
ONf\l~SITY OF HAWAII LIBRARY

CHANGES IN GROWTH AND SURVIVAL BY THREE CO-OCCURRING GRASS
SPECIES IN RESPONSE TO MYCORRHIZAE, FIRE, AND DROUGHT

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE
UNIVERSITY OF HAWAI'I IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN

BOTANICAL SCIENCES (BOTANY - ECOLOGY, EVOLUTION, AND
CONSERVATION BIOLOGY)

MAY 2003

By

Melinda M Wilkinson

Dissertation Committee

Curtis C. Daehler, Chairperson
Kent Bridges

Gerald D. Carr
Leonard A. Freed

Everett A. Wingert



ACKNOWLEDGEMENTS

I would like to thank my dissertation committee members Curt Daehler, Kim

Bridges, Gerald D. Carr, Leonard A. Freed, and Everett A. Wingert for their guidance. I

also thank my lab, especially Debbie Carino, Erin Goergen, Rhonda Loh, Elizabeth

Stampe, and Shahin Ansari for their assistance and discussions. John Szatlocky, Dr.

Mitiku Habte, Dr. Andrew Taylor, James Mar and Alison Ainsworth provided valuable

assistance and support.

I would also like to thank the Ecology, Evolution, and Conservation Biology

(EECB) program for financial support and assistance.

iii



ABSTRACT

The goal of this study was to evaluate the effect of controlled burns, drought and

the presence ofarbuscular mycorrhizal fungi (AMF) on a dry coastal grassland in

Hawai'i Volcanoes National Park. Two introduced African grasses, Hyparrhenia rufa

thatching grass, and Melinis repens - Natal redtop, along with one indigenous grass

Heteropogon contortus - pili grass composed most of the cover at the study sites. The

response of the grasses to fire, AMF infection potential ofthe soil, and in situ seedling

AMF infection were monitored in the field for three years from 1997 to 2000 at Keauhou,

Ka'aha, and Kealakomo in Hawai'i Volcanoes National Park. A greenhouse experiment

compared the competitive ability of the three grasses with or without AMP inoculation or

water stress. The population dynamics of the three grasses were modeled based on their

responses to fire, AMF infection, competition and water. At low fire intensities

Heteropogon and Hyparrhenia had similar high survival rates while Melinis had a low

survival rate. At higher fire intensities all species had low survival rates. The fire

decreased the AMF infection potential of the soil at Kaaha, but in situ seedlings AMF

infection levels remained high and not statically between the burned and unburned Kaaha

sites. In the greenhouse portion of this study Heteropogon biomass increased in response

to AMF infection while the other two species did not respond positively to infection.

These results suggest that AM fungi increase the growth ofthe native species, thereby

decreasing the impact of competition from two co-occurring alien grasses. When

population dynamics were modeled to include the effects offire, drought and AMF,

Melinis and Hyparrhenia produced more biomass in the simulations than the native grass
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Heteropogon. Drought and AMF decreased the difference in biomass production between

the species but did not reverse the competitive ranking of the species.
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CHAPTER 1

LITERATURE SURVEY AND DISSERTATION PROPOSAL

Literature survey

Human-facilitated biological invasions have led to a decline in native species and

homogenization ofthe Earth's biota (Coblentz 1990, Vitousek 1990). In the Hawaiian

Islands, at least 4600 plants have been introduced and 86 are considered threats to native

plant communities (Smith 1985, Wagner et at. 1990). Invasive grasses in particular have

the potential to alter the vegetation over large areas (D'Antonio and Vitousek 1992). In

addition to reducing native species diversity, invasive alien grasses may also alter the fire

cycle and ecosystem functions such as nutrient cycling (Vitousek 1990).

In many places, including Hawai'i, introduced species are currently the greatest

challenge to preserving native communities (Smith 1985). Grasses introduced with

ranching or other forms ofdisturbance can sometimes maintain their dominance in the

community over native woody vegetation. Their alteration of the native vegetation is

often irreversible (Coblentz 1990). By altering the structure of the communities they

invade, alien plants may push local endemic species to extinction.

Alien African grasses now dominate dry, lowland areas of the Hawaiian Islands

that were formerly dominated by indigenous pili grass (Heteropogon contortus (L.) P.

Beauv. ex Roem. & Schult.). Recent surveys have concluded that Heteropogon has

disappeared over most of its range and is now found only in isolated populations (Wagner

et al. 1990, Daehler and Carino 1998). Several other native species that were formerly
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minor components of these dry grasslands have disappeared completely in areas now

dominated by alien grasses (Daehler and Carino 1998).

The coastal lowlands of Hawai'i Volcanoes National Park (HVNP) are an ideal

place for examining community dynamics because of their edaphic and climatic

heterogeneity and low species diversity. The heterogeneity consists ofmicrohabitat

variation within sites, pockets of soil and exposed ridges, and an east to west rainfall

gradient. The vegetation is composed ofa simplified community with three dominant

species ofbunch grass. Other plants present make up a small proportion of the cover and

include species of woody legumes, low-growing sedges, and stoloniferous grasses.

Invasive alien grasses found in the coastal lowlands ofHVNP have increased their

distribution since 1954 as indicated by a vegetation survey based on aerial maps

(Mueller-Dombois 1980). The degree to which the invaders are limited by dispersal,

competition or the abiotic environment is unknown. Continued spread of the invaders

could mean more frequent, hotter fires (Hughes et al. 1991). In these dry coastal

grasslands, studies of interactions between native and alien grass species, their dispersal

abilities, response to disturbance, soil types, water availability and fire are needed to

predict the future community composition, and to suggest management strategies for

reducing populations of the most noxious alien plants.

Prior to European contact, the coastal lowlands ofHVNP were sparsely inhabited

by Polynesians and may have been used for dry-land agriculture. Periodic burning may

have maintained the Heteropogon grassland around settlements. Since the area is in a

zone ofvolcanic activity, fire started by lava flows may have been common. In historic

times the land was a part of the Shipman Ranch and was subject to grazing. This is
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probably when the alien grasses were introduced. The area has not been regularly grazed

since goats were eliminated in the early 1970's. The vegetation is currently a grassland

dominated by introduced species and Heteropogon with scattered introduced woody sub

shrubs. The HVNP site was chosen because there are two species of alien grass that are

invading the area and because it has some of the largest remaining populations of

Heteropogon grassland left in the islands.

Resource managers for three other National Parks on the leeward side ofHawai'i

are also interested in pili grassland restoration. Kalolo-Honokohau National Historic

Park, Pu'uhonau 0 Honaunau National Historic Park, and Pu'ukohola Heiau National

Historic Site aU face the similar dilemma ofhaving only remnant native flora in a near

monoculture ofintroduced grass. Management strategies developed at HVNP will

probably be implemented at these sites as well.

The goal of this research is to determine the factors affecting the population

abundances ofthe dominant species in a coastal grassland. The species include two alien

African grasses, Hyparrhenia rufa (Nees) Staph, and Melinis repens (Willd.) Zizka and a

native grass Heteropogon contortus. Factors thought to affect their growth and survival

include fire frequency, soil availability, water availability, arbuscular mycorrhizal fungi

(AMP) infection, and dispersal ability. The influence of these factors on establishment,

survival and the relative competitive abilities of each grass species are assessed with field

and greenhouse studies. The results are summarized with a model of the population

dynamics ofthe three grass species under varying environmental conditions.

The study involves two sites, Keauhou and Ka'aha. Both are located in the dry

coastal grassland ofHVNP. Within each site, parks staffbumed a portion of the area.
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The burn site at Keauhou is Pili Kipuka. This is a kipuka, or vegetated area

approximately 3 ha in size that is surrounded by barren lava. The unburned control area is

approximately 1 km east at Keauhou meadow. The burn site at Ka'aha is similar in size

but is not a continuous grassland. It is a series of smaller vegetated areas, divided by

ridges ofbarren pahoehoe lava. These kipukas were chosen based on their isolation that

prevents the spread offire. Pili Kipuka was burned March II, 1998. It was a high

intensity flauking fire that moved perpendicular to the prevailing wind. Mica chips

placed between 0.25 and 0.5 cm beneath the soil before the fire indicated temperatures of

150-300 C were reached during the burn. The Ka'aha site was burned on September 22,

1999. This was a high intensity head fire.

The entire coastal grassland is a plain that ranges in elevation from 0 m to 320 m.

The area receives less than 1000 mm rain per year; most of this falls during the period

beginning in October and ending in February (Mueller-Dombois 1980). Rainfall

decreases from west to east in the study area. The soils are shallow and formed by ash

deposits over Pahoehoe lava flows that are between 3000 and 5000 years old. The soil

that has developed on these flows tends to be in pockets between ridges in the flows. The

older flows tend to support vegetation. They are overlain in some areas by uncolonized

25-100 year old flows (USDA 1955). The grasses are predominately confined to the soil

pockets but scattered individuals, especially ofMelinis repens (Willd.) Zizka, are found

growing in cracks in the lava.

The effect of fire on species cover has been measured at both naturally occurring

and human induced fires in HVNP but no clear predictions could be made (Tunison et al.

1994). Furthermore, the relative response to water stress and preferences for
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microhabitat are not known. A more detailed study ofmature plants, the seed bank, and

seedlings that survive burning may allow formulation of a model with the potential to

predict the effects of fire on community composition.

Before Europeans arrived in Hawai'i, Heteropogon grasslands may have included

occasional shrubs and woody perennials such as Dodonaea viscosa Jacq., Sesbania

tomentosa Hook. & Amott, Sidafalax Walp., and Waltheria indica L (Mueller-Dombois

and Fosberg 1974). In a soil survey published in 1955, it was noted that "in wet months

makes many places look like fields of sown grain" (USDA 1955). Heteropogon would

have grown with annual native Panicum spp. that are now missing (USDA 1955). Even

this community may have been anthropogenic. Polynesian settlers changed much ofthe

dry, lowland areas of the islands through the practice of swidden agriculture and

controlled bums that were intended to enhance Heteropogon grasslands as a resource

(Stone and Scott 1984, Macdonald and Frame 1988). The new growth ofHeteropogon

was prized for thatching because all of the stems grow upright, so the entire bunch can be

harvested and utilized as thatch. Land managers would like to encourage growth of

Heteropogon as a cultural resource around archaeological sites, as a native species, and

because it may provide less fuel for fires than the alien African grasses.

Alien African grasses form extensive monocultures on the leeward sides of the

main Hawaiian Islands (Carino 1999). Fires and invasion by grasses initiate a shift away

from native woody vegetation to a grassland dominated by alien species (Hughes and

Vitousek 1993). These grasses may prevent seedling establishment through litter

accumulation, or unfavorably altering the soil chemistry, water, nutrient, and fire cycles,
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all of which decrease the presence of native woody plants (Vitousek 1990, Hughes et aI.

1991).

The introduced grasses at Keauhou and Ka'aha are mainly Melinis repens, and

Hyparrhenia rufa (Nees) Stapf. All of the study species are native to Africa, including

Heteropogon contortus (Smith 1985). All three occur in South Africa and possibly other

countries (Meredith 1955). However, several African Heteropogon chromosome numbers

have been reported. These values are 2N = 40, 50, 60, 70 , and 80 chromosomes. Only

2N = 40 chromosomes have been reported for Hawaiian populations (Tothill and Hacker

1976). Variation in ploidy level is assumed to be one mechanism for allowing local

adaptation (Carino and Daehler 1999). Hyparrhenia rufa and Melinis repens were first

recorded in Hawaii after 1900.

While most introduced species do not alter the ecosystem processes of the areas

they invade, Hawai'i is currently experiencing the impact of a small percentage of aliens

that have the capability to significantly alter the communities they invade (Smith 1985,

Simberloff 1988). Even in the absence of substantial human disturbance these introduced

grasses are spreading (Mueller-Dombois 1981). Invasive species can cause extinction of

native species in short amounts of time (D'Antonio and Vitousek 1992). Because the long

term study of species of invasive alien plants without early efforts to control them would

only serve to document the extinctions they cause, an integration ofexperimental

management with ecological studies of invasive species has been advocated by

conservation biologists (Coblentz 1990).

Hyparrhenia rufa, Melinis repens and Heteropogon contortus form a novel

community in HVNP where experimental management ofHyparrhenia and MeIinis is
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taking place. Since these species do not occur together anywhere else in the Hawaiian

Islands, the equilibrium composition of this community is not known. Several ecological

observations have been made about the behavior of the three grasses in Africa where they

may have coevolved. Hyparrhenia spp. and Heteropogon tend to occur in areas receiving

45 to 70 cm of rain per year (Food and Agriculture Organization of the United Nations

1960). In Africa Hyparrhenia will remain the dominant cover if the grasslands are burned

every three years (Food and Agriculture Organization ofthe United Nations 1960).

Heteropogon contortus is a codominant with Hyparrhenia unless grazing is suppressed

which allows to Hyparrhenia spp. to displace Heteropogon completely (Food and

Agriculture Organization of the United Nations 1960). Melinis repens is characterized as

an annual or biennial that is restricted to disturbed sites. In Africa Melinis was listed as

attaining its highest cover on fine and sandy soils (Food and Agriculture Organization of

the United Nations 1960).

Prior to the 1970's feral goats may have had a strong influence on community

structure in the coastal lowlands ofHVNP. Two exclosures were established before the

removal of the goats to determine the effect of the grazing on the vegetation structure

(Mueller-Dombois and Spatz 1975). The Puu Kaone exclosure is near the Ka'aha site.

The change in vegetation can be summarized by a replacement of predominantly dense

growing, perennial, stoloniferous grasses by taller-growing caespitose grasses with an

associated woody legume Indigofera suffruticosa Mill. Both Melinis and Hyparrhenia

were recorded by Mueller-Dombois as part of the dominant group of grasses.

Hyparrhenia rufa increased over the course of the five-year study from less than 1% to
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27%. Both Melinis repens and M. multiflora increased rapidly from less than I% to over

20% within the first year of the study (Mueller-Dombois and Spatz 1975).

According to the inhibition model, invading plants will remain as part of the

community they invade by reducing the recruitment of other species under their canopy

while maintaining their own recruitment (Connell and Slayter 1977). In this case,

controlling sources of disturbance that allowed alien plants to establish in the community

will not affect their ability to remain. Historically, land managers have attempted to

maintain the 'natural condition' of communities by enclosing them and attempting to

eliminate disturbance. This management technique has not been effective in maintaining

native species in some areas experiencing invasion (Smith 1985).

Based on aerial photographs taken in 1954 the vegetation of Pili Kipuka was

classified as Eragrostis tene/la (L.) P. Beauv. Ex Roem & Schult. grassland with barren

lava outcroppings (Mueller-Dombois and Fosberg 1974). Keauhou meadow was

classified as mixed lowland scrub composed of introduced species with Eragrostis

tene/la, Bulbostylis capillaris (L.) C. B.Clarke and Heteropogon contortus (Mueller

Dombois and Fosberg 1974). Ka'aha is near the boundary ofa rockland that was

dominated by Eragrostis tene/la and Heteropogon and an area that was described as

Andropogon grassland (including A. virginicus and A. glomeratus) with native shrubs

such as Dodonaea viscosa, introduced shrubs like Pluchea symphytifolia, and abundant

Melinis multiflora patches. Remapping efforts based on 1977 air photos noted several

changes (Mueller-Dombois and Spatz 1975). In particular Eragrostis tene/la and

Heteropogon contortus grasslands were replaced by Melinis repens or M. minutiflora

grassland.
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Hawai'i Volcanoes National Park staff have examined the effect ofnaturally

occurring fires on the species composition of the coastal grasslands (Tunison et al. 1994).

The results were mixed; following fire Hyparrhenia tended to increase, and the change in

cover ofHeteropogon and Melinis varied according to the site (Tunison et al. 1994). It

was concluded that Heteropogon increased enough to encourage further research on

using fire as a management technique for maintaining Heteropogon grasslands.

In Hawai'i, Melinis repens competes most effectively on porous soils that remain

near field capacity (Gay 1967). Melinis repens also responded to drought by dropping

leaves and rapidly growing new ones as water became available. The loss of leaves by

Melinis may result in slower growth after water becomes available as compared to

species that maintain their leaves during drought. Therefore, this grass may only appear

as a dominant species in years when water is relatively abundant.

Seedling survival may depend on infection by arbuscular mycorrhizal fungi. The

availability of infection propagules following a disturbance such as fire is influenced by

the fire intensity and depth at which AMF occur, along with the rate at which propagules

arrive from neighboring areas (Veenendaal et al. 1992). The soil depth where AMF

growth is concentrated varies with the species of plant and the characteristics of the soil

(Allen 1991). In herbaceous plants it is assumed that the greatest activity ofAMF is

within 20 em of the surface. Roots and AMF near the soil surface may be strongly

affected by fire (Allen 1991). AMF colonization potential of soil samples decreases with

increasing maximum soil temperature following fire (Klopatek et al. 1988). Some

species of AMF may be more strongly affected by fire than others (Anderson and Menges

1997). The species ofAMF at HVNP and their fire tolerance are not known. The
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reliance of the grasses on the AMF present at the site is not known, but seedlings of all

three species were found to be colonized (M. Wilkinson, personal observation). Fire may

influence which plant species recover by limiting the availability of AMF propagules for

seedlings. Changes in frequency ofmycorrhizal infection may in turn affect competitive

interactions and community structure.

The interaction of fire with rainfall and other site differences as well as the

response of the study species to AMF infection could provide useful background for the

decisions that the natural resource managers at HVNP must make regarding the coastal

grasslands. The following section outlines the hypotheses used to meet the research

objectives followed by brief descriptions of the methods employed.

Dissertation proposal

The goal of this research is to detennine the factors affecting the population

abundances of the dominant species in a coastal grassland. The work is summarized in

the following four objectives and their associated hypotheses:

Objective 1. To detennine the influence of arbuscular mycorrhizal fungi (AMF) and

drought on the growth and competitive interactions among Heteropogon, Melinis. and

Hyparrhenia;

Hypothesis I. I. There is no difference in the response of the three grass species to

AMF infection.

The effect ofAMF infection on the interaction between species tends to be

observed when non-mycotrophic species are grown with AMF dependent species

(Hartnett and Wilson 1999). Grass species are facultatively mycotrophic to AMF
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dependent and are rarely non-mycorrhizal. Because hyphae were observed in of

all ofthe grass species studied, no difference in response to infection was

expected.

Hypothesis 1.2. Heteropogon growth decreases more than the other grass species

when planted with an interspecific competitor.

Heteropogon has declined and alien grass species have increased through

out the Hawaiian islands (Daehler and Carino 1998). Because this shift in species

has occurred without active efforts to suppress the native grass it is expected that

physiological factors are responsible and will be evidenced by relative growth and

survival rates of the species (Williams 1992).

Hypothesis 1.3. Melinis has the largest decrease in growth when exposed to

drought.

Although Melinis has a wide distribution in the coastal grasslands studied

it is fast growing and dies back in response to drought. This species declined

when grown with bunch forming, more drought tolerant species (Gay 1967).

Water availability was expected to limit the growth of this species more than for

bunch forming Heteropogon and Hyparrhenia.

Objective 2. To identity the most significant factors affecting population abundances of

Heteropogon contortus, Melinis repens, and Hyparrhenia rufa;

Hypothesis 2.1. Heteropogon has higher survival following fire than the

introduced grass species.

After observing cover changes following accidental and naturally

occurring fires in HVNP, natural resource managers concluded that Heteropogon
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increased enough relative to other species to justify using fire as a mauagement

tool for this species (Tunison et aI. 1994).

Hypothesis 2.2. The patchy distribution of the species at the field sites is reflected

by the distribution of species in the seedbank.

The grass species at the two study sites tend to occur in relatively

monotypic patches. Since Melinis and Hyparrhenia have relatively recently

increased in abundance it was assumed that these patches may represent

colonization events instead of responses to local environmental variation (Peart

1989).

