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Abstract

Koa (Acacia koa) is an endemic Hawaiian tree that serves as a keystone species in the upper elevation forests of all the main

islands. In the Mauna Loa Strip area of Hawaii Volcanoes National Park, mature koa stands are suffering from an unexplained

dieback that has increased in severity since it was first noticed approximately 25 years ago. The dieback is often evident in

patches, and generally spreads within stands in a radial fashion from a localized infection center. Entire crowns of affected

trees become wilted, with foliage gradually progressing from an apparent healthy to a completely chlorotic condition.

Although most trees die soon after the onset of symptoms, some trees are able to survive crown death by producing epicormic

shoots on the lower portions of the trunk. Previously published studies reported that a vascular wilt fungus (Fusarium

oxysporum f. sp. koae) was associated with koa seeds and the rhizosphere of healthy and dieback-affected koa stands. The

purpose of this study was to characterize the stand structure, soil conditions, and physiological condition of dieback-affected

trees, and to assess the possible role of F. oxysporum f. sp. koae in the current dieback stands. This fungus was isolated from

branches of symptomatic koa in dieback-affected stands and roots from healthy and dieback-affected stands. Possible

differences in the pathogenicity and virulence of F. oxysporum f. sp. koae isolates obtained from the roots of healthy koa in

unaffected stands and those from branches of dieback-affected koa were determined by greenhouse inoculations of koa

seedlings. Healthy koa saplings in stands unaffected by dieback were also inoculated to determine if disease symptoms could

be induced by inoculation of injured roots in the field. Both branch and root isolates were pathogenic; with the percent

mortality of inoculated seedlings ranging from 30 to 60% for all isolates. Disease severity between branch and root isolates

was not significantly different. Wilt symptoms were not observed in field inoculations of koa saplings after 8 months.

Investigation of the dieback stand structure determined that the larger size classes (i.e., DBH > 3 cm) were all affected

equally, with the smallest size class (i.e., 0–3 cm DBH) having the lowest percentage of dieback at each site. Soil from dieback

stands had higher water content and was more acidic than that from neighboring unaffected stands. Phyllodes on epicormic

shoots of dieback trees had a reduced area, mass, and mass to area ratio. Phyllodes on dieback trees also had reduced stomatal

conductance and higher (less negative) leaf water potential. Results from the greenhouse inoculations demonstrated that F.

oxysporum f. sp. koae is pathogenic to koa, but the pathogen’s activity in the field may be influenced by predisposing factors

Forest Ecology and Management 162 (2002) 273–286

* Corresponding author. Present address: USGS-Biological Resources Division, Pacific Island Ecosystems Research Center, 3190 Maile

Way, St. John Room 408, Honolulu, HI 96822, USA. Tel.: þ1-808-956-9428; fax: þ1-808-956-5687.

E-mail address: robertan@hawaii.edu (R.C. Anderson).

0378-1127/02/$ – see front matter # 2002 Elsevier Science B.V. All rights reserved.

PII: S 0 3 7 8 - 1 1 2 7 ( 0 1 ) 0 0 5 2 2 - 9



such as temperature fluctuations, water availability, soil type, and interactions with other soil organisms. F. oxysporum f. sp.

koae appears to play an important role in regulating koa stand dynamics, growth, and physiology under environmental and

edaphic conditions favorable for disease development. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Koa (Acacia koa Gray), is the second most abundant

tree of native Hawaiian forests, and is of critical

ecological importance because it provides habitat for

numerous endemic birds and insects (Rock, 1974).

Koa is also valued for its high quality wood, which

provides the predominant material for the $ 29 million

a year Hawaii forest products industry (Robinson,

1996). In undisturbed areas on the southeast flank of

Mauna Loa on the island of Hawaii, mature koa stands

are suffering from previously unexplained mortality

that was first observed nearly 25 years ago (Gardner,

1980). Occurrences of koa stand mortality on Mauna

Loa have increased since it was first noticed, and now

a similar mortality problem exists in koa plantations of

the Hamakua region of the island (J.B. Friday, pers.

comm.). Individual deaths of koa trees on the older

islands of Maui, Oahu, and Kauai have been recorded;

but the mortality of all size classes (i.e., saplings,

juvenile, and adult trees) within a stand like that on

Mauna Loa, has not been observed on these islands

(Gardner, 1996).

A preliminary evaluation of the crown symptoms

and the role of pathogens in this dieback suggested

involvement of vascular wilt fungi, particularly

Fusarium oxysporum Schlechten.:Fr. (Anderson and

Gardner, 1998; Gardner, 1996). The first symptoms of

koa dieback are a yellowing of the phyllodes and

subsequent thinning of the upper crown. Entire crowns

of affected trees become wilted, with foliage gradually

progressing from an apparently healthy to a com-

pletely chlorotic condition. Phyllodes of affected

branches become necrotic preceding branch death,

followed by complete defoliation. Often the necrotic

phyllodes of dead branches remain attached to

branches, indicating a rapid decline of some indivi-

duals. As a result of crown death, the main stem

produces numerous epicormic shoots giving affected

trees a bushy appearance with dead tops. The infection

progresses downward killing all the primary and

epicormic shoots. As the infection spreads downward,

epicormic shoots produced above die and fresh shoots

are produced on the healthy part of the stem. These

survivors persist for variable lengths of time following

crown defoliation and sometimes produce seed; but

the process of killing off the main stem, development

of epicormic shoots, and subsequent death of

epicormic shoots is repeated until the infection kills

the entire tree. These symptoms are consistent with

those observed in other leguminous trees infected by

F. oxysporum such as Pterocarpus in Africa and

Singapore (King and Lim, 1999; Sanderson et al.,

1996; Ciesla and Donaubauer, 1994; Piearce, 1979),

Acacia in India (Bagchee, 1945), and Albizia in the

United States, Argentina, Puerto Rico, and Russia

(Hepting, 1971). Stoner et al. (1975) have also

reported F. oxysporum to be associated with the

rhizosphere of koa roots on Mauna Loa in the same

region as the present day dieback. Although Stoner

et al. did not study pathogenicity; their isolates of F.

