

the water yield from a watershed area. In addition, as the magnitude

of streamflow during a storm is directly related to the magnitude of

rain water used to satisfy the saturation deficit, the magnitude of

this deficit is also important in flood control.

As shown by the fluctuation of soil-water content under the

Dicranopteris fern cover, the relatively low saturation deficit in

April through June 1974 seems to be well correlated with the highest

average streamflow in Kahana Stream during this period (Lau 1973).

The generally lower saturation deficit under the fern cover, as

compared to the tree cover, may be the reason why the streamflow

measured in another valley on Oahu (Anderson et al. 1966) was greater

from the fern than the tree watersheds.

In addition, although the fern cover does not seem to be an

effective plant cover for flood control in the high rainfall areas,

this plant cover is satisfactory for soil erosion control. Although

85% of Kahana Valley is covered by this fern, the sediment load

measured in Kahana Stream is strikingly low (Ekern 1977). The

role of this fern in controlling soil erosion is apparently related to

the dense, green and dry foliage of this fern, which protects the soil

from the impact-force of rain drops, and to the dense root layer on the

soil surface, which protects the soil surface from accelerated erosion.
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SUMMARY

For determining the influence of spatial variations in soil-water

regime on plant species and community distribution in the tropical rain

forest, detailed analyses of the vegetation along a soil-water regime

gradient in a tropical rain forest valley on the Hawaiian Island of Oahu

were carried out. The results of these analyses show patterns which

are otherwise not apparent from general field observations.

In these analyses, the gradient of soil-water regimes was

established independently of vegetation by assessing the combined

effects of habitat factors in each sample stand, in terms of its soil

~vater status, through use of an equation. Based on the distributional

patterns of plant species or groups of plant species along this soil

water regime gradient, seven soil-water regime zones were recognized

in the valley. The patterns of vegetation types as recognized through

vegetation structure and dominant species in an earlier botanical

survey (e.g. woodland vs. forest), however, corresponds only partially

to this soil-water regime classification. These structural and

dominance patterns are related in part also to historical factors of

disturbance.

This study also shows the importance of successful seed germination

and seedling establishment in determining the vegetation patterns.

Contrary to the generally accepted opinion that soil-water is the

primary factor controlling the distribution of Aleurites moluccana,

the confinement of this species to the gulches appears to be influenced

primarily by mechanical forces (rolling rocks) that crack the seed coat.
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The restricted distribution of Acacia koa to the upper topographic

positions corresponds to the moderately moist or occasionally dry or

well aerated soils, which appear to be required for seed germination

of this species. Since studies in other tropical rain forests also

indicated that certain tropical rain forest species require conditions

for seed germination similar to those for Acacia koa, an understanding

of the habitat factors that control seed germination is a useful

information for elucidating the complex vegetation patterns in a

tropical rain forest.

In the investigation of the effect of plant covers on a particular

soil-water regime, detailed investigations on the physical characteristics

of the soils and the fluctuation of soil-water contents under paired

plant covers with contrasting vegetations were carried out. In general,

the results of these investigations showed little differences between

soil-water status under the contrasting covers. In the moderately dry,

fresh, and fresh to moderately moist soil-water regime zones, where tree

species (Eugenia cumini and Brassaia actinophylla) invaded the

Andropogon virginicus grass cover, the tree covers did not alter the

soil-water regime status of the grassland significantly.

In the fresh to moderately moist and particularly in the moderat~ly

moist soil-water regime zones where the tree species (Acacia koa,

Pandanus odoratissimus) could have been established at about the same

time as the Dicranopteris linearis fern cover following the destruction

of the original vegetation, the soil-water regime under Acacia-Pandanus

was drier than under Dicranopteris. This indicated a greater loss of

water to the atmosphere from the Acacia-Pandanus than to the
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Dicranopteris covers. The amount of rainfall intercepted by the

Pandanus crown canopy was suspected to be the major factor that brought

this difference in water loss.

In addition, the greater intensity of soil drying under Acacia

Pandanus was responsible for better soil aggregation and greater volume

of macropore space under this plant cover than under Dicranopteris fern

cover. Better aggregation encourages faster internal drainage of soil

water and consequently a more rapid recurrence of saturation deficits

under Acacia-Pandanus than under Dicranopteris fern cover. Because of

the greater deficit (by a factor of two), twice as much space for water

storage is available during storm periods under Acacia-Pandanus than

under Dicranopteris. Under similar rainfall regimes, this difference

will result in greater surface runoff or streamflow from Dicranopteris

fern covers than from the Acacia-Pandanus tree covers.

Furthermore, as much of the ground water and stream water in

between storms are actually gravitational water that is stored

temporarily in the macropore spaces, this difference also will result

in greater water yield when the watershed is under Acacia-Pandanus tree

covers than under Dicranopteris fern covers. Thus, in a tropical rain

forest, where excessive water is often a problem, a soil-water regime

which shows periodic drying is preferable. Such regimes seem more

likely found under tree than under herbaceous covers.

In addition, the greater intensity of soil drying and better soil

water drainage also improve soil aeration, which apparently is important

for successful regeneration of many tropical rain forest species.
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APPENDIX I

SIZE OF SAMPLE STAND AS DETER}lINED THROUGH THE

MINL"1AL-AREA CURVE

The minimal size of a sample area was determined in a forest stand

dominated by Aleurites mo1uccana and Eugenia ma1accensis. This forest

stand, which is relatively rich in species, was located on a fl~t land

found along the foot trail near sample stand no. 57. The field

procedure included the recording of the cumulative total number of

species found in a series of enlarging plots that were arranged in a

nested system (the nested plot technique, Mue11er-Dombois and Ellenberg

1974). These records, which are shown in the following table, were

then plotted in a graph to form the minimal-area curve shown in the

next figure. From this curve, the minimal size of the stand was

determined through the criterion that the sample stand should include

at least 90 or 95% of the species recorded in a sample unit of the

nested plot which is too large for practical purposes (Mue1ler-Dombois

and Ellenberg 1974).

In this forest stand, the cumulative total number of species

recorded in such a large unit was 16. To include 90 or 95% of the

species in the sample stand, the sample stand should contain 14.4 or

15.2 species, respectively. As indicated by line a and line b, the

sizes of sample stands were about 280 m2 for the 90% limit (containing

14.4 species) and 380 m2 for the 95% limit (containing 15.2 species).

A stand-size of 400 m2 (20 x 20 m) was chosen, which is slightly larger

than the 95% limit as indicated from the nested plot technique.
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Cumulative total number of species recorded in a series of nested

plots in an Aleurites - Eugenia forest stand in Kahana Valley

Plot Cumulative

(m2)
Species total number

Number Size of species

1 1 Eugenia malaccensis 2
Pandanus odoratissimus

2 2 2

3 4 Cordyline terminalis 3

4 8 3

- 5 16 Dioscorea pentaphy11a 4

6 32 Zingiber zerumbet 6
Cyc1osorus dentatus

7 64 C1idemia hirta 8
Psi10tum nudum

8 128 Brassaia actinophy11a 10
A1eurites moluccana

9 256 Oplismenus hirte1lus 13
Eupatorium riparium
~icrosorium sco1opendria

10 512 Spathog1ottis p1icata 16
Passiflora sp.
Pisonia umbel1ifera
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APPENDIX II

CHECKLIST OF VASCULAR PLANTS OF ~IA VALLEY AND

RESULTS OF VEGETATION ANALYSES OF SAMPLE STANDS

In each sample stand the vegetation was analyzed by its structure

and floristic composition through the following procedure. The plant

cover was first stratified by height. Three major layers (A, B, and C)

were recognized. Plants taller than 5 meters were grouped into the A

layer and those between 1 to 5 meters and below 1 meter tall were

assigned to the Band C layers, respectively. These arbitrary height

limits we~e gene~ally applicable, although some adjustments were

sometimes necessary. In addition, some of these layers were further

sub-divided into sub-layers (AI and A2, Bl and B2, or Cl and C2

sub-layers). The height limits of these sub-layers, however, vary

from one to the other sample stands.

Then, the percent canopy cover of each of these layers or

sub-layers was estimated. The plant species in each layer or sub-layer

were listed and their abundance estimated using the scales of cover

abundance proposed by Braun-Blanquet (Mueller-Dombois and Ellenberg

1974). These plant species, together with the species found outside

the sample stands or elsewhere in the valley, were used as the basis for

compiling the list of plant species found in the valley.

The naming of flowering plants follows the nomenclature given by

St. John (1973). For ferns and other non-flowering plants, the names

follow those used by McNeal (1965) and various other authors. This
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list of plant species as well as the records of vegetation structure

and floristic composition of each sample stand are presented in the

following sections. Vouchers of plants collected from this valley

were listed in the botanical survey report (Theobald and Wirawan 1973).

Sets of these vouchers are deposited in the Herbarium of this

department, Bishop Museum, and various other institutions.



A•. CHECKLIST OF VASCULAR PLM'TS OF KAHAi.'JA VALLEY

LYCOPODOPHYTA

Lycopodiaceae

Lycopodium cernuum L.
Lycopodium phy11anthum Hook. & Arn.

Se1agine11aceae

Se1agine11a arbuscula (Kau1f.) Spring

PSILOPHYTA

Psilotaceae

Psilotum complanatum Sw.
Psilotum nudum (L.) Griseb.

PTEROPHYTA

Adiantaceae

Adiantum cuneatum Langsd. & Fisch.
Doryopteris sp.
Pityrogramma calomelanos (L.) Link
Pityrogramma chrysophy1la (Sw.) Link

Aspidiaceae

Athyrium sandwichianum Presl.
Cyclosorus dentata (Forsk.) Ching
Cyclosorus goggilodus (Schkuhr) Link
Elaphoglossum gorgoneum (Kau1f.) Brack
Elaphoglossum reticulatun (Kaulf.) Gaud.
Tectaria gaudichaudii (Mett.) Maxon

Blechnaceae

Blechnum occidentale L.
Sadleria sp.

Davalliaceae

Nephro1epis hirsutula (Forst.) Presl.
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Dicksoniaceae

Cibotium chamissoi Kaulf.
Cibotium splendens (Gaud.) Krajina ex Skotts.

Gleicheniaceae

Dicranopteris linearis (Burm.) Underw.
Hicriopteris pinnata (G. Kunze) Ching

Grammitidaceae

Adenophorus sarmentosum (Brack.) K.A. Wilson.
Adenophorus tamariscinus (Kaulf.) H. & G.
Grammitis tenella Kaulf.

Hymenophyllaceae

Gonodormus sp.
Mecodium recurvum (Gaud.) Copel.
Sphaerocionium sp.
Vandenboschia davalioides (Gaud.)

Lindsaeaceae

Sphenomeris chinensis (L.) Maxcn

Ophioglossaceae

Ophioglossum spp.

Polypodiaceae

Microsorium scolopendria (Burm. f.) Copel.
Pleopeltis thunbergiana Kaulf.
Polypodium sp.

ANTHOPHYTA

Amaranthaceae

~maranthus viridis L.
Charpentiera obovata Gaud.

Anacardiaceae

Mangifera indica L.
Schinus terebinthifolius Raddi
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Apocynaceae

Alyxia olivaeformis Gaud.
Ochros~a compta K. Schum.

Araceae

Colocasia esculenta (L.) Schott
Alocasia indica (Roxb.) Schott

Araliaceae

Brassaia actinophylla Endl.
Tetraplasandra sp.

Bignoniaceae

Spathodea campanulata Beauv.

Bixaceae

Bixa orellana L.

Casuarinaceae

Casuarina equisetifolia L.

Commelinaceae

Commelina diffusa Burm. f.

Compositae

Bidens pilosa L.
Bidens populifolia Sherff
Cenchrus echinatus L.
Emilia javanica (Burm. f.) C.B. Robins.
Emilia sonchifolia (L.) DC.
Erechtites valerianaefolia (Wolf) DC.
Erigeron canadensis L.
Eupatorium riparium Regel
Pluchea odorata (L.) Casso
Wedelia trilobata (L.) Hitchc.

Convolvulaceae

Convolvus arvensis L.
Cuscuta sandwichiana Choisy
Ipomoea alba L.
Ipomoea congesta R. Br.
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Cruciferae

Coronopus didymus (L.) Sm.

Cyperaceae

Bulbostylis capillaris (L.) Clarke
Carex wahuensis C.A. Mey.
Cyperus kyllinga Endl. f. humilis (Boeck.) Kuek.
Cyperus rotundus L.
Fimbristylis dichotoma (L.) Vahl.
Fimbristylis diphylla (Retz) Vahl.
Machaerina angustifolia (Gaud.)
Rhynchospora scleroides H. & A.
Scirpus sp.

Dioscoreaceae

Dioscorea bulbifera L.
Dioscorea pentaphylla L.

Ebenaceae

Diospyros ferrea (Willd.) Bakh. subsp. sandwicensis (A.DC.) Fosb

Elaeocarpaceae

Elaeocarpus bifidus H. & A.

Epacridaceae

Styphelia tameiameiae (Cham.) F. Muell.

Euphorbiaceae

Aleurites moluccana (L.) Willd.
Antidesma pulvinatum Hbd.
Euphorbia glomerifera (Millsp.) L.C. Wheeler
Euphorbia sp.
Ricinus communis L.

Gentianaceae

Centaurium umbellatum Gilib.

Gesneriaceae

Cyrtandra degenerans (Wawra) Heller
Cyrtandra stupantha St. John & Storey
Cyrtandra spp.



Goodeniaceae

Scaevola gaudichaudiana Cham.
Scaevola taccada (Gaertn.) Roxb.

Gramineae

Andropogon virginicus L.
Bambusa vulgaris Schrad. ex. Wendl.
Brachiaria brizantha (Hochst. ex. Rich.) Stapf
Brachiaria mutica (Forsk.) Stapf
Cenchrus echinatus L.
Chrysopogon aciculatus (Retz.) Trin.
Coix lacryma-jobi L.
Melocanna baccifera (Roxb.) Kurz
Oplismenus hirtellus (L.) Beauv.
Panicum sp.
Paspalum conjugatum Berg.
Paspalum orbiculare Forst. f.
Paspalum urvillei Steud.
Phyllostachys bambusoides Sieb. & Zucco
Sacciolepis indica (L.) Chase
Schizostachyum glaucifolium (Rupr.) Munro
Setaria geniculata (Poir.) Beauv.
Setaria verticillata (L.) Beauv.

Guttiferae

Calophyllum inophyllum L.

Labiatae

Salvia coccinea Juss. ex Murr.

Leguminosae

Acacia koa Gray
Albizia falcataria (L.) Fosb.
Canavalia cathartica Thouars
Cassia leschenaultiana DC.
Crotalaria mucronata Desv.
Leucaena leucocephala (Lam.) de Wit
Mimosa pudica L.