Objective 3. To determine the effects of fire on AMF and seedling recruitment in

Heteropogon, Melinis, aud Hyparrhenia;

Hypothesis 3.1. Fire decreases the colonization potential by AMF in the soil.

Although soil is a relatively good insulator, hyphae are abundaut at the

soil surface where they are subject to damage by heating during a fire (Vilarino

aud Arines 1991). Following fire, the reduced number of hosts, higher surface

temperatures due to increased exposure, aud chauges in soil water potential may

further reduce the number of surviving AMF propagules (Bond aud vauWilgen

1996).

Hypothesis 3.2. The abundauce oflarge seeded species increases in burned areas

compared to unburned areas following fire.

Large seeded species, primarily legumes, which occur at the study sites

may be more resistaut to fire due to a thicker seed coat that resists scorching, aud

contain more resources that would allow a more deeply buried seed to germinate
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and reach the soils surface than a smaller seeded species (Bond and vanWilgen

1996).

Hypothesis 3.3. AMF propagule availability is similar under all three grass

specIes.

The three focal study species are all grasses that contain hyphae in their

roots at the study site. Based on this observation, it was assumed that all three

species are mycorrhizal (Allen 1991). If all of the species are mycorrhizal then

propagules should be available in the form ofa hyphal network or spores under

the canopy of all three species.

Objective 4. To identify the most effective management strategy for maintaining

Heteropogon grasslands by modeling the effects of fire and environmental heterogeneity

on the community composition.

Hypothesis 4.1. Increases in Heteropogon biomass are correlated with short (2-5

year) fire cycles.

Based on observations of high Heteropogon survival and rapid flowering

following fire, a short fire cycle was expected to allow this species to increase

while suppressing biomass accumulation by the alien grass species (Tunison et aI.

1994, Orr et aI. 1997).

Methods

A mycorrhizal inoculum was prepared for use in greenhouse studies by mixing 10

parts of sterile basaltic sand to 1 part field collected soil containing root fragments. Field

soil was collected from beneath Hyparrhenia. Heteropogon, and Melinis at two grassland

sites in HVNP (Pili Kipuka and Ka'alta). A control inoculum was prepared by adding
13



autoclaved field soil to the sand along with 200 ml ofa soil filtrate wash. This exposed

seedlings in the non-mycorrhizal treatment to similar microorganisms as the mycorrhizal

treatment. Bermuda grass (Cynodon dactylon (L.) Pers.) was sown into both the

mycorrhizal inoculum and control inoculum preparations and grown in trays for four

months to generate bulk inocula for the experiment. Mycorrhizal status of the Bermuda

grass was confirmed by collecting samples of the roots from each tray and treating with

trypan blue which stained any fungal structures present (Koske and Gemma 1989). Once

the AMF infection status ofeach inoculum was confirmed, the trays were allowed to dry

and the sand/root mixture was pulverized until the root fragments were uniformly

chopped up and distributed through out the mix then stored dry for 4 weeks until used.

Intraspecific and interspecific pairs ofHeteropogon, Hyparrhenia, and Melinis

seedlings were grown in a naturally lit greenhouse. Each pair of seedlings was grown,

with or without AMF under high or low water treatments, in a factorial design. A total of

360 pots with ten replicates per treatment combination were arranged randomly on the

greenhouse benches. The distribution of the treatments is as follows:

14



Infected with AMF Not infected with AMF

No water stress 10 Melinis 10 Melinis
10 Hyparrhenia 10 Hyparrhenia
10 Heteropogon 10 Heteropogon
20 Melinis x Hyparrhenia 20 Melinis x Hyparrhenia
20 Melinis x Heteropogon 20 Melinis x Heteropogon
20 Hyparrhenia x 20 Hyparrhenia x
Heteropogon Heteropogon
10 Melinis x Hyparrhinia x 10 Melinis x Hyparrhinia x
Heteropogon Heteropogon

Water stress 10 Melinis 10 Melinis
10 Hyparrhenia 10 Hyparrhenia
10 Heteropogon 10 Heteropogon
20 Melinis x Hyparrhenia 20 Melinis x Hyparrhenia
20 Melinis x Heteropogon 20 Melinis x Heteropogon
20 Hyparrhenia x 20 Hyparrhenia x
Heteropogon Heteropogon
10 Melinis x Hyparrhinia x 10 Melinis x Hyparrhinia x
Heteropogon Heteropogon

AMF was added to each pot by replacing 1/11 th of the potting medium with the

appropriate inoculum and mixing thoroughly. The drought treatment was initiated after

two weeks. The high water treatment was watered to field capacity twice per week and

the drought treatment was watered only when the plants began to show signs of water

stress, on average about once per week. In addition to the regular watering, all pots

received 100 ml of a reduced phosphorous Hoagland's solution (phosphorous < 10 ppm)

once per week. This phosphorus concentration is comparable to that used in other studies

ofmycorrhizal effects using a sterile, artificial soil mixture and may also reflect a

realistic level ofphosphorus experienced by the study species growing on the young

coastal soils ofHVNP (Koide and Li 1990, Habte and Manjunath 1991, Raich et al.
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1996). The height, number ofleaves, and number of flowering spikes (if present) were

recorded six times between April and August 2000.

Aboveground biomass, belowground biomass (of intraspecific pairs) and the

below ground to aboveground biomass ratios were log transformed for normality prior to

analysis. Aboveground biomass was analyzed with a general linear model (GLM) for the

effects and interaction of species, species of competitor, mycorrhizal infection status, and

drought treatment (MINITAB 1998). All post hoc tests were Tukey comparisons with a

pooled confidence level of 95%. Belowground biomass analysis was limited to the effects

and interactions of species, mycorrhizal infection status, and drought treatment. The

height measurements were transformed to growth rates in cmIcm/day and compared

between species and treatments using a separate GLM for each sampling date. The

number ofleaves produced was compared over time and the final number ofleaves was

compared with a GLM. The number ofinflorescences was recorded at each sampling date

and the final number of inflorescences per species was tabulated by treatment

combination.

A second, concurrent experiment was established consisting of ten replicates of

all three species planted together in one pot with or without mycorrhizae, under

droughted or well-watered conditions. This experiment provided an alternate way of

determining competitive rank among the grasses. The relative aboveground biomass of

the three species was compared to the relative aboveground biomass of the three species

in the paired competition experiment.

Three coastal grassland sites, Keauhou, Ka'aha, and Kealakomo, within HVNP

were burned between 1998 and 2000. Survival of mature individuals of each grass
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species was estimated for one year following the bums and compared to survival at

nearby control sites, where available. Approximately forty individuals of each species in

burned areas and approximately twenty individuals in unburned areas were marked with

an iron nail placed on the soil surface pointing to the base of the individual. Marked

individuals were at least one meter apart along randomly placed north-south transects at

each site These individuals were measured before the burn and monitored for survival

and growth one year following the burn. Survival was compared between species and

sites using contingency table analysis.

Aboveground biomass for each species was harvested as a measure of recovery

from burning. Biomass was harvested from thirty randomly placed 0.25 m2 plots at

Keauhou and Ka'aha in both burned and unburned areas. These plots were stratified so

that ten plots each were located within areas of predominantly Hyparrhenia,

Heteropogon or Melinis repens cover. Biomass was sampled before each burn and one

year following the burn at Ka'aha. Keauhou was sampled for one additional year for a

total of two years ofpost burn collections. Biomass was separated by species as well as

live and dead components, then dried to a constant mass (at 42°C) and weighed. Pre

burn collections at Keauhou consisted of the live biomass of the dominant species only.

Differences in live biomass, total biomass, and the ratio between non-grass biomass to

total biomass were compared between Hyparrhenia, Heteropogon, and Melinis repens

cover types, within burn and control areas at both sites before and after each bum using

separate ANOVAs for each site and bum or control area to avoid pseudoreplication. Total

biomass for each cover type was compared pre-bum and post-burn within burned and

control areas at Ka'aha and Keauhou with two sample t-tests adjusted with a Bonferoni
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correction for the 6 tests per site. The ratio of grass biomass to the biomass of all other

species was used as a measure ofhow fire affected the abundance of non-grasses.

Recruitment and cover were monitored in thirty permanent 1 x 1 meter quadrats at

Keauhou and Ka'aha. Sampling was conducted in May following the growing season for

each year previous to and following the burn date. An estimate ofpercent cover of each

species along with bare ground and litter was recorded at each sampling date. All of the

individual plants in a quadrat were counted. Population growth ofthe dominant grass was

determined by counting the number of additional plants found in the quadrat compared to

the number found the previous year. Paired t-tests were used to compare plots over time.

The affinity ofHeteropogon, Melinis repens, and Hyparrhenia for either soil

pockets or rock outcroppings was determined by recording the substrate type at 100

randomly chosen locations. These 100 points were chosen regardless of cover type or

presence of vegetation cover. An additional 40 individuals of each species that were at

least one meter apart on randomly placed transects at Keauhou were selected and the

substrate under each individual was recorded. The proportion of colonized substrate of

each type was compared to the proportion of each species occurring on either rock or soil

substrate using a Chi-squared test.

To determine if the patchy distribution of the species was caused by limited seed

dispersal, the soil seed bank was examined. At Ka'aha fifteen randomly located 200-cc

soil samples from the top 2 cm of soil in each of the burned and unburned areas were

collected before and approximately every six weeks after the bum for one year, from

patches dominated by each of the three grasses. Soil samples were spread on shallow

trays and watered for two months. All seedlings were identified to species and counted.
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Analysis was completed with a GLM for differences in seedling numbers using cover

type, bum status, and date following bum as factors. At Keauhou six randomly located

200 cc soil samples from the top 2 cm ofsoil were collected in the bumed and unburned

areas one year following the burn. These samples were sifted with sieves decreasing in

mesh size from 4 to 0.5 mID. The collected seeds were counted and subsequently

subjected to a germination test on 1.5% water agar in order to estimate viability. This

method provides a constant favorable moisture environment for germination and allows

for close observation of the germinating seeds. This procedure has been shown to be

effective for both Heteropogon and other bunch grasses (Goergen 2000).

Seed production for Hyparrhenia, Heteropogon, and Melinis repens were

estimated to determine the potential contribution of each species to the seed pool. All of

the inflorescences from 10 randomly selected mature individuals of each species were

harvested and counted at the end of the winter rains in 1998. The number of viable seeds

produced per inflorescence was estimated as follows. For each species, 100 spikelets

were weighed; all of the spikelets from each plant were weighed in order to estimate the

total number of seeds produced. Melinis repens occasionally produced more than one

seed per spikelet however, it seemed unlikely that both would germinate and survive as

one was typically larger than the other so it was assumed that each species produced one

viable seed per spikelet. The number of viable seeds was then estimated by recording

germination rates from a subset of 10 spikelets each from 10 different plants when placed

on water agar for 3 weeks. This estimate ofpercent viability was then multiplied by the

estimate of total number of spikelets per plant to obtain estimates of total seed production

per plant. The average number ofplants per m2 at Keauhou was multiplied by the average
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seed production per plant to estimate the number ofviable seeds produced per m2 for

each species.

To determine ifthe fire affected the AMF infection potential ofthe surface soils,

soil samples were collected once before the fire and on seven sampling dates every 6 to 8

weeks for one year following the fire, at both the burned and unburned sites. The

dominant grass species closest to the core was recorded for the samples collected in the

unburned area. This was not done for the burn area since the fire completely removed

most aboveground cover. An ANOVA was used to determine if AMF infection potential

differed among soil sampled around the three dominant grass species (MINITAB 1998).

On each sampling date a homogenized 100 ml sub-sample of soil was removed from

three of the cores from each site (the remaining 12 cores were not used), transferred to

250 ml conical pots, 7.5 cm deep, and screened within 2 weeks of collection for AMF

infection potential using five Bermuda grass seedlings. The stained roots from each soil

sample were screened for percent root length AMF colonization using the grid intercept

method to sample 50 points once per sample (Giovannetti and Mosse 1980). The percent

root length infected was used as an estimate for the infection potential ofthe soil sample.

Samples were compared between the burned and unburned sites using a fixed factor

ANOVA, treating sampling date as a repeated measure. The variance of the mean

infection levels for each date was compared between burned and unburned areas using a

paired t-test to test if fire increased the patchiness ofAMF infection potential (MINITAB

1998).

Whenever soil samples were collected, 50 naturally recruiting vascular plant

species were also sampled from variable length, randomly placed transects at both the
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burned and unburned sites. This collection method was used both to estimate AMF

colonization for roots ofrecruiting individuals and to compare the composition of the

seedling pool in the burned and unburned areas. A multidimensional scaling analysis was

used to compare the composition of the seedling communities in the burned and

unburned areas. These seedlings were carefully dug up, most of the adhering soil was

removed and they were transported as fresh material back to the lab to assay for AMF

infection. The above ground height of each seedling was measured, clipped off and

discarded. Within five days of collection, the remaining root portions of the seedlings

were preserved in 50% ethanol. Preserved roots were stained with Trypan blue to

visualize AMF colonization (Koske and Gemma 1989). The stained roots for each

species were pooled for each collection date. These pooled roots were sampled at 50

points using the grid intercept method to estimate percent root length infected. The roots

were stirred and re-sampled for a total ofthree estimates per collection to improve the

precision of this estimate. Not all species were encountered in the samples at each site at

all dates. Infection levels were compared between the five most common species and

burn status over time using a repeated measures ANOVA (SYSTAT 1998).

A non-spatial model that combines data collected in the field and in a greenhouse

study on the dominant grass species of the coastal lowlands ofHVNP was designed to

use the short term observations to make longer term predictions on how fire, AMF

infection and drought affect the relative dominance of the grasses in the community. The

growth response of the grasses to adequate and low water conditions along with their

response to the presence or absence of AMF propagules, and their survival following fire,

were each determined empirically and incorporated into this model. The model was
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compiled with Stella 5.0 (Stella 1997). It simulates average changes in biomass per meter

squared over time using discrete annual time steps that approximate the single peak in

recruitment and growth observed at the study site each year.

Ka'aha had higher average biomass than Keauhou although there was no

statistically significant difference (P < 0.05) in the measured amount ofbiomass per

meter squared for plots located in mono-cultures of the three study species. There was a

significant interaction between species and site that indicated that at least Heteropogon

produced more biomass at Ka'aha. The total potential biomass ofeach of these species at

the coastal study sites was assumed to be the same. The maximum potential biomass per

m2 allowed per plot for drought and non-drought conditions was taken directly from the

average values measured at Keauhou- the low water site (200 g1m2
) and at Ka'aha - the

higher water site (300 glm2
). Density dependent growth due to competition was

incOlporated by making the each species' growth rate proportional to the amount of

biomass already present. The maximum growth rate occurred when no biomass was

present, and growth rate slowed to zero when the maximum biomass (200 or 300 g1m2)

was attained. In the model that included interspecific competition, the growth rate of each

species was proportional to the sum ofthe biomass already present for all three species.

The relative dependence of each focal species on AMF was quantified using an

index previously developed to quantify a species response to mycorrhizal infection

(Plenchette et al. 1983). This index was calculated as 1 minus the ratio of the biomass of

uninfected plants to AMF infected plants, as determined from the greenhouse

experiments. An index value of zero indicates no AMF dependency, while a positive

value indicates positive dependency and a negative value indicates that AMF reduces
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plant growth. An analogous index of water dependency was calculated I minus the ratio

ofbiomass of well-watered plants to plants exposed to drought. While the index values

for mycorrhizal dependency and water dependency of individual species seem to vary

with the other growth factors such as level ofphosphorous provided and competition,

these indices, averaged across greenhouse competition treatments, can provide an

estimate ofeach species' overall response to AMF infection and drought. While this

index is usually used to compare the response ofplants that are experiencing AMF

infection to plants that are not infected, its use to measure water dependence is somewhat

different. This use involves comparing the response of the focal species at two points in a

potential continuum of resource availability. It is possible that the dependence index

could change dramatically in magnitude or sign if the response of the plants to two

different levels of the same resource were chosen. In this case however, the levels of

water availability were carefully chosen to realistically represent field conditions with

adequate water and drought conditions respectively

The amount ofbiomass attained per species at each new time step was calculated

by taking the biomass left from the previous time step, subtracting biomass mortality, and

then adding the new growth as determined by the species' growth rate. The growth rates

in the presence of AMF and drought were estimated from the amount of new biomass

growth by each species per year after the bum at Keanhou. Post-fire surveys offield

collected seedlings at Ka'aha indicated that fire did not limit AMF infection levels in the

field. Since Keauhou was the dryer of the two sites, and the first year following the fire

was also a drought year, the site was assumed to fall into the model conditions ofAMP

present and drought present. Growth rates under increased water or lack ofAMF were
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estimated by proportionaIIy adjusting the field growth rates at Keauhou, based on each

species response to a lack ofAMF or increased water in the greenhouse experiment. For

example, in the greenhouse under drought conditions, Heteropogon grew nearly 10 times

slower without AMF, relative to with AMF; therefore, for the model, Heteropogon's

growth rate without AMF, in the presence of drought, was estimated as 10% of its growth

rate in the field at Keahou where the conditions were drought, with mycorrhizae. A set of

logic statements determined the appropriate growth rates per year based on the

environmental conditions selected.

The mortality rate for each species in the absence of fire was estimated from the

observed mortality of adult plants in the unburned areas at Keauhou when the model

conditions were "drought" or from the mortality rates measured in unburned areas at

Ka'aha (wetter site) for the non-drought condition. In years foIIowing a fire, mortality

was based on the mortality rates ofmarked adult plants from Keauhou after fire. The

mortality rates represent the reduction in growth potential in the foIIowing year due to

whole plant mortality. It does not include natural senescence ofmost live biomass as the

dry season approaches, nor does it include loss of this above ground tissue due to fire

among surviving plants. This is because the annual senescence of above ground biomass

and loss of above ground biomass due to fire do not represent changes in community

composition; the surviving plants grow back each year from rhizomes.

Mortality rates at the Keauhou unburned area were higher than those measured at

Ka'aha. The mortality values for the Ka'aha burned were not used as these represented

more intense fire conditions. Varying levels offrre intensity were not included in this

model.
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The following four chapters present the results of the research done to meet the

four objectives:

I. To determine the influence of arbuscular mycorrhizal fungi (AMF) and drought

on the growth and competitive interactions among Heteropogon, Melinis, and

Hyparrhenia;

2. To identitY the most significant factors affecting population abundances of

Heteropogon contortus, Melinis repens, and Hyparrhenia rufa;

3. To determine the effects of fire on AMF and seedling recruitment in

Heteropogon, Melinis, and Hyparrhenia;

4. To identitY the most effective management strategy for maintaining Heteropogon

grasslands by modeling the effects of fire and environmental heterogeneity on the

community composition.
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CHAPTER 2

MYCORRHIZAE ENHANCE THE COMPETITIVE ABILITY OF A NATIVE BUNCHGRASS

ABSTRACT

Mycorrhizae can potentially alter the competitive interactions between invasive

and native plants. In this study, the effects ofarbuscular mycorrhizal fungi (AMF) on

competition were evaluated for two invasive bunchgrasses (Hyparrhenia rufa and Melinis

repens) and an indigenous bunchgrass (Heteropogon contortus) that co-occur in an arid

Hawaiian grassland. Inter-specific or intra-specific seedling pairs were planted together

in pots in a greenhouse with or without AMF inoculation. A water treatment (drought vs

well-watered) was also applied to test for environmental dependence of AMF and

competitive effects. Plants were monitored for growth over one season. Then,

aboveground and belowground biomass were harvested and weighed at the end of the

season. Under interspecific competition, biomass ofHeteropogon increased 8.5 times in

the presence of AMF relative to the plants grown without AMF. Root biomass did not

respond directly to mycorrhizal status. The aboveground to belowground biomass ratio

was highest in the mycorrhizal treatments for all species. Leaf numbers in mycorrhizal

treatments were higher for Heteropogon but not for the invasive species. Heteropogon

grew an average of27 cm taller when infected with AMF in both the drought and well

watered treatments while the alien species did not differ within the drought treatment but

were an average of 19 cm shorter in the well-watered mycorrhizal treatment relative to

the well-watered non-mycorrhizal treatment. These results suggest that AMF
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differentially increase the growth ofthe native species, thereby decreasing the impact of

competition from two co-occurring alien grasses.