oxysporum most likely represent the same strain

currently under investigation. In addition, Gardner

(1980) described a seedling wilt of koa caused by F.

oxysporum f. sp. koae Gardner. Isolated from the

internal seed tissue, this fungus was shown to cause

wilt and subsequent death of greenhouse-inoculated

seedlings. In preliminary investigations of the koa

dieback phenomenon on Mauna Loa, numerous iso-

lates of F. oxysporum f. sp. koae have been recovered

from branches of symptomatic trees (Anderson and

Gardner, 1998). Isolates of this fungus have also been

recovered from the roots of both healthy and dieback-

affected koa in dieback stands and from healthy koa in

unaffected stands (R. Anderson, unpubl. data). Most

recently, isolates of F. oxysporum f. sp. koae have

been recovered from branches of 2 and 3 year old

plantings of koa suffering from dieback in a Hamakua

plantation on the island of Hawaii (R. Anderson,

unpubl. data).
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Casual observations of the spatial pattern of dieback

indicate that the boundaries of mortality are usually

contained within a particular stand, which generally

spreads in a radial fashion from the center of the stand.

The dieback seems to affect various size classes from

small saplings 1–2 m in height to mature trees (Fig. 1).

Another particularly striking characteristic of the

dieback phenomenon is the close proximity of dieback

and healthy stands to each other, often within 50–

100 m. These observations, particularly the radial

spread of symptoms from a localized infection center,

suggest that a pathogen is the possible cause of koa

dieback (see Manion, 1981).

The cause or causes of koa dieback are not fully

understood, but F. oxysporum is often isolated from the

symptomatic branches of dying trees (Anderson and

Gardner, 1998). It is not known whether ecological

factors such as soil moisture availability and pH play a

role in predisposing koa stands to dieback (Gardner,

1996). The aim of this study was, therefore, to (1)

examine the stand structure and determine which size

class of trees is most affected, (2) assess soil moisture

and soil pH in healthy and dieback-affected koa stands,

and (3) examine leaf physiology and growth patterns

between healthy koa and dieback-affected koa surviv-

ing with epicormic shoots. Pathogenicity tests were

also conducted with F. oxysporum f. sp. koae isolates

obtained from dieback and healthy stands to evaluate

their potential to cause dieback of koa.

2. Materials and methods

2.1. Site description

Measurements were made in A. koa stands at three

sites in the Mauna Loa Strip region of Hawaii

Fig. 1. Typical appearance of A. koa dieback stands in Hawaii Volcanoes National Park. Note the occurrence of disease symptoms in all size

classes from saplings (foreground) to adult trees (background).

Fig. 2. Disease symptoms occurring on A. koa: production of

epicormic shoots along trunk following crown dieback. Note the

simultaneous occurrence of healthy, wilting, and dead branches.
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Volcanoes National Park on the island of Hawaii. In

this region, koa reproduces predominantly via root

suckering and in some stands by seed. Because of this

mode of reproduction, koa often occurs as circular or

elliptical clones with one or two old trees in the center

and new growth extending outward in concentric

rings of successively smaller koa suckers (Spatz and

Mueller-Dombois, 1973). The three sites, Weather

Station, Six Tanks, and Three Stones are located at

1650, 1450, and 1300 m elevation, respectively.

These sites represent the altitudinal range of the

dieback in the Mauna Loa Strip region of the national

park. The soil at all sites is classified as deep ash soil,

10–50 cm deep (Spatz and Mueller-Dombois, 1973).

The mean annual rainfall is 1250 mm and is often less

than 50 mm per month between April and July

(Giambelluca et al., 1986). The vegetation type is

locally known as mountain parkland, and consists of

koa stands interspersed with Styphelia tameiameiae

(Cham. and Schlechtend.) F.v. Muell.—Dodonaea

viscosa Jacq. shrublands (Spatz and Mueller-Dom-

bois, 1973).

2.2. Stand structure and soil measurements

Stand structure, soil moisture, and soil pH measure-

ments were investigated in one dieback stand at each

of the three sites. Starting from the center and

extending towards the edge of the stand (presumably

consisting of a clone), four 2 m � 50 m belt transects

were randomly placed within each dieback stand. To

determine the prevalence of dieback in different size

classes of koa trees, the diameter at breast height

(DBH) and health rating (i.e., healthy or symptomatic)

were determined for all koa trees in the transect. Size

and health class data were analyzed with chi-square

(w2) tests to determine if all size classes were equally

likely to be symptomatic. Soil moisture and pH data

were collected with a NB-2 soil tester (Kel Instru-

ment, Wyckoff, NJ) every 5 m along one transect in

each stand. Additionally, one 2 m � 50 m belt

transect was randomly placed in nearby healthy

koa stands at each site where soil moisture and pH

data were also collected for comparison with those of

dieback stands. Differences in soil moisture and pH

between dieback and healthy koa stands were

analyzed with Student’s t-tests assuming unequal

variances.