Liliaceae

Cordyline terminalis (L.) Kunth
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Loranthaceae

Korthalsella latissima ev. Tiegh.) Danser

Lythraceae

Cuphea carthagenensis (Jacq.) Macbride

Malvaceae

Abutilon grandifolium (Willd.) Sweet
Abutilon molle Sweet
Hibiscus arnottianus Gray var. arnottianus
Hibiscus arnottianus Gray var. punaluuensis Skottsb.
Hibiscus tiliaceus L.
Sida fallax Walp
Urena lobata L.

Melastomataceae

Clidemia hirta (L.) D. Don

Menispermaceae

Cocculus ferrandianus Gaud.

Moraceae

Artocarpus altilis (Parkins. ex Z.) Fosb.
Ficus sp.

Myrsinaceae

Ardisia crispa (Thunb.) A.DC.
Ardisia humilis Vahle
Myrsine lessertiana A.DC.

Myrtaceae

Eucalyptus sp.
Eugenia cumini (L.) Druce
Eugenia dombeyi (Spreng.) Skeels
Eugenia jambos L.
Eugenia malaccensis L.
Eugenia sandwicensis Gray
Melaleuca leucadendra (Stickm.) L.
Metrosideros collina (J.R. & G. Forst.) Gray subsp. polymorpha

(Gaud.) Rock.
Metrosideros tremuloides (Heller) Knuth
Psidium cattleianum Sabine
Psidium guajava L.



Nyctaginaceae

Pisonia umbellifera (J.R. & G. Forst.) Seem.

Oleaceae

Osmanthus sandwicensis (Gray) Knobl.

Onagraceae

Ludwigia octivalvis (Jacq.) Raven

Orchidaceae

Arundina bambusa~folia (Roxb.) Lindl.
Phaius tankervilliae (Banks ex L'Her.) Bl.
Spathoglottis pacifica Rehb. f. in Seem.
Spathoglottis plicata Bl.

Palmae

Pritchardia sp.

Pandanaceae

Freycinetia arborea Gaud.
Pandanus odoratissimus L.f.

Passifloraceae

Passiflora edulis Soms.
Passiflora foetida L.
Passiflora mollissima (HBK.) Bailey
Passiflora pulchella HBK.
Passiflora suberosa L.

Piperaceae

Peperomia sp ,
Piper methysticum Forst. f.

Rhizophoraceae

Rhizophora mucronata Lam.

Rosaceae

Osteomeles anthyllidifolia Lindl.
Rubus rosaefolius Sm.
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Rubiaceae

Gardenia mannii St. John & Kuykend.
Morinda citrifolia L.
Psycho tria hexandra Mann

Santalaceae

Santalum ellipticum Gaud.

Thymeliaceae

Wikstroemia oahuensis (Gray) Rock

Ulmaceae

Trema orientalis (L.) Bl.

Umbelliferae

Centella asiatica (L.) Urban

Urticaceae

Pipturus sp.
Touchardia latifolia Gaud.
Urera sandvicensis Wedd.

Verbenaceae

Lantana camara L.
Stachytarpheta cayennensis (L.C. Rich.) Vahle
Stachytarpheta jamaicensis (L.) Vahle
Verbena litoralis HBK.

Zingiberaceae

Hedychium coronarium Koenig in Retz.
Hedychium flavescens Carey in Roscoe
Zingiber zerumbet (L.) Roscoe in Sm.
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STRUCTUF.E OF VEGETA.ION IN L~CH SA.'1PLE STA1'D:

?ercen~ canopy-cover of vege~ation s~ra~a or layers

Sample Strata
s~and Co=unity type A B C

no. Al A2 B1 B2 C1 C2

1 A1eurites-Eugenia forest 80 60 60 60

2 A1eurites-Eugenia-Psidiu~ forest 40 80 90 70

3 Acacia-Clidemia fores~ 85 15 100 5

4 Acacia-Cibo~ium-Cordvline forest 80 90 15

5 Acacia-Pandanus forest 80 80 10 10

6 Pandanus fores~-scrub 50 90 5

7 Acacia-Pandanus fo r es t 80 45 95 75

8 Acacia-Dicranooteris forest 85 100

9 Acacia-Pandanus fores~ 75 5 35

10 Acacia-Pandanus forest 100 10 10

11 ?andanus-oolismenus forest 80 3 100

12 Acacia-Pandanus fo r as t 80 40 90 15

13 Pandanus-Cordy1ine forest 60 60 95

14 Aleurites-oolismenus forest 100 10 45 95

15 Metrosideros-Dicranopteris woodland 50 100

16 low stature Acacia fores~ 85 100

17 Acacia-Dicranooteris woodland 25 100

18 Acacia-Pandanus forest 80 90

19 low sta~ure Hibiscus fores: 100 5

20 A1eurites-Hibiscus forest 30 100 50 85

21 Metrosideros-Dicranopteris woodla::d 25 100
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Sample Strata
stand Community type A- B C

no. Al A-2 Bl B2 Cl C2

22 Acacia rorest 75 60 90 10

23 Metrosideros-Dicranooteris woodland 45 100

24 Hetrosideros-Dicranopteris woodland 35 100 90

25 Albizzia rarest 95 75 90 10

26 Psidium-~etrosideros rarest 75 90 60 25

'27 Hibiscus-Eugenia rorest 75 95 90 15

28 Acacia-Pandanus woodland 30 100

29 Hetrosideros-Dicranooteris woodland 30 10 100

30 Aleurites-Eu2enia rorest 100 30 80 40 35

31 Aleurites-Eugenia rarest 85 65 90

32 Sohenomeris f'orb community :0 5 100

33 Osteomeles scrub-forb community 2 10 100

34 Aleurites-Brassaia forest 90 100 40 5

35 Brassaia forest 85 40 90

36 low stature Psidium rorest 90 10 40 100

37 Acacia-Pandanus forest 35 80 1 100 1

38 ?andanus-?sidium rorest 90 20 100

39 Aleurites-Eugenia forest 100 70 40 100

40 Eugenia-Brassaia forest 60 95 80 70

41 Acacia-Dicranopteris woodland 50 100

42 Pandanus-Dicranooteris woodland 20 10 100
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Sample Strata
stand Co=unity type A B C
no. Al A2 Bl 52 Cl C2

43 Pandanus-Brassaia forest 95 75 80

44 Pandanus-Brassaia forest 85 30 75

45 Brassaia forest 80 40 80

..6 Brassaia-Andropo~on grass-scrub 20 30 80

47 Acacia rorest 80 20 30

48 Androoogon grassland 2 1 100

49 Acacia fores t 90 40 95

50 Sohenomeris forb 30 90

51 Eugenia-Dicranooteris woodland 35 100

52 low stature Hibiscus forest 95 10 70 90

53 A1eurites-Eugenia fo r es t 60 95 10

54 Brassaia forest 95 15 60 60

55 Brassaia rorest 95 30 40

56 Brassaia forest-scrub 40 80 85

57 A1eurites-Eugenia forest 100 85 90

58 Hibiscus forest 100 10 80

59 lew stature Psidium forest 90 20 40 100

60 low stature Hibiscus forest 95 100

61 Acacia-Pandanus rorest 80 85 80 35

62 Acacia-Pandanus rorest 75 100

63 Pandanus-Clidemia woodland 70 15 100

64 ~-Panc~r4t:s forest 95 15 15
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••••••••••••••••••••••••••••••• 16•••••••••••• 1••••••••••••••••••
••••••••••••••••••••••••••••••• 61 •••••••••••• 6 ••••••••••••••••••
••••••••••••••••••••••••••••••••••••••••••••• 6 ••••••••••••••••••
••••••••••••••••••••••••••••••••••••••••••••• 0 ••••••••••••••••••

••••••••••••••••••••••••••••••••••• 1•••••••••••••••••••••• 1•••••
••••••••••••••••••••••••••••••••••••••••••••• 6 ••••••••••••••••••
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 6
••••••••••••••••••••••••••••••• 52 •••••••••••••••••••••••••••••••
••••••••••••••••••••••••••••••• 11•••••••••••• 1••••••••••••••••••
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 6 •••••
••••••••••••••••••••••••••••••• 66 •••••••••••••••••••••••••••••••
•••••••••••••••••••••.••••••••••••• 2 •• 2••••••••••••.••••••••••••
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APPENDIX III

PHYSICAL CHARACTERISTICS OF SA}~LE STANDS

Physical characteristics recorded in each sample stand include

physiographic condition (elevation, topographic position, aspect,

percent slope above and at the sample stand, stoniness, soil depth) as

well as soil profile characteristics. Detailed studies of the soil

profiles were carried out only where the soils were ~~pected to vary·

from the general characteristics of the Waikane silty clay, the major

soil series recognized in this valley. For this purpose, soil pits

were dug at the center of the stand. When such soil study was not

made, soil characteristics, particularly stoniness and depth of soil,

were assessed using a soil auger.



I'IIYSIOGltAl'lIIC CONDITIONS

-Sample- Elevation To-pographic r. Slope
s t and I1U. ~- posi t Iou Aspect abuve the stand in the stand Stonll1esa'" Depth'"

I 162 gulch W 290 N 70 0 8 sh

2 102 gulch S 240 W 50 0 8 ah

3 195 mid slope N 30 E '.0 92 ns d

'4 135 mid slope N 63 E 50 18 118 d

S 13S ridge E 172 S 0 11 ns d

6 8'. lower slope N 70 E 6S 0 8 ah

7 96 mid slope S 190 W 60 22 8 d

8 IV. ridge N 6S E 0 6 liS d

9 90 ridge N 65 E 0 8 ns d

10 60 mid slope N 47 E 70 18 liS d

11 120 mid slope E 160 S 94 37 s d

12 60 ridge E 107 S 0 8 nB d

13 120 mid slope E 130 S 63 85 liB d

14 165 1uwer slope S 180 94 92 8 d

15 270 ridge W 340 N 0 0 lI8 d

16 210 ridge W 280 N 0 8 liS d

17 192 ridge S 225 W 0 37 liS d

LV
LV
VI



Sample Elevation Topographic %Slope
stand no. (01) ~itJon Aspect ahove the stand in the stand

-----
Stoniness* lJepth*

-- -------

18 150 ridge I~ 300 N 0 18 ns d

19 12 stream bed S 240 H 0 0 IH) d

20 217 stream bed II 170 S 30 0 s d

21 258 mid slope N 25 E 30 85 ns sh
N 85 E

22 261 mid slope N 25 E 91 91 R d

23 249 mid slope N 65 1\ 22 22 s d

24 288 mid slope N 15 E 56 42 liS ah

25 2Mi lower slope H 320 N 56 :17 ns ah

26 2!,6 mid slope E 90 63 37 ns sh

27 255 gulch N 75 E 52 0 s sh

28 120 lower slope W 310 N t,n 22 ns d

29 210 mid slope N 65 E 37 27 ns d

30 135 lower slope E 140 S 60 85 B sh

31 72 gulch S 2)0 H 40 0 6 sh

32 150 ridge l N t,o E 0 58 ns d

33 150 ridge N t,O E 0 58 n6 d

31, 138 gulch N 310 E 0 0 s 8h

w
W
0\



Snmpl-;; Eleva t Ion Topograpll-ic % Slope
s tund no. (m) ~sJtioll Aspect ahove till' stand in tile stand Stoninesf;* lJeIl.~!-':

35 75 Lover .slope I, 160 S 62 27 liS d

36 195 stream bed N 55 E 32 3 S sll

37 90 mId slope E 110 S 1,0 70 ns d

3B 72 lower slope E 110 S 1,0 46 ns d

39 75 stream bed H 310 N 6:1 3 s d

1,0 60 mId slope E ]30 S 45 37 liS d

1,1 75 rIdge 270 H 0 0 ns d

1.2 60 mId slope N 100 100 ns d

43 60 mId slope N 40 E 1.6 46 liS d

1,1, 30 gulclt II BO E 3"1 0 s sit

45 42 mid slope N 60 E 37 IB s ,I

1,(, 36 mid slope N 70 E 37 37 S sit

1,7 210 ridge N 50 E 0 811 ns sil

I,B IBO ridge E 125 S 0 58 ns Gil
N 80 E

49 135 upper slope E li,O S 0 70 ns sit

50 112.5 ridge E 90 0 37 liS sit

51 90 mid slope E 90 37 37 n!i d

w
W
-"'1



Sample Elevation Topograph Ic % Slope
s caud no. (m) position Aspect above the stand in the stand Stollincss* pepth*

- -- --

52 18 stream bed H 350 N 37 Il s d

53 66 gulch N 60 g 58 0 ns d

st. 45 lower t;lope N 80 g 58 8 s sh

55 36 Io\uleh E 90 8 0 R sh

56 115 mid slope E 90 20 20 5 sh

57 82.5 lower slope E n s S 37 7 ns d

58 90 lower slope E 110 S 30 0 liS d

59 72 stream bed N 60 E HI 111 ns d

60 66 stream bed E 90 HI 14 liS d

61 120 mid slope 1\ 90 0 58 ns II

62 120 mid slope E 90 1.7 47 ns cl

63 96 upper slope E 90 25 25 s d

64 E 90 () 37 liS d

* AbbreviatIons: s = stony: soils with stones or gravels more than 15% by vo l umo.
ns = nou-u tony: so l l s \.lith stones or g rave l s l cs s than 15% b~' volume.
sh = shallow: soils with less than 50 em deep to the wenthereJ parent mat e r Lal ,

d = deep: soils wilh more than 50 em deep to the \.Ieathe\-e,J parent material.

w
w
CO
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SOIL PROFILE CHARACTERISTICS OF EIGHTEEN SAMPLE STANDS

Sample
stand.

no.

11

14

21

22

Soil
horizon

01

A

AB

B

A

B

01

B

C

01

A

Depth
(cm)

+ 5

o - 15

15 - 30

30 - 70+

o - 15

15 - 100+

+ 25

o - 25

25 - 100+

+ 2

o + 100+

Description

discontinuous, mainly of Oplismenus
stolons and leaves of Pandanus;
abrupt boundary.

dark reddish brown (5YR3/3)* clay;
crumb structure; friable & stony;
gradual boundary.

dark reddish brown (SYR3/3) clay;
firm, sub-angular blocky structure;
stony; gradual boundary.

reddish brown (5YR4/3) clay; firm,
sub-angular blocky structure; stony.

dark reddish brown (5YR3/2) clay;
crumb structure; friable; very
gravelly and stony; gradual boundary.

dark brown (7.5YR3/2) clay; crumb
structure; friable; very gravelly
and stony.

roots and partly decomposed stems
and leaves of Dicranopteris; standing
dried leaves form a 100 cm thick
layer above it.

dark brown (7.5YR4/4) clay; smeary
and slightly sticky; gradual boundary.

reddish brown (SYR4/4) soft
weathered saprolite.

discontinuous layer of leaves of
various species.

dark brown (7.5YR4/4) to reddish
brown (SYR4/4) clay; crumb structure;
friable; gravelly; charcoal present
at 15 - 20 cm depth.