Keywords: arbuscular mycorrhizal fungi, community composition, grasslands, alien

plants,mycorrhizae

INTRODUCTION

Attempts to identify processes or conditions that facilitate biological invasions are

often frustrated by the diversity of factors that influence the spread and establishment of

alien species. Environmental factors that enhance the success of invasive terrestrial plant

species are disturbance (Stone and Scott 1984, Burke and Grime 1996), fire (Hughes et

al. 1991, D'Antonio and Vitousek 1992), and increased nutrient availability (Tilman

1993) and the presence of mutualists. For example, arbuscular mycorrhizal fungi (AMF)

may differentially influence the growth and success ofboth the alien and native species

they infect. Specific mechanisms by which AMF affect plant growth include increased

nutrient uptake and increased drought tolerance in some species, and reduced growth due

to the loss of carbon to the fungal symbiont (Lewis 1973, Allen and Allen 1986,

McNaughton and Oesterheld 1990, Anderson and Liberta 1992).

The effect ofmycorrhizae on competitive ability will depend on the response of

the individual species to AMF colonization and the species of AMF available (van der

Heijden et al. 1998). Hartnett and Wilson (1999) summarized two general competition

responses to infection with AMF. Non-mycotrophic species will have a competitive

advantage over AMF dependent species in an environment with reduced AMF
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colonization. Conversely AMP dependent species will have increased competitive ability

over non-mycotrophic species when AMP colonization is high (Hartnett and Wilson

1999). However, previous attempts to determine the effect of mycorrhizae on competition

between native and alien species have shown that this generalization may not be useful

because few species are truly non-mycotrophic, and there may be unexpected interactions

between AMP and plant competition. In a study ofthe competition between an invasive

thistle and a native grass, Marler et al. (I 999) noted that mycorrhizal infection had weak

direct effects on the growth of each species but strong effects on competitive interaction

between the species. This interaction ultimately benefited the invasive species (Marler et

al. 1999).

Another factor that may influence the response of species to AMP infection is the

composition of the AMP community. Most soils contain mixtures of AMP species

(Walker et aI. 1982, Johnson et al. 1991). While these species may not be host specific

they may vary in their effect on their plant hosts (van der Heijden et al. 1998). This could

result in differential responses of mycorrhizal plants to infection when introduced to an

area with a different set of AMP species.

In the Hawaiian Islands, invasive alien grasses have come to dominate many

natural areas (Parsons 1972, Hughes et aI. 1991, D'Antonio and Vitousek 1992, Daehler

and Carino 1998). Approximately 50% of Hawaiian ecosystems have been converted to

pastures or have been extensively invaded by alien grasses (Juvik and Juvik 1998).

Previous work has indicated that grasses usually respond to mycorrhizal infection (Grime

et al. 1987, McNaughton and Oesterheld 1990, Allen 1991, van der Heijden et al. 1998,

Hartnett and Wilson 1999); therefore, the success ofinvasive grasses in competition with
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native species may be affected by the presence or absence ofmycorrhizae. Although most

soils are expected to contain abundant AMF propagules, it is possible that AMF

propagules may be limited in areas that have experienced extensive soil erosion, in areas

with very young substrates (e.g. recent lava flows), or in areas that experience fires that

kill AMF propagules in the soil. Under these conditions, plant establishment and growth

could be non-mycorrhizal, resulting in different competitive dynamics than when AMF

infection is prevalent.

This research explores the effects ofmycorrhizae on the growth of competing

native and alien grasses that co-occur in an arid coastal grassland within Hawai'i

Volcanoes National Park. The natural substrate of this grassland consists of relatively

young lava (3000-5000 years old) overlain by thin (0-100+ em, wind-eroded soils with

high ash content. The dominant grasses are Hyparrhenia rufa (Nees) Staph and/or

Melinis repens Willd. co-occurring with an indigenous bunchgrass, Heteropogon

contortus (L.) P. Beauv. ex Roem. & Schult. The National Park Service has begun a

series of experimental burns in these coastal grasslands to detennine if the effects of fire

can increase the cover ofHeteropogon (Tunison et al. 1994). Following a high intensity

fire, recovery may be heavily dependent on recruitment from the seed banlc Fire has been

shown to reduce AMF infection potential (Allen 1991), and because mycorrhizae can

affect plant drought tolerance and potentially survival, this study focuses on the effects of

mycorrhizal infection and drought on competitive interactions among seedlings of the

three dominant grass species in this habitat.
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METHODS

Study species

Heteropogon contortus is an indigenous bunchgrass in the Hawaiian Islands that

may have benefited from anthropogenic fires in the coastal low lands where it was

historically found. Although Heteropogon has a pan-tropical distribution, recent surveys

have concluded that it has disappeared over most ofits range former range in Hawai'i

and is now found only in isolated populations (Wagner et al. 1990, Daehler and Carino

1998). Melinis repens and Hyparrhenia rufa are alien perennial bunchgrasses that were

initially recorded in Hawai'i after 1900. Both were probably introduced from Africa as

pasture grasses. Preliminary surveys from 1997-1998 in Hawai'i Volcanoes National

Park (HVNP) found heavy AMF colonization in 50 separate root collections of all three

dominant grasses (M. Wilkinson, unpublished data).

Inoculum preparation

A mycorrhizal inoculum was prepared for use in greenhouse studies testing the

effects of AMF on growth and competitive ability among the three grasses. The

mycorrhizal inoculum was prepared by mixing 10 parts of sterile basaltic sand to I part

field collected soil containing root fragments. Field soil was collected from beneath

Hyparrhenia, Heteropogon, and Melinis at two grassland sites in HVNP (Pili Kipuka and

Ka'aha). A control inoculum was prepared by adding autoclaved field soil to the sand

along with 200 ml of a soil filtrate wash. This wash was prepared by filtering a slurry of

field soil through a Whatman #1 filter to remove AMF propagules but not other soil

microorganisms (Johnson 1993). The addition of this slurry allowed all treatments

exposure to similar levels ofpotentially pathogenic bacteria and viruses. Bermuda grass
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(Cynodon dactylon (1.) Pers.) was sown into both the mycorrhizal inoculum and control

inoculum preparations and grown in trays for four months to generate bulk inocula for the

experiment. Mycorrhizal status of the Benuuda grass was confinued by collecting

samples of the roots from each tray and treating with trypan blue which stained any

fungal structures present (Koske and Gemma 1989). Once the AMF infection status of

each inoculum was continued, the trays were allowed to dry and the sand/root mixture

was pulverized until the root fragments were uniformly chopped up and distributed

through out the mix then stored dry for 4 weeks until used.

Experimental design

Intraspecific and interspecific pairs ofHeteropogon, Hyparrhenia, and Melinis

seedlings were grown in a naturally lit greenhouse without supplemental lighting at the

University of Hawai'i at Manoa (temperature range 19 - 39 QC). Each pair of seedlings

was grown, with or without AMF under high or low water treatments, in a factorial

design. A total of 360 pots with ten replicates per treatment combination were arranged

randomly on the greenhouse benches.

Seeds of all species were germinated on a sterile 1.5 % agar solution and

seedlings were transferred to pots measuring 12.5 em in diameter and 12 cm deep after

the cotyledon had fully expanded. All planting took place within a 6 day period

beginning on April I, 2000. Pots were filled with a sterile 1:2 volume to volume mixture

of vermiculite and lava cinders. The AMF inoculum or the control inoculum without

AMF was added to each pot by replacing 1/11th of the potting medium with the

appropriate inoculum and mixing thoroughly.
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During the first two weeks of the experiment, unsuccessful transplants were

replaced with additional seedlings. All pots were watered daily for two weeks to help the

transplanted seedlings become established. After two weeks, the high water treatment

was watered to field capacity twice per week and the low water treatment was watered

only when the plants began to show signs ofwater stress, on average about once per

week. In addition to the regnlar watering, all pots received 100 mt of a reduced

phosphorous Hoagland's solution (phosphorous < 10 ppm) once per week. This

phosphorus concentration is comparable to that used in other studies ofmycorrhizal

effects using a sterile, artificial soil mixture and may also reflect a realistic level of

phosphorus experienced by the study species growing on the young coastal soils of

HVNP (Koide and Li 1990, Habte and Manjunath 1991, Raich et al. 1996). The height,

number ofleaves, and number of flowering spikes (if present) were recorded six times

between April and August 2000.

At the end of the experiment, 1.5 em diameter soil cores were taken from 20

randomly selected pots from the mycorrhizal and non-mycorrhizal treatments. All of the

root material from the core was washed and stained with Trypan blue to confirm the

infection status of the treatments (Koske and Gemma 1989). All of the root material

recovered from these cores was sampled using the grid intercept method to get an average

measure of root colonization for each treatment (Giovannetti and Mosse 1980). For all

pots, aboveground biomass was harvested and all belowground biomass was collected for

the intraspecific competition treatments. Aboveground biomass was sorted into

vegetative and reproductive material and oven dried separately to a constant mass at

SOT. Belowground biomass was collected by washing and drying all ofthe roots from
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the intraspecific competition pots. Individual root systems were not separated and root

biomass was not collected for the interspecific pairs, as it was impossible to reliably

separate the roots of individual plants.

Mycorrhizal dependency can be measured as the ratio ofuninoculated dry

biomass to AMF inoculated dry biomass subtracted from one (Plenchette et al. 1983).

Scores greater than zero indicate an increase in biomass for infected plants. For each

grass species, mycorrhizal dependency was determined for each competition and water

treatment.

Aboveground biomass, belowground biomass (of intraspecific pairs) and the

below ground to aboveground biomass ratios were log transformed for normality prior to

analysis. Aboveground biomass was analyzed with a general linear model (GLM) for the

effects and interaction of species, species of competitor, mycorrhizal infection status, and

drought treatment (MINITAB 1998). All post hoc tests were Tukey comparisons with a

pooled confidence level of95%. Belowground biomass analysis was limited to the effects

and interactions of species, mycorrhizal infection status, and drought treatment. The

height measurements were transformed to growth rates in cm/cm/day and compared

between species and treatments using a separate GLM for each sampling date. The

number ofleaves produced was compared over time and the final number ofleaves was

compared with a GLM. The number of inflorescences was recorded at each sampling date

and the final number of inflorescences per species was tabulated by treatment

combination.

A second, concurrent experiment was established consisting of ten replicates of

all three species planted together in one pot with or without mycorrhizae, under
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droughted or well-watered conditions. This experiment provided an alternate way of

determining competitive rank among the grasses. The relative aboveground biomass of

the three species was compared to the relative aboveground biomass of the three species

in the paired competition experiment.

RESULTS

Root colonization

The root samples from the mycorrhizal treatment were all heavily infected with

abundant intracellular hyphae and vesicles (n = 20, mean colonization = 74% of total root

length) while the cores from the control treatment showed evidence of sparse intercellular

hyphae in some ofthe cores (n = 20, mean colonization = 8% of total root length) but no

vesicles. It was not possible to determine whether the sparse hyphae observed in the

control treatment were AMF or parasitic/ saprophytic fungi that were growing in the soil.

Treatment effects on biomass production

Aboveground biomass varied with species, drought treatment, mycorrhizal

infection, and the species of competitor, and significant interactions were observed

among these variables (Figure 1, Table I). On average Melinis produced approximately

twice as much aboveground biomass as Hyparrhenia and Heteropogon (Table 2,

Appendix A) and was the strongest competitor based on its higher ratio of average

interspecific aboveground biomass to intraspecific biomass in each treatment (Appendix

B). Hyparrhenia was the only species that showed a significant decrease in growth in the

drought treatment (P = 0.001) while Heteropogon was the only species to show a

significant response to mycorrhizal infection (P = 0.001) - averaging 500% more
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aboveground biomass when infected. This increase jumped to 850% when only the

interspecific competition treatment was considered.

When paired with a conspecific competitor Heteropogon produced more

aboveground biomass than when paired with interspecific competitors. Hyparrhenia and

Melinis produced more aboveground biomass when interspecifically paired with

Heteropogon than when grown with a conspecific competitor or with each other in

interspecific combinations. The significant interaction among the focal species, the

competitor species, and mycorrhizal treatment was due to competitive interactions

between Heteropogon and the other two species being affected by the presence of

mycorrhizae. Relative aboveground biomass of each species in the three way competition

experiment showed a pattern similar to the paired experiment for all treatment

combinations except the non-mycorrhizal well watered treatment where both

Hyparrhenia and Melinis had higher biomass than expected based on the paired

experiment (Figure 2). Among the three grasses, mycorrhizal dependency was highest for

Heteropogon in both the drought and well-watered treatments (Table 3). The values for

mycOlThizal dependency varied with the species-competitor pair but were generally low

to negative for the alien grasses. The mean values for mycorrhizal dependency were

Hyparrhenia = 0.02, Heteropogon = 0.86, and Melinis = -0.02.

Be1owground biomass varied significantly based on the species and drought

treatment, and the interactions between AMF and species along with the interaction

between AMF and drought were significant (Table 4, Appendix A). Post hoc tests of the

interaction between species, mycorrhizal and drought treatments indicated that this

significant interaction was due to Heteropogon producing more belowground biomass in
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the mycorrhizal and drought treatment combination than expected (P < 0.001). For all

species, average root biomass was highest in the non-mycorrhizal and well-watered

combination although there was no significant difference (P > 0.05) between these

treatments (Appendix A). The aboveground to below ground biomass ratio was

significantly different between species, mycorrhizal and drought treatments, and these

factors interacted significantly (Table 5, Appendix A). Heteropogon and Melinis had a

significantly larger aboveground to below ground biomass ratio in the non-mycorrhizal

treatment (P =0.001).

Growth and morphology

Melinis generally had the fastest height growth rate of the three species at all

measurement intervals (Figure 3). Melinis also produced the largest number ofleaves

later in the experiment but was not as prolific as either Hyparrhenia or Heteropogon in

the first two weeks of growth (Figure 4). AMF affected leafproduction for both

Heteropogon and Melinis. Mycorrhizal Heteropogon produced an average of24 (198%)

more leaves in the well-watered treatment and 39 (449%) more leaves in the drought

treatment than uninoculated plants (Figure 5, Table 6). In contrast, in the well-watered

treatment Melinis responded by producing an average of 18 (126%) more leaves when

uninfected. Response ofplant height to AMF and drought strongly depended on species

(Table 7). Mycorrhizal Heteropogon was an average of 27 cm taller than in the

uninoculated treatments. Hyparrhenia and Melinis only responded to AMF in the well

watered treatments where their average heights were reduced by 25 cm and 14 cm

respectively. Response to drought varied by species. Melinis averaged 23 cm taller in the

well-watered treatment for both the mycorrhizal and control treatments. Hyparrhenia was

41



an average of 40 cm taller in the well-watered treatment for the uninoculated treatment

only and Heteropogon height did not respond to the drought treatment. Both Melinis and

Heteropogon flowered during the experiment. Melinis began flowering before

Heteropogon and by June 14th (10 weeks of age) there were a total of7 Melinis

inflorescences on four individuals in the in the non-mycorrhizal, well-watered treatment

and one Melinis inflorescence in the mycorrhizal, well-watered treatment. Neither

Hyparrhenia nor Heteropogon had flowered by the June 14th sampling date. By the

August 24th (20 weeks) sampling both Heteropogon and Melinis were flowering. For both

species, the drought treatment reduced the number of inflorescences, while mycorrhizal

infection seemed to reduce the number of inflorescences in the well-watered treatment,

although no statistical test was possible due to the small number ofplants that flowered

(Table 8).

DISCUSSION

Hartnett and Wilson (1999) proposed that mycorrhizae affect plant competition by

giving mycorrhizal species a growth advantage over ,competing facultatively mycorrhizal

species. The ability of AMF to alter the relative competitive abilities of species was also

found in microcosm studies where the subordinate herbaceous species Scabioso

columbaria, Hieracium pilosella and Plantago lanceolata gained a competitive

advantage over the weakly mycotrophic dominant grass Festuca ovina (Grime et al.

1987). In the current study, Heteropogon benefited more from AMF infection than

Melinis and Hyparrhenia. Although infection did not change the competitive rank of

Heteropogon, it did greatly improve Heteropogon's growth in the presence of
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interspecific competition. All field collections of mature individuals of these species were

infected with AMF (M. Wilkinson, unpublished data). Heteropogon's strong positive

response to AMF infection may reduce its competitive ability in disturbed areas such as

washes and new ash deposits, until an AMF community is established. At undisturbed

sites where AMF propagules are likely to occur, Heteropogon's response to infection may

be one of the factors that has allowed it to persist in the alien dominated ecosystem.

Response to drought varied between species and depended on infection status.

Mycorrhizae increased the biomass ofHeteropogon in the drought treatment while

Hyparrhenia showed a strong decrease in aboveground biomass that was not ameliorated

by mycorrhizal infection. Melinis consistently produced the most biomass regardless of

mycorrhizal status. The effect ofmycorrhizal infection on drought tolerance varies with

species (Allen and Allen 1986). Two general mechanisms have been suggested to explain

the effect ofAMF on the water status of their hosts. The first is that AMF improve water

relations by increasing the effective root surface area of the host, increasing hydraulic

conductivity or by altering the balance ofplant hormones leading to reduced stomatal

resistance (Hetrick et al. 1987). The second proposed mechanism is that AMF increase

the available phosphorus to the plant, which improves the ability of the plant to regulate

its water balance (Allen and Boosalis 1983). In HNVP, all three species produce more

biomass per m2 at sites that receive higher annual precipitation (Wilkinson, unpublished

data). The Ka'aha study site receives 174% more rain than Keauhou and supports 105%

more live Hyparrhenia biomass, 239% for Melinis and 134% for Heteropogon. This is in

contrast to the greenhouse study where well-watered aboveground biomass was 316% of

the drought treated weight for Hyparrhenia, Melinis increased to 159% ofthe drought
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biomass and well-watered Heteropogon biomass was 119% more than the drought

treatment. The larger than expected response ofMelinis to rainfall and the smaller

response ofHyparrhenia to water at the field sites may be attributable to additional

differences between the sites such as colonization history, fire history and soil depth. The

lack of a Melinis monoculture in the HNVP study sites may be due to its higher mortality

following fire and during drought (Wilkinson, Chapter 3). Melinis generally experiences

higher rates of mortality than either Heteropogon or Hyparrhenia which may lead to its

eventual replacement unless disturbance opens gaps in the canopy ofthe longer-lived

species (Gay 1967, Gross and Werner 1982).

AMF infection substantially increased the height and leaf production of

Heteropogon. Increased leafnumber was positively related to stem elongation and an

increase in the number of tillers produced. Since the number of inflorescences produced

is highly correlated with the number of tillers in field collected plants, this growth pattern

associated with AMF infection may eventually increase the reproductive potential of

Heteropogon and overcome the negative effects caused by the loss of energy to the AMF

symbiont. Effects ofAMF infection on flowering has been demonstrated by measuring

changes in hormone levels in infected plants (Allen 1991) but the effect ofmycorrhizae

on reproduction through changes in plant structure or morphology has not been

examined.