2.3. Stomatal conductance

To determine if dieback-affected trees exhibited

reduced stomatal conductance (gs) characteristic of

plants infected with a vascular wilt disease, gs

measurements were compared between healthy koa

and dieback-affected koa with apparently healthy

epicormic shoots (Fig. 2) at the Weather Station and

Six Tanks sites in August 1999. Stomatal conductance

was measured with an LI-1600 steady-state porometer

(Li-Cor, Lincoln, NB) in four premarked phyllodes on

four pairs of dieback-affected and healthy koa trees

(1–2 m tall) at the Weather Station and Six Tanks sites.

The position of the four phyllodes corresponded

approximately to the four cardinal directions. Precau-

tions were taken to maintain the phyllodes’ natural

orientation during measurement. Three circuits of

measurements were conducted between the hours of

1000 and 1200. The mean gs and the gs ratio of healthy

and dieback-affected trees were compared using

Student’s t-tests assuming unequal variances.

2.4. Leaf water potential measurements

To compare the water status of healthy and dieback-

affected koa, leaf water potential (CL) measurements

were made with a pressure chamber (PMS Instrument,

Corvallis, OR) on healthy koa and dieback-affected

trees surviving with apparently healthy epicormic

shoots at the Weather Station and Six Tanks sites in

August 1999. Measurements were taken in August

because this is the driest month at the study sites

(Giambelluca et al., 1986), and when the atmospheric

evaporative demand is expected to be greatest. Five

pairs of dieback-affected and healthy trees were

sampled each day, such that two full days were required

to complete measurements (for a total of 10 paired

samples per site). Both sites were sampled under

comparable weather conditions.

Water potential was measured in both exposed

phyllodes and phyllodes that were covered with plastic

bags to prevent transpiration (the latter provides an

estimate of stem water potential). All measurement

branches were collected from the east side of the study

trees. Before dawn, one branch (10–15 cm long) from

eachtreewasselectedatbreastheightandcoveredwitha

plastic bag, then wrapped with aluminum foil and

securedtoadjoiningbrancheswitharubberband.Next,a

276 R.C. Anderson et al. / Forest Ecology and Management 162 (2002) 273–286



similar branch from each tree was covered with a plastic

bagandcutwitharazorblade.Allcutbrancheswerekept

in a damp plastic bag and placed in a cooler prior to

measurements. Processing began immediately upon

collection. The CL for covered branches was measured

at mid-day. The branch opposite of the covered branch

was used for the mid-day uncovered measurement. To

determine whether overall hydraulic conductance was

lower in dieback-affected koa, the relative soil/leaf

hydraulic conductance was calculated as

soil

leaf hydraulic conductance
¼ gs

DCL

;

where DCL is the difference between CL measured

prior to dawn and at mid-day and gs is measured at

mid-day. Predawn values of CL were used as a surro-

gate for soil C. Differences in the CL and the relative

soil/leaf hydraulic conductance between healthy and

dieback-affected koa at each site were analyzed with a

paired Student’s t-test assuming unequal variances.

2.5. Phyllode growth patterns

Areas of phyllodes produced on epicormic shoots of

dieback-affected trees and apparently healthy trees

were compared to assess differences in phyllode

growth patterns. The phyllodes attached to branches

collected for water potential measurements were used

for phyllode area (LA), phyllode mass (LM), and

phyllode mass to area (LMA) measurements. The total

sample size was 100 phyllodes from five pairs of

affected and healthy trees with 10 phyllodes located

one phyllode down from the first fully expanded

phyllode sampled from each type of tree for LA, LM,

and LMA measurements. All phyllodes were stored in

a cooler for not more than 12 h before being

processed. Phyllode area was measured with an area

meter (Delta-T Devices, Cambridge, England). The

phyllode samples were then dried at 70 8C for 24 h

prior to being weighed to determine LM and LMA.

Differences in phyllode measurements between

healthy and dieback-affected koa were analyzed with

Student’s t-tests assuming unequal variances.

2.6. Fungal isolation

In 1999, isolations were made from vascular tissue

of branches from symptomatic A. koa trees in dieback

stands and from the roots of healthy koa in unaffected

stands. Branch and root tissue were cross-sectioned

into 5 mm thick slices and surface-sterilized for 1 min

in 1% sodium hypochlorite, rinsed twice in sterile

water, and blotted dry with sterile paper. The tissue

sections were placed on water agar (2% Difco Bacto-

Agar) and incubated at approximately 25 8C for 24–

48 h.

The predominant fungi that grew out from each

section of diseased tissue were transferred to acidified

PDA (3.9% Difco Potato Dextrose Agar). To inves-

tigate differences in pathogenicity and virulence

between isolates obtained from roots of healthy trees

in healthy stands and branch isolates from sympto-

matic trees, single-spore subcultures of four root and

four branch isolates of F. oxysporum (isolates R431,

R530, R534, R540, S402, S407, S408, S515) were

arbitrarily selected for pathogenicity studies.

2.7. Preservation of fungi

Cultures of each F. oxysporum isolate were

transferred to PDA and incubated at 25 8C for 48–

2 h. Sterile birch-wood toothpicks were placed on the

expanding colony, and the cultures were incubated

further at 25 8C until the toothpicks were completely

colonized by fungal mycelium (10–14 days). Approxi-

mately, 20 colonized toothpicks of each isolate were

placed in a sterilized screw-cap vial. The toothpicks

were dried by placing the uncapped vials in a laminar

flow hood for 12–24 h. The tubes were capped and

stored at 5 8C. Cultures were recovered readily from

storage by placing a single toothpick on a plate of PDA

and incubating for 10–14 days.

2.8. Pathogenicity testing

Pathogenicity of the branch and root isolates of F.

oxysporum f. sp. koae was determined by inoculating

koa seedlings via the root-dip spore suspension

technique (Dhingra and Sinclair, 1985). To induce

germination, koa seeds were placed in a hot water bath

(�95 8C) as it cooled, and allowed to soak for 24 h.