* The description of soil color is always based on soil samples under
field fresh condition.



Sample
stand

no.

23

28

29

30

32

Soil
horizon

01

A

B

c

01

A

B

01

A

B

A

A

Depth
(cm)

+ 30

o - 15

15 - 60

60+

+ 5

o - 15

15 - 60+

+ 5

o - 15

15 - 60+

varies
up to 50

o - 20

340

Description

roots and partly decomposed stems
and leaves of Dicranopteris;
standing dried leaves form a 100 cm
thick layer above it.

dark brown (7.5YR4/4) sandy clay;
crumb structure; friable; gradual
boundary.

yellowish red (SYR4/6) clay; firm,
sub-angular blocky structure;
gravelly; gradual boundary.

soft weathered saprolite.

roots and partly decomposed stems
and leaves of Dicranopteris;
standing dried leaves form a 100 cm
thick layer above it.

dark brown (7.5YR3/2) clay; crumb
structure; friable; clear boundary.

dark brown (7.5YR4/4) clay; firm,
sub-angular blocky structure.

roots and partly decomposed stems
and leaves of Dicranopteris;
standing dried leaves form a layer
of up to 100 cm thick above it.

d~rk brown (7.5YR3/2) clay; crumb
structure; friable; gradual boundary.

dark reddish brown (5YR3/4) clay;
firm, sub-angular blocky structure.

dark brown (7.5YR3/2) clay; crumb
structure; friable; stony; in
pockets of outcropping rocks.

dark brown (7.5YR3/2) silty clay;
strong, medium granular structure;
extremely hard when dry, sticky and
plastic when wet; many fine roots;
few pores; abrupt, wavy boundary.



Sample
stand

no.

33

35

Soil
horizon

Bl

BZ

A

B

A

B

Al

Depth
(cm)

ZO - 40

40 - 60+

o - 30

30 - 60

o - 30

30 - 45

45 - 70

341

Description

dark reddish brown (5YR3/4) clay;
weak, very fine crumb structure;
non-sticky, slightly plastic; few
roots; many fine pores; clear, wavy
boundary.

dark brown (7.5YR3/Z) and dark
reddish brown (5YR3/4) clay;
moderate, medium sub-angular blocky
structure; sticky and plastic;
few roots; pores common.

dark brown (7.5YR3/2) silty clay;
strong, medium, granular structure;
slightly sticky and plastic; many
roots; few pores; abrupt smooth
boundary.

dark reddish brown (5YR3/4) clay;
moderate, medium sub-angular blocky
structure; sticky and plastic; very
few roots; many pores.

dark brown (7.5YR3/Z) clay; strong,
medium granular structure; sticky
and plastic; many roots; many pores;
clear wavy boundary.

dark red (Z.5YR3/6) clay to silty
clay; moderate, medium sub-angular
blocky structure; sticky and
plastic; few roots; common pores;
clear smooth boundary.

dark reddish brown (5YR3/3) clay;
moderate, medium, sub-angular blocky
structure; sticky and plastic; common
roots; many pores; this horizon is
probably the surface soil that was
buried by the transported soil
materials that form the A and B
horizons.



Sample
stand

no.

36

37

38

39

Soil
horizon

A

AC

C

A

B

A

B

A

AC

Depth
(cm)

o - 15

15 - 50

50+

o - 20

20 - 70+

o - 15

15 - 60+

0-5

5 - 60+

342

Description

dark reddish brown (5YR3/2) clay;
moderate, fine granular structure;
sticky and plastic; many roots; very
few pores; clear smooth boundary.

dark grey (5YR4/l) cobbly clay, with
yellow and red spots; weak, fine
sub-angular blocky structure;
sticky and plastic; few roots; many
pores; charcoal present.

stones and cobbles.

dark reddish brown (5YR3/4) clay;
moderate, fine, granular structure;
sticky and plastic; many roots; very
few pores; gradual smooth boundary.

reddish brown (5YR4/4) clay;
moderate, fine, sub-angular blocky
structure; sticky and plastic;
common roots; many pores.

reddish brown (SYR4/4) clay; strong,
fine, granular structure; sticky and
plastic; many roots; very few pores;
clear smooth boundary.

yellowish red (SYR4/6) clay;
moderate, fine, sub-angular blocky
structure; sticky and plastic; many
roots; many pores.

dark brown (7.5YR3/2) gravelly silty
clay; weak, fine, granular structure;
friable; sticky and plastic; many
roots; clear smooth boundarj.

brown to dark brown (7.5YR4/4),
gravelly, cobbly sandy soil; loose,
no aggregation; few roots.



Sample
stand

no.

40

44

46

Soil
horizon

A

B

A

B

c

Depth
(em)

o - 25

25 - 60+

less than
50

o - 15

15 - 40

40+

343

Description

dark brown (7.5YR3/2) clay; strong,
medium, granular structure; very
firm; many roots; common pores;
gradual smooth boundary.

dark yellowish brown (10YR3/4) clay;
moderate, medium, sub-angular
blocky; friable; many roots; many
pores.

dark reddish brown (5YR2/2) clay
soils found in pockets of stones
and boulders that cover 75% of the
gulch area.

dark reddish brown (5YR3/2) silty
clay; strong, medium, granular
structure; extremely hard, sticky,
and plastic; many roots; very few
pores; clear smooth boundary.

yellowish red (SYR4/6) clay; moderate,
fine, sub-angular blocky structure;
firm, sticky, and plastic; common
roots; few pores; diffuse, irregular
boundary.

soft, weathered saprolite.
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APPENDIX IV

PERCENTAGE OF RUNON OR RUNOFF WATER AS INFLUENCED BY

THE STEEPNESS OF SLOPE

The following graph shows a generalized relationship between the

percentage of rainfall running over the slope (as runon or runoff) and

the steepness of the slope. This graph was developed by Loucks (1960)

on the basis of data collected by Kittredge (1948), Duley and Hays

(1932).
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APPENDIX V

SOIL-WATER REGIME INDICES OF S&~LE STANDS

The soil-water regime index (SRI) of each sample stand was

calculated from the annual rainfall value (P t ) and a correction factor

(C) calculated through the following formula:

(12 - A) (Ron - Rof f + 100)
c = x

12 100

where: 12 = number of months in a year.

A = number of critical dry months:

A = 0 when the soil is deep and non-stony.

A = 1 when the soil is deep and stony or shallow and

non-stony.

A = 2 when the soil is shallow and stony.

R = runon water as percentage of rainfall.on

Rof f = runoff water as percentage of rainfall.

The runon and runoff values were derived from the curve in Appendix

using the percent slope values.

For sample stand no. 10, for example,

(12 - 0)
C =

12

= 1.14

x
(34 - 12 + 100)

100

SRI = 1.14 x 270.8

= 308.7 or 309.
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SOIL-l-lATER REGIHE I~"DICES OF SA.'iPLE STMmS

Sample A=ua1 Runon Runoff Critical Soil-water Running no. along
stand rainfall (%) CD months or regime the soil-water
no. (cm)(P t) (Ron) (Roff) A va Lue index regime gradient

1 281.3 34 a 2 3:!-2.2 35

2 237.5 29 a 2 252.0 26

3 367.3 26 39 a 319.5 38

4 359.3 29 20 a 391.6 46

5 350.0 a 8 a 287.0 ~,

~~

6 291. 7 33 a 2 321.0 39

7 291. 7 31 ." . 295.2 ~"... ~-

8 291. 7 a 16 a 245.0 22

9 291. 7 a 17 a 242.1 20

10 270.8 34 20 a 308.7 34

11 300.0 40 25 1 317.4 36

12 321.4 0 17 a 266.8 30

13 395.8 32 37 a 376.0 43

14 458.3 40 39 1 425.9 48

15 319.4 0 a a 319.4 37

, , 319.4 0 17 0 265.1 29_0

17 319.4 a 25 a . 238.6 16

18 326.4 a 20 a 261.1 28

19* 255.0 0 0 a

20* 250.0 23 a 1

21 583.0 23 1 1 463.5 51

* Located in the flood plains or streambeds.
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Sample Annual Runon Runoff Cricical Soil-.:acer Running no. along
stand rainfall (%) (7.) mo nchs or regime zhe soi1-wacer
no. (em) (Pt) (Ron) (Roff) A value index re!!ime gradienc

2: 587.5 39 1 1 538.5 55

23 583.3 21 1 1 534.7 54

24 541. 7 30 ?- 1 573.3 52_I

25 541. 7 30 25 1 523.3 53

26 562.5 32 25 1 553.7 56

27 562.5 29 0 2 602.4 57

28 437.5 26 21 0 459.4 49

29 625.0 25 21 0 650.0 58

30 593.8 31 37 2 463.2 50

31 225.0 26 0 ., 246.4 230-

32 187.5 0 31 0 129.4 1

33 187.5 0 31 0 129.4 2

34 196.4 31 0 2 215.5 13

35 187.5 -? 23 0 204.4 11.J_

36* 525.0 24 11 2

37 421. 9 26 34 0 388.1 45

38 406.3 26 28 0 398.1 47

39* 468.0 32 11 1

40 242.2 27 25 0 247.0 24

41 240.5 0 0 0 240.5 19

42 240.5 41 100 0 240.5 18



348

Sample Annual Runon Runoff Critical Soil-wate!" Running no. along
stand rainfall (~;) m conths or regime the soil-water

no. (em) (P~) (Ron) (Roff) A value index regime gradient
~

43 240.5 28 46 0 240.5 17

..4 187.5 25 0 2 194.6 10

45 187.5 25 18 1 181.1 8

46 187.5 25 37 2 155.6 6

47 238.0 0 84 1 137.9 3

48 238.0 0 58 1 151.1 5

49 235.5 0 34 1 143.0 4

50 226.5 0 25 1 156.3 7

51 226.5 25 25 0 226.5 14

52 250.0 25 17 1 248.4 25

53 260.0 31 0 0 340.6 40

54 242.2 31 17 2 229.1 15

55 220.0 17 0 2 213.6 12

56 220.0 21 21 2 182.6 9

57 312.5 25 17 0 368.7 42

58 312.5 23 0 0 384.4 44

59* 385.0 19 19 0

60* 380.0 19 19 0

61 355.0 0 31 0 244.9 21

62 350.0 28 28 0 350.0 41

63 335.0 22 22 1 308.2 33

64 345.0 0 25 0 258.7 ~-_I
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APPENDIX VI

}IATRIX OF SIHILARITY AND DISSIMILARITY INDICES BETWEEN

SAMPLE STANDS OR RELEVES, CALCULATED THROUGH SPATZ'S FORMULA

Spatz's Index of Similarity is written as:

IS =
a + b + c

x x 100

where: I = Index of Similarity.

a = number of species occurring in stand A only.

b = number of species occurring in stand B only.

c = number of species common to both stands A and B.

Ma = sum of quantitative values of the species unique to stand A.

Mb = sum of quantitative values of the species unique to stand B.

Mc = sum of quantitative values of the species unique to

stands A and B.

Mw = smaller quantitative value of a species common to stands

A and B.

Mg = greater quantitative value of a species common to stands

A and B.

Indices shown in the following matrix are expressed in percent, from

zero to 100, each indicating the similarity or dissimilarity distance

between two sample stands. For example, the value zero in the

similarity matrix indicates the two sample stands have nothing in

common.



iU:LEVE 1

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
Z9
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
:"9
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

350

SIMILARITY
2 3 4 5 6 7 8 9 10 11 12 13 14 15 ~6

20.1 0.0 0.7 0.0 2.4 0.5 0.0 0.0 0.0 7.6 0.7 2.2 22.8 0.0 0.0
1.5 L.O 0.0 12.0 3.0 0.0 0.1 0.2 9.5 2.4 15.1 19.1 0.1 0.1

25.8 24.8 3.4 11.5 3.7 2.7 11.2 0.1 16.3 4.1 1.3 1.8 9.8
17.5 2.4 5.8 3.1 3.6 3.3 3.2 8.1 3.0 4.5 0.8 2.7

1.0 8.9 6.2 7.9 16.8 5.3 11.0 2.2 0.0 0.0 8.3
12.9 0.0 7.2 6.0 17.8 7.1 13.1 5.8 0.4 0.1

3.5 8.7 6.5 5.1 8.7 1.4 1.6 0.5 7.7
4.8 0.3 0.0 4.9 0.0 0.0 4.4 32.8

4.0 4.5 25.8 0.8 0.0 2.3 5.7
5.4 21.1 4.0 0.1 0.5 4.7

4.5 14.2 7.5 0.0 0.1
4.2 2.2 0.8 8.1

11.0 0.1 0.9
0.0 0.0

16.6
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SIMILARITY

RELEVE 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 3Z

1 0.0 0.0 0.0 21.4 0.0 0.6 0.0 0.0 0.0 0.0 6.5 0.0 0.0 26.8 21.5 0.0
2 0.0 0.0 1.6 26.1 0.1 1.0 0.1 0.4 0.6 1.0 10.3 0.0 0.0 13.7 50.7 0.0
3 0.3 15.0 0.0 0.7 6.4 17.5 1.8 4.9 5.4 1.9 5.4 2.0 2.6 1.3 1.3 0.1
4 0.2 5.2 0.0 2.2 3.9 15.3 0.4 3.2 5.3 1.8 2.7 1.6 0.8 0.0 2.9 0.4
5 0.5 20.7 0.0 0.9 0.2 2.8 0.0 0.5 1.3 0.2 0.1 0.9 0.0 0.0 0.8 0.0
6 0.0 1.8 0.7 7.0 1.2 5.7 0.0 1.6 1.5 0.8 6.2 1.8 0.4 4.5 15.2 0.0
7 0.3 9.0 0.9 2.3 0.6 4.6 0.1 0.2 0.1 0.8 1.0 3.8 0.0 0.9 2.9 0.0
8 55.9 29.6 0.0 0.0 3.1 1.4 7.0 1.7 0.0 0.0 0.0 16.5 5.3 0.0 0.0 0.0
9 5.7 10.7 0.8 1.2 5.8 2.0 3.1 5.2 0.3 0.0 1.0 19.1 5.2 0.1 1.0 0.1