Heteropogon contortus, Hyparrhenia rufa and Melinis repens co-occur in Africa

where they are native (Meredith 1955, FAO 1960, Smith 1985). Similar perennial grasses

Aristida congesta Roemer & Schultes, Cymbopogon plurinodis Stapf ex Burtt Davy,

Eragrostis rigidor Pilger, Eragrostis superba Peyr and Panicum maximum Jacq. were
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found to be infected with AMF (Veenendaal et al. 1992). Hyparrhenia rufa and

Heteropogon contortus also co-occur in South Africa but the mycorrhizal status of all

three study species is unknown (Meredith 1955). Observations in Africa suggest that

without the intervention ofregular disturbance such as grazing or fire to open up the

grass canopy, Heteropogon's presence in the grassland is reduced by the growth of

Hyparrhenia (FAO 1960). This seems to be the same process that is occurring in the

HVNP grasslands most heavily invaded by Hyparrhenia. Since grazing ungulates were

excluded in the 1970s, the cover of the large bunchgrasses Hyparrhenia, Heteropogon,

and Melinis has increased dramatically (Mueller-Dombois 1979). Hyparrhenia may still

be increasing in the HVNP lowlands and slowly excluding Heteropogon.

While all three of the study species occur in Africa, the source populations for

Hyparrhenia, Melinis and Heteropogon in Hawai'i are not known. African populations of

Heteropogon contortus have either 2N = 40, 50, 60, 70, and 80 chromosomes. The only

chromosomes number for Hawaiian populations ofHeteropogon is 2N = 40 (Tothill and

Hacker 1976). Heteropogon has been shown to exhibit genetic variation between

populations in Hawai'i (Carino and Daehler 1999). The species and composition of the

mycorrhizal community is not known for HVNP or for the native ranges of theses grass

species in Africa. Thus, it is possible that plants in HVNP and Africa may respond

differently to mycorrhizal infection as well as the possibility that the combination of

Hawaiian Heteropogon with African Hyparrhenia and Melinis have different competitive

interactions than the co-evolved African species. Though additional studies are in order,

it is interesting to note that the findings reported here for HVNP are consistent with the
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hypothesis (Allen 1991) that native plants are better adapted to locally-occurring

mycorrhizae than alien plants.
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TABLE 1. ANOVA table for aboveground biomass for Hyparrhenia, Heteropogon, and
Melinis. grown with a competitor and with or without mycorrhizal fungi and with or
without drought stress. Competitor indicates the species of competitor (Hyparrhenia,
Heteropogon, or Melinis). Water indicates well watered or drought treatment and AMF
indicates soil with or without AMF inoculation.

Source of variation df Mean Square F P
Species 2 13.06 100.72 <0.001
AMF 1 13.20 101.76 <0.001
Water 1 4.46 34.41 <0.001
Competitor 2 5.13 39.55 <0.001
Species X AMF 2 9.85 75.97 <0.001
Species X Water 2 0.54 4.13 0.017
Species X Competitor 4 1.12 8.62 <0.001
AMFXWater 1 0.37 2.88 0.091
AMF X Competitor 2 2.72 20.98 <0.001
Water X Competitor 2 0.04 0.30 0.742
Species X AMF X Water 2 0.12 0.97 0.381
Species X AMF X 4 0.46 3.53 0.009
Competitor
Species X Water X 4 0.19 1.52 0.195
Competitor
AMFXWaterX 2 0.32 2.52 0.082
Competitor
Species X AMF X Water 4 0.13 0.69 0.600
X Competitor
Total 304
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FIGURE I. Average aboveground biomass for each species when grown with a
competitor under drought or well-watered conditions in non-mycorrhizal or mycorrhizal
treatments. X-axis labels refer to the species for which aboveground biomass is plotted.
Bar shading and legend refer to the species of the competitor. Error bars represent one
standard deviation of the mean (+ISD).

52



TABLE 2. Melinis aboveground biomass relative to Hyparrhenia and Heteropogon.

Competitor
Hyparrhenia
Hyparrhenia
Heteropogon
Heteropogon

AMF treatment
Non-mycorrhizal
Infected
Non-mycorrhizal
Infected

WeUwatered
146%
126%
720%
142%
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Drought
261%
277%
898%
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FIGURE 2. Aboveground biomass for all paired competition combinations pooled over
competitors for each species (represented by shading in caption as "competitor species")
(A) and the average biomass of each species in the three-way competition experiment (B)
with drought or well-watered conditions and with a non-mycorrhizal inoculum or a
mycorrhizal inoculum. Error bars represent one standard deviation of the mean (+lSD).
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TABLE 3. Mycorrhizal dependency for each species, as related to competitor, and water
treatments

Species-Competitor
Hyparrhenia-Hyparrhenia
Hyparrhenia-Heteropogon
Hyparrhenia-Melinis
Heteropogon-Hyparrhenia
Heteropogon-Heteropogon
Heteropogon-Melinis
Melinis-Hyparrhenia
Melinis-Heteropogon
Melinis-Melinis

Well-watered Drought
0.13 0.41

-0.93 -0.30
0.52 0.32
0.90 0.94
0.55 0.82
0.95 0.98

-0.30 0.09
-0.53 0.23
0.24 0.13

55



TABLE 4. ANOVA table for belowground biomass for Hyparrhenia, Heteropogon, and
Melinis grown with or without mycorrhizal fungi and with or without drought stress.
Water indicates well watered or drought treatment and AMF indicates soil with or
without AMF inoculation.

Source of variation df Mean Square F P
Species 2 0.143 11.86 <0.001
AMF 1 0.002 0.21 0.647
Water 1 2.345 194.29 <0.001
Species X AMF 2 0.043 3.55 0.033
Species X Water 2 0.034 2.86 0.063
AMF X Water 1 0.366 30.30 <0.001
Species X AMF X Water 2 0.013 1.09 0.341
Error 85 0.012
Total 96
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TABLE 5. ANOVA table for aboveground to belowground biomass ratio for Hyparrhenia,
Heteropogon, and Melinis grown with or without mycorrhizal fungi and with or without
drought stress. Water indicates well watered or drought treatment and AMF indicates
soil with or without AMF inoculation.

Source of variation df Mean Square F P
Species 2 0.543 47.47 <0.001
AMF I 1.55 136.14 <0.001
Water I 0.026 2.32 0.132
Species X AMF 2 0.288 25.15 <0.001
Species X Water 2 0.003 0.31 0.733
AMF X Water I 0.056 4.93 0.029
Species X AMF X Water 2 0.055 4.84 0.010
Error 85 0.011
Total 96
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FIGURE 3. Growth rate over time, by species, averaged across the competition, drought
and mycorrhizal treatments. Melinis repens was typically the fastest growing species.
Error bars represent one standard deviation of the mean (+I-lSD).
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FIGURE 4. Leaf number by species averaged across competition, drought and mycorrhizae
treatments at different ages. Within each age grouping different letters represent a
significant difference (Tukey test, P < 0.05). Error bars represent one standard
deviation of the mean (+1SD).
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FIG RE 5. Final leafnumber by water and mycorrhizal treatment. Only Heteropogon
varied significantly among treatments, producing more leaves in the presence ofAMF.
Error bars represent one standard deviation of the mean (+1SD).
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TABLE 6. ANDVA table ofleafproduction for Hyparrhenia, Heteropogon, and Melinis
grown with one competitor and with or without mycorrhizal fungi and with or without
drought stress. Competitor indicates the species of competitor (Hyparrhenia,
Heteropogon, or Melinis). Water indicates well watered or drought treatment and AMF
indicates soil with or without AMF inoculation.

Source of variation df Mean Square F P
Species 2 50300.3 127.13 <0.001
AMF I 10911.9 27.58 <0.001
Water I 10062.1 25.43 <0.001
Competitor 2 8819.8 22.29 <0.001
Species X AMF 2 8636.6 21.83 <0.001
Species X Water 2 1330.7 336 0.036
Species X Competitor 4 1281.9 3.24 0.013
AMFXWater I 4942.0 12.49 <0.001
AMF X Competitor 2 2968.7 7.50 0.001
Water X Competitor 2 1858.8 4.70 0.010
Species X AMF X Water 2 1741.5 4.40 0.013
Species X AMF X 4 1785.0 4.51 0.001
Competitor
Species X Water X 4 461.6 1.17 0.326
Competitor
AMFXWaterX 2 736.5 1.86 0.157
Competitor
Species X AMF X Water 4 181.9 0.46 0.765
X Competitor
Error 302 395.7
Total 337
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TABLE 7. ANOVA table ofplant height for Hyparrhenia, Heteropogon, and Melinis
grown with one competitor and with or without mycorrhizal fungi and with or without
drought stress. Competitor indicates the species of competitor (Hyparrhenia,
Heteropogon, or Melinis). Water indicates well watered or drought treatment imd AMP
indicates soil with or without AMP inoculation.

Source of variation df Mean Square F P
Species 2 85452.2 496.29 <0.001
AMP I 111.1 .64 0.422
Water I 32574.0 189.18 <0.001
Competitor 2 5948.4 34.55 <0.001
Species X AMP 2 13979.5 81.19 <0.001
Species X Water 2 1796.7 10.43 <0.001
Species X Competitor 4 1962.8 11.40 <0.001
AMP X Water I 3159.4 18.35 <0.001
AMP X Competitor 2 681.7 3.96 0.020
Water X Competitor 2 1354.3 7.87 <0.001
Species X AMP X Water 2 652.7 3.79 0.024
Species X AMP X 4 418.7 2.43 0.048
Competitor
Species X Water X 4 181.9 1.06 0.378
Competitor
AMP X Water X 2 1527.6 8.87 <0.001
Competitor
Species X AMP X Water 4 337.9 1.96 0.100
X Competitor

Error 302 172.2
Total 337
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TABLE 8. Number of inflorescences per plant for Hyparrhenia, Heteropogon, and Melinis
grown with or without mycorrhizal fungi and with or without drought stress as
measured on August 24, 2000.

Well-watered Drought
Non-mycorrhizal Hyparrhenia 0.00 Hyparrhenia 0.00

Heteropogon 0.20 Heteropogon 0.14
Melinis 7.87 Melinis 2.22

Mycorrhizal Hyparrhenia 0.00 Hyparrhenia 0.00
Heteropogon 0.08 Heteropogon 0.02
Melinis 5.15 Melinis 2.35
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ApPENDIX A

BIOMASS

Means and standard deviations (below means) for aboveground biomass (dry weight in
grams). Rows are the species for which biomass is reported, columns are the species of
the competitor (n = 10).

Well Watered Drought
Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon Melinis

Hyparrhenia 9.833 22.977 7.416 2.652 7.024 2.43

01 7.355 3.08 7.315 1.559 1.154 1.433
N Heteropogon 0.999 7.827 0.354 0.807 2.328 0.134
~ 0.995 5.19 0.226 0.767 1.361 0.077, 0

I:: u Melinis 23.109 25.63 11.476 12.485 11.309 8.202
~ S' 6.683 10.038 7.485 5.391 3.062 3.512

Hyparrhenia 11.308 11.913 15.393 4.517 5.384 3.568
01 4.418 7.52 2.482 2.376 2.596 1.898
N Heteropogon 10.136 17.578 7.049 14.053 12.881 6.821:E
§ 5.281 6.742 3.579 2.937 7.229 3.508

~ Melinis 17.721 16.774 15.155 13.663 14.765 9.421
::8 4.527 4.229 6.197 1.872 2.691 5.012

Means and standard deviations (below means) for belowground biomass, for intra
specific competition treatments only (dry weight in grams, n = 30).

Well-watered Drought
Non-mycorrhizal 10.7144 3.0556

t:!
.~

§ 5.213 0.3888

i:
'" Mycorrhizal 7.338 4.6083t:!

~:t: 1.3753 0.9613

Non-mycorrhizal 7.1978 2.255
s::
~ 1.9077 0.7217
c:>
~
'" Mycorrhizal 6.01 3.645,:,:
~ 1.1415 0.4401

Non-mycorrhizal 8.7057 3.998

.::1 2.9513 0.4746

~

~
Mycorrhizal 6.0178 4.1862

0.9345 1.0611
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Untransfonned means (bold) and standard deviations for the ratio of aboveground
biomass (dry weight in grams) divided bybelowground biomass (dry weight in grams)
for the intra-specific competition treatments.

Well-watered Drought
Non-mycorrhizal 0.61168 0.46303

<:l.-
" 0.20914 0.0881"i:... Mycorrhizal 0.37095 0.45333<:l

~::t: 0.03014 0.05101

Non-mycorrhizal 0.48587 0.48364
"c
~ 0.09377 0.12446

§<... Mycorrhizal 0.1832 0.14698
~

~ 0.03055 0.02579

Non-mycorrhizal 0.42592 0.28394

.~ 0.21939 0.05921

".-- Mycorrhizal 0.19044 0.21595
~

0.04729 0.0503
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ApPENDIXB

BIOMASS RATIOS

Ratios ofbiomass from interspecific competition treatments divided by intraspecific
biomass of each species.

Well Watered Drought
Species\Comp='> Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon Melinis

- Hyparrhenia 1.00 2.34 0.75 1.00 2.65 0.92
oj
N

~
Heteropogon 0.13 1.00 0.05 0.35 1.00 0.06

, 0
<:: ~ Melim's 2.01 2.23 1.00 1.10 1.38 1.00
~ 8

Ol
Hyparrhenia 1.00 1.05 1.36 1.00 1.19 0.79

.~

"E Heteropogon 0.58 1.00 0.40 1.09 1.00 0.53

8 Melinis 1.17 1.11 1.00 1.45 1.57 1.00;>,

:2
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ApPENDIXC

MORPHOLOGY (LEAF NUMBER)

Means (bold) and standard deviations for leaf number, by survey date. Rows are the
species for which leaf number is reported, columns are the species of the competitor.

April 18, 2000
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon Melinis
Hyparrhenia 2.89 3.60 3.00 4.00 3.33 3.29

] 1.17 1.26 1.20 1.00 0.71 0.76

:E Heteropogon 3.44 3.78 3.80 3.44 3.90 3.29
I:: 0.73 0.44 0.42 1.01 0.32 0.49, 0

" ~ Melinis 2.42 2.82 2.67 2.00 2.86 2.500
Z Ei 0.61 0.60 0.50 0.65 0.38 0.55

Hyparrhenia 4.00 3.10 3.11 3.00 3.29 3.00
--; 0.00 0.99 0.93 0.63 0.76 0.63
N Heteropogon 3.40 3.20 3.00 3.00 3.00 3.56:E
I:: 1.26 0.92 0.94 1.15 0.94 0.530
u Melinis 2.79 2.33 2.60 2.69 2.63 2.88:f 0.43 0.50 0.52 0.70 0.52 0.35

April 26 2000,
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon Melinis
Hyparrhenia 5.67 4.20 3.50 6.44 4.22 4.14

] 2.60 1.69 1.20 2.46 0.83 0.90

:E Heteropogon 3.20 3.56 4.00 3.33 3.70 3.86
I:: 1.14 0.73 0.67 1.22 0.67 0.69, 0

" u Melinis 3.42 3.91 4.56 3.20 3.71 4.170 >,
Z Ei 0.77 0.70 1.81 0.77 1.38 0.75

Hyparrhenia 3.20 3.60 3.78 4.17 3.57 4.50
--; 1.30 1.26 1.20 0.98 0.53 1.05
N Heteropogon 3.90 3.50 3.40 3.86 3.30 4.00:g

1.37 0.53 1.51 1.07 1.06 0.710
u Melinis 3.64 3.22 3.20 3.63 3.38 3.75>,

:::E 0.50 0.67 0.42 1.02 0.52 0.89
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May 3 2000,
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon Melinis
Hyparrhenia 13.89 9.10 8.13 14.11 9.44 6.00

'"
5.44 5.28 4.05 3.52 3.68 2.58

N Heteropogon 3.70 4.13 3.90 4.33 3.70 4.14
~ 1.70 0.99 1.10 2.24 0.82 1.35

~ ~ Melin;s 7.26 7.36 8.43 6.21 8.14 7.83
~ E 2.54 2.06 2.57 2.29 3.13 2.48

Hyparrhenia 8.75 6.60 8.78 6.83 6.57 7.83

'" 4.43 3.20 3.35 2.56 2.30 3.66
N Heteropogon 5.20 5.20 4.70 5.43 4.89 5.89
~ 1.69 1.48 2.00 2.37 1.54 1.76
8 Melinis 8.00 6.73>, - -- -- --
:2 2.53 -- -- 3.44 -- --

May 10,2000
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon MeUm's
Hyparrhenia 16.22 13.20 10.63 17.00 13.56 7.00

] 6.50 7.71 6.00 6.65 3.17 3.37

~
Heteropogon 4.10 4.44 4.40 5.00 4.80 4.14

1.85 1.01 1.35 2.50 1.55 1.68, 0<:: u Melinis 11.68 11.82 12.63 10.20 11.86 10.83
~S' 4.03 3.19 3.62 4.04 4.56 0.75

Hyparrhenia 12.60 10.80 14.67 14.83 14.71 14.67

'"
7.54 6.36 5.77 4.12 5.44 5.72

.~ Heteropogon 8.30 8.20 7.50 9.14 6.60 10.11
-E 2.87 2.57 3.27 4.45 2.80 1.90
8 Melinis 13.57 10.13 9.30 11.44 11.38 12.25
~ 4.74 2.59 3.62 3.14 2.33 2.77
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June 14 2000,
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heleropogon Melinis
Hyparrhenia 45.33 53.50 17.67 14.11 43.13 6.00

'"
14.54 13.67 13.79 11.74 8.37 4.04

N Heteropogon 6.70 16.56 3.30 6.56 14.60 2.71
~ 4.47 9.37 1.95 5.27 4.79 0.76, 0

I:i " Melinis 46.16 48.64 41.75 31.47 30.57 13.670 >,

Z S 14.69 18.48 17.23 8.97 16.80 12.47
Hyparrhenia 38.80 40.80 44.11 54.50 48.86 33.83

'" 20.66 23.35 13.45 18.16 24.82 38.76
N Heteropogon 37.90 45.50 23.40 43.86 55.00 34.33
~ 20.89 16.11 10.89 14.31 13.63 16.540

" Melinis 44.43 48.78 47.00 44.25 52.13 41.25
~ 9.57 6.87 11.39 17.10 7.14 13.56

August 24 2000,
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heleropogon Melinis
Hyparrhenia 34.00 45.60 13.88 25.11 29.89 12.29

'"
10.15 13.57 13.20 7.94 8.59 6.97

N Heleropogon 11.20 58.22 4.90 7.22 25.30 1.14.~

"E 10.93 10.37 3.14 4.76 8.96 1.07, 0
I:i

~
Melinis 89.05 102.82 69.67 70.67 50.29 34.000

Z 36.68 45.57 24.06 23.65 21.29 15.35
Hyparrhenia 36.20 31.00 41.89 32.17 28.86 22.17

'" 7.12 15.66 10.94 8.13 4.41 8.57
N Heteropogon 47.50 65.50 34.70 59.00 54.30 38.00
~ 18.09 18.10 14.97 6.88 22.50 18.780

" MeUm's 59.57 75.00 72.70 62.06 69.63 67.38
~ 25.17 14.05 23.63 26.45 24.80 10.31
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ApPENDIXD

MORPHOLOGY (PLANT HEIGHT)

Means (bold) and standard deviations for final measured plant height (in cm). Rows are
the species for which height is reported, columns are the species of the competitor.