The seeds were then sown in flats containing a growth

medium of 5:2:1 (v/v/v) peat, perlite, and vermiculite,

respectively. The seedling flats were placed on

greenhouse benches, where diurnal temperatures

ranged from 24 to 33 8C, and received �100 ml of
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water per day dispensed by an automatic sprinkle

watering system. Plants were allowed to grow for

8 weeks prior to inoculation and ranged from 7.1 to

16.8 cm in height at the time of treatment.

Inocula were prepared by mixing mycelia with

sterile distilled water in glass beakers. The concentra-

tion of conidia in the suspension was estimated with a

hemacytometer, and was adjusted to approximately

1 � 106 conidia/ml by serial dilution. Inoculated and

control seedlings were paired by height before being

reported in 10 cm diameter pots. Ten seedlings were

inoculated with each isolate, and controls were treated

similarly with sterile distilled water. Greenhouse

conditions were as described above for the seedling

flats. Individual plants were evaluated visually for

disease every 2 weeks for a period of 8 weeks; and

were scored on a scale from 0 to 2, where 0: no

disease, 1: wilt, and 2: plant death. Stem tissue from

5 cm above the soil line was collected from all

symptomatic plants at the termination of the trial and

cultured on PDA. At the end of the trial, individual

weekly scores were summed, then divided by the

number of weeks the plant was alive to determine the

final score for each plant. The mean of the final scores

was used to calculate the disease severity for each

isolate. Differences in the average disease severity of

branch and root isolates were tested using a Student’s

t-test assuming unequal variances. Differences in the

frequency of death observed in plants inoculated with

branch and root isolates were tested using a w2

analysis. At the end of the experiment, differences in

the effect of the different isolates on the relative

growth rate (i.e., change in height/original height) of

surviving inoculated plants were tested using an

ANOVA with isolates as a fixed factor.

2.9. Field inoculation

Healthy koa saplings in stands unaffected by dieback

were inoculated to determine if symptoms similar to

those of dieback-affected trees could be induced by

inoculation of injured roots. Rice colonized by F.

oxysporum f. sp. koae was prepared following the

methods outlined by Sands et al. (1997), and individual

roots on 10 koa saplings (2–3 m tall) at two sites were

inoculated with a branch isolate (FO408) of F.

oxysporum f. sp. koae known to be pathogenic to

koa seedlings. Duff and soil were removed from around

root collars and adjacent primary roots. Two primary

roots on each tree were cut with clippers and inoculated

by covering the cut surface with 50 g of colonized rice.

All inoculations were covered with soil and duff to

prevent consumption and/or desiccation of the rice

inoculum. The roots of control trees were treated

similarly, but with sterilized rice. Plants were evaluated

for disease bimonthly for 8 months using the rating

scale described above.

3. Results

3.1. Stand structure and soil measurements

Dieback-affected individuals were found in all size

classes of koa in all of the dieback areas studied.

Similar patterns of dieback were detected at each site

(Table 1). At the Weather Station, dieback was

significantly more frequent in trees with a DBH size

class greater than 3 cm than in smaller individuals

with a DBH size class of less than 3 cm (w2 ¼ 34:55,

P � 0:001, d:f: ¼ 4). A similar dieback pattern was

Table 1

Health status of A. koa dieback stands in July 1999 on Mauna Loa by diameter size class. Significant differences among size classes

ðP � 0:05Þ are indicated by different letters in the % dieback column

DBH (cm) Weather Station Six Tanks Three Stones

Dieback Healthy % dieback Dieback Healthy % dieback Dieback Healthy % dieback

0–3 65 65 50.0 a 6 9 40.0 a 12 6 66.6 a

3–6 45 8 84.9 b 28 9 75.6 b 35 5 87.5 a

6–9 25 2 92.5 b 28 13 68.2 b 36 4 90.0 a

9–12 8 2 80.0 b 16 6 72.7 b 18 2 90.0 a

>12 26 8 76.4 b 33 6 84.6 b 41 5 89.1 a

Total 169 85 66.5 111 43 77.1 142 22 86.6
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observed at the Six Tanks site, with DBH size classes

greater than 3 cm being significantly more affected

(w2 ¼ 11:25, P ¼ 0:024, d:f: ¼ 4). There were no

significant differences in dieback frequency among

size classes at the Three Stones study area

(w2 ¼ 7:036, P ¼ 0:134, d:f: ¼ 4). Overall, a mini-

mum of 66.5, 77.1, and 86.6% of all trees were

affected by dieback in July 1999 at the Weather

Station, Six Tanks, and Three Stones study sites,

respectively (Table 1). Soil moisture was significantly

higher, and pH was significantly lower in all dieback

stands than in neighboring healthy stands (Table 2).

3.2. Stomatal conductance

Dieback-affected koa exhibited mean values of gs

that were significantly lower than those of healthy

trees at both the Weather Station (t ¼ 2:47, P ¼ 0:013,

d:f: ¼ 14) and Six Tanks sites (t ¼ 2:32, P ¼ 0:012,

d:f: ¼ 17) (Fig. 3). Average gs values ranged

from 0.068 mol m�2 s�1 for dieback-affected koa to

0.104 mol m�2 s�1 for healthy koa. Values of gs

gradually decreased in healthy and dieback-affected

koa at both sites approaching mid-day. The gs ratio of

dieback-affected to healthy koa was not significantly

different between the two sites (t ¼ 0:57, P ¼ 0:57,

d:f: ¼ 76), indicating that the magnitude of gs reduc-

tion in dieback-affected trees was similar at both sites.