10 0.8 18.2 2.7 0.0 1.6 3.0 0.3 1.7 0.2 0.6 0.9 1.3 0.3 0.7 0.0 1.9
11 0.0 0.7 0.2 12.1 0.2 0.1 0.0 0.0 0.4 0.9 0.2 2.0 0.0 0.2 15.2 0.0
12 1.3 27.7 0.6 2.4 7.5 7.6 1.1 8.3 0.7 0.2 2.3 7.4 3.1 0.8 1.6 0.2
13 0.0 0.9 1.2 8.4 0.3 1.4 0.1 0.5 0.5 1.5 1.8 0.2 0.0 0.3 12.3 0.0
14 0.0 0.0 0.0 17.4 0.1 1.7 0.0 0.4 0.5 0.8 7.0 0.0 0.0 15.1 16.8 0.0
15 5.9 8.1 0.0 0.0 18.7 4.1 27.6 LO.5 0.5 3.3 1.2 4.4 19.9 0.0 0.0 0.0
16 18.3 47.5 0.0 0.0 10.1 4.2 25.5 2.3 0.0 0.1 0.0 14.0 10.6 0.0 0.1 0.0
17 16.0 0.0 0.0 4.2 0.2 9.7 2.2 0.0 0.0 0.0 19.7 7.1 0.0 0.0 0.0
18 0.0 0.0 8.2 2.0 11.9 5.1 0.1 0.0 0.1 14.3 4.6 0.3 0.0 0.0
19 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.2 0.0
20 0.0 0.4 0.0 0.0 0.2 0.1 5.7 0.0 0.0 5.4 31.0 O.C
21 5.7 31.1 24.7 5.3 6.9 2.4 7.1 23.1 0.4 0.1 0.4
22 1.4 9.1 15.1 4.4 9.0 0.9 5.8 2.0 1.0 0.1
23 8.9 1.7 1.4 1.1 6.6 28.4 0.1 0.0 0.1
24 7.7 5.2 6.3 4.4 18.1 0.5 0.3 3.5
25 7.4 7.9 0.0 2.8 0.1 1.0 0.0
26 3.0 0.0 2.6 0•.2 0.0 0.2
27 0.0 2.2 10.0 8.6 0.0
28 5.2 0.0 0.4 0.0
29 0•.2 0.0 0.1
30 13.7 0.0
31 0.0
32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
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Sll1ILARITY

HELEVE 33 34 35 ~6 37 ~8 39 40 41 42 43 44 45 46 47 48

1 0.0 22.2 0.1 Z.l 0.1 4.3 23.1 3.9 0.0 0.0 2.5 2.3 0.9 0.0 0.0 0.0
2 0.0 3.8 5.5 6.7 1.0 23.1 19.8 4.9 0.8 1.1 4.1 3.3 3.5 0.0 0.0 0.0
3 0.1 0.5 0.3 0.0 27.2 3.7 0.0 0.9 5.8 0.5 2.0 0.4 0.8 0.0 11.6 5.5
4 0.0 1.7 1.0 2.7 18.0 3.6 2.7 5.2 2.7 2.5 1.9 1.6 0.1 0.0 6.9 2.8
5 0.0 0.0 1.6 0.0 20.3 5.6 0.0 1.5 4.0 0.6 4.7 3.2 0.1 0.1 11.1 3.7
6 0.0 0.1 1.8 4.1 5.0 19.4 1.2 3.7 0.8 3.6 6.9 3.8 3.2 0.0 0.8 0.8
7 0.0 0.4 2.7 0.3 16.0 7.9 0.3 3.5 4.2 2.0 5.4 4.4 0.9 0.0 4.1 0.9
8 0.0 0.0 0.0 0.0 2.1 0.0 0.0 0.0 15.1 7.7 0.0 0.0 0.0 0.0 4.0 0.1
9 0.0 0.5 6.6 0.2 4.5 3.4 0.1 3.8 15.8 7.8 6.7 6.5 9.8 0.4 4.2 2.5

10 0.2 0.0 3.9 0.0 14.8 4.0 0.0 2.8 3.9 3.1 8.9 5.3 2.3 0.2 13.1 5.9
11 0.0 3.4 5.6 13.1 3.5 19.0 10.3 20.0 0.2 5.1 21.9 8.1 2.0 0.0 0.1 0.0
12 0.2 1.0 5.3 0.1 14.8 3.5 1.0 0.7 9.7 4.2 6.3 7.2 7.6 0.4 14.8 6.4
13 0.0 0.9 4.5 6.7 4.2 32.6 10.1 4.0 1.0 1.7 10.6 8.7 2.4 0.0 0.9 1.0
14 0.0 10.1 1.6 8.7 0.1 9.8 14.1 3.4 0.0 0.0 2.9 3.2 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 3.9 11.0 0.0 0.0 0.0 0.0 0.0 0.3
16 0.0 0.0 0.0 0.0 3.6 0.1 0.0 0.1 11.9 7.4 0.1 0.0 0.0 0.0 3.6 1.1
17 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 14.1 10.6 0.0 0.0 0.0 0.0 0.4 0.1
15 0.0 0.0 0.0 0.0 16.1 0.5 0.0 0.1 10.4 7.9 0.8 0.6 0.0 0.0 7.3 1.2
19 0.0 1.9 0.1 0.1 0.0 2.0 1.0 0.7 8.7 0.0 3.3 1.9 0.1 0.1 0.0 0.0
20 0.0 4.5 2.6 9.4 3.0 15.3 20.2 6.4 1.1 0.8 3.9 1.0 1.4 0.0 0.0 0.0
21 0.1 0.0 0.0 0.0 2.9 0.5 0.1 0.1 5.2 11.5 0.6 0.0 0.3 0.0 0.0 0.5
22 0.0 0.0 0.0 0.3 11.0 1.3 0.0 1.0 2.9 0.9 0.9 0.0 1.5 0.0 3.9 1.5
23 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 5.5 6.3 0.0 0.0 0.0 0.0 0.0 0.1
24 0.4 0.0 0.3 0.0 4.3 0.8 0.2 0.0 4.9 5.2 2.1 0.1 1.4 0.2 0.3 5.7
25 0.0 0.0 0.0 0.1 3.8 1.3 0.2 2.0 0.1 0.3 0.9 0.2 0.0 0.0 0.0 0.0
26 0.1 0.0 0.7 0.1 0.0 0.7 0.1 0.6 0.0 0.5 0.2 0.2 0.0 0.0 0.0 0.5
27 0.0 1.0 0.3 1.3 3.3 4.3 2.6 0.1 0.8 0.0 1.2 0.6 1.0 0.0 0.0 0.0
23 0.0 0.0 0.2 0.0 6.5 2.7 0.0 0.3 9.0 28.0 3.1 1.8 1.4 0.0 2.9 1.0
29 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 13.0 6.0 0.0 0.0 0.0 0.0 0.0 0.8
30 0.0 5.4 0.0 0.1 0.3 1.6 10.3 0.0 0.2 0.0 0.1 0.7 0.0 0.0 0.0 0.0
31 0.0 6.3 2.7 5.0 3.9 21.6 22.2 6.1 0.1 1.2 5.5 4.7 1.4 0.0 0.1 0.0
32 26.9 1.0 10.2 . 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.3 1.4 .7.1 11.9 6.1 11.4

33 0.1 5.9 0.0 0.0 0.0 0.0 0.8 0.0 0.0 1.8 !·.9 12.0 24.8 5.0 7.8
34 4.7 0.1 0.1 1.7 2.4 4.3 0.1 0.0 3.5 6.6 1.2 1.8 0.1 0.0
35 2.0 0.0 5.3 2.2 11.6 0.1 0.0 14.4 38.8 27.3 11.1 9.0 0.5
36 1.1 17.3 22.1 4.6 1.8 0.2 3.9 1.7 0.9 0.0 0.0 0.0
37 11.1 0.0 3.2 4.9 11.2 3.9 3.0 0.1 0.0 6.9 1.9
38 19.8 10.5 3.5 4.9 20.0 7.7 6.1 0.0 1.5 1.6
39 2.9 0.8 0.1 1.6 0.7 0.0 0.0 0.0 0.0
40 3.0 1.1 35.1 15.7 9.6 1.1 0.3 0.0
41 6.7 2.8 0.2 3.9 0.1 3.3 1.0
42 1.2 1.6 0.1 0.0 0.3 0.6
43 26.7 18.6 1.7 3.4 3.8
44 22.8 6.0 13.2 4.1
45 11.8 8.9 4.0
46 2.1 2.0
47 24.3
48
49
50
51
52
53
54
55
56
57
58
59
60
51
62
63
64
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SIMILARITY

RELEVE 49 50 51 52 33 54 55 56 57 58 59 60 61 62 63 64

1 0.0 0.0 0.0 4.3 12.9 0.5 2.2 0.0 15.4 2.0 3.0 3.5 0.1 0.0 3.8 0.1
2 0.0 0.0 0.0 15.3 16.0 10.3 2.4 1.3 20.0 5.8 11.3 3.2 3.6 0.0 4.8 1.9
3 9.5 0.1 0.0 0.0 0.0 0.2 0.0 0.1 2.8 1.6 0.7 1.3 17.1 6.2 6.3 8.8
4 4.2 0.3 0.1 3.2 0.4 0.8 0.0 0.8 4.2 3.9 3.2 2.7 16.9 7.5 9.6 3.6
5 11. 7 0.2 0.0 0.8 0.2 1.6 0.0 0.0 4.1 3.9 0.9 0.0 20.5 7.0 9.0 18.8
6 2.6 0.4 0.0 3.8 7.7 7.1 0.6 1.7 20.9 4.4 15.3 3.8 4.1 0.9 9.6 7.1
7 5.0 0.8 0.0 3.3 1.6 3.2 1.3 0.0 7.3 2.4 1.4 0.3 32.8 3.8 5.7 25.4
8 2.4 0.0 10.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.8 35.5 0.0 8.0
9 4.8 1.8 3.9 2.0 1.3 1.9 0.2 5.1 3.2 1.0 3.2 0.1 8.7 8.7 14.5 2.7

10 10.4 5.4 0.1 0.9 0.2 5.8 0.1 0.0 6.0 2.2 0.0 0.0 19.6 3.3 15.6 24.9
11 2.8 1.2 0.0 7.3 3.7 11.0 0.2 2.1 10.7 9.7 24.0 5.7 6.8 0.8 18.5 9.5
12 13.4 1.8 0.3 4.3 0.8 6.0 1.7 2.9 4.9 1.2 4.0 3.8 19.2 12.4 17.0 17.3
13 2.4 0.7 0.0 10.5 2.0 7.9 0.1 0.9 14.4 7.8 5.6 3.2 12.1 0.1 6.8 10.3
14 0.0 0.0 0.0 6.9 3.6 2.1 0.1 0.0 13.3 6.2 7.2 7.4 2.3 0.0 2.6 1.6
15 0.0 0.2 6.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 6.0 1.4 3.9
16 3.2 0.0 6.0 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.0 11.2 34.5 0.2 19.6
17 0.2 0.0 14.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 22.7 0.0 1.4
18 5.4 0.1 5.3 0.3 0.2 0.6 0.0 0.0 0.6 1.0 0.0 0.0 16.1 22.6 5.6 15.4
19 0.8 0.1 0.0 9.9 1.1 3.0 0.2 0.0 1.0 8.5 0.9 4.5 2.6 0.0 3.0 2.3
20 0.6 0.0 0.0 28.7 11.3 7.6 3.4 0.7 16.7 17.2 8.6 16.2 2.2 0.0 5.6 0.4
21 0.5 2.7 9.0 0.0 0.0 0.0 0.0 1.1 0.2 0.0 0.6 0.2 3.0 7.8 3.0 2.9
22 4.7 0.2 0.5 0.0 0.0 0.1 0.0 0.1 2.5 0.6 0.8 1.4 6.9 4.6 3.7 5.9
23 0.0 0.5 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 5.5 0.1 2.6
24 4.3 2.9 3.0 0.0 0.0 0.1 0.0 3.5 0.4 0.4 0.7 0.4 2.7 3.7 3.3 1.4
25 0.4 0.1 0.1 0.4 0.0 0.1 0.0 0.2 0.5 0.0 1.5 1.4 0.1 0.0 2.7 0.1
26 1.2 2.3 0.1 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.1 0.1 1.9 0.0 2.0 0.7
27 1.4 0.1 0.0 1.1 2.6 0.5 0.0 0.6 7.3 0.0 3.5 3.4 1.5 0.0 4.4 0.9
28 2.9 0.0 8.3 0.0 1.1 0.5 0.0 1.4 1.4 0.3 0.3 0.0 0.7 32.6 0.4- 1.5
29 0.0 1.3 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 4.4 0.0 2.4
30 0.1 0.0 0.0 0.3 8.7 0.1 0.0 0.0 12.1 0.0 0.8 0.2 0.3 0.0 1.4 0.3
31 1.1 0.0 0.0 13.4 16.9 11.1 1.8 2.3 31.0 6.5 9.6 3.1 3.3 0.1 2.6 0.5
J2 6.2 12.8 0.4 0.1 0.0 1.6 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