August 24 2000,
Well Watered Drought

Hyparrhenia Heteropogon Melinis Hyparrhenia Heteropogon I Melinis
Hyparrhenia 98.00 109.90 82.75 59.00 58.67 59.14

OJ 16.08 16.08 24.69 7.92 9.17 6.01N

.=::.g Heteropogon 44.90 82.22 37.20 38.78 60.40 22.71
o 0 15.49 4.76 11.25 109.13 10.46 7.27Z u

>, Melinis 123.05 147.09 130.11 14.45 98.29 108.50S
15.97 16.49 23.16 0.65 8.01 7.97

Hyparrhenia 66.20 70.90 79.89 60.00 62.00 55.17
OJ 12.38 26.28 8.42 6.13 10.75 3.87N

:.g Heteropogon 68.90 92.10 76.30 76.00 81.80 56.44
8 10.52 8.31 11.45 6.98 10.73 10.67
>, Melinis 113.21 123.00 118.30 94.31 103.50 93.252:

10.84 11.80 16.28 9.24 9.81 8.21
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CHAPTER 3

EFFECTS OF PRESCRIBED BURNING ON NATIVE AND ALIEN BUNCH GRASSES IN AN ARID

HAWAIIAN GRASSLAND

ABSTRACT

Fire has often been found to promote the spread of invasive grasses in Hawai'i,

but an indigenous grass, Heteropogon contortus may also be promoted by fire. This study

quantified changes in cover and abundance ofHeteropogon and three co-occurring alien

bunch grasses Melinis (Rhynchelytrum) repens, Melinis minutiflora, and Hyparrhenia

rufa, following fire in an arid Hawaiian grassland. The National Parks Service subjected

three sites in Hawai'i Volcanoes National Park to controlled burns. During the first year

following fire at the Keauhou site, survival for marked individuals ofHeterpogon was

50% in the burn area and 100% in the neighboring unburned control area. Hyparrhenia

experienced survival rates similar to Heteropogon in the burned area and somewhat lower

survival in the control area (60%). Melinis repens had low survival (average 10%) and

there were no statistical differences between the burned and control areas. At the other

two sites (Ka'aha and Kealakomo) the fires were more intense and all species

experienced an average ofonly 3% survival following fire. Survival rates did not differ

significantly between species. One year following fire there was a reduction in the total

number ofMelinis repens individuals at Keauhou but not at Ka'aha. Numbers of

Heteropogon and Hyparrhenia individuals were not affected by fire at Keauhou but at

Ka'aha the density ofHeteropogon was reduced from an average of48 individuals per m2

to less than one per m2
• Melinis repens produced the largest number ofviable seeds. The
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seed bank ofMelinis repens seemed to be reduced the most by fire at Keauhou but no

differences were detected in the seed bank among the species at Ka'aha. Fire may not be

effective in reducing the density ofHyparrhenia or Melinis repens in Heterpogon

grasslands especially in years with higher rainfall. Additional control strategies should be

developed to improve the efficacy of fire in reducing the density of alien grasses invading

the coastal grasslands.

Keywords: Fire, Heteropogon contortus, Hyparrhenia rufa, Melinis repens, Melinis

minutiflora, Vegetation dynamics

INTRODUCTION

The ability of introduced grasses to alter the fire cycle of an ecosystem is one of

the most dramatic examples of how alien species can alter ecosystem processes

(D'Antonio and Vitousek 1992). Primarily African grass species have been introduced in

tropical areas through out the world in conjunction with land clearing (Parsons 1972).

Many of these species are persisting and spreading, which may lead to a change from

communities dominated by less fire tolerant woody species to grasslands (Coblentz

1990). Grasses are highly flammable due to their high surface to volume ratio and

tendency to retain dead leaves (Bond and vanWilgen 1996). Many grass species can

survive fires due to the insulation oftheir vegetative meristems within layers ofliving

leaf sheaths or the subterranean location of their meristems (Ramsay and Oxley 1996).

The grass/fire cycle involves the promotion of fire (by grass) and the ability of grass to
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survive and even increase over fire intolerant vegetation following a bum (D'Antonio and

Vitousek 1992).

During intervals between fires, a buildup of the grass litter layer may limit self

recruitment as well as recruitment by other species (Peart 1989, Tilman 1993). A thick

litter layer reduces the light available to seedlings and this may be significant in reducing

their survival. Fire removes the litter layer and allows the species with surviving seed

banks to establish if they can germinate before established grasses can regrow. Frequent

fire intervals may maintain some of the former diversity in grass-invaded ecosystems if

some ofthe original species mature in a shorter time than the fire interval and can recruit

from seed following fire or can survive fire as adults (Tunison et al. 1994).

Many dry, lowland areas of the Hawaiian Islands that were formerly dominated

by indigenous pili grass (Heteropogon contortus (L.) P. Deauv. Ex Roem. & Schult.)

have been invaded by alien African grasses. Recent surveys have concluded that

Heteropogon in Hawai'i has declined over most of its range and is now found only in

isolated populations (Daehler and Carino 1998). Several other native species that were

formerly minor components of these dry grasslands have disappeared completely in areas

now dominated by alien grasses (Mueller-Dombois and Fosberg 1974). Invasive grasses

in Hawai'i have also increased the intensity and spread of fires, altered soil hydrology,

decreased nutrient availability, and reduced native species recruitment (Mueller-Dombois

1973, Smith 1985, Vitousek 1990, Hughes et al. 1991, D'Antonio and Vitousek 1992,

Anser and Beatty 1996).

Invasive alien grasses in the coastal lowlands ofHawai'i Volcanoes National Park

(HNVP) have increased in distribution and abundance since 1954 when the first aerial
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photographs were taken, as indicated by a vegetation map based on field surveys and

subsequent aerial photographs (Mueller-Dombois 1980). This increase in alien grasses

has been associated with a decline in native Heteropogon (Daehler and Carino 1998).

Studies of eleven fires in HNVP suggested that Heteropogon cover may increase

following fire (Tunison et al. 1994). Heteropogon resprouts and blooms following fire

and its spikelets have hygroscopic awns that drive the seeds into the soil, which may

decrease their vulnerability to fire (Figure 1). Heteropogon is one of the few native

species that benefit from fire as native woody species in the nearby seasonal submontane

ecosystem decrease in abundance following fire (Tunison et al. 1994).

The increase in Heteropogon after a burn may be due to an increase in recruitment

from the soil seed bank (Orr et at. 1997). Although there is some evidence that

Heteropogon flowers after a burn, increased blooming was not responsible for the

increase in seedlings in burned-over areas in Australia (Tunison et al. 1994, Orr 1998).

Three years of consecutive annual fires increased the density ofHeteropogon in burned

over areas in Australia by 207% (Orr et at. 1997).

As part of an experimental management program, three areas of coastal grassland

with a mix ofHeteropogon and two co-dominant alien grasses were subjected to

controlled bums by HNVP staff during the period from 1996 to 1999. Heteropogon and

the alien grasses, were compared for survival of adult plants, aboveground biomass,

recruitment and cover, soil seed bank, seed production, and habitat affinities in burned

and in adjacent unburned sites in order to understand the response of these species to fire,

and to determine whether fire might be used to promote native Heteropogon grasslands.
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METHODS

Study Sites

This study involves three coastal grassland sites, Keauhou, Ka'aha, and

Kealakomo, within Hawai'i Volcanoes National Park (HNVP, Figure 2). At each site,

parks staffburned a portion of the area and left a nearby portion unburned as a control.

Keauhou (also known as Pili Kipuka, 190 16' 50" N, 1550 12' 45" W) is a 3 ha grassland

kipuka surrounded by a largely uncolonized 1973 lava flow. The Keauhou site was

burned on March II, 1998 with a medium to low intensity flanking fire that moved

perpendicular to the prevailing wind. The area had also been burned in 1996 as part of a

controlled bum. The prior burn reduced fuel for the 1998 fire through the reduction of the

litter layer. The western edge of the unburned control area at Keauhou meadow is

approximately I km east from the burn site. The two sites are separated by a 1973 lava

flow. This control area burned accidentally in 1987 during the Vila Fire. The vegetation

cover and soil type in this control plot are very similar to the bum site at Keauhou. The

Ka'aha site is approximately 9 km west ofKeauhou at 190 16' 20" N, 1550 18' 10"W.

Grass cover was continuous at this site, probably due to deeper soil. The control area was

located in an adjacent kipuka with similar soil and vegetation cover 75 meters northeast

ofthe burn site. Ka'aha was burned September 22, 1999 with a high intensity head fire

that moved against the prevailing winds. The Kealakomo site (190 18' N, 1550 9' W) was

also burned in September 1999 with a high intensity fire. It consists of a series of smaller

vegetated areas, divided by ridges ofbarren pahoehoe lava. There were no unburned or

control measurements taken at Kealakomo. The entire coastal grassland is a plain that

ranges in elevation from 0 m to 320 m and receives less than 1000 mm rainfall per year;
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most of this occurs between October and February (Mueller-Dombois 1980). Rainfall

decreases from west to east in the study area (Giambelluca et al. 1986). The soils are

generally shallow and formed by ash deposits over pahoehoe lava flows that are 3000 

5000 years old. The soil that has developed on these flows tends to be in pockets between

ridges in the flows. The area is overlain in some areas by barren 25-100 year old flows

(USDA 1955). The grasses are predominately confined to the soil pockets but scattered

individuals are found in cracks in the lava.

Study Species

Heteropogon contortus is a perennial bunch grass that has a pan-tropical

distribution and is indigenous to the Hawaiian Islands (Wagner et al. 1990). Heteropogon

may have benefited from anthropogenic fires in the coastal low lands where it was

historically found (Smith 1985). This species was the focus of study at all three sites.

Hyparrhenia rufa (Nees) Staph and Melinis repens Willd. are perennial bunch grasses

that were initially recorded in Hawai'i after 1900. Hyparrhenia was probably introduced

as a pasture grass (Smith 1985). All three species are native to Africa (Meredith 1955,

FAa 1960, Smith 1985). Hyparrhenia occurred at Keauhou and Ka'aha while Melinis

repens occurred at all three sites. A fourth African grass Melinis minutiflora P. Beauv.,

was found only at the Kealakomo site. This fire tolerant grass is another recent

introduction which was first collected in Hawai'i in 1914 (Wagner et al. 1990, Hughes et

at. 1991). Together these four species amount to greater than 90% ofthe cover within the

coastal grassland at HNVP.

76



Estimating survival a/individuals afterfire

Survival of mature individuals of each grass species was estimated at Keauhou,

Ka'aha, and Kealakomo for one year following the burn and compared to survival at

nearby control sites, where available. Approximately forty individuals of each species in

burned areas and approximately twenty individuals in unburned areas were marked with

an iron nail placed on the soil surface pointing to the base of the individual. Marked

individuals were at least one meter apart along randomly placed north-south transects at

each site These individuals were measured before the bum and monitored for survival

and growth one year following the bum. Survival was compared between species and

sites using contingency table analysis.

Effects 0/fire on biomass

Aboveground biomass for each species was harvested as a measure of recovery

from burning. Biomass was harvested from thirty randomly placed 0.25 m2 plots at

Keauhou and Ka'aha in both burned and unburned areas. These plots were stratified so

that ten plots each were located within areas of predominantly Hyparrhenia,

Heteropogon or Melinis repens cover. Biomass was sampled before each burn and one

year following the burn at Ka'aha. Keauhou was sampled for one additional year for a

total of two years ofpost burn collections. Biomass was separated by species as well as

live and dead components, then dried to a constant mass (at 42°C) and weighed. Pre-burn

collections at Keauhou consisted of the live biomass of the dominant species only.

Differences in live biomass, total biomass, and the ratio between non-grass biomass to

total biomass were compared between Hyparrhenia, Heteropogon, and Melinis repens

cover types, within bum and control areas at both sites before and after each burn using
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separate ANDYAs for each site and bum or control area to avoid pseudoreplication. Total

biomass for each cover type was compared pre-bum and post-burn within burned and

control areas at Ka'aha and Keauhou with two sample t-tests adjusted with a Bonferoni

correction for the 6 tests per site. The ratio of grass biomass to the biomass of all other

species was used as a measure ofhow fire affected the abundance ofnon-grasses. For

each site and bum area or control area, Tukey's post hoc pairwise comparisons with a

pooled 95% confidence interval were used to identifY the species responsible for the

differences within the site (MINITAB 1998).

Effects ofburning on recruitment and soil seedbank

Recruitment and cover were monitored in thirty permanent I x 1 meter quadrats at

Keauhou and Ka'aha. Sampling was conducted in May following the growing season for

each year previous to and following the burn date. An estimate ofpercent cover of each

species along with bare ground and litter was recorded at each sampling date. All of the

individual plants in a quadrat were counted. Population growth of the dominant grass was

determined by counting the number of additional plants found in the quadrat compared to

the number found the previous year. Paired t-tests were used to compare plots over time.

A separate experiment was carried out to examine three possible mechanisms by

which fire could affect the grasses: removal of biomass and litter, soil seed and

mycorrhizal mortality, or altering ofnutrient availability due to nitrogen volatilization.

These factors were examined independently in a factorial experiment. Eighty permanent

.25 m2 plots were established in the bum area and 70 plots were established in the

unburned area. The treatments consisted of (1) the addition of3 g of granulated

ammonium nitrate in order to replace nitrogen that may have been lost due to
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volatilization during the fire, (2) the addition of a 2 em layer ofhomogenized surface soil

from the burned area to provide any nutrients or physiological active compounds (3)

addition of surface soil from the unburned area to potentially provide additional seeds

and a microbial inoculum, (4) a disturbance treatment where all litter was removed in the

unburned area and the top 2 em ofsoil were raked (in the burned area the surface was

raked as the litter layer was removed by the fire) in order to test whether the removal of

the canopy was responsible for differences in germination between the sites, and (5) the

control treatment with no disturbance or additions. Seedlings germinating in each

treatment were identified to species and counted one year following the burn. Treatment

effects were analyzed with separate GLMs for the burned and unburned sites to avoid

pseudoreplication. Post-hoc Chi-squared analyses of seedling number per treatment were

used to compare treatments within each site.

Substrate and species distribution

The affinity ofHeteropogon, Melinis repens, and Hyparrhenia for either soil

pockets or rock outcroppings was determined by recording the substrate type at I00

randomly chosen locations. These 100 points were chosen regardless of cover type or

presence of vegetation cover. An additional 40 individuals of each species that were at

least one meter apart on randomly placed transects at Keauhou were selected and the

substrate under each individual was recorded. The proportion of colonized substrate of

each type was compared to the proportion of each species occurring on either rock or soil

substrate using a Chi-squared test.

To determine if the patchy distribution of the species was caused by limited seed

dispersal, the soil seed bank was examined. At Ka'aha fifteen randomly located 200-cc
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soil samples from the top 2 em ofsoil in each of the burned and unburned areas were

collected before and approximately every six weeks after the bum for one year, from

patches dominated by each of the three grasses. Soil samples were spread on shallow

trays and watered for two months. All seedlings were identified to species and counted.

Analysis was completed with a GLM for differences in seedling numbers using cover

type, burn status, and date following burn as factors. At Keauhou six randomly located

200 cc soil samples from the top 2 em of soil were collected in the burned and unburned

areas one year following the bum. These samples were sifted with sieves decreasing in

mesh size from 4 to 0.5 mm. The collected seeds were counted and subsequently

subjected to a germination test on 1.5% water agar in order to estimate viability. This

method provides a constant favorable moisture environment for germination and allows

for close observation of the germinating seeds. This procedure has been shown to be

effective for both Heteropogon and other bunch grasses (Goergen 2000).

Seed production

Seed production for Hyparrhenia, Heteropogon, and Melinis repens were

estimated to detennine the potential contribution ofeach species to the seed pool. All of

the inflorescences from 10 randomly selected mature individuals of each species were

harvested and counted at the end of the winter rains in 1998. The number of viable seeds

produced per inflorescence was estimated as follows. For each species, 100 spikelets

were weighed; all of the spikelets from each plant were weighed in order to estimate the

total number ofseeds produced. Melinis repens occasionally produced more than one

seed per spikelet however, it seemed unlikely that both would genninate and survive as

one was typically larger than the other so it was assumed that each species produced one
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viable seed per spikelet. The number of viable seeds was then estimated by recording

germination rates from a subset of 10 spikelets each from 10 different plants when placed

on water agar for 3 weeks. This estimate ofpercent viability was then multiplied by the

estimate of total number of spikelets per plant to obtain estimates of total seed production

per plant. The average number of plants per m2 at Keauhou was multiplied by the average

seed production per plant to estimate the number of viable seeds produced per m2 for

each species.

Water availability

Rainfall maps for the island ofHawai'i indicate that there may be an east to west

increase in rainfall along the Kau coast where HVNP is located (Giambelluca et al.

1986). Since Keauhou is located 9 km east of Ka'aha it was assumed that the Ka'aha site

would be drier. To veritY this pattern, tipping bucket rain gauges equipped with a

dataloggers were placed at Keauhou and Ka'aha and used to determine total rainfall as

well as the similarity in temporal rainfall patterns between the two sites. The rain gauges

were in place from July 1999 to August 2000.The total recorded rainfall for Ka'aha was

313 mm and only 179.2 mm for Keauhou.

RESULTS

Estimating survival ofindividuals after fire

Adult survival of the grasses varied with both species and location (Table 1).

Because survival was measured for one year following each fire and Keauhou was

burned two years earlier than Ka'aha and Kealakomo, the survival rates represent
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different years at Keauhou vs Ka'aha and Kealakomo. At Keauhou, survival for marked

individuals ofMelinis repens was 5% in the burn area and 15% at the neighboring

unburned site while Heteropogon experienced 43% survival rates in the burn area and

100% survival in the control area. Hyparrhenia had 60% survival in the control area and

similar survival rates to Heteropogon in the burn area. Contingency table analysis

indicated that Heteropogon mortality was increased by fire while the mortality of

Hyparrhenia and Melinis repens was not affected (Test of homogeneity of odds ratios,

exact p-value = 0.006). The fires at Ka'aha and Kealakomo were more intense as

measured by heat sensitive paint chips buried in the soil, which may account for the

increased mortality for all species at these sites. There were no surviving Heteropogon or

Melinis repens individuals at the Ka'aha burn site and survival was limited to 5% or less

at Kealakomo for these species (Table I). Melinis minutiflora was present at Kealakomo

while Hyparrhenia was not. No marked individuals ofMelinis minutiflora survived the

fire. There were no detectable differences in patterns of survival between species at the

Ka'aha burn area (Test for homogeneity of odds ratio, exact P-value = 0.10). For all

species, survival was significantly higher at the Ka'aha unburned site than in the burn

area (p < 0.001). In the unburned area, no mortality was recorded for Heteropogon or

Melinis repens; Hyparrhenia had a 92% survival rate (Table 1).

Effects offire on biomass

Average live biomass per m2 at the Keauhou unburned and burned sites did not

vary between plots dominated by Hyparrhenia, Heteropogon and Melinis repens, and did

not vary between the years 1999 or 2000 (years I and 2 following the Keauhou burn

(Table 2). Biomass collected pre-burn in 1998 was not analyzed as it was sampled
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differently. At Ka'aha both the burned and unburned areas differed between years 1999

and 2000 (pre-burn and one year post bum); more live biomass was present in 2000 in the

unburned area and less in the burned area. In analyses ofbiomass at both the burned and

unburned Ka'aha sites, plot cover type (Hyparrhenia, Heteropogon, or Melinis repens)

interacted with sampling year (Table 2). In the unburned area this was due to

Hyparrhenia having less live biomass than Heteropogon in 1999 (Tukey's post hoc P =

0.005). Unburned Hyparrhenia also had 121 % more live biomass in 2000 compared to

1999 (P = 0.011). In the burned area Heteropogon produced 194% more live

aboveground biomass than Hyparrhenia (P = 0.012) at the pre-bum measurement and

226% more biomass than Melinis repens (P = 0.002) (Table 3). One year following the

burn the live biomass ofHyparrhenia and Melinis repens did not decrease (P = 0.267; P

= 0.339) but Heteropogon dropped to 5% ofits pre-bum value (P < 0.001). There was no

difference in the amount oflive grass biomass from plots with Hyparrhenia,

Heteropogon or Melinis repens cover before the burns. The average live biomass was

176% higher at the Ka'aha unburned site compared to Keauhou; Ka'aha produced an

average of 0.039 kg/m2 more live biomass than Keauhou. Live grass biomass in the

burned sites one year after burning was 0.095 kg/m2 more at Keauhou than at Ka'aha.