3.3. Leaf water potential measurements

Leaf water potential measurements showed similar

trends at both sites. Overnight recovery was nearly

equal, with predawn CL measurements of dieback-

affected and healthy koa not being significantly

different at the Weather Station (t ¼ 1:39,

P ¼ 0:097, d:f: ¼ 10) or Six Tanks sites (t ¼ 0:70,

P ¼ 0:250, d:f: ¼ 15) (Table 3). Mid-day values of CL

for uncovered phyllodes were significantly lower in

healthy than in dieback-affected koa at the Weather

Station (t ¼ 5:94, P � 0:001, d:f: ¼ 9) and Six Tanks

sites (t ¼ 1:80, P ¼ 0:047, d:f: ¼ 14) (Table 3). Mid-

day values of CL for covered phyllodes showed a

similar trend. The mean difference in the water potential

of uncovered and covered leaves was significantly

greater in healthy koa than dieback-affected koa at the

Weather Station (t ¼ 5:16, P � 0:001, d:f: ¼ 17) and

Six Tanks sites (t ¼ 1:99, P ¼ 0:039, d:f: ¼ 9)

(Table 3). The relative soil/leaf hydraulic conductance

was not significantly different between healthy and

dieback-affected koa at either of the two sites.

3.4. Phyllode growth patterns

Phyllode area was significantly greater in healthy

koa than in dieback-affected koa at all sites. Phyllode

area ranged from 15.94 to 25.68 cm2 for healthy koa,

and from 8.23 to 17.22 cm2 in dieback-affected koa

(Table 4). Phyllode mass followed a similar trend,

with healthy koa LM being significantly higher than

Table 2

Percent soil moisture and pH measurements of healthy and dieback-affected A. koa stands on Mauna Loa. P-values are given for each stand;

values in parentheses are 1 S.E., n ¼ 10 for each mean

Weather Station Six Tanks Three Stones

Healthy Dieback P-value Healthy Dieback P-value Healthy Dieback P-value

% soil moisture 38.50 (3.30) 50.50 (3.20) 0.017 30.45 (1.70) 58.00 (2.80) �0.001 50.60 (3.30) 76.82 (2.60) �0.001

pH 6.07 (0.13) 5.52 (0.08) 0.003 6.06 (0.04) 5.11 (0.15) �0.001 5.46 (0.130) 4.17 (0.150) �0.001

Fig. 3. Mean stomatal conductance of healthy and dieback-

affected A. koa at both study areas in July 1999, n ¼ 16 per hour.

Asterisks denote significant differences at P < 0:05; error bars

indicate 	1 S.E.
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dieback-affected trees at all sites. Phyllode mass

ranged from 0.691 to 1.043 g for healthy koa, and

from 0.227 to 0.445 g in dieback-affected koa

(Table 4). Concordantly, the LMA was also signifi-

cantly higher in healthy koa at all sites (Table 4).

3.5. Pathogenicity testing

Fusarium was recovered from all branch and root

tissue examined. When plated on PDA, these isolates

identical morphologically and exhibited a deep purple

pigment in culture similar to seedling isolates of F.

oxysporum f. sp. koae reported by Gardner (1980). All

isolates of F. oxysporum f. sp. koae tested were

pathogenic in the greenhouse seedling trials. The first

symptoms of disease on koa seedlings were sudden

wilting and dropping of lower leaves. Early symptoms

rapidly developed into severe wilt and death 3–5 days

later. The period of time between inoculation and

initial symptoms was variable, ranging from 3 days to

6 weeks. Approximately, 1 week following death,

external development of F. oxysporum f. sp. koae

mycelium was often evident on the stems of severely

wilted seedlings (Fig. 4). Single-spore subcultures of

external mycelium and plating of all diseased tissue on

PDA yielded isolates of F. oxysporum f. sp. koae

morphologically indistinguishable from those used for

inoculation, thereby satisfying Koch’s postulates for

all isolates.

The average disease severity of inoculated plants

was significantly higher than that of control plants for

all isolates of F. oxysporum f. sp. koae tested (Table 5).

Some control plants became diseased during the

experiment possibly due to infection by seed borne F.

oxysporum f. sp. koae. There were no significant

differences in the average disease severity of inocu-

lated plants among branch and root isolates (t ¼ 0:50,

P ¼ 0:65, d:f: ¼ 6). The virulence, as measured by the

number of seedlings killed, ranged from 40 to 60 and

30–60% for branch and root isolates, respectively

(Fig. 5). Some differences in the progression of

disease among branch and root isolates were also

apparent (Fig. 5). At the 2-week evaluation, 15% of

plants inoculated with branch isolates had died,

Table 3

Water potential measurements for healthy and dieback-affected A. koa at the Weather Station and Six Tanks sites. Values in parentheses are 1

S.E., n ¼ 10 for each mean

Predawn

(MPa)

Mid-day

uncovered (MPa)

Mid-day

covered (MPa)

Mid-day

uncovered–covered (MPa)

Weather Station

Healthy 0.38 (0.057) 1.82 (0.080)* 0.90 (0.050)* 0.92 (0.038)*

Dieback 0.30 (0.017) 1.34 (0.016) 0.67 (0.034) 0.66 (0.032)

Six Tanks

Healthy 0.29 (0.033) 1.74 (0.100)* 0.92 (0.026)* 0.82 (0.077)*

Dieback 0.27 (0.022) 1.28 (0.020) 0.62 (0.003) 0.66 (0.017)

* Significant differences ðP � 0:05Þ.

Table 4

Phyllode area (LA), phyllode mass (LM), and phyllode mass to area (LMA) measurements for healthy and dieback-affected A. koa at each site.