33 6.8 9.0 0.0 0.1 0.0 2.6 0.1 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
34 0.1 0.0 0.3 2.7 2.7 3.6 8.6 1.6 3.2 1.5 0.4 0.2 0.1 0.0 0.3 0.1
35 9.6 13.7 0.3 6.2 0.1 19.9 6.5 15.5 1.3 3.1 4.7 0.7 7.3 0.0 9.7 2.8
36 0.0 0.0 0.0 4.0 0.4 1.3 0.0 0.5 2.9 3.7 29.7 5.8 0.7 0.0 1.0 0.3
37 7.8 0.1 0.1 1.3 0.3 2.6 0.0 0.0 10.9 3.0 1.5 1.5 24.7 12.1 16.6 13.0
38 3.5 0.8 0.0 8.1 6.7 13.0 1.3 3.4 26.2 12.1 21.0 4.8 10.0 0.2 4.8 7.1
39 0.0 0.0 0.0 12.6 6.4 1.0 0.0 0.7 12.7 3.8 18.2 4.0 1.4 0.0 2.7 0.2
40 1.2 2.2 0.8 6.6 1.3 2~.4 7.2 5.9 3.2 10.2 5.8 7.3 2.4 0.2 14.9 3.0
41 3.0 0.0 6.6 1.0 0.1 1.0 0.0 0.1 0.1 2.0 1.1 2.8 8.0 14.0 5.7 8.6
42 1.2 0.0 8.7 0.3 0.6 2.1 0.0 1.7 4.2 0.0 1.6 0.0 4.9 24.2 3.3 6.8
43 6.9 7.4 0.6 3.9 2.3 35.0 11.5 13.3 8.6 13.1 7.4 4.1 6.3 0.1 8.8 8.4
44 7.3 8.5 0.5 3.3 0.7 20.9 13.4 u.s 5.9 4.8 2.9 1.8 5.7 0.9 7.9 4.6
45 8.2 7.4 0.2 1.4 0.3 17.9 3.9 21.5 2.2 0.2 3.n 0.9 1.6 0.1 9.3 1.1
46 2.3 0.3 1.8 0.4 0.0 6.5 3.3 8.2 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
1.7 28.8 12.7 0.1 0.1 0.0 5.9 0.2 9.1 1.6 0.0 0.0 0.0 9.0 6.3 1.4 a.3
48 20.6 17.8 0.0 0.0 0.0 0.1 0.0 6.4 1.6 0.0 0.0 0.0 2.1 2.0 0.1 3.5
49 8.9 0.0 0.5 0.1 2.0 0.0 6.4- 3.4 0.5 0.7 0.0 8.0 5.6 5.2 10.2
50 0.3 0.2 0.0 2.5 0.2 8.0 0.3 0.1 0.0 0.0 2.5 0.0 2.8 1.9
51 0.0 0.0 1.0 1.7 0.4 0.0 0.0 0.0 0.0 0.0 7.2 0.0 0.0
52 2.5 14.4 3.5 1.7 4.6 17.3 6.6 7.3 8.4 0.0 /.5 0.2
53 2.4- 0.2 0.0 23.5 12.0 2.6 3.5 0.2 0.1 2.8 0.2
54 27.8 15.0 6.9 10.6 3.3 0.9 5.8 0.2 9.2 4 ..2
55 3.1 0.2 1.1 0.1 0.2 0.7 0.0 0.5 0.1
56 0.0 0.2 2.2 0.0 0.1 0.0 2.5 0.0
57 7.1 8.4- 3.9 8.2 1.3 8.3 ic.a
58 4.1 13.9 2.8 0.0 4.4 2.7
59 8.3 1.2 0.0 4.8 0.4
60 0.8 0.0 4.1 0.3
61 5.8 19.4 42.4
62 1.0 18.4
63 9.5
64
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APPENDIX VII

COMPARISON BETI{EEN THE 1949 ~~ID 1969

AERIAL PHOTOGRAPHS OF AN AREA NEAR THE MOUTH OF KAHANA VALLEY

The decreasing size of the area covered by grass is indicated by

increasing density and cover of trees, as shown by black dots or darker

areas in the photographs. Note particularly the area within the

rectangle. In the 1949 photograph (left), the trees are sparse and

scattered. In the 1969 photograph (right) the trees are denser and

their canopies form closed covers at lower topographic positions.

The present pattern observed in the field is very much like the one

indicated by the 1969 photograph.
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APPENDIX VIII

PLANT COVER AND SOIL PROFILE Ca~CTERISTICS

OF THE STUDY SITES

This appendix consists of photographs of plant covers and soil

profiles of some of the study sites (section A) ~D.d descriptions of

the soil profiles of the paired sampling stations used in Part IIB of

this dissertation (section B).



A. PHOTOGRAPHS OF PLANT COVERS AND SOIL PROFILES IN SOME OF THE STUDY SITES

Brassaia actinophylla tree cover (left) and the soil profile
underneath this plant cover (right) at site I. W

Ln
'-l



Andropogon virginicus grass cover (left) and the soil
profile underneath this plant cover (right) at site I. w
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Left: The paired stations under Eugenia cumini (background) and
Andropogon virginicus (foreground) plant covers at site II.

Right: The soil profile under the Andropogon grass cover at site'II. w
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Soil profile under Eugenia cumini tree
cover at site III.
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Andropogon virginicus grass cover at site III
(the picture was taken in 1974).
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Freshly-cut (left) and old (right) soil profiles under the Andropogon virginicus grass
cover at site III. The old soil profile was cut at least six months before the picture
was taken. Note the abrupt boundary between the A and B horizons, as indicated by the
mark in between the two photographs. w·
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Profiles of the Dicranopteris linearis fern cover (left)
and the soil underneath it (right) at site III. Note
the thickness of plant litter above the soil surface. lJJ
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Close-up view of a root-mound in the 01 horizon
of the Dicranopteris linearis fern cover at site
III. A horizon, 15-20 em deep, consisting of
fern roots, organic matter, and partly decomposed
fern stems.
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Soil profile under the Acacia koa - Pandanus
odoratissimus tree cover at site IV.
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Profiles of the Dicranopteris linearis fern cover (left)
and the soil underneath it (right) at site IV; each of
the marked segments of the pole is 15 em long. w
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Close-up views of the 01 horizon in the Dicranopteris fern cover at
site IV. This horizon consists of partly decomposed fern stems
(brownish red) and young fern roots (white). Profile view (above)
and top view (below) after the removal of fern foliage.
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B. GENERAL CHARACTERISTICS OF SOIL PROFILES UNDER THE
PAIRED PLAi'IT COVERS IN KAHANA VALLEY

Site
no.

I

Plant
cover

Brassaia
tree cover

Soil
horizon

A

Description

0-20 cm, dark brown (10YR3/3) silty
clay; strong, medium, granular
structure; very hard, friable to firm,
sticky and plastic; many fine and
medium roots; very few fine pores,
common medium pores; medium acid
(pH = 6.0); clear smooth boundary;
roots are confined primarily to this
horizon.

B. .20-60+ cm, yellowish red (SYR4/6)
clay; moderate, coarse, sub-angular
blocky structure; firm, sticky, and
plastic; very few fine roots; many
micro-pores; very strongly acid
(pH = 5.2).

Andropogon
grass cover

A 0-20 cm, dark yellowish brmvn
(10YR3/4) silty clay; strong, medium,
granular structure; very hard,
friable to firm, sticky and plastic;
many fine roots, few medium roots;
very few fine pores, common medium
pores; medium acid (pH = 5.8); clear
smooth boundary.

B 20-60+ cm, reddish brown (5YR4/4)
clay; moderate, medium to coarse,
sub-angular blocky structure; firm
to very firm, sticky, and plastic;
common fine roots but none below the
45 cm depth; many micro-por~s;

strongly acid (pH = 5.5); pieces of
soft, weathered parent materials are
scattered in this horizon.
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Description

+5 cm, undecomposed leaves of Eugen i.a,

0-20 CID, dark brown (10YR3/3) silty
clay; moderate, medium, granular
structure; friable, sticky, and
plastic; many fine and medium roots;
strongly acid (pH = 5.5); gradual
smooth boundary.

Site Plant Soil
no. cover horizon

II Eugenia 01
tree cover

A

B 20-60+ cm, dark yellowish brown
(10YR4/4) clay; weak, medium, sub
angular blocky structure; firm,
sticky, and plastic; few fine roots
up to 40 cm depth; many very fine
pores; strongly acid (pH = 5.5).

Andropogon
grass cover

Al 0-10 cm, dark yellowish brown
(10YR3/4) clay; massive to weak,
fine, granular structure; sticky and
plastic; common very fine roots;
strongly acid (pH = 5.5); gradual
smooth boundary; 5-10 cm thick.

A2 10-25 cm, dark reddish brown (5YR3/4)
to dark yellowish brown (10YR3/4)
clay; moderate, medium, granular
structure; friable, sticky, and
plastic; common fine roots; strongly
acid (pH = 5.5); abrupt, smooth to
wavy boundary; 10-15 cm thick.

Bl 20-45 cm, dark grayish brown
(10YR4/2) clay, weak to moderate,
medium, sub-angular blocky structure;
friable to firm, sticky, and plastic;
few fine roots; many micro-pores;
strongly acid (pH = 5.5); gradual
broken boundary; 0-25 cm thick.

B2 20-60+ cm, brown (10YR4/3) to dark
reddish brown (5YR3/4) clay; weak to
moderate, medium, sub-angular blocky
structure; firm, sticky, and plastic;
roots a~tend no further than 30 cm
depth; many micro-pores; strongly
acid (pH = 5.5).
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Description

+15 cm, leaves of Eugenia.

0-30 cm, dark reddish brown (5YR3/4)
silty clay; strong, fine to medium,
granular structure; friable, sticky,
and plastic; many fine to medium
roots; many fine to medium pores;
strongly acid (pH = 5.5); clear to
gradual wavy boundary; 10-30 cm thick.

Site Plant Soil
no. cover horizon

III Eugenia 01
tree cover

A

B 10-60+ cm, reddish brown (5YR4/4,
5YR4/3) to dark reddish gray (5YR4/2)
clay; moderate, fine to medium, sub
angular blocky structure; firm,
sticky, and plastic; many fine roots;
many fine pores, common medium pores;
strongly acid (pH 5.5); diffuse
boundary.

Andropogon
grass cover

Al 0-40 cm, dark reddish brown (5YR3/4)
clay; moderate, fine, granular
structure; friable, sticky, and
plastic; many fine roots; medium
acid (pH = 5.5 to 6.0); diffuse,
broken boundary; 30-40 cm thick.

A3 30-40 cm, reddish brown (5YR4/4) to
dark reddish brown (5YR3/4) clay;
moderate fine, sub-angular blocky
structure; friable to firm, sticky,
and plastic; many fine roots, common
fine pores; strongly acid (pH - 5.0);
abrupt, smooth to wavy boundary;
0-10 cm thick.

B 40-60+ cm, reddish brown (5YR4/4) to
yellowish red (5YR5/6) clay; moderate,
medium, sub-angular blocky structure;
firm, very sticky, and plastic; few
fine roots; common micro or fine
pores; very strongly acid (pH = 4.5).



Site
no.

III

Plant
cover

Acacia-Pandanus
tree cover

Soil
horizon

01
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Description

+5 to +10 cm undecomposed leaves of
Acacia and Pandanus.

A 0-20 cm, dark reddish brown (SYR3/4)
clay; strong, fine, granular
stru~ture; very firm; common medium 
coarse roots, many fine roots; common
pores; abrupt smooth boundary.

Bl 20-45 cm, yellowish red (5YR4/6)
clay; moderate, fine, sub-angular
blocky; firm; common medium-fine
roots; common to many fine roots;
clear wavy boundary.

B2 45-60+ cm, reddish brown (5YR4/3)
clay; moderate, medium, sub-angular
blocky structure; firm; few fine
roots; common to many fine pores.

Dicranopteris
fern cover

01 +15 to +30 cm roots and partly
decomposed stems and leaves of
Dicranopteris; above this, standing
dried leaves form a layer of up to
100 cm thick.

A 0-15 cm, dark reddish brown (SYR3/4)
clay; moderate, fine, granular
structure; very friable; many fine
roots; strongly acid (pH = 5.5);
abrupt wavy boundary.

Bl 15-45 cm, yellowish red (5YR4/6)
clay; friable; common fine roots;
many fine pores; strongly acid
(pH = 5.5); clear wavy boundary.

B2 45-60+ cm, reddish brown (5YR4/3)
clay; friable to firm; few fine
roots; many fine pores; strongly
acid (pH = 5.0).
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no.

IV

Plant
cover

Acacia-Pandanus
tree cover

Soil
horizon
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Description

+1 to +15 cm undecomposed leaves of
Acacia koa and Pandanus odoratissimus.

A 0-25 cm, dark brown (7.5YR3/2) clay;
strong, fine, granular structure;
very firm; many very fine to coarse
roots; very few medium pores; gradual
smooth boundary.

Bl 25-45 cm, dark reddish brown (5YR3/4)
clay; moderate, fine, sub-angular
blocky structure; friable; many fine
to coarse roots; many fine to coarse
pores; diffuse smooth boundary.

B2 45-60+ cm, dark reddish brown (5YR3/4)
clay; moderate, fine, sub-angular
blocky structure; friable; few fine
roots; many fine pores.

Dicranopteris
fern cover

01 +10 to +15 cm roots and partly
decomposed stems and leaves of
Dicranopteris; above this, standing
dried leaves form a layer of
75-80 cm thick.

All 0-15 cm, reddish brown (5YR4/4) clay;
massive structure; slightly sticky,
slightly plastic; few fine roots;
few medium tubes of worms; strongly
acid (pH = 5.5); gradual boundary.

Al2 15-30 cm, reddish brown (5YR4/4)
clay; weak, fine, granular structure;
sticky, plastic; many fine roots;
common fine pores; strongly acid
(pH = 5.0); abrupt smooth boundary.

B 30-6~~ cm, yellow~sh red (5YR4/8)
clay; moderate, fine, sub-angular
blocky structure; sticky, plastic;
very few fine roots; common fine to
medium pores; very strongly acid
(pH = 4.5).
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APPENDLX IX

INFilTRATION RATES UNDER THE PAIRED PLANT COVERS

AT FOUR SITES IN KAHA..~A VALLEY

The type and set-up of the double-ring infiltrometer used in this

study are shown in the following photographs. This infiltrometer was

made of rings cut from coffee or juice cans. The inner and outer rings

were approximately 5 and 10 cm in diameter, respectively. Both rings

were 10 em deep. The infiltrometer was set up on a relatively flat

surface by pushing the rings about 2.5 cm into the soil. Before any

reading was taken, the infiltrometer was flushed with water about five

times until the soil was wet an: wat er infiltration slowed down.

Inside the inner ring, two circular and parallel lines were drawn

with a marking pen to divide the 7.5 cm ring-segment into three 2.5 cm

segments. During the determination of infiltration rate, the

infiltrometer was filled-up with water. The downward movement of water

in the inner ring was then timed carefully. The time needed for the

water level to move from the upper line (5.0 cm above the soil surface)

to the lower one (2.5 cm below it) was measured with a stop-watch.

\vater was added just after the surface water in the inner ring passed

the lower line. Measurements were repeated several times until the

water flowed with a relatively constant rate. This occurred when the

time measured by the stop-watch reaches a relatively constant figure.

During this period, a water-head of at least 2 cm was maintained both

inside the inner ring or in the buffer zone between the t~ rings.
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The rate was calculated by dividing the 2.5 cm (25 mm) depth of water

over the constant figure. For a~ample, if the time was 10 minutes,

the infiltration rate was 2.5 mm/minute. The results of such

measurements are shown in the following table.



THE SET-UP OF INFILTRO}ffiTER IN THE FIELD

Top view of the infiltrometer before
it was filled with water.

Side view of the infiltrometer during
the infiltration rate measurements.
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RATES OF INFILTRATION UNDER THE PAIRED PLAJ.'l'T COVERS AT

FOUR SITES IN K~'l'A VALLEY
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Site
no.

I

II

III

IV

Plant cover

Brassaia tree cover

Andropogon grass cover

Eugenia tree cover

Andropogon grass cover

Eugenia tree cover

Andropogon grass cover

Acacia-Pandanus tree cover

Dicranopteris fern cover

Acacia-Pandanus tree cover

Dicranopteris fern cover

Number
of

replicate

6

7

7

8

5

5

5

5

4

4

Infiltration rate
(mm/minute)

mean st. dev.