At the unburned site at Keauhou, total accumulated biomass per m2 did not vary

with the species cover type or time relative to the burn. At the Keauhou burn site there

was a 79% decrease in biomass per m2 one year following the bum (p < 0.001). There

was no difference in total biomass between plots dominated by either Hyparrhenia,

Heteropogon, or Melinis repens (Table 4, Figure 3). At the Ka'aha unburned site, total

biomass was greater in 2000 than 1999 and less in the burned site over the same time
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period (Table 3). Ka'aha had 164% more biomass than Keauhou (P < 0.00l) in the

unburned areas. One year following the bums the situation had reversed and there was

0.104 kg/m2 or 196% more total biomass at Keauhou than at Ka'aha (Table 3).

Total biomass may have been related to the difference in rainfall between the

sites; there was a 164% increase in biomass at the Ka'aha site compared to the dryer

Keauhou site. Separate two-sample t-tests for each cover type indicated that although all

species had higher total biomass at Ka'aha (at control sites), Heteropogon was the only

species with less live biomass between the burned sites on the year before the bums (T =

4.07, P < 0.001, df= 25).

In the unburned Keauhou and Ka'aha plots, the fraction of non-grass biomass did

not differ over time and was independent of the dominant grass species (Table 5). In

contrast, in the burned plots, the proportion ofnon-grass biomass in the samples

increased from 2% to II % from 1999 to 2000 (years 1 and 2 following the bum) at

Keauhou (Figure 4). For the Ka'ha burned plots, the fraction of non-grass biomass

increased from 0.5% to 84 % (Figure 4) one year after the burn. The majority of this

increase was due to Waltheria indica L. (Table 3).

Effects ofburning on recruitment and soil seedbank

Of thirty I m2 plots that did not contain Hyparrhenia before the fire at the

Keauhou burn site, two contained Hyparrhenia the first year following the burn, while

Hyparrhenia disappeared from four plots the following year for a net loss oftwo plots

(Table 6). Heteropogon experienced a net decrease of two plots the first year following

the burn and five plots total the second year following the bum at Keauhou (Table 6).

Melinis repens decreased by 19 plots out of a total of 55 plots in the Keauhou burned area
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but recovered and gained additional plots the second year (Table 6). Melinis repens was

the only species to experience a net gain in the number ofplots occupied following the

bum at Keauhou. At the Ka'aha burn area all species occupied a reduced number ofplots

one year following the fire (Table 6). Seventeen ofplots did not contain' any individuals

of either Hyparrhenia. Heteropogon or Melinis repens one year following the bum.

In the unburned plots, at Keauhou, there was no change in the number ofplots

occupied by Heteropogon or Hyparrhenia but Melinis repens disappeared from two plots,

a reversal ofthe pattern for this species compared to the burned site (Table 6). At the

unburned Ka'aha site Melinis repens increased in frequency from 12 of 16 plots to all 16

plots. Hyparrhenia experienced a net gain of 1 plot out of 16 total plots and there was no

change in the occurrence ofHeteropogon.

Average population densities ofHeteropogon at the Keauhou bum site decreased

significantly from 60 individuals per m2 in the pre-bum survey to 32 individuals per m2

(40% average decrease, paired t-test, P = 0.003) one year following the fire. By the

second year the average density of individuals had increased to 40 (still a 22% average

decrease compared to pre-burn density) and was significantly less than the number of

pre-burn individuals (P =0.028). Melinis repens showed a similar pattern with the mean

number ofplants per m2 dropping significantly from 91 to 2 (97% average decrease, P <:

0.001) one year following the fire and then increasing to 47 plants per m2 after two years

(32% average decrease compared to pre-burn levels, P =0.001). Hyparrhenia pre-burn

densities of42 individuals per m2 did not differ significantly from the 40 (5% average

decrease) individuals per m2 observed one year post-bum (P = 0.756) or the 32 plants per

m2 observed after two years (44% average decrease) (P =0.587). There were no
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significant changes in the density of individuals of any of the species counted at the

unburned control area at Keauhou

Melinis repens density did not significantly decrease one year following the bum

at Ka'aha (P = 0.411) averaging 2.4 individuals per m2 before the burn to 1.8 per m2

(19% average decrease) following the burn. Hyparrhenia decreased significantly from 8

individuals per m2 to an average ofless than one individual per m2 one year (average

97% decrease) following the fire (P = 0.001) and Heteropogon decreased significantly

from 48 individuals per m2 to less than one per m2 (99% average decrease, P < 0.001).

Neither Heteropogon nor Hyparrhenia decreased in the nearby unburned plots over the

same time period (p = 0.104 and p = 0.495, respectively). Melinis repens decreased from

2.3 individuals to 1.5 individuals per m2 (65% average decrease, P = 0.042).

The experimental soil and nitrogen additions had no effect on recruitment of the

dominant grass species at Ka'aha at either the burned or unburned sites (Table 7). Chi

squared analysis comparing recruitment rate for each species indicated that the only

species with a significant response to the treatments was Hyparrhenia which produced

more seedlings than expected in the burned control plots (P = 0.009) compared to the

other treatments.

Substrate and species distribution

The rock substrate consisted of weathered pahoehoe lava that contained cracks or

was covered with decomposed rock forming a shallow substrate. The substrate at

Keauhou was 42% unweathered rock and 52% soil that was 2 or more centimeters deep.

The proportions ofrock and soil substrate colonized did not differ from the proportion of
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rock and soil present (-2 = 0.843, df = 2, P = 0.656), and there was no difference between

species distribution on these substrates (-2 = 0.477, df= 2, P = 0.788).

Unburned, freshly collected seeds from Melinis repens in their spikelets exhibited

10% gennination four weeks following collection. Hyparrhenia seeds had a germination

rate of 15% and Heteropogon seeds in spikelets (left intact and not treated to increase

germination) had a germination rate of 8%. These germination rates were not

significantly different at P = 0.05 (X2 = 0.008, df= 1, P = 0.928).

Soil samples at Keauhou contained post-bum seed densities ofHeteropogon that

were similar to pre-burn levels while Melinis repens and Hyparrhenia decreased (Figure

5). The seeds of each ofthese species were not evenly distributed under all cover types

(separate Chi -square tests for burned or unburned areas, P < 0.001). The highest

densities of seeds from each species were typically found under conspecifics. The

viability of soil Melinis repens seeds sampled from the burned area (n = 119) was zero

while the viability for the other two species was unchanged, indicating the recruitment of

Melinis repens immediately following the bum was limited by seed survival.

The viable soil seed bank at Ka'aha as determined through germination from soil

samples did not vary over the first year following the 1999 fire at the burned or unburned

site (Table 8). The numbers of seedlings from unburned areas peaked in the December

soil collection for Melinis repens and Heteropogon and in August for Hyparrhenia and

Heteropogon, following flowering in the field (Figure 6). Seedlings of each of the grass

species were most abundant under conspecifics, but all species were found in the

seedbanks collected from all cover types (Figure 7). Seed production varied with plant

size and was highest for Melinis repens (Figure 8). When this was corrected by the

87



previously determined germination rates for the spikelets on the water agar, Melinis

repens produced significantly more (average of 150 more) seeds per plant than

Hyparrhenia and Heteropogon (P <0.001). There was no difference between

Hyparrhenia and Heteropogon in seed production per plant (P = 0.912). Hyparrhenia

averaged 16 germinable seeds per plant or 640 seeds per m2
• Heteropogon produced an

average of26 germinable seeds per plant and an average of 1040 seeds per m2
. Melinis

repens produced an average of 171 germinable seeds per plant and 8550 fertile spikelets

2perm.

DISCUSSION

Survival following the burn at Keahou was comparable between Hyparrhenia and

Heteropogon while Heteropogon survival was much higher in the unburned area. The

results from Ka'aha indicate that Hyparrhenia and Melinis repens may have recover

more quickly following the burn based on biomass differences. Fire does not seem to

consistently favor Heteropogon over the other species. At higher fire intensities all

species experienced high adult mortality. The previously assumed higher biomass per m2

for Hyparrhenia and Melinis by HNVP staff was not found at either site. At the Ka'aha

unburned site, Melinis and Hyparrhenia appeared to be increasing their coverage while

this was not the case at Keauhou. The patchy distribution of the species was not related to

substrate and may be an artifact ofuneven seed rain under the canopies of the dominant

species. Overall, all species seem to provide similar levels of fue1loading. Melinis repens

appears to be susceptible to fire but both Hyparrhenia and Heteropogon can survive low

intensity fire. Since these two species produce similar amounts of viable seed, the
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apparent competitive advantage ofHyparrhenia over Heteropogon evidenced by the

spread ofthis species over the last 28 years may be unrelated to fire survival and seed

production.

The response of the four grasses in this study to fire was not consistent and

appeared to be strongly influenced by soil conditions between the two sites and/or fire

intensity. Survival was one of the responses measured that varied substantially between

sites. Both species ofMelinis form aboveground nodes. This growth form may be more

susceptible to fire than the Hyparrhenia and Heteropogon bunch grasses that tend to have

their meristems both surrounded by live insulating leaves and located at or below ground

level (Bond and vanWilgen 1996). Melinis repens did seem to be more susceptible to fire

at the Keauhou bum site than Heteropogon or Hyparrhenia. There was no difference in

Melinis repens survival between burned and unburned areas, probably due to 1999 being

a very dry year that increased mortality in the unburned area. While Hyparrhenia had

post-burn survival rates similar to Heteropogon, Hyparrhinia survival was lower in the

control site. The 40% mortality experienced by Hyparrhenia in a dry year is consistent

with observations that Hyparrhenia is more invasive in wetter areas (T. Tunison, personal

communication). Post-fire mortality at Ka'aha was higher than Keauhou; both Melinis

and Heteropogon experienced 0% survival following the fire while Hyparrhenia survival

was 10%. The more continuous fuel cover due to fewer rock outcroppings may have led

to higher fire temperatures and increased grass mortality at Ka'aha (Ramsay and Oxley

1996). There were no significant differences in the survival between the grass species at

this site or at Kealakomo. If repeated burning is frequent enough to take place before

biomass accumulates to a level that allows for highly lethal fire temperatures,
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Heteropogon may benefit from fire due to reduced Melinis repens cover. However, there

is no evidence that fire benefits Heteropogon more than Hyparrhenia. Heteropogon may

have higher drought tolerance than Hyparrhenia, which may give it an advantage in drier

areas where Hyparrhenia growth rates and survival may be lower. This is similar to the

response ofHeteropogon to drought when grown in competition with Penisetum

setaceum (Goergen 2000). The average total biomass was higher at Ka'aha, suggesting a

response to increased rainfall or a response to the deeper substrate. Hyparrhenia was

expected to be a strong competitor at this site since there was greater water availability

but it produced less live biomass than Heteropogon in 1999 at the burn and control areas.

Live Hyparrhenia biomass increased dramatically from 1999 to 2000 at Ka'aha that is

consistent with increased rainfall in the 2000 growing season.

While the biomass was generally higher at Ka'aha, the average number of

individuals per m2 was lower for all species. This may be due to Keauhou experiencing

more recent fire that decreased the average size and age of the grasses present. Larger

individuals may be more able to effectively suppress smaller neighbors. If this is the case

then larger, long-lived species are predicted to eventually dominate the area in the

absence of disturbance (Connell and Slayter 1977). Ifinhibition is an important

mechanisms ofcommunity change, then the community might eventually be dominated

by Hyparrhenia which is longer lived than Melinis and larger than Heteropogon.

Burning decreased the cover ofMelinis repens but may not be effective in

reducing the number ofHyparrhenia individuals in Heteropogon grasslands. Alternate

strategies should be developed to control this alien grass. It may not be possible to control

Hyparrhenia with herbicides in such a remote location, so the impact of its possible
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persistence in the community should be assessed. Burning may still be effective in

maintaining Heteropogon in the community. In Australia, burning has been successfully

used to maintain Heteropogon grasslands, but Hyparrhenia was not present (Orr et at.

1997). In Africa, Hyparrhenia will remain the dominant cover with Heteropogon as a

codominant if the grasslands are burned every three years (FAO 1960). While the

behavior of an invasive species such as Hyparrhenia can not be reliably predicted from

its behavior in its native habitat, the possibility that specific controlled burn regimes can

maintain Heteropogon grasslands, perhaps mixed with Hyparrhenia, should be

investigated as part ofother efforts to control alien grasses.
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FIGURE 1 (Wagner et al. 1990). Morphological comparison of three grasses co
occurring at Keauhou and Ka'aha examined in this study: Hyparrhenia rufa (A),
Heteropogon contortus (B), and Melinis repens (C). Hygroscopic awns (present in
Hyparrhenia and Heteropogon) may help seeds burrow into the soil where they are less
vulnerable to destruction during a fire (Bond and vanWilgen 1996).
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FIGURE 2. Study sites located in Hawai'i Volcanoes National Park, Hawai'i, USA. Site
1 - Keauhou, 2 - Ka'aha, and 3 - Kealakomo.
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TABLE I. Number and percentage of marked individuals of each grass species surviving
after the first year following the fire at three sites; Keauhou, Ka'aha, and Kealakomo.
Survival ofmarked individuals in unburned areas is calculated for comparison where
available.

Keauhou Ka'aha Kealakomo
Unburned 20 individuals 29 individuals --

Heteropogon contortus 100% 100% --
Burned 40 individuals 29 individuals 20 individuals

43% 0% 5%
Unburned 20 individuals 13 individuals --

Melinis repens 15% 100% --
Burned 40 individuals 30 individuals 35 individuals

5% 0% 3%
Unburned 20 individuals 24 individuals --

Hyparrhenia rufa 60% 92% --
Burned 40 individuals 31 individuals --

48% 10% --
Melinis minutiflora Burned oindividuals oindividuals 23 individuals

-- -- 0%
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TABLE 2. ANOVA tables for live aboveground biomass for plots dominated by
Hyparrhenia, Heteropogon, or Melinis repens at either Keauhou for the first and
second year following the bum or Ka'aha before and one year after the bum. The
variable "time" is the time ofmeasurement relative to the bum.

Source of variation df Mean Square F P
Keauhou Unburned
Time I 112.93 1.40 0.252
Species 2 193.10 2.40 0.119
Time X Species 2 11.50 0.14 0.868
Error 18 80.52
Total 23

Source of variation df Mean Square F P
Keauhou Burned
Time I 326.50 2.19 0.153
Species 2 202.10 1.36 0.279
Time X Species 2 200.10 1.34 0.282
Error 21 148.80
Total 26

Source of variation df Mean Square F P
Ka'aha Unburned
Time I 2070.60 5.30 0.025
Species 2 134.1 0.34 0.711
Time X Species 2 1491.0 3.82 0.029
Error 51 390,80
Total 56

Source of variation df Mean Square F P
Ka'aba Burned
Time I 7029.1 29.84 <0,001
Species 2 590.90 2.51 0,090
Time X Species 2 776.30 3,30 0,044
Error 61 235.5
Total 66
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TABLE 3. Average aboveground biomass (kglm2
) by species at either Keauhou or Ka'aha,

before or following a controlled bum. Non-grass biomass was not measured at
Keauhou before the bum.

Location Keauhou Ka'aha

Time relative to burn Prebum FirstYear Second Year Preburn First Year
(1998) (1999) (2000) (1999) (2000)

Bum status Bum Bum Control Bum Control Bum Control Bum Control

Hyparrhenia ru/a dead 0.000 0.075 0.107 0.160 0.274 0.341 0.318 0.021 0.359

Hyparrhenia mla jive 0.033 0.ll8 0.065 0.071 0.064 0.067 0.098 0.055 0.119

Heteropogon 0.000 0.167 0.172 0.147 0.119 0.243 0.129 0.021 0.280
contor/us dead
Heteropogon 0.005 0.033 0.040 0.072 0.062 0.082 0.021 0.020 0.102
cantor/us live
Melinis repens dead 0.000 0.147 0.082 0.155 0.D78 0.197 0.212 0.002 0.218

Me/inis repens live 0.022 0.043 0.045 0.044 0.032 0.149 0.123 0.024 0.080

Chamaecrista -. 0.006 0.010 0.014 0.025 0.007 0.012 0.001 0.034
nictitans
dead woody -. 0.000 0.000 0.020 0.000 0.000 0.000 0.000 0.022
material
Waltheria indica -. 0.002 0.000 0.041 0.001 0.007 0.021 0.087 0.000

Desmodium '- 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Iriflorum Jive
Emilia sonchi/olia live -. 0.000 0.000 0.004 0.000 0.001 0.000 0.000 0.000

Passiflorafoetida •• 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000

Bulbostylis capillaris -. 0.005 0.000 0.005 0.000 0.000 0.000 0.000 0.000

Ipomoea indica -. 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Pluchea -. 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000
symphytijolia
emtalaria pallida live -. 0.000 0.000 0.021 0.000 0.000 0.000 0.023 0.000

Indigofera -- 0.000 0.000 0.040 0,0\8 0.000 0.000 0.000 0.000
sufJrnticosa live
Average total biomass 0.060 0.211 0.184 0.397 0.263 0.379 0.317 0.108 0.546

Average total non- -- 0.004 0.004 0.046 0.009 0.002 0.004 0.091 0.032
grass biomass
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TABLE 4. ANOVA table for total aboveground biomass for all species growing in plots
with Hyparrhenia, Heteropogon, or Melinis repens cover type at either Keauhou or
Ka'aha, before or following a controlled bum.

Source of variation df Mean Square F P
Keauhou Unburned
Time I 2672.70 3.68 0.071
Species 2 1495.40 2.06 0.156
Time X Species 2 1282.90 1.77 0.199
Error 18 726.00
Total 23

Source of variation df Mean Square F P
Keauhou Burned
Time 1 14388.20 14.87 0.001
Species 2 872.60 0.90 0.421
Time X Species 2 794.00 0.82 0.454
Error 21 967.60
Total 26

Source of variation df Mean Square F P
Ka'aha Unburned
Time I 32023.00 14.23 <0.001
Species 2 1816.00 0.83 0.443
Time X Species 2 6501.00 2.89 0.065
Error 51 2250.00
Total 56

Source of variation df Mean Square F P
Ka'ahaBurned
Time I 58216.00 24.71 <0.001
Species 2 32.00 0.01 0.987
Time X Species 2 1948.00 0.83 0.442
Error 61 2356.00
Total 66

100



0.8 ""T""""i========;-------------------,

N

E

0.7

_ Keauhou Bumed

.. Keauhou Control
CJ Ka'aha Bumed
_ Ka'aha Control

0.4

0.2

0.3

:::-. 0.6

~-
~ 0.5
CO
Eo
:.0
"0
C
:::Je
0)

~
o
.0«

0.1

.-0.0 +-----------r"--'-
Pre-Burn First Year Second Year
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not collected at the Keauhou control site before the bum.
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TABLE 5. ANOVA table for the fraction of non-grass biomass in plots with Hyparrhenia,
Heteropogon, or Melinis repens cover type at either Keauhou or Ka'aha. The factor
time refers to before or after a controlled burn.

Source of variation df Mean Square F P
Keauhou Unburned
Time 1 0.000138 0.02 0.889
Species 2 0.009256 1.36 0.283
Time X Species 2 0.005202 0.76 0.481
Error 18 0.006823
Total 23

Source of variation df Mean Square F P
Keauhou Burned
Time 1 0.053533 7.53 0.012
Species 2 0.017218 2.42 0.113
Time X Species 2 0.016370 2.30 0.125
Error 21 0.007105
Total 26

Source of variation df Mean Square F P
Ka'aha Unburned
Time 1 0.000203 0.12 0.731
Species 2 0.004639 2.74 0.074
Time X Species 2 0.000124 0.07 0.929
Error 51 0.001696
Total 56

Source of variation df Mean Square F P
Ka'aha Burned
Time 1 5.0814 82.67 <0.001
Species 2 0.0099 0.16 .851
Time X Species 2 0.0126 0.20 .816
Error 61 0.0615
Total 66
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harvested for pre-bum Keauhou so no ratio was calculated.
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TABLE 6. Net percent change in the number of plots occupied at each site by Hyparrhenia
rufa, Heteropogon contortus. and Melinis repens.