Values in parentheses are 1 S.E., n ¼ 5 for each mean

Weather Station Six Tanks Three Stones

Healthy Dieback Healthy Dieback Healthy Dieback

LA (cm2) 25.68 (0.720) 17.22** (0.600) 19.80 (0.980) 8.23** (0.600) 15.94 (1.300) 9.83* (1.600)

LM (g) 1.043 (0.041) 0.445** (0.011) 0.831 (0.035) 0.227** (0.014) 0.691 (0.047) 0.266** (0.038)

LMA (g cm�2) 0.041 (0.001) 0.026** (0.001) 0.043 (0.000) 0.034* (0.003) 0.046 (0.001) 0.029** (0.002)

* Significant differences at P � 0:05.
** Significant differences at P � 0:001.
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whereas 7.5% of the plants inoculated with root

isolates had died. At the final disease evaluation, the

percentage of treated plants that had died increased to

50% for branch isolates and 40% for root isolates.

Overall, there were no significant differences in the

frequency of dead A. koa seedlings inoculated with

branch and root isolates of F. oxysporum f. sp. koae

(w2 ¼ 0:707, P ¼ 0:872, d:f: ¼ 3). The mean relative

growth rate of koa seedlings surviving inoculation was

not significantly different among branch and root

isolates. However, the mean relative growth rate of

control plants averaged higher than surviving inocu-

lated plants for most isolates.

3.6. Field inoculation

In contrast to greenhouse results, severe disease

symptoms were not observed in field inoculations of

koa saplings with the isolate tested at either of the two

sites after 8 months. None of the inoculated or control

trees exhibited wilt symptoms characteristic of affected

koa in dieback stands. Removal of duff and soil at the

end of the study revealed that both inoculated and

control plants had produced new secondary roots near

the wounding site following inoculation.

4. Discussion

The dieback of koa is in some ways similar to forest

dieback reported for other tree species on other Pacific

Fig. 4. A. koa seedlings infected by the vascular wilt fungus F.

oxysporum f. sp. koae. Note the presence of external mycelium on

the stem (arrows).

Table 5

Disease severity of A. koa plants grown in greenhouse pathogeni-

city tests of branch and root isolates of F. oxysporum f. sp. koae

Isolate Disease severitya

Inoculated Control

S402 1.06 0.15

S407 0.36 0.00

S408 0.51 0.10

S515 0.70 0.00

Branch mean 0.66 a 0.06 b

R431 0.38 0.05

R530 0.73 0.05

R534 0.50 0.25

R540 0.68 0.05

Root mean 0.57 a 0.10 b

a Average disease ratings of A. koa plants at 2, 4, 6, and 8 weeks

after inoculation with F. oxysporum f. sp. koae. Disease was rated

on a scale of 0–2, where 0: no symptoms, 1: wilt symptoms, and 2:

death. Numbers in columns or rows followed by the same letter are

not significantly different according to Student’s t-test at P < 0:05.

Fig. 5. Progression of wilt disease in A. koa seedlings caused by

branch and root isolates of F. oxysporum f. sp. koae.
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islands (see review in Itow and Mueller-Dombois,

1988), and some continental areas (Sprugel and

Bormann, 1981; Hennon et al., 1990). The vegetation

of these forests is characterized by low canopy species

diversity, and is usually dominated by one or a few

pioneering species. The pioneering habit of these

species often results in even-aged cohort stands that

age, mature, and senesce synchronously (Akashi and

Mueller-Dombois, 1995). However, koa does not form

even-aged cohort stands like those reported in dieback

of other tree species. Koa is similar to these species

in its pioneering habit, but differs in reproducing

predominantly by suckers in the study region. This

results in the formation of circular to oval clonal

stands with individual stems decreasing in height

towards the outer edge of the stand. These stands have

diameters of up to 200 m, with one or more centrally

located ‘‘mother’’ trees. Because of the asexual

reproductive strategy of this species, and considering

the ‘‘cohort senescence’’ theory put forth by Mueller-

Dombois (1986, 1987), one might expect a large-scale

dieback following the death of the central mother tree.

Contrary to this theory, some koa stands were

observed with mother trees that had been dead for

5–10 years, yet no further dieback of the koa stand had

occurred. Although the individual stems of the clone

are initially interconnected, mature stems develop two

or more secondary roots and are thus able to absorb

nutrients and water in the absence of the mother tree.

The new stems may be integrated ramets during the

initial formation of the stand, later turning into

isolated ramets as the stand ages (Harper, 1977).

The stand structure observed in this study revealed that

trees with a DBH larger than 3 cm were more affected

by the dieback than smaller trees at the Weather

Station and Six Tanks sites. However, when the

smallest size class is removed from the analysis; there

are no significant differences in dieback among the

larger size classes at these sites. A similar situation

occurs in the Three Stones site, in which there are no

significant differences in dieback in any of the size

classes. This is in contrast to the even-aged ‘‘cohort

senescence’’ dieback reported by Mueller-Dombois

(1987). One might expect the youngest suckers to have

a lower infection rate if only healthy roots sprout

suckers, and subsequent infection of these suckers

takes time. The fact that the dieback affects all size

classes of trees nearly equal and spreads in a radial

fashion, suggests the involvement of a disease

organism (Manion, 1981). This is also consistent with

the disease hypothesis as the possible cause for koa

dieback put forth by Anderson and Gardner (1998).