10.27 7.43

6.. 24 4.12

** 3.90 2.86

0.71 1.00

8.84 11.18

0.31 0.43

7.05 8.96

**40.64 11.04

**21. 68. 7.17

7.03 3.04

** Significant at 5% level.



APPENDIX X

PHOTOGRAPH SHOWING THE USE OF ~.,rA..\ FOR

HOLDING UNDISTURBED SOIL SAJ~LES (center and right)

IN LIEU OF METAL RING (left)
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APPENDL"{ XI

SOIL-WATER CONSTA}lTS AND PORE VOLUMES AT FOUR SOIL DEPTHS

UNDER THE PAIRED PLANT COVERS AT FOUR SITES IN KAHANA VALLEY

Soil-water constants are measured by the soil-water content at a

constant soil-water tension (0; 0.1; 0.3; 15.0; or 10,000 bar tension).

The soil-water content at 0 bar tension is equal to the water content

when the soil is saturated with water. Under this condition the total

pore volume is filled with water. In this study, the total pore volume

or the saturation capacity of the soil was calculated from the bulk

density and particle density values. These values are shown in the

following table.

The soil-water contents at 0.1, 0.3, and 15.0 bar tension are

shown in the other tables together with the capillary and macropore

volumes, which are defined by the soil-water contents at 0, 0.1 or

0.3, and 15.0 bar tension. Th8 volume of the hygroscopic and co11oida1

size pore space, as defined by the 15.0 bar tension and oven dry soil

(10.000 bar tension), is equal to the water content at 15.0 bar tension

sho~vn in this table.
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~ean and scandard deviation values for particle density,
bulk density, and total pore volume of soils at four depths
under different plaut covers at four sites in Kahana Valley

Soil Particle Bulk. Total Pore
Site Plant cover depth density density Volume

(c:n) (gr/cc) (gr/cc) (:':)

0-15 2.988 ±. 0.029(3) 1.049 + 0.059(4) 63.99 + 1.03
Brassaia 15-30 3.094 + 0.122(3) 1.113 + 0.091(4) 62.04 + 0.07

30-45 3.084 + 0.181(3) 1.158 +0.067(2) 62.47:; 2.18
45-60 2.975 ~ 0.110(3) 1.156 ~ 0.013(2) 61.15 ~ 0.43

t
0-15 3.028 + 0.095(3) 1.093 + 0.095(3) 63.91 .;. 1.40

Andropogon 15-30 3.079 ~ 0.053(3) 1.089 ~ 0.025(2) **64.64 :; 0.83
30-45} 3.053 ± 0.113(3) 1.140 ± 0.050(3) 62.65 + 1.6445-60. -------------------

0-15 2.397 + 0.079(3) 0.818 + 0.027(6) 72.11 + 0.90
Eugenia 15-30 3.015 ~ 0.050(3) 0.990:; 0.100(7) 65.51 :; 2.16

30-45 3.070 • 0.175(3) 1.059 + 0.020(5) **67.13 :; 0.65
45-60 2.973 ~ 0.059(3) 0.968 ~ 0.038(6) *67.43 ~ 1.27

II
0-15 2.869 .;. 0.127(3) 0.330 .;. 0.076(6) 71.06 -i- 2.66

Andropogon 15-30 2.899 + 0.111(3) 0.941 + 0.030(6) 67.55 + LOS
30-45 2.763:; 0.227(3) 1.020 + 0.038(5) 63.00:; 1.22
45-60 2.952 ~ 0.059(3) 1.002 ~ 0.020(5) 66.06 :; 0.68

------
0-15 2.971 .;. 0.006(3) 1.009 .;. 0.037(2) 66.04 + 1.24

Eugenia 15-30 2.916:; 0.144(3) 1.051 + 0.064(2) 63.96 +2.18
30-45 2.924 :; 0.044(3) **1.130 + 0.005(2) 61.37 + 0.17
45-60 3.069 ~ 0.046(3) 1.117 ~ 0.064(2) 63.62:f 2.09

0-15 2.996 .;. 0.081(6) 1.060 .;. 0.035(2) 64.64 + 1.15
Andropogon 15-30 2.993 ::i:" 0.189(5) 1.100 + 0.011(2) 63.25:; 0.37

30-45 2.921 + 0.070(6) 1.060 + 0.016(2) **63.73 ::i:" 0.56
45-60 3.009 ~ 0.062(6) 1.043 :f 0.030(2) 65.34 :f 0.99

III
0-15 **3.031 + 0.049(3) 0.907 .;. 0.038(3) 70.09 + 1.25

Acacia-Pandanus 15-30 3.063 :f 0.059(3) 0.393 ::i:" 0.021(3) 70.84 :; 0.69
30-45 2.383 ... 0.046(3) 0.916 :; 0.083(2) 68.22 :; 2.39
45-60 2.998 :f 0.099(3) 1.112 ~ 0.058(2) 62.91:f 1.94

0-15 2.682 .;. 0.009(3) 0.343 + 0.073(4) 68.56';' 2.72
Jicranopteris 15-30 2.785 :; 0.268(3) 0.872 :; 0.097(5) 68.70:; 3.47

30-45 2.396 :; 0.074(3) 1.024 + 0.047(2) 64.64 :; 1.61
45-60 2.922 :f 0.090(3) 0.992 ~ 0.042(2) 66.05 :; 1.46

0-15 *2.807 .;. 0.047(5) 0.698 + 0.006(2) 75.15 .;. 0.23
Acacia-Pandanus 15-30 2.894 :; 0.065(5) 0.807 :; 0.070(2) 72.13 ::i:" 2.42

30-45 2.989 ::i:" 0.058(6) 0.896 :; 0.080(4) 70.03 ::i:" 2.67
45-60 3.068 I 0.097(6) 0.959 f 0.123(2) 68.75:; 4.01

PI
0-15 2.722 .;. 0.073(3) 0.588 + 0.123(5) 78.41 ... 4.54

Dicranopteris 15-30 2.930:; 0.167(3) 0.738:; 0.05i(5) 74.81 :; 1.95
30-45 2.935:; 0.032(3) 0.367 :; 0.087(4) 70.46 :; 2.96
45-60 3.046 :f 0.071(3) 0.973 ~ 0.105(3) 68.07 f 3.46

* Significance at ~O% level
** Significance at 57. level
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SOIL-WATER CONSTANTS AND PORE VOLUMES (mean + stand. dev.)
UNDER THE PAIRED PLANT COVERS AT SITE I

Soil Depth Plant cover
property (em) Brassaia Andropogon

Volumetric soil-water
content (I~), at: 0.1 bar o - 15 49.53 + 7.53 (3) 50.09 + 2.46 (3)

15 - 30 58.32 + 2.15 (2) 60.84 + 3.20 (2)
30 - 45 60.33 + 1.59 (2)

61.31 + 5.13 (3)45 - 60 59.32 + 2.09 (2).
0.3 bar o - 15 47.76 + 7.07 (3) 48.65 + 2.34 (3)

15 - 30 55.74 + 1.87 (2) 59.08 + 2.84 (2)
30 - 45 58.62 + 1.59 (2)

59.65 + 4.62 (3)45 - 60 57.77+2.32 (2)

15.0 bar o - 15 39.51 + 7.13 (3) 40.92 + 1.38 (3)
15 - 30 50.45 + 1.48 (2) 53.76 + 0.77 (2)
30 - 45 54.48 + 2.58 (2)

55.53 + 4.03 (3)
45 - 60 53.50 + 2.12 (2)

Capillary pore volume (%)
between: 0.1 - 15.0 bar o - 15 10.02 + 0.34 (3) 9.17 + 1.12 (3)

15 - 30 7.88 + 0.67 (2) 7.08 + 2.43 (2)
30 - 45 5.85 + 0.99 (2)

5.78 + 1. 23 (3)45 - 60 5.82 + 1.23 (2)

0.3 - 15.0 bar o - 15 8.26 + 0.23 (3) 7.73 + 0.98 (3)
15 - 30 5.30 + 0.39 (2) 5.33 + 2.07 (2)
30 - 45 4.14 + 0.99 (2) 4.12 + 0.60 (3)45 - 60 4.27 + 0.20 (2)

Macropore volume (%)
between: o - 0.1 bar o - 15 14.46 + 6.23 (3) 13.75+1.77 (3)

15 - 30 3.72 + 2.22 (2) 3.80 + 2.38 (2)
30 - 45 2.15 + 3.77 (2)

1.34 + 4.45 (3)
45 - 60 1.82 + 2.52 (2)

o - 0.3 bar o - 15 16.23 + 6.06 (3) 15.19 + 1.76 (3)
15 - 30 6.30 + 1.94 (2) 5.56 + 2.02 (2)
"I" 45 3.86 + 3.77 (2).JU - 3.00 + 4.11 (3)45 - 60 3.38 +" 2.75 (2)

Note: The number in brackets indicates the number of replicate;
the capillary pore volume is often also referred to as the volume
of available water.
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SOIL-WATER CONSTANTS AND PORE VOLU}lliS (mean + stand. dev. )
1~ER THE PAIRED PLANT COVERS AT SITE II

Soil Depth Plant cover
property (cm) Eugenia Andropogon

Volumetric soil-water
content (%), at: 0.1 bar o - 15 57.95 + 3.52 (3) **66.35 + 5.08 (6)

15 - 30 **58.32 + 1. 42 (5) 55.11 + 1.85 (6)
30 - 45 **60.58 + 0.69 (5) 56.14 + 0.69 (5)
45 - 60 **59.86 + 0.99 (6) 55.97 + 0.96 (5)

0.3 bar o - 15 55.41 + 3.34 (3) *61.17 + 3.52 (6)
15 - 30 **56.70 + 1.60 (5) 53.00 + 1. 79 (6)
30 - 45 **58.96 + 0.84 (5) 54.29 + 0.73 (5)
45 - 60 **58.06 + 1. 26 (6) 53.94 + 0.88 (5)

15.0 bar o - 15 47.02 + 2.42 (3) 48.79 + 2.71 (6)
15 - 30 **51. 93 + 1. 81 (5) 45.78 + 1.30 (6)
30 - 45 **54.13 + 0.81 (5) 50.49 + 1. 28 (5)
45 - 60 **53.78 + 1.72 (6) 49.67 + 0.99 (5)

Capillary pore volume (%)
between: 0.1 - 15.0 bar o - 15 10.93 + 1.12 (3) **17.56 + 3.66 (6)

15 - 30 6.39 + 0.72 (5) ** 9.33 + 0.63 (6)
30 - 45 * 6.46 + 0.35 (5) 5.65 + 0.84 (5)
45 - 60 6.08 + 1.01 (6) 6.30 + 0.59 (5)

0.3 - 15.0 bar o - 15 8.39 + 0.93 (3) **12.38 + 1.57 (6)
15 - 30 4.76 + 0.64 (5) ** 7.22 + 0.62 (6)
30 - 45 ** 4.83 + 0.35 (5) 3.81 + 0.61 (5)
45 - 60 4.29 + 0.58 (6) 4.27 + 0.64 (5)

Macropore volume (%)
between: o - 0.1 bar o - 15 *14.15 + 2.74 (3) 4.72 + 6.48 (6)

15 - 30 7.18 + 3.43 (5) ~';*12.44 + 1.94 ( 6)
30 - 45 6.55 + 0.45 (5) 6.95 + 1. 00 (5)
45 - 60 7.58 + 1. 99 (6) **10.09 + 1.21 (5)

o - 0.3 bar o - 15 *16.70 + 2.57 (3) 9.90 + 5.57 (6)
15 - 30 8.78 + 3.63 (5) **14.54 + 1. 98 (6)
30 - 45 8.17 + 0.51 (5) 8.80 + 1.33 (5)
45 - 60 9.37 + 2.39 (6) **12.12 + 1.14 (5)

* Significant at 10% level.
** Significant at 5% level.
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SOIL-WATER CONSTANTS AND PORE VOLUMES (mean + stand. dev.)
UNDER THE PAIRED PLANT COVERS AT SITE III

Soil Depth Plant cover
property (em/ Eugenia Andropogon

Volumetric soil-water
content (%), at: 0.1 bar o - 15 50.37 + 2.58 (2) 51.98 + 1.45 (2)

15 - 30 49.87 + 3.30 (2) 52.18 + 0.00 (2)
30 - 45 **60.21 + 1. 76 (2) 54.63 + 0.20 (2)
45 - 60 59.42 + 6.17 (2) 60.73 + 2.33 (2)

0.3 bar o - 15 48.27 + 2.26 (2) 48.40 + 1.37 (2)
15 - 30 47.50 + 3.37 (2) 48.74 + 0.03 (2)
30 - 45 58.77 +" 1.93 (2) 51.18 + 0.17 (2)
45 - 60 58.31 + 7.10 (2) 58.31 + 2.93 (2)

15.0 bar o - 15 42.85 + 1.80 (2) 43.56 + 0.90 (2)
15 - 30 41.86 + 2.91 (2) 44.00 + 0.65 (2)
30 - 45 **51. 86 + 1. 85 (2) 45.18 + 0.29 (2)
45 - 60 52.17+7.77 (2) 53.28 + 2.41 (2)

Capillary pore volume (%)
between: 0.1 - 15.0 bar o - 15 7.52 + 0.78 (2) 8.42 + 0.55 (2)

15 - 30 8.01 +" 0.40 (2) 8.18 + 0.65 (2)
30 - 45 8.35 + 0.09 (2) ** 9.46 + 0.09 (2)
45 - 60 6.72 + 1.61 (2) 7.45 + 0.08 (2)

0.3 - 15.0 bar o - 15 5.42 + 0.47 (2) 4.85 + 0.47 (2)
15 - 30 5.64 + 0.47 (2) 4.74 + 0.68 (2)
30 - 45 ** 6.91 + 0.08 (2) 6.01 + 0.12 (2)
45 - 60 5.61 + 0.67 (2) 5.04 + 0.52 (2)

Macropore volume (%)
between: o - 0.1 bar o - 15 15.67 + 1.34 (2) 12.66 + 2.60 (2)

15 - 30 14.09 + 5.49 (2) 11.07 + 0.37 (2)
30 - 45 1.17 + 1.93 (2) ** 9.10 + 0.76 (2)
45 - 60 4.20 + 4.07 (2) 4.62 + 3.32 (2)

o - 0.3 bar o - 15 17.77 + 1. 03 (2) 16.2u + 2.52 (2)
15 - 30 16.46 + 5.56 (2) 14.51 + 0.40 (2)
30 - 45 2.61 + 2.10 (2) *:':12.55'+ 0.73 (2)
45 - 60 5.31 + 5.01 (2) 7.03 + 3.92 (2)