Site Year I Year 2 Site Species Year 1
Keauhou Burn Hyparrhenia 3.08% -8.89% Ka'aha Burn Hyparrhenia -13.33%

Heteropogon -4.62% -11.11% Heteropogon -50.00%
MeUm's -20.00% 8.89% Melinis -13.33%
repens repens

Unburned Hyparrhenia 0.00% 0.00% Unburned Hyparrhenia 6.25%
Heteropogon 0.00% 0.00% Heteropogon 0.00%
Melinis -10.00% -20.00% Melinis 25.00%
repens repens
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TABLE 7. ANOVA table for total number of seedlings for all species growing in split
plots with added nitrogen, soil additions, or disturbance at Ka'aha, before or following
a controlled bum. Plot was treated as a random factor.

Source of variation df Mean Square
Unburned Control Area
Treatment 4 8.57
(Plot) 19 10.88
Error 56 1.15
Total 79

Source of variation df Mean Sqnare
Burned Area
Treatment 4 44.81
(Plot) 13 118.61
Error 38 36.76
Total 55

F P

1.66 0.171
2.11 0.016

F P

1.22 0.391
3.23 0.002
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TABLE 8. ANOVA table for the total number of seedlings genninated from soil samples
at Ka'aha burned and unburned control areas before or following a controlled burn.
The variable Sample is the soil sample (multiple samples were taken at each date) and
Cover indicates which patch type Hyparrhenia. Heteropogon, or Melinis repens the
samples were collected from. Because the burn removed all traces of the previous
vegetation cover and the samples were taken from randomly chosen - unmapped areas
the variable "Cover" is not included for the burned area.

Source of variation df Mean Square F P
Unburned Control Area
Dale 7 7.025 1.41 0.240
Sample 32 5.048 0.80 0.758
Cover 2 4.347 0.69 0.502
Error 122 6.272
Total 163

Source of variation df Mean Square F P
Burned Control Area
Date 7 134.0 0.33 0.933
Sample 32 395.3 0.45 0.976
Error 18 871.0
Total 57
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CHAPTER 4

IMPACT OF FIRE ON MYCORRHIZAL INFECTION POTENTIAL OF THE SOIL AND ON INFECTION

LEVELS OF NATIVE AND ALIENT PLANTS IN A COASTAL HAWAllAN GRASSLAND

ABSTRACT

A Hawaiian grassland community invaded by African bunchgrasses was surveyed

prior to a controlled burn and for one year following the burn to determine the impact of

fire on the soil availability of arbuscular mycorrhizal fungi (AMP) propagules and on the

infection ofthe native and alien vascular plant species present. The fire decreased AMF

infection potential of the soil, as measured by greenhouse assays offield-collected soil,

but these reductions in soil AMF were insufficient to have important effects on seedling

infection rates in the field. The average AMF infection level in in situ seedlings of all

species collected from both burned and unburned sites was 25% of the total root length.

The frequency of infection was 100% in all but two consistently non-mycorrhizal species.

Rapid root growth among seedlings in the field may have allowed them to gain access to

AMP in soils several centimeters below the surface, compensating for any soil surface

depletion of the mycorrhizal community by the fire.

Keywords: fire, arbuscular mycorrhizal fungi, grass/fire cycle, alien plants

INTRODUCTION

The reported response ofbelowground microbial communities to surface fires

varies from no effect to long term reductions in microbial biomass (Dumontet et al. 1996,

Miller et al. 1998, Baar et al. 1999). The mycorrhizal component of the soil community
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shows a similarly wide range ofresponses (Klopatek et at. 1988, Rashid et al. 1997,

Horton et at. 1998, Eom et al. 1999). Fire sometimes reduces the arbuscular mycorrhizal

fungal (AMF) infection potential (number of viable propagu1es per volume of soil) or

alters the diversity of AMF species present (Gibson and Hetrick 1988, Allen 1991, Eom

et al. 1999). The degree to which fire influences the soil community depends on fire

intensity, soil depth and type, season, and experimental protocol (Gibson and Hetrick

1988, Pattinson et al. 1999).

The impacts of fire on AMF may be direct or indirect. Heat from high intensity

fires may directly damage hyphal networks or kill spores, resulting in low infection

potential (Vilarino and Arines 1991, Pattinson et al. 1999). Hyphal damage to is typically

caused by soil heating and not by host roots burning. Larger woody roots may bum but

smaller diameter roots that are more likely hosts for AMF rarely bum (Burrows 1999).

There is a correlation between increasing soil temperature during fires and the reduction

in AMF infection potential (Klopatek et al. 1988). However, since soil is an insulating

material, even high heat at the surface may not reduce spore or hyphal viability more than

a few centimeters below the surface. Indirect post-fire effects on arbuscular mycorrhizal

fungi (AMF) may result from changes in soil water potential, daily temperature (due to

increased exposure), and availability of vascular plant hosts (Bond and vanWilgen 1996,

Burrows 1999).

Many native-dominated Hawaiian ecosystems lacked continuous grass cover that

supported fire until the introduction of several species ofAfrican bunch grasses. By

providing a dense continuous fuel, invasive grasses have been shown to increase the

frequency and intensity of fires (Hughes et al. 1991, D'Antonio and Vitousek 1992).
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Most perennial bunch grasses are considered to be fire-adapted due to their ability to both

promote and survive fire. The meristems of these grasses are protected by a dense bundle

ofgreen leaves or are subterranean (Bond and vanWilgen 1996). They promote fire by

retaining flammable dead leaves. The spread of fire tolerant, fire promoting alien grasses

threatens many ecosystems with native species that are less fire-adapted (Parsons 1972).

The effects of fire on the soil microbial community are poorly known in ecosystems

invaded by alien grasses (Janos 1980, Johnson and Wedin 1997). 1fintense fires lead to a

reduction in soil AMF infection potential, this may limit the establishment and growth of

mycorrhizal dependent species (Koske and Gemma 1995). Although some studies have

reported a transient reduction in AMF infection for seedlings of woody species following

fire, changes in AMF infection among seedling of non-woody species have been little

studied (Horton et al. 1998, Miller et ai. 1998).

The objective of this study was to determine the effects of fire on arbuscular

mycorrhizal fungi in a community composed primarily of three grasses, one native

(Heteropogon contortus (L.) P. Beauv. Ex Rowm. & Schult and two ofAfrican origin

(Hyparrhenia rufa (Nees) Staph and Melinis repens Willd.). Soil AMF infection potential

was compared between a grassland subjected to a controlled bum and a neighboring

unburned area. AMF colonization rates of seedlings of all species found at the sites were

also compared between burned and unburned areas. Finally, soil beneath established

patches of each dominant grass species was compared for AMF infection potential to

determine whether different grass species were associated with differences in AMF

propagule availability.
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METHODS

Study Site

This study took place at Ka'aha (190 16' 20" N, 1550 18' 10" W), a coastal

grassland site within Hawai'i Volcanoes National Park, Hawai'i, USA.

The coastal grassland is a plain that ranges in elevation from 0 m to 320 m and

receives less than 1000 mm rainfall per year; most of this occurs between October and

February (Mueller-Dombois 1980). The soil is generally shallow and formed by ash

deposits over pahoehoe lava flows that are between 3000 and 5000 years old. The soil

that has developed on these flows tends to be in pockets between ridges in the flows.

Some areas are overlain by uncolonized 25-100 year old flows creating islands (kipukas)

ofolder, more heavily vegetated material (USDA 1955). The grasses are predominately

confined to the soil pockets but scattered individuals are found in cracks in the lava.

Ka'aha is dominated by a native bunch grass - Heteropogon and two introduced

African bunchgrasses, Hyparrhenia and Melinis. Cattle and goats grazed the coast until

the 1970s. At that time the feral animals were removed and the biomass of the grasses

increased (Mueller-Dombois 1981). This caused concern as the grasses provided a fuel

source for fires, and the fires could potentially spread into nearby fire-sensitive dry forest

habitat at higher elevations (Mueller-Dombois 1980).

As part of a management experiment, Park staffburned a 0.5 ha area and left an

unburned control area 75 m northeast of the burn site in September 1999. Both sites had

similar soils and vegetation cover, mainly a mixture ofHeteropogon, Hyparrhenia and

Melinis, with scattered alien forbs. The burn was a high intensity head fire that moved

against the prevailing winds. The fire was intense enough to reduce most aboveground
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plant material to ash. No temperatures were recorded at Ka'aha but the fire there was

similar in nature to a controlled burn at Kealakomo waena that took place one month

earlier. Mica sheets placed 1-3 cm below the soil surface during at Kealakomo waena

registered temperatures from 204 °C to 232°C (the maximum temperature the chip

recorded).

Changes in soil infection potential

To detennine if the fire affected the AMP infection potential of the surface soils, soil

samples were collected once before the fire and on seven sampling dates every 6 to 8 weeks

for one year following the fire, at both the burned and unburned sites. Fifteen randomly

located, 7 cm diameter by 5 em deep cylindrical soil cores from the soil surface were

collected at both the burned and unburned sites at each sampling date. Each core was

homogenized and root fragments were not removed. The dominant grass species closest to

the core was recorded for the samples collected in the unburned area. This was not done for

the burn area since the fire completely removed most aboveground cover. An ANOVA was

used to determine ifAMP infection potential differed among soil sampled around the three

dominant grass species (MlNITAB 1998). On each sampling date a homogenized 100 ml

sub-sample of soil was removed from three of the cores from each site (the remaining 12

cores were not used), transferred to 250 ml conical pots, 7.5 cm deep, and screened within 2

weeks ofcollection for AMP infection potential using five Bermuda grass - Cynodon

dactylon (L.) Pers. seedlings. After being grown in the soil samples for six weeks, the

seedlings were harvested and all of the roots in the pot were washed and stained using trypan

blue to assess AMP presence (Koske and Gemma 1989). The stained roots from each soil

sample were screened for percent root length AMP colonization using the grid intercept

method to sample 50 points per sample (Giovannetti and Mosse 1980). The percent root
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length infected was used as an estimate for the infection potential ofthe soil sample. Samples

were compared between the burned and unburned sites using a fixed factor ANOVA, treating

sampling date as a repeated measure. The variance of the mean infection levels for each date

was compared between burned and unburned areas using a paired t-test to test if fire

increased the patchiness of AMP infection potential (MINITAB 1998).

In situ seedling infection levels

Whenever soil samples were collected, 50 naturally recruiting vascular plant

individuals were also sampled from variable length, randomly placed transects at both the

burned and unburned sites. The variable length transects were begun at a randomly

selected point and compass bearing in the burned or control areas and followed until 50

seedlings total, each one or more meters apart were collected or the transect reached the

lava surrounding the kipukas. Ifthis occurred, additional transects were established until

the collection was completed. This collection method was used both to estimate AMF

colonization for roots of recruiting individuals and to compare the composition of the

seedling pool in the burned and unburned areas. A multidimensional scaling analysis was

used to compare the composition of the seedling communities in the burned and

unburned areas. These seedlings were carefully dug up, most of the adhering soil was

removed and they were transported as fresh material back to the lab to assay for AMP

infection. The aboveground height of each seedling was measured, clipped off and

discarded. Within five days of collection, the remaining root portions of the seedlings

were preserved in 50% ethanol. Preserved roots were stained with Trypan blue to

visualize AMF colonization (Koske and Gemma 1989). The stained roots for each

species were pooled for each collection date. These pooled roots were sampled at 50
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points using the grid intercept method to estimate percent root length infected. The roots

were stirred and re-sampled for a total of three estimates per collection to improve the

precision of this estimate. Not all species were encountered in the samples at each site at

all dates. Infection levels were compared between the five most common species and

burn status over time using a repeated measures ANOVA (SYSTAT 1998).

RESULTS

Changes in soil infection potential

The assay of the mycorrhizal infection potential of the soil revealed a decrease in

soil infection potential at the burned site compared to the unburned site. This difference

was significant (P = 0.03, Table 1). This difference was most pronounced from the

collection immediately following the burn up until the second to last collection. The

percent root length infected at the final collection was similar between the two areas.

Average colonization was 60.52% of the root length of the Bermuda grass assay

seedlings. In soil from burned areas this average was 45.95% versus 73.57% in soil from

the unburned site. There was a great deal ofvariation in infection potential among the

sub-samples taken within each date (Figure I), but there was no difference in the amount

ofvariation between the unburned and burned areas (paired t-test, t = -1.48, P = 0.183).

This indicates that the fire did not increase the variability of AMF distribution in the soil

within the scale sampled. The mean infection potential was similar for soil samples

collected beneath unburned Heteropogon, Hyparrhenia, and Melinis (Figure 2, Table 2).
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In situ seedlings and infection levels

The post fire seedling community contained relatively fewer seedlings from the

dominant grass species and more forbs when compared to the unburned site (Figure 3,

Table 4). The largest increase in forb seedling numbers at the burn site as compared to

the unburned site was in Waltheria indica L., an indigenous sub-shrub which increased

from a total of 51 individuals collected in the unburned area following the burn date to

105 individuals collected in the burned area following the burn. The multidimensional

scaling plot of the community indicates that the initial pre-bum sample at the burn site

was similar in composition to the sample from the unburned site (Figure 4, Table 3). The

March, 2000 sample at the unburned site grouped with the burned sample as there was a

flush of Waltheria indica seedlings at this time. Two species were found at the bum site

which were not found at the unburned site, Bulbostylis capillaris (L.) C. B. Clarke a

small alien rush (5.75% of all seedlings collected) and Portulaca oleracea L. an alien

forb, although this species was relatively rare (2.25% of all seedlings collected). No

evidence ofmycorrhizal infection was found in either of these species. Melinis repens

had the largest decrease in the number of seedling collected at the bum site (37 seedlings)

as compared to the unburned site (122 seedlings). Small seedlings, less than 10 em tall, of

the dominant grasses were found primarily in the winter months when monthly rainfall

averages were highest but were also observed through out the year (Table 5, Figure 5).

In situ AMF root colonization length averaged 24.9% in seedlings and differed

between plant species and between the burned and unburned site (Table 6, Table 7). Post

hoc tests indicated that the species fell into three groups differing in average root

infection levels. The group with the highest average level of AMF infection (29.9%)
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included Hyparrhenia rufa, Heteropogon contortus, Melinis repens, Waltheria indica,

Chamaecrista nictitans (L.) Moench, Indigofera suffruticosa Mill., Emilia sonchifolia

(L.) DC,and Crotalaria pallida Aiton. Desmodium triflorum (L.) DC and Pluchea

symphytifolia Gillis grouped together as having a lower level (7.68%) of infection.

Arbuscular mycorrhizal fungal infection was never observed in either Portulaca

oleracea, or Bulbostylis capillaris. The levels of AMF infection differed by date at both

sites (Table 8). Post hoc tests indicated that infection levels from the August 2000 sample

(average 29.6% root length infected), collected 11 months following the bum were higher

than the levels of infection at both the burned and unburned sites than October 1999, and

January 2000 collections (18.32%). Surprisingly, the pre-bum June 1999 sample was not

statistically different from any of the post bum samples. There may be an overriding

seasonal pattern in AMF root infection in response to rainfall. Following a rainy period,

rapid root growth would exceed the rate at which AMF colonize the roots leading to a

lower observed infection rate. Overall there was little difference in the AMF infection

levels among seedlings of the dominant species at the site (Figure 6).

DISCUSSION

Overall, the typically high level of infection of the dominant species at Ka'aha

supports the earlier observations on the mycorrhizal infection of invasive alien plants in

Hawai'i and elsewhere (Koske etal. 1992, Gupta and Mukerji 2000). Most of the

introduced plants were highly mycorrhizal, except for Bulbostylus and Portulaca with the

community dominant bunch grasses being heavily infected. The prevalence of AMF
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infection in the dominant alien bunch grasses indicates that these species may not

decrease the AMF infection potential of the soil either through promoting fires or through

providing low quality hosts for AMF. A study of a Hyparrhenia rufa invasion at

Guanacaste Province, Costa Rica indicated that this species did not decrease AMF spore

density or alpha diversity of the soil relative to adjacent uninvaded areas (Johnson and

Wedin 1997).

The species that seemed to be uninfected were from typically non-mycorrhizal or

facultatively mycorrhizal families; Bulbostylis capillaris, Cyperaceae; and Portulaca

oleracea, Portulacaceae. The presence of small seeded, non-mycorrhizal plants

Bulbostylis capillaris, Portulaca oleracea, and Pluchea symphytifolia (which had a low

level of infection) at the bum site and not at the unburned site may be due to

environmental conditions altered by the bum that allow their establishment. Or, they may

also be opportunistic colonizing species that dispersed into the area via wind blown

seeds.

The physiognomy of a plant community is one of the factors determining the

intensity of a bum. Woody communities may support fires that bum longer due to the

accumulation of coarse woody debris that serves as fuel. This can then heat the soil to

deeper levels and potentially decrease the soil microbial community at greater depths

than a short duration fire (Burrows 1999). While the effect of soil heating in a long

duration fire may lead to lethal temperatures for the soil microbial community in the first

5 cm ofsoil, some grassland fires may have a shorter duration and have a more shallow

impact (Gibson and Hetrick 1988, Vilarino and Arines 1991, Pattinson et al. 1999). It
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seems unlikely that these fires would have been able to produce the long duration heating

needed to damage fungal structures below 5 cm deep in the soil.

Soil temperatures recorded at the nearby Kealakomo waena fire, which was

similar in intensity to the Ka'aha fire, reached 232 C at a depth of 1-3 ern. Similar near

surface temperatures in laboratory experiments increased the soil temperature at 5 ern to

70°C and decreased AFM infection potential (Pattinson et at. 1999), suggesting that the

Ka'aha fire was intense enough to remove almost all of the aboveground biomass and

influence the AMF infection to the depth ofup to 5 cm.

Homogenization of soil core samples taken over a soil profile that is deeper than

the soil heated by the fire may mask surface effects of fire on AMF infection potential.

Independent of this possible artifact, the homogenization itselfmay also cause a decrease

in the infection potential through disruption of the soil hyphal network (Allen 1991). The

heat induced reduction in spore viability observed using plants grown in heated soil

samples may have been underestimate the reduction in infection potential in the field soil.

This is due to the additional effect of the interrupted hyphal network caused by the soil

collection technique. As the hyphal network regrows and its relative importance to AMF

colonization of seedlings increases, homogenizing soil samples may exaggerate the

differences between burned and unburned sites until the AMF at the burned site have had

time to produce a pool of viable spores that is comparable to that of the unburned site.

An indirect factor that may have led to lower infection potential at the burned site

was the high level ofwind erosion due to reduced vegetation cover followed the fire. All

of the samples in this study were collected in areas that experienced at least some soil

loss due to wind erosion. Once the litter layer was removed by burning, the remaining ash
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layer was blown into drifts leaving patches of exposed mineral soil up to 10m across.

These exposed areas continued to erode throughout the study period. In areas where there

was limited vascular plant recruitment up to 5 em of the mineral soil was lost. Exposed

roots on scorched crowns ofHyparrhenia rufa indicated that this loss in soil was

distributed across the burn site. This process may have decreased the level of AMF

propagules available for infection because surface soils tend to contain higher AMF

propagule numbers (Pattinson et al. 1999). Erosion has been implicated in reducing AMF

spore densities on sloping sites where soil loss was more likely than at neighboring level

sites (Gibson and Hetrick 1988, Vilarino and Arines 1991). There was no evidence of

wind erosion observed at the unburned site.