Although dieback stands had greater soil moisture

and lower pH, the influence of soil moisture and soil

pH on the occurrence of koa dieback could not be

determined in this study. In general, the occurrence

and severity of wilt caused by F. oxysporum is highest

under conditions of ample moisture availability for

growth of the host (Cook, 1981). This combination of

a ubiquitous soil fungus and high soil moisture

observed in this study may have predisposed these

koa stands to dieback (Houston, 1992). Alternatively,

higher soil moisture in the dieback stands may have

been due to the overall decreased transpiration from

the reduced canopy. Although differences in the soil

pH of dieback stands and neighboring healthy stands

exist, pH does not seem to be a determining factor in

koa dieback. In studies of wilt and dieback of other

woody legumes caused by F. oxysporum, such as

mimosa (Albizia julibrissin Durazz.), and of congeners

of koa (e.g., babul (A. arabica Willd.) and khair (A.

catechu (L.f.) Willd.), this fungus was reported to be

parasitic in both acid and alkaline soils (Bagchee, 1945;

Tainter and Baker, 1996). The small decreases in pH

that were associated with dieback stands could have

been related to increases in organic acids associated

with decomposing koa roots (Silver and Vogt, 1993).

Values of LA, LM, and LMA were all significantly

lower in dieback-affected koa than in healthy koa,

consistent with the hypothesis that dieback-affected

trees were affected by a vascular wilt fungus. These

results could be associated with the presence of

occluded vessels in the xylem, which would result in

lower water and nutrients availability for phyllode

production in dieback-affected koa. The reduced gs of

dieback-affected koa also decreases total carbon

assimilation, contributing to a positive feedback loop

whereby the trees are ultimately unable to maintain

adequate foliage for the entire crown due to decreasing

photosynthetic production.

In wilt diseases, wilting is generally accepted as

being a result of increases in the resistance of water

flow in infected plants (Beckman, 1987). In studies of

tomato wilt caused by F. oxysporum f. sp. lycopersici

(Sacc.) W.C. Snyder and H.N. Hans. Dimond and

Waggoner (1953) demonstrated that infected plants
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lose more water than they gain over a period of time,

despite eventual reductions in transpiration mediated

by stomatal closure. They point out that the water

shortage does not result from the inability of the roots

to absorb water. The shortage results from an

increasing resistance to the flow of water in the

vascular system as the infection progresses. The

increased resistance to water flow is caused by a

combination of structures of host and pathogen origin

(e.g., tyloses, walling-off, and spore production) that

act as a physical impediment in the xylem vessels. As

the infection progresses gs is reduced, the stomata of

infected plants eventually close permanently; then the

leaves wilt and die (Beckman, 1987; Duniway and

Slatyer, 1971). This was the premise behind our

investigation of the stomatal response of dieback-

affected koa. If dieback-affected trees were infected

by the vascular wilt fungus F. oxysporum f. sp. koae, gs

was predicted to be lower than that of healthy trees due

to the intrinsic defense mechanisms of the host to

reduce water loss. The mean gs of dieback-affected

koa and the ratio of dieback to healthy koa were both

significantly lower than that of healthy koa at both

sites. These results further support the disease

hypothesis involving koa and the vascular wilt fungus

F. oxysporum f. sp. koae described earlier.

The CL and gs values obtained from epicormic

shoots in this study do not directly support the

hypothesis of a dysfunction in the water relations of

dieback-affected koa resulting from vascular occlu-

sion. Because the foliage produced on epicormic

shoots of dieback-affected koa did not yet have wilt

symptoms, CL and gs was expected to be similar to

that of healthy koa since both types of trees have

similar available soil water within each dieback stand.

The CL measurements reflected the different stresses

experienced by healthy (i.e., increased gs and lower

CL) and dieback-affected trees (i.e., decreased gs and

higher CL). In addition, the CL values of dieback-

affected koa are consistent with the above-mentioned

idea of a partially infected tree. The reduced gs values

of dieback-affected koa in this study are most likely

correlated with the higher CL observed in these plants.

The reduced gs of dieback-affected koa observed in

this study is also typical of plants infected by F.

oxysporum, with stomata gradually closing prior to the

onset of wilting symptoms (Beckman, 1987). How-

ever, the cause of the reduced gs in dieback-affected

trees is unclear because the relative hydraulic con-

ductance is similar and their CL is less negative. The

relative soil/leaf hydraulic conductance was not

significantly different between healthy and dieback-

affected koa. As the infection progresses, this

conductance would be expected to decrease in

dieback-affected plants as water flow to the branches

and leaves becomes more limiting and CL becomes

more negative.

A possible scenario occurring in dieback-affected

koa is that after crown dieback, infected trees initially

have an adequate water supply in the lower portions of

the trunk to support the vigorous production of

epicormic shoots. As the infection progresses, the gs

of epicormic shoots is continually reduced despite

higherCL values, indicating the onset of wilt symptoms

in otherwise healthy looking foliage. Further work is

needed to determine if the flow of water from the lower

portions of the trunk up to the branches and leaves of

infected trees is being impeded. This could be done by

injecting dieback-affected trees with dyes and obser-

ving sap flow up the tree to determine the proportion of

occluded xylem tissue, and by taking direct measure-

ments of hydraulic resistance in branch sections from

below affected portions of symptomatic trees.