** Significant at 5% level.
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SOIL-WATER CONSTANTS AND PORE VOLUMES (mean ± stand. dev. )
UNDER THE PAIRED PLANT COVERS AT SITE III

Soil Depth Plant cover
property (cm) Acacia-Pandanus Dicranopteris

Volumetric soil-water
content (%), at: 0.1 bar o - 15 44.39 + 0.44 (3) **55.22 + 1.14 (4)

15 - 30 47.55 + 3.03 (3) 54.29 + 5.63 (5)
30 - 45 54.72 + 3.97 (2) *63.30 + 0.01 (2)
45 - 60 58.96 + 0.95 (2) 61.81 + 2.91 (2)

0.3 bar o - 15 42.99 + 0.45 (3) **51.82 + 0.81 (4)
15 - 30 45.93 + 3.11 (3) 52.13 + 5.95 (5)
30 - 45 52.68 + 4.05 (2) *62.19 + 0.14 (2)
45 - 60 58.25 + 1.18 (2) 60.71 + 3.06 (2)

15.0 bar o - 15 37.89 + 0.65 (3) **44.99 + 0.91 (4)
15 - 30 41.10 + 3.25 (3) 45.51 + 6.14 (5)
30 - 45 46.65 + 3.83 (2) *55.50 + 0.38 (2)
45 - 60 54.71 + 1.80 (2) 53.90 + 2.67 (2)

Capillary pore volume (%)
between r 0.1 - 15.0 bar o - 15 **25.70 + 1.37 (3) 13.34 + 3.67 (4)

15 - 30 23.38 + 3.66 (3) 14.41 + 8.49 (5)
30 - 45 13.50 + 6.87 (2) 1.34 + 1.60 (2)
45 - 60 3.95 + 2.88 (2) 4.25 + 4.36 (2)

0.3 - 15.0 bar a - 15 **27. 09 + 1. 47 (3) 16.74 + 3.00 (4)
15 - 30 24.91 + 3.74 (3) 16.56 + 8.60 (5)
30 - 45 15.54 + 6.94 (2) 2.45 + 1.75 (2)
45 - 60 4.67 + 3.12 (2) 5.35 + 4.52 (2)

Macropore volume (%)
between: o - 0.1 bar o - 15 6.34 + 0.20 (3) **10.23 + 0.96 (4)

15 - 30 6.46 + 0.29 (3) ** 8.78 + 1.46 (5)
30 - 45 8.08 + 0.15 (2) 7.80 + 0.40 (2)
45 - 60 4.27 + 0.83 (2) ** 7.91 + 0.23 (2)

o - 0.3 bar o - 15 4.94 + 0.10 (3) ** 6.83 + 0.36 (4)
15 - 30 4.83 + 0.29 (3) ** 6.62 + 0.57 (5)
30 - 45 6.03 + 0.23 (2) 6.69 + 0.24 (2)
45 - 60 3.56 + 0.60 (2) ic* 6.81 + 0.39 (2)

* Significant at 10% level.
** Significant at 5% level.
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SOIL-WATER CONSTANTS AND PORE VOLU}ffiS (mean + stand. dev.)
UNDER THE PAIRED PLANT COVERS AT SITE IV

Soil Depth Plant cover
property (cm) Acacia-Pandanus Dicranopteris

Volumetric soil-water
content (%), at: 0.1 bar o - 15 58.31 + 3.15 (2) *65.04 + 3.85 (5)

15 - 30 53.96 + 3.37 (2) **60.56 + 2.56 (5)
30 - 45 55.69 + 5.06 (4) *61. 54 + 1. 96 (4)
45 - 60 59.68 + 4.93 (2) 59.88 + 1.15 (3)

0.3 bar o - 15 56.43 + 3.03 (2) *61. 77 + 2.96 (5)
15 - 30 52.25 + 3.42 (2) **58.23 + 2.49 (5)
30 - 45 54.11 + 5.16 (4) *59.58 + 1.20 (4)
45 - 60 58.54 + 5.39 (2) 58.62 + 1.34 (3)

15.0 bar o - 15 47.35 + 2.08 (2) 51.33 + 4.36 (5)
15 - 30 45.77 + 3.52 (2) 46.94+3.42 (5)
30 - 45 47.79 + 4.87 (4) 49.12 + 1.36 (4)
45 - 60 52.61 + 5.23 (2) 48.90 +1.05 (3)

Capillary pore volume (%)
between: 0.1 - 15.0 bar o - 15 10.96 + 1.07 (2) *13.72 + 1.45 (5)

15 - 30 8.19 + 0.16 (2) **13.62 + 1.17 (5)
30 - 45 7.90 + 0.51 (4) **12.42 + 2.60 (4)
45 - 60 7.07 + 0.30 (2) **10.99 + 0.34 (3)

0.3 - 15.0 ba:t' o - 15 9.08 + 0.95 (2) 10.44 + 1.81 (5)
15 - 30 6.48 + 0.11 (2) **11. 30 + 1. 32 (5)
30 - 45 6.32 + 0.51 (4) **10.46 + 1.87 (4)
45 - 60 5.93 + 0.16 (2) ** 9.73 + 0.59 (3)

Macropore volume (%)
between: o - 0.1 bar o - 15 16.84 + 2.93 (2) 13.36 + 2.80 (5)

15 - 30 18.17 + 5.78 (2) 14.25 + 2.57 (5)
30 - 45 14.35 + 7.47 (4) 8.92 + 1. 96 (4)
45 - 60 9.07 + 8.94 (2) 8.19 + 4.59 (3)

a - 0.3 bar a - 15 18.72 + 2.80 (2) 16.64 + 3.03 (5)
15 - 30 19.89 + 5.83 (2) 16.58 + 2.73 (5)
30 - 45 15.93 + 7.55 (4) 10.88 + 2.05 (4)
45 - 60 10.21 + 9.40 (2) 9.44 + 4.75 (3)

* Significant at 10% level.
** Significant at 5% level.



APPENDIX XII

ORGANIC CARBON AND EXCHANGEABLE CALCIUM CONTENTS (mean ± stand. dev.) OF SOILS AT FOUR DEPTHS
UNDER THE PAIRED PLANT COVERS AT FOUR SITES IN KAHANA VALLEY

Site number

SoH property
Depth I I II I III I IV
(em) Plant cover

BraBBu10 AndroDol<on Eu'cnln Andronolton Eu'enla AndrODOl<on Ac ac La-Pand , Dicronooterlo Acacia-Pond. Dicronopteri8

Organic carbon (X) 0-15 **3. 66;tO.22 2. 73iO.03 **3. 92iO. 06 3.59iO.09 **3. 63iO.18 3.03iO. 13 3.16iO.01 **4. 33iO. 00 4. 291°.07 4.34;tO.02
,

15-30 **2.18.!.0.0[, 1. 31;tO.09 **3. 26.!.0.00 2.60±.0.12 2.45iO.02 **2.65±.0.05 1. 92±0.02 **4.11iO. 14 2.32iO.09 **3. 31±.0.OO

30-45 **1. 89'!:p.04 1.05iO. 16 **2. 66±.0. 05 1. 581.0.05 1.101.°.02 **1.87iO.08 1.111°. 05 **1. 84±0.09 1.44;tO.02 ** 1. 861.°.0[,

45-60 1.°°1.°. 01 1.041.0.02 1.691.0.02. 1.08iO.06 1.01iO.10 **1. 39±.0.13 0. 93±.0.05 **1.031..0.02 **1.111.0• 05 0.91±.0.09

Exchang. calcium 0-15 **4. 51±.0.04 3.55iO•02 **5. 23±0.15 1. l1iO.15 **2. 541°.01 0.881.0.04 1.20±.0.02 **1. 191.°.03 0.661.0.02 ** 1. 62iO. 02.
(mcq/l00 gr. 80il)

15-30 2.91;t0.99 2.51iO.70 **2. 25;tO.08 0.83iO.01 0.48iO.02 **0.611°.10 0.46±0.02 0.461.°. 04 0.35;tO.03 **0. 561°.09

30-45 2. 261°. 06 2.09iO. 33 **2.26;tO.06 0. 54iO. 03 0.34iO.04 0.38iO.02 0.24;tO.03 0.22iO.08 0.40iO.07 0.33iO.03

45-60 **2. 14±0.01 1. 91iO.05 **2.01;tO.08 0.15iO.02 0.34iO.05 0.36iO.03 0. 21iO·02 0. 18'!:p.02 0.39iO.16 0.391.0.05

** Significant at 5% level.

w
co
Ln
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BI-WEEIa.Y RECORDS OF RAINFALL AND SOIL-WATER CONTENTS
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BI-WEEKLY RECORDS OF RAINFALL (mm) FOR EACH OF THE
FOUR STUDY SITES IN KAHANA VALLEY

Site
Date I II III IV

1973:

September 1 - 15 16.1 18.3 29.5 41.3
16 - 30 55.9 133.3 153.7 157.5

October 1 - 15 102.9 128.3 128.6 151.1
16 - 31 106.0 119.4 154.3 155.6

November 1 - 15 112.4 165.1 179.1 190.5
16 - 30 94.0 120.6 127.6 165.1

December 1 - 15 73.7 107.9 116.8 142.2
16 - 31 99.1 119.4 127.0 149.9

1974:

January 1 - 15 114.3 144.8 148.6 174.6
16 - 31 129.5 138.4 144.8 171.4

February 1 - 15 33.6 53.3 66.0 97.1
16 - 28 13.7 40.6 57.8 110.5

March 1 - 15 83.8 105.4 119.4 137.1
16 - 31 37.5 69.9 73.7 94.0

April 1 - 15 54.0 78.7 73.0 90.2
16 - 30 121.9 198.1 198.1 203.2

May 1 - 15 101.0 190.5 190.5 203.2
16 - 31 127.0 132.1 120.0 118.7

June 1 - 15 25.4 26.7 87.0 88.9
16 - 30 63.5 63.5 106.7 111.1

July 1 - 15 42.6 42.6 50.8 50.8
16 - 31 l54.9 154.9 160.0 161.3

August 1 - 15 29.8 46.5 52.1 82.5
16 - 31 16.9 34.3 37.5 52.1

September 1 - 15 36.8 63.5 60.3 66.0
16 - 30 50.8 81.3 87.0 114.3
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BI-WEEKLY RECORDS OF SOIL-WATER CONTENTS AT FOUR SOIL DEPTHS
UNDER THE PAIRED PLANT COVER TYPES AT FOUR SITES IN l<AHAJ.'1A VALLEY

The soil-water contents listed in the following tables are

volumetric soil-water contents for the 15 cm soil depth, in terms of

millimeter of rain-water. Each of these values was calculated by

multiplying the gravimetric soil-water content with the depth of

soil layer (150 mm) and the bulk density of soil at that particular

layer.

For direct interpretation of these soil-water values in terms of

gravitational, capillary, and hygroscopic waters, these soil-water

contents were plotted in relation to the soil-water constants at

0, 0.1, and 15.0 bar tensions into soil-water diagrams (according to

the method of Kartawinata and Mueller-Dombois 1972).



Depth
(em)

FI.UC1'lIATlOIl OF SOIL-HATER CONTt:NTS AT FOUR SOIL DE1'11lS
UNDER TIlE PAIRED PLANT COVER TYPES AT SITE I

DATE OF SAMPLING
Sept. Oct. Nov. Dec. Jan. Feb. Horch April tlay June July Aug. Sept.
1973 1974

I I I .L__~ I I I I I , I • I • I I I I I • I I I L- I I

o - 15

.. 15 - 30,"
11
VI..e 30 - 45
o:l

45 - 60

o - 15

r:l 15 - 30
g,
o
Po
II 30 - [.5

]
45 - 60

63.60 75.04 71.31 70.96 74.62 63.96 55.40 62.15 72.38
54.16 6~.05 69.86 68.16 73.91 67.33 69.77 65.60 73.01 63.08

81.52 83.94 88.78 89.82 92.12 74.38 73.99 73.07 78.33
78.65 U7.63 81.67 81.64 91.91 81.34 77.15 77.~2 82.57 72.99

84.70 102.87 92.11 89.82 90.83 79.16 84.47 82.25 88.74
74.86 87.87 85.32 86.66 86.38 83.88 91.63 84.12 84.26 85.50

80.68 91.47 81.45 84.15 94.89 77.06 81.74 85.36 85.17
77.41 79.11 88.43 80.63 82.47 88.00 85.76 80.91 79.49 81•• 69

63.99 76.20 74.38 71.61 81.61 52.28 64.27 69.29 64.45
56.23 73.09 69.45' 71.60 80.29 67.88 72.99 65.47 74.68 68.07

78.59 76.35 91.20 80.53 85.82 72.36 72.82 75.93 81.84
64.62 89.07 84.66 85.91 87.33 77.10 711.02 76.58 79.98 73.62

80.13 101.44 87.19 94.36 101.78 85.50 86.94 91.88 91.30
81.14 96.96 98.82 93.31 97.45 89.71 94.02 88.46 89.98 90.70

80.01 94.77 85.09 91.72 92.37 83.79 86.87 91.59 90.42
80.13 87.81 86.89 81.41 87.42 88.15 100.17 83.19 93.31 85.57

52.38 48.31 49.97
49.53 47.49

69.12 63.57 70.07
64.39 62.77

81.1[, 74.14 83.27
76.93 75.75

81.81 77.93 81.27
79.99 78.29

57.51 49.32 55.68
54.46 51.53

71.09 68.64 7i.87
62.64 67.58

87.07 81.48 80.90
77.96 78.51

90.32 85.81 83.58
87.66 62.29

w
OJ
\0



Depth
(em)

~'LucrUATlON OF SOIL-WATER CONTENTS AT FOUR SOIL DEPlllS
UNDER 1'111; PAIRED PLAIlT COVER TYPES AT SITE 11

DATE OF SAHI'I.UlG
Sept. Oct. NOV. Dec. Jan. Feb. Harch April May June July Aug. Sept.
1973 1974

I I I _1 _---.l I I I I I I I I • I I • I I I I I L--__ l____ I • •

o - 15

.. 15 - 3U
<l
OJ
OIl
~ 30 - 115

45 - 60

79.46 80.83 78.64 75.79 84.81 73.93 77.24 92.06 83.68
67.22 77.35 76.81 76.18 83.99 85.52 88.45 90.07 91.73

98.11 110.17 95.89 92.50 100.01 81.24 92.52 92.23 89.10
94.46 92.28 94.03 93.32 94.79 91.22 94.94 100.22 95.01

90.96 95.27 94.22 90.93 98.83 95.09 92.85 88.22 93.47
86.51 101.57 95.14 90.96 89.66 86.97 90.75 91.39 106.16

90.76 98.56 89.63 91.35 89.88 85.80 81.24 87.09 90.58
82.87 99.23 90.76 86.50 87.05 85.16 87.70 89.09 95.32