In many of the dieback-affected trees the entire

crown is symptomatic; in others, only a portion of the

upper crown is affected, leaving the lower remaining

portions healthy. When the canopy is completely

defoliated, affected trees often produce many epicor-

mic shoots at or near breast height. The production of

epicormic shoots in dieback-affected koa closely

resembles the symptoms of mukwa (Pterocarpus

angolensis DC) wilt caused by F. oxysporum (Piearce,

1979). The fact that some dieback-affected koa are

able to produce initially healthy epicormic shoots

suggests that only a portion of the vascular system is

disrupted. This pattern of affliction within the tree is

consistent with a hadromycotic (or vascular wilt)

fungal infection, initially occurring on one side of the

trunk and progressing laterally via pit pores in the

vessels of the xylem tissue (Hall and MacHardy,

1981; Phipps and Stipes, 1976). Although histological

examinations of the xylem tissue of dieback-affected

koa were not part of this study, this explanation most

likely describes the conditions under which these trees

are able to produce epicormic shoots that are physio-

logically similar in function to healthy koa shoots.
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F. oxysporum f. sp. koae was the only fungus

consistently isolated in pure culture from surface-

sterilized branch and root tissue of koa exhibiting

wilt symptoms. Koch’s postulates were satisfied for

all isolates tested in greenhouse inoculations. Both

branch and root isolates were pathogenic to koa;

however, there was no significant difference in disease

severity between the two types of isolates. Therefore,

future research focusing on pathogenic differences of

branch and root isolates is unnecessary because these

isolates are essentially identical with respect to

morphology and pathogenicity. Typically, Fusarium

wilt diseases are virulent to all developmental stages

of the host, from seedlings to mature trees (Nelson

et al., 1983) and are most important under conditions

of ample moisture availability for the growth of the

host (Cook, 1981). Although no infection was

recorded in the field, the greenhouse data demonstrate

that F. oxysporum f. sp. koae is pathogenic to koa

under conditions favorable for infection and disease

development. Perhaps certain edaphic factors of

healthy koa stands limit the infection potential of

this fungus. Environmental factors such as tempera-

ture fluctuations, water availability, soil type, and

interactions with other soil organisms may have

influenced the activity and survival of the inoculum

used in the field inoculations. Additionally, the

incubation time prior to symptom onset in larger

trees is not known. Therefore, a clear relationship

between the time of inoculation and disease expres-

sion as observed in greenhouse grown seedlings might

not be expected in established trees. The lack of

disease expression in field inoculations together with

the finding that pathogenic isolates can be obtained

from roots of healthy trees identifies a need for further

studies to elucidate what environmental factors may

interact with F. oxysporum f. sp. koae to limit disease

expression in the field.

F. oxysporum f. sp. koae appears to play an important

role in regulating koa stand dynamics, growth, and

physiology under environmental and edaphic condi-

tions favorable for disease development. The sympto-

matology of diseased koa in dieback stands is strikingly

similar to that reported by others investigating wilt

and dieback of other leguminous trees caused by

F. oxysporum (King and Lim, 1999; Sanderson et al.,

1996; Ciesla and Donaubauer, 1994; Piearce, 1979;

Bagchee, 1945; Toole, 1941). In addition to having a

close association with the roots and rhizosphere of

koa (Anderson and Gardner, 1998; Stoner et al., 1975),

F. oxysporum f. sp. koae has also been described as a

pathogen of koa seedlings (Gardner, 1980). The close

parallels with wilt and dieback of other leguminous

trees caused by F. oxysporum elsewhere, coupled with

its consistent isolation from branches of symptomatic

trees in the field suggest that this fungus is the causal

agent of koa dieback.

From the data gathered here, clearly longer-term

studies are required to understand the complex

interactions involved in the predisposition of koa

trees to forest dieback. Future research should focus

on how soil moisture and periodic drought influences

the interaction between koa and F. oxysporum f. sp.

koae. Further work is required to establish the

conditions required to cause disease in the field.

Particularly, the influence of drought on Fusarium

infection of koa should be investigated. In studies of

coca (Erythroxylum coca Lam.) wilt caused by F.

oxysporum f. sp. erythroxyli, wilt symptoms were

more pronounced after a period of drought (Sands

et al., 1997). Outplanting koa saplings into dieback

stands under different watering regimes could deter-

mine the effect of moisture on this pathosystem.

Alternative methods of field inoculation should also be

investigated; perhaps transplanting koa into dieback

stands would be a better method of evaluating

pathogenicity in the field. Additionally, the effects

of fungicide treatments on the pathogenicity and

virulence of Fusarium isolates could also be inves-

tigated with this approach.

This study represents a snapshot in time of the

structure, growth, and physiological functioning of

koa in dieback areas. At the stand level, F. oxysporum

f. sp. koae has reduced the size and number of the

dominant canopy tree, such that long-term changes in

the relative diversity of the whole community may

occur in the aftermath of koa dieback (see Burdon,

1991). Canopy defoliation and fallen dead snags in

dieback stands allow higher light levels to reach the

forest floor and create large gaps in the canopy,

possibly aiding the establishment of alien species

following dieback. Colonization of dieback stands by

alien species such as Rubus argutus Link, Ehrharta

stipoides Labill., and Hedychium gardnerianum

Ker-Gawl. is evident in some severely affected dieback

stands, and may be proportional to the amount of
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mortality within each stand. This is in contrast to the

recruitment of native species such as Metrosideros

polymorpha Gaud., D. viscosa, and Carex wahuensis

C.A. Mey. observed in canopy gaps created by fallen

dead mother trees in koa stands unaffected by dieback

(R. Anderson, unpubl. data). Therefore, resource

managers should continue to investigate the ecology

of dieback stands, focusing on changes in stand

structure and the recruitment of native and alien

species following dieback. For plantation koa, a short

and long term control strategy should be implemented.

Plantation managers should implement the following

short term control measures: (1) remove and burn

diseased trees, (2) fumigate the soil surrounding

diseased trees with fungicide, and if economically

feasible, (3) inject surviving trees with a systemic

fungicide. This will destroy nearby sources of inocu-

lum, slow down the growth of the fungus in the soil, and

prevent secondary infections as the pool of inoculum

is reduced below epidemic thresholds. Long term

control of this disease will require the screening of

koa provenances collected from all the islands, and

selection for resistance to F. oxysporum f. sp. koae.
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