93.79 72.17
81.67 67.67

95.07 84.85
91.67 95.87

97.91 94.61
99.06 97.67

90.27 81.27
8/,.00 86.31

o - 15 6".42 76.51 71.16 68.1.1 77 .95 72.16 68.09 80.86 86.44
62.42 69.ltJ 68.30 70.90 80.68 77.71• 77.59 70.41 76.89 00.83

g 15 - 30 75.91 07.85 85.44 83.96 81.40 93.95 72.73 79.04 83.29
OIl 74.64 79.45 70.86 00.6/. 81.63 70.90 82.80 79.28 79.89 82.90a
Do
a

.:> 30 - 45 79.76 97.78 86.06 85.66 86.66 88.43 84.41, 81.17 87.55
~ 84.06 85.97 88.51 86.01 67.65 83.60 88.24 82.50 62.18 82.79

45 - 60 82.36 92.09 86.45 83.31 81.27 88.50 80.70 75.39 88.09
86.78 !I4.69 88.23 85.61 88,1,4 83.61 86.23 62.71 77.61 81. 93

79.26 61•. 30
74.80 65.40

77.75 65.1/,
75.46. 72.31

83.87 78.75
77.59 81.63

88.63 75.10
78.79 79.60

W
\0
o



FLlICl'UATlOll OF SOIL-WATER CONrENT~; AT FOUR SOIL DEPTHS
UlIDER 'filE PAIRED PLANT COVER TYPES AT SITE III

DATE OF SMIPL1NG
Sept. Oct , Nov. Dec. Jon. Feb. Horch Al'rll May June July Aug. Sept.
1973 1974

I I I It' I I I I • , t I I , , , I I I I ---.1..- I I

Depth
(crn)

---
o - 15

15 - 30.....
<l..
~ 30 - 45
~

45 - 60

81.24 83.53 79.23 --- 89.58 --- 81.34 92.52 93.56
70.91 78.29 79.97 81.52 98.95 119.31 103.30 100.98 93.78 911.85

1011.38 98.37 85.56 --- 97.32 --- 85.16 87.t18 85.84
96.81 105.77 1Ol.01. 100.71 112.18 105.28 88.93 91.42 91L 93 76.85

95.68 98.82 105.7J --- lU1.29 --- 96.24 97.75 90.61
102.94 105.21 95.21 110.21 102.17 105.28 95.77 105.01 107.94 86.12

89.82 104.30 105.61 --- 99.83 --- 101. 94 95.47 89.05
106.23 103.7J 101. 18 110.83 94.33 102.41 107.38 lU5.71, lU3.31 91.87

85.65 72.04 72.18
75.66 72.33

86.50 81.46 82.70
82.92 92.02

104.07 96.36 104.97
98.55 99.28

98.47 104.30 107.47
94.01 93.68

o - 15 86.90 101.01 83.37 --- 86.78 --- 91.80 93.14 95.33
92.10 93.78 85.02 84.32 85.25 95.58 95.76 98.88 98.03 102.45

g 15 - 30 108.23 101. 70 111.74 --- 99.62 --- 83.45 87.99 92.25
eo 91. 74 91.08 103.23 83.39 99.30 91.17 85.20 94.86 85.74 90.870
Do
0

.:> 30 - 45 97.16 99.99 94.61 --- 91,.02 --- 95.78 103.32 86.76
~ 83.67 96.48 95.10 92.91 100.77 100.62 89.54 96.27 95.70 89.33

45 - 60 92.55 81.20 89.52 --- 100.91 --- 88.92 91.89 96.36
81.27 n.07 100.38 92.21 99.62 101. 52 93.11 96.87 91.20 88.20

98.37 73.17
79.14 81.84

94.86 77.69
83.27 82.08

39.01, 86.31
85.011 89.96

94.02 87.35
82.97 88.89

W
I.D
I-'



FI.UGTlIATlOt' OF SOIL-WATER COlffENTS AT FOUR SOIL DEI'IIIS
UNDER TilE PAIRED PlANT COVER TIPES AT SnE III

VATE OF SAl-lPL ING
Sept. Oct. Nov. Dec. Jan. Feb. ~lareh April May June
1973 1914

J I I I L I I I I I I • I • I I • I • I

Depth
(em)

---
o - 15

":l
g 15 - 30
"3
'II
n•
.!.t 30 - 45....
u
'II
U

< 45 - 60

87.87 72.69
71.38 71.05 74.65

89.65 78.79
74.92 84.35 61.23

87.28 73.51
76.46 77.71 77.74

93.96 89.99
84.33 92.51 88.17

76.49 81.94 62.77 89.11 79.49
80.61 73.56 75.47 71.60 73.71 76.61

75.12 70.30 61.62 68.98 77.66
72.13 70.50 67.40 69.32 63.14 65.57

75.35 76.48 73.96 71.45 66.56
73.01 72.84 78.25 75.80 78.03 73.41

94.14 88.95 86.87 86.74 110.05'
88.47 92.29 100.23 87.74 90.44 91.77

July .Aug. Sep t ,

&4.62 52.91 60.27
56.68 56.66

bO.OO 53.61 61.24
54. 6ft 55.86

70.16 60.85 74.65
63.93 66.27

86.20 80.75 87.80
88.09 81.42

o - 15 74.40 81. 69 73.42 --- 74.26 80.83 71.01 100.53 99.93
65.31 72.24 7',.37 79.33 66.30 90.79 91.27 89.31 90.35 115.99

Ul

I: 15 - 30 95.21 93.46 92.62 --- 86.17 78.95 76.83 82.1,0 83.48
Gl 90.47 89.09 86.01 89.87 80.55 85.01 80.26 82.80 88.77 83.53..,
'"0

g 30 - ',5 90.73 97.60 103.28 --- 100.85 98.20 94.49 103.68 97.44.. 88.93 91.76 95.68 108.06 97.00 94.51 100.68 101. 62 108.89 102.97u....
Q

45 - 60 89.32 91.68 96.51, --- 91.65 95.63 90.11 90.77 96.79
88.98 100.41 94.92 86.26 99.59 92.35 95.29 93.91 96.59 95.23

34.13 75.53
65.26 76.68

19.09 76.37
70.61 74.91

90.81, 91,.1.0
91.12 96.77

66.45 86.72
86.80 86.21

W
\D
N



Depth
(em)

FLUCTUATION OF SOIL-WATER CONTENTS AT FOUR SOIl. DEP111S
UIlDER 11\E PAIRED PLANT COVER TYPES AT SITE IV

DATE OF SAtlPLU1G
Scpt. Oct. Nov. Dec , Jan. Fcb. March Al'rU Hay June July Aug. Sept.
1973 1974

" I ~I I I I I " I I " '1""'"".

p - 15

'":l
~ 15 - 30

"..p,

~ 30 - 45
u
B
« 45 - 60

o - 15

'"'"~ 15 - 30
u
g-
o
~ 30 - 45
u

'"t:l
45 - 60

74.51 86.76 77.60 75.90 75.20 82.77 77.55 85.58 87.78
71.49 79.55 81.26 76.35 81.99 85.17 93.09 88.29 85.32 86.70

86.82 83.93 77.85 79.68 83.60 81.24 81.21 87.48 83.61
78.50 77.18 82.83 82.11 84.69 83.79 87.20 89.99 82.27 86.69

82.17 79.83 79.92 100.53 87.83 92.43 91.43 87.75 93.6]
82.80 83.45 90.26 86.46 86.99 85.31 92.99 95.30 89.66 82.49

82.11 87.78 86.01 88.04 90.95 95.28 93.66 91.44 100.64
77.58 81.69 85.76 86.94 93.56 87.80 96.71 94.69 100.10 93.18

74.97 88.60 79.29 69.50 72.58 88.59 90.81 98.34 104.53
62.75 85.17 78.75 68.29 77.45 87.13 92.24 122.32 105.47 119.81

80.05 90.33 81.13 68.62 96.18 74.74 87.34 96.31 88.17
78.25 81.30 75.15 77.03 84.96 81.07 87.22 99.39 101.06 105.26

80.31 94.48 76.31 79.63 97.19 105.68 110.92 96.24 90.07
74.40 78.63 78.97 79.14 113.74 105.95 98.41 92.14 104.27 116.81

85.75 95.28 90.20 99.14 91.70 114.22 103.80 101.44 89.79
87.92 90.18 87.26 87.35 87.35 100.27 94.97 99.95 118.20 102.92

8lf.21 82.13 79.94
65.54 67.70

·85.26 75.90 82.14
72.72 73.52

84.08 85.26 86.72
81.17 73.79

84.60 86.82 89.79
83.87 80.37

111.71 95.24
113.44 107.18

96.09 79.66
101.05 95.98

91.07 85.26
115.94 91.24

103.17 89.42
113.11 93.10

W
\D
W



APPENDIX XIV

FLUCTUATION OF SOIL-WATER TENSION AT VARIOUS DEPTHS
ITNDER SOME OF THE PAIRED PLANT COVERS IN KAHANA VALLEY

394

A. LOCATION AND DEPTHS OF TENSIOMETER

Tensiometer Location
Number De th (cm) Site Plant cover

1 90 III Eugenia tree cover

2 120 III Eugenia tree cover

3 45 III Andropogon grass cover

4 60 III Andropogon grass cover

5 30 III Dicranopteris fern cover

6 45 IV Acacia-Pandanus tree cover

7 60 IV Acacia-Pandanus tree cover

8 90 IV Acacia-Pandanus tree cover

9 120 IV Acacia-Pandanus tree cover

10 30 IV Dicranopteris fern cover

11 30 I Brassaia tree cover

12 30 III Andropogon grass cover

13 60 III Acacia-Pandanus tree cover
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B. METHOD FOR SETTING UP THE TENSIOMETER IN THE FIELD

To set up the tensiometer in the field properly, the following

procedure was used:

1. A hole was made in the soil using a half inch (1.25 cm) galvanized

iron pipe. The depth of the hole was the same as the depth of the

tensiometer to be placed in a particular hole.

2. The tensiometer was filled with cold, boiled water (low amount of

dissolved gas).

3. Some loose, crumb soil was dropped into the hole and then the hole

was sprayed with water.

4. The tensiometer was driven into the hole. The tensiometer should

be fit tightly in the hole.

C. RECORDS OF SOIL-WATER TENSION

The tensiometers were read every two weeks together with periodic

soil-water sampling and rainfall measurement. Occasionully, readings

were taken in between two suil-water sampling periods. These records

(in centibars) are shown in the table on the na~t page. The depth and

location of a particular tensiometer-number are shown in section A.
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Tensiometer number
Date 1 2 3 4 5 6 7 8 9 10 11 12 13

1973:

July 10 15 19 5 8 2 9 13 10 13 2
18 22 22 9 11 4 15 16 14 22 4
26 37 30 11 16 4 33 31 22 26 4

August 6 76 56 20 21 15 77 70 45 42 2
13 81 66 23 23 20 80 81 64 60 6
21 90 87 41 36 66 +) 90 80 ·79 8
27 22 21 9 13 6 16 17 14 23 3

September 5 56 41 14 18 20 48 37 25 30 7
15 83 77 18 23 11 86 70 46 47 4

October 1 33 50 8 12 4 16 17 12 20 4
15 17 19 5 11 2 11 13 10 18 2

November 1 18 25 6 13 2 32 22 17 24 3
~·t IS 18 20 6 13 2 11 15 11 18 2,

December 1 20 20 8 14 2 16 16 16 20 2
15 26 26 9 14 2 28 20 16 24 2

1974:

January 3 13 15 13 20 2
15 17 19 7 12 2 10 13 10 17 2

February 1 16 18 8 13 2 10 13 10 17 2
15 23 25 8 13 9 13 12 18 2

March 1 26 34 11 16 10 14 11 18 2
15 17 19 8 14 18 16 14 22 2

April 1 24 26 11 17 33 21 18 24 2
14 31 33 9 18 73 72 20 30 2

May 5 24 24 12 15 30 16 -5 24 17 10 16
18 17 19 7 15 8 12 9 17 2 2 6

June 2 16 20 9 15 12 14 12 19 2 6 2
16 22 26 10 15 40 16 16 26 20 8 10

July 7 20 23 10 15 24 17 17 24 11 11 IS
17 -------------------heavy storm--------------------

August 1 30 30 14 18 63 29 24 30 60 31 24
10 53 43 14 18 86 38 30 43 85 41
16 59 49 15 18 38 53 33 49 +) 36 52

September 1 82 70 13 18 +) 72 44 77 +) 47 78
14 74 74 13 18 +) 84 75 86 +) 18 +)

October 2 36 44 12 19 48 36 25 36 +) 12 +)

+) = over 100 centibar (1 bar), the highest limit of the
tensiometer's scale.



APP~L,,{ xv
DIFFERSICES IN SATl'R.UION DEFICITS 3ETWE~ SOILS w,illER

SOME OF THE PAIRED PL\lIT COVERS IN ru..l!A....A VALLEY

Saturation deficit (mm)

Date Site I Site III Site IV
Srassaia Androool;. Acac.-Pand. Dicranoo. Acac.-?and. Dicranoo.

1973:
September 89.41 98.67
October 63.99 78.07

50.83 33.86 101.01 ..8.43
November 21.17 32.03 49.3t. 37.50

49.21 40.97 82.48 50.95
December 40.34 42.93 93.12 36.07

57.40 48.56 86.61 38.41

1974:
January 39.74 42.57

39.82 28.30 93.83 58.49
February 21. 03 19.21 87.00 49.00

53.94 57.95 98.91 39.27 87.05 63.22
March 79.93 86.86 90.43 !'8.32 7i .39 54.41

50.18 35.59 86.85 34.43 59.13 64.80
April 78.89 70.09 120.88 69.49 85.26 44.70

65.89 67.09 103.64 34.09 60.84 23.34
Hay 71.66 52.10 91.82 24.55 78.86 45.31

55.16 42.84 102.78 17.33 71.76 3.64
June 49.87 32.78 54.34 24.29 63.44 65.08

63.23 62.83 100.74 4.21 80.06 - 6.36
July

August 90.04 74.30 126.52 61.42 90.96 35.50
103.65 97.37 144.86 88.14 125.82 - 7.90

Sep cembar 110.541 95.54 159.98 68.91 99.00 88.06
110.19 100.88 147.87 67.36 133.74 50.14

October 89.91 86.76

397

Results of paired t-test:

Mean 64.65 59.55 101.15 45.03
Stand. dev. 25.37 25.47 27.87 20.23

t-paired 2.53* (d f = 23) 11. 52** (d f = 19)

* S:'gnifica:lce at lOi; level
** Significance at 5% level

85.49 !'0.73
22.94 29.09

4.2.0** (d f 12)
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