The observed AMF infection levels of field collected seedlings over time does not

seem to follow a pattern of soil infection potential differences observed in the greenhouse

assays. The bum occurred in September while both the burned and unburned sites had

their lowest levels of seedling infection in October and January. These were wet months

and the lower levels of infection may be due to a period ofrapid root growth (Wilkinson,

unpublished data). However, other studies that have tracked AMF infection or propagule

abundance over time have not found seasonal variation. Following a wildfire in northwest

Spain, spore counts remained lower in the burned areas than the unburned area but did

not differ greatly between sampling dates (Vilarino and Arines 1991). Even though there

was some variation in spore counts between sampling dates in this study, root

colonization remained fairly constant between sampling dates at the unburned sites and

increased over time at the burned sites. Soil core sampling of the AMF community in a
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sc1erophyllous forest community in Western Australia did not find any seasonal variation

in infection potential or field collected root infection levels (Brundrett and Abbott 1994).

Although the soil samples from the burned area assayed for spores and surviving

AMF fragments with Bermuda grass indicated that AMF propagule densities decreased

following the bum, they were high enough to maintain similar levels of infection in field

collected seedlings from the burned site as compared to the unburned site. A possible

explanation is that the rapid root growth ofthese drought-adapted species may allow for

access to AMF propagules at depths that were not damaged by the fire. The relatively

large seeds ofmost ofthe species present at this site may allow rapid growth following

germination (Crawley 1997). The root lengths of seedlings grown under greenhouse

conditions for 30 days in soil collected from the Ka'alra site averaged about 60 em

(Figure 7). Even a rooting depth of 10 em would have far exceeded any reported

depletion zone for AMF propagules due to heating by fire (Schenck et al. 1975, Pattinson

et al. 1999). This is in contrast to Dhillon et al. (1988) who hypothesized that more rapid

root growth following fire may overwhelm the ability oflocal AMF propagules to

colonize them. The lack of a statistically significant effect of fire on AMF infection

among seedlings in the field may also be an artifact of insufficient sampling ofa highly

variable community (Anderson et al. 1983, Pattinson and McGee 1997).

The presence of at least some level of infection in Bermuda grass seedlings grown

in soil collected from the burn area along with the consistent levels of infection in field

collected seedlings from the burned and unburned areas indicates that fire does not

eliminate AMF from this Hawaiian grassland. As a result, areas invaded by alien bunch

grasses that promote fire are not expected to experience a reduction in AMF either
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through the grasses' promotion of fire or through poor host plant suitability. When

invaded areas are burned to provide improved conditions for out-planting Heteropogon

contortus should not need AMF inoculum added to the planting sites. Multiple bums in

consecutive years could give different results if they are frequent enough to suppress the

AMF community.
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TABLE 1. Repeated measures ANOVA table for the percent root length infected in
Bermuda grass seedlings grown in soil sampled from burned and unburned areas over
one year following the controlled bum at Ka'aha.

Between subject variation
Bum
Error

Within subject variation
Bum X Sampling date
Sampling date
Error

df Mean Square
I 8009.52
4 709.52

df Mean Square
6 659.52
6 907.94
24 381.05
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F
11.29

F
1.73
2.38

p

0.03

p

0.16
0.06
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TABLE 2. ANDVA table for the percent root length infected in Bermuda grass
seedlings grown in soil from unburned areas pooled over one year following the date of
the controlled burn at Ka'aha. The soil was collected from under each of the three
dominant grass species, Heteropogon contortus, Hyparrhenia rufa, and Melinis repens.

Source of variation
Cover type
Error
Total

df
2
18
20

Mean Square
675.00
242.10
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F
2.79

p
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TABLE 3. Factor loadings for each species included in the multidimensional scaling
analysis.

Species X Y

!Bulbostylis -7.2634 1.20908

Chamaechrista 1.49513 -0.5318

Crotolaria 0.56358 0.80955

Desmodium -0.0536 0.08033

iEmelia 0.37096 0.29594

iHeteropogon -0.6952 -3.639

IHyparrhenia 2.9829 -5.7463

ITndigoftra -0.2796 -0.2024

lMelinis 17.2142 3.9982

Pluchea -0.2304 0.35144

Portulaca 1.03068 0.73022

Waltheria -15.135 2.6448
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TABLE 4. Number of seedlings collected along random transects from the burned and
unburned area at Ka'aha, sampled immediately prior to and for one year following the
controlled bum.

Pre-Bum Post-Bum

Species Jun-99 Sep-99 Oct-99 Jan-OO Mar-OO Apr-OO Jun-OO Aug-OO Total
Grass species
Heteropogon B 13 7 18 12 9 9 11 5 84
contortus UB 13 13 11 6 6 6 4 8 67

Hyparrhenia B 11 23 15 10 6 6 7 3 81
rufa UB 10 21 16 12 4 8 6 10 87

Melinis B 19 0 3 0 2 6 5 2 37
repens UB 14 7 7 16 3 28 24 23 122
Forb species

Bulbostylis B 0 0 3 9 5 12 4 13 46
capillaris UBO 0 0 0 0 0 0 0 0
Chamaecrista B 2 0 1 4 1 0 2 1 11
nictitans
erotalaria B 0 0 1 0 1 2 0 1 5
pallida UB 0 0 0 0 1 1 3 2 7
Desmodium B 0 0 2 3 2 4 1 1 13
triflorum UB 0 1 1 4 1 1 1 2 11
Emelia B 0 0 0 0 1 0 0 0 1
sonchifolia UBO 0 1 0 1 0 1 1 4

Indigofera B 0 0 2 2 1 0 0 1 6
suffruticosa UB 1 1 0 1 2 1 0 0 6

Pluchea B 0 0 0 0 1 1 0 1 3
symphytifolia UBO 0 0 0 0 0 0 0 0
Portulaca B 0 0 0 0 0 0 0 3 3
oleracea UB 0 3 0 3 3 1 4 1 15

Waltheria B 5 20 5 10 21 10 20 19 110
indica UB 7 2 9 4 28 3 3 2 58
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TABLE 5. Range in height (in em) offield collected seedlings and young plants from
burned and unburned area at Ka'aha, sampled for AMP colonization immediately prior to
and for one year following the controlled bum.

Pre-Bum Post-Bum

Species Jun-99 Sep-99 Ocl-99 Jan-OO Mar-OO Apr-OO Jun-OO Aug-OO
Grass species

Heteropogon B 5.0-28.0 1.0-8.0 1.0-5.0 2.5-8.0 9.5-22.0 6.0-t2.0 5.0-21.0 5.0-20.0
contor/us VB 8.0-25.0 1.0-18.0 2.0-27.0 12.0-24.0 10.0-19.0 4.0-23.5 5.0-15.0 7.0-22.0
Hyparrhenia B 18.0-37.0 2.0-23.0 5.0-17.0 1.0-15.0 3.0-19.0 3.0-9.0 8.0-19.0 12.0-35.0
rufa VB 10.0-24.0 1.0-15.0 1.0-8.5 4.0-20.5 8.0-33.0 2.0-28.0 7.0-25.0 3.0-19.0
Melinis B 19.0-32.0 -- 1.0-2.0 -- 3.0- 6.0 4.0-9.0 8.0-24.0 20.0-26.0
repens VB 15.0-28.0 1.0-17.0 1.0-12.0 2.0-45.0 2.0-14.0 1.5-19.0 3.0-10.0 4.0-30.0
Forb species
Bu/bostylis B -- -- 3.0-3.5 3.0-6.0 3.0-8.0 7.5-17.0 5.0-14.0 5.0-13.0
capillaris VB -- -- -- -- -- -- -- --

Chamaecrista B 14.0-21.0 -- 3.0 3.0-27.0 5.0 -- 12.0-15.0 18.0
nictitans VB 10.0-18.0 12.0-21.0 3.0-17.0 2.0-25.0 13.0 18.0 3.0-6.0 15.0
erota/aria B -- -- 6.0 -- 9.0 6.5-30.0 -- 12.0
pallida VB -- -- -- -- 15.0 14.0 12.5-26.0 24.0-32.0
Desmodium B -- -- 5.0-8.0 2.0-4.0 2.0-11.0 2.0-11.0 15.0 26.0
triflorum VB -- 15.5 19.0 2.0-3.0 17.0 16.0 35.0 17.0-39.0
Emilia B -- -- -- -- 6.0 -- -- --
sonchifolia VB -- -- 6.5 -- 10.0 -- 8.0 14.0
Indigofera B -- -- 2.0-5.0 4.0-6.0 6.0 -- -- 15.0
suffruticosa VB 23.0 3.0 -- 5.0 6.0-14.0 11.0 -- --

Pluchea B -- -- -- -- 4.0 22.5 -- 6.0
symphytifolia VB -- -- -- -- -- -- -- --
Portulaca B -- -- -- -- -- -- -- 2.5-3.0
oleracea VB -- 1.0-1.5 -- 2.0-2.5 2.0-3.5 2.5 2.5-5.0 4.0
Waltheria B 7.0-21.0 1.0-1.5 1.0-1.5 1.0-20.5 1.0-24.0 1.0-26.0 3.0-31.0 5.0-45.0
indica VB 5.0-15.0 1.0-2.0 1.0-5.0 1.0-13.0 1.0-17.0 3.0-9.0 5.0-12.0 7.0-12.0
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TABLE 6. Average percent root length infected in field-collected seedlings from the
burned and unburned area at Ka'aha, sampled immediately prior to and for one year
following the controlled bum.

Pre-Burn Post-Burn

Species Jun-99 Sep-99 Oct-99 Jan-DO Mar-DO Apr-DO Jun-OO Aug-DO
Grass species
Heteropogon B 41.3 33.3 38.3 23.3 34.7 29.7 57.3 49.0
cantor/us VB 43.7 35.0 14.0 21.0 33.3 48.7 58.3 35.3
Hyparrhenia B 35.7 16.00 20.3 21.3 33.7 51.0 53.3 44.7
rufa VB 32.7 42.7 26.3 33.3 40.3 38.7 56.3 40.3
Melinis B 36.7 -- 9.0 -- 38.0 41.0 35.0 30.7
repens VB 32.0 16.7 29.3 19.7 48.7 23.0 43.7 51.3
Forb species
Bulbostylis B -- -- 0.0 0.0 0.0 0.0 0.0 0.0
capillaris VB -- -- -- -- -- -- -- --
Chamaecrista B 14.7 -- 12.0 2.3 7.0 -- 19.3 51.7
nictitans VB 13.7 26.0 12.7 5.3 35.0 17.3 14.0 33.3
Crata/aria B -- -- 21.0 -- 20.0 34.3 -- 53.7
pallida VB -- -- -- -- 18.3 38.3 43.7 43.0
Desmodium B -- -- 13.0 2.0 7.3 7.0 14.7 16.3
triflorum VB -- 5.0 7.7 0.0 5.7 7.0 13.0 13.7
Emilia B -- -- -- -- 35.7 -- -- --
sonchifolia VB -- -- 35.3 -- 35.7 -- 20.7 25.7
Indigofera B -- -- 33.7 54.0 26.0 -- -- 17.3
suffruticosa VB 42.3 46.0 -- 37.0 43.3 43 -- --
Pluchea B -- -- -- -- 4.7 6.33 -- 17.7
symphytifolia VB -- -- -- -- -- -- -- --
Portulaca B -- -- -- -- -- -- -- 0.0
oleracea VB -- 0.0 -- 0.0 0.0 0.0 0.0 0.0
WaItheria B 21.3 50.7 27.0 11.0 17.0 9.3 22.0 43.0
indica VB 36.7 12.0 12.3 25.7 10.3 15.3 15.3 24.3

139



TABLE 7. Repeated measures - nested ANOVA table for the percent root length
infected in the five most common field collected seedlings in which infection was
detected from the burned and unburned area at Ka'aha, sampled for one year following
the controlled burn.

Between subject variation df Mean Square F P
Burn I 1.34 0.01 0.92
Sub-sample (species) 10 20.06 0.15 1.00
Species 4 2475.49 18.26 <0.001
Error 8 135.56

Within subject variation df Mean Square F P
Date 6 814.32 6.63 <0.001
Time X Burn 6 180.80 . 1.47 0.20
Time X Species 24 389.02 3.17 <0.001
Time X Sub-sample 60 24.48 0.20 1.00
Error 48 122.79
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FIGURE 6. Percent root length colonized by AMF in the five most commonly
encountered seedlings at the Ka'aha burned and unburned sites. Heteropogon contortus,
Hyparrhenia rufa and Melinis repens are the dominant grass species. Waltheria indica is
a common sub-shrub and Chamaecrista nictitans is a common legume. Heteropogon and
Waltheria are indigenous while the other species are alien.. The open circles represent the
mean level ofroot infection from unburned sites and the filled circles represent the values
from the burned area. The dashed line indicates the burn date.
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were greenhouse-grown in soil collected from Ka'aha. AMF colonization was likely but
was not recorded since these plants were being grown for a different experiment.
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CHAPTERS

DYNAMICS OF THE RELATIYE ABUNDANCE OF NATIYE AND ALIEN GRASSES

ABSTRACT.

Field and greenhouse responses of three bunchgrasses (Hyparrhenia rufa,

Heteropogon contortus, Melinis repens) to arbuscular mycorrhizal fungal (AMF)

infection, drought and fire were used to construct a simple model using Stella version 5.0

for Windows. The alien grass Hyparrhenia's positive response to water and negative

response to AMF caused it to produce more biomass in the simulations than the native

grass Heteropogon when AMF and drought were not present. Under conditions of

drought and abundant soil AMF Heteropogon produced the most biomass. Both alien

grasses, Hyparrhenia and Melinis, increased in the absence of drought and AMF. The

addition of fire to the simulations did not change the relative biomass rankings.

Keywords: Stella simulation model, grassland ecosystem, fire frequency, drought

mycorrhizal influence

INTRODUCTION

The introduction of alien species into a community may lead to changes in the

availability of resources (Lawton and Jones 1995) or alteration ofphysical processes such

as nitrogen cycling or the hydrology of the soil in the invaded community (Vitousek

1990). While it is often only possible to experimentally manipulate a few environmental

variables at one time, multiple factors may interact to change the competitive
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environment of the species in a community, making it difficult to predict the response of

a community to invasion (Weins 1977). In addition, the relative importance ofeach

environmental factor may vary with scale (Weins 1989) or with the sensitivity of the

species present (Grime et at. 1987, Smith and Huston 1989). This may lead to some

changes being locally important while not affecting ecological processes in the

surrounding region, such as an alien grass that produces a more persistent litter layer

which suppresses recruitment of other grasses under its canopy (peart 1989).

The effect of alien plants on the availability of arbuscular mycorrhizal fungal

(AMF) propagules is not clear. A study ofan invasive grass invading a cleared tropical

forest found a decrease in AMF diversity but no decrease in AMF propagule abundance

(Johnson and Wedin 1997). Other studies point out that the effect of an invader or

dominant species on soil AMF depends on that species' suitability as a host (Hartnett and

Wilson 1999). Furthermore, the effect ofAMF on a vascular plant host also varies with

the availability of resources (Schenck et at. 1975, Pattinson et at. 1999). While AMF

infection may increase carbon accumulation during periods ofdrought or nutrient stress,

infection may also decrease growth relative to uninfected plants when resources are

abundant (Allen 1991).

AMF abundance may be indirectly affected by alien plant invasions when they

promote fire. The effects of alien grasses on fire regimes are well documented (D'Antonio

and Vitousek 1992). Once grasses invade a previously woody community or an area in

which the vegetation cover was discontinuous, they can promote the spread offire.

Because they are fire tolerant, this promotes a fire cycle that tends to suppress the

reestablishment ofwoody or less fire tolerant vegetation (Hughes et at. 1991, Hughes and
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Vitousek 1993). Because some studies have shown that fire can reduce the availability of

AMF propagules (Pattinson et al. 1999) fire may cause an additional feedback cycle that

promotes the establishment of non-mycorrhizal, fire tolerant species. The relative

importance ofthis potential feedback would hinge on the AMF dependence and fire

tolerance of the invading plant.

Very simple models using independent ecological factors such as light and water

availability have been shown to adequately predict the structure of a community at a

small scale (Smith and Huston 1989). While interactions between environmental

conditions may be present, they may not be biologically significant. Therefore, when

modeling conditions such as drought, fire and AMF availability that influence the

structure of a community, a model that considers only the independent effects of the

variables is a natural starting point, may be sufficient to capture key features of a system.

However, since previous greenhouse studies indicated that significant interactions

between drought and AMF may be present, this particular interaction will be included in

the model presented in this paper.

Studies of fires in the coastal grasslands at Hawai'i Volcanoes National Park

(HVNP) indicated that the native pili grass, Heteropogon, may increase or at least stop

declining in coverage following fire (Tunison et al. 1994, D'Antonio et al. 2000).

Because.controlled burns are expensive and many ofthe potential burn sites are in remote

locations that are difficult to access, determining the maximum burn interval that

promotes the native grass would conserve park resources. The model presented in this

paper uses data taken from a controlled burn at Keauhou and Ka'aha, HVNP and data
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from previous greenhouse experiments to predict the response of three competing grasses

to changes in fire frequency, drought and AMF availability,

METHODS

The model

A non-spatial model that combines data collected in the field and in a greenhouse

study on the dominant grass species of the coastal lowlands of Hawai'i Volcanoes

National Park (HVNP) was designed to use the short term observations to make longer

term predictions on how fire, AMF infection and drought affect the relative dominance of

the grasses in the community. The growth response of the grasses to adequate and low

water conditions along with their response to the presence or absence ofAMF

propagules, and their survival following fire, were each determined empirically and

incorporated into this model (Table I), The model was compiled with Stella 5.0 (Stella

1997). It simulates average changes in biomass per meter squared over time (Figure 1)

using discrete annual time steps that approximate the single peak in recruitment and

growth observed at the study site each year,

Site description

The response of the species to fire was assessed at the Ka'aha (190 16' 20" N, ISS"

18' 10" W) and Keauhou (190 16' 50" N, 1550 12' 45" W) coastal grassland study sites

within HVNP (Table 2), At Ka'aha, HVNP staffburned a portion ofthe area and left a

nearby portion unburned as a control. Keauhou differed in that the burned and unburned

areas were separated by about 1 km across an unvegetated lava flow. Both areas are
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dominated by a native bunch grass - Heteropogon contortus and two introduced African

bunchgrasses, Hyparrhenia rufa (Nees) Staph and Melinis repens Willd. These species

occur on ash soils that are broken occasionally by protruding pahoehoe ridges. Between

these ridges grass cover was continuous. Ka'aha was burned September 22, 1999 with a

high intensity head fire that moved against the prevailing winds. The Keauhou site was

burned on March 11, 1998 with a medium to low intensity flanking fire that moved

perpendicular to the prevailing wind. The entire coastal grassland is a plain that ranges in

elevation from 0 m to 320 m and receives less than 1000 mm rainfall per year; most of

this occurs between October and February (Mueller-Dombois 1980). There is an east to

west rain gradient with Keauhou receiving about two thirds as much rainfall as Ka'aha.

Study Species

Heteropogon contortus is a perennial bunch grass that has a pan-tropical

distribution and is indigenous to the Hawaiian Islands (Wagner et at. 1990). Heteropogon

may have benefited from anthropogenic fires in the coastal low lands where it was

historically found (Smith 1985). Hyparrhenia rufa and Melinis repens are perennial

bunch grasses that were initially recorded in Hawai'i after 1900. Hyparrhenia was

probably introduced as a pasture grass (Smith 1985). All three species are native to

Africa (Meredith 1955, FAO 1960, Smith 1985).

At Ka'aha these grasses attained a height of0.5 to 1.5 meters and covered 80

100% ofthe soil surface with both litter and live biomass. At Keauhou all plants were

typically less than I meter in height and the cover was not continuous due to a previous

fire and shallower soil. The other species present at this site were predominantly

introduced leguminous sub-shrubs and an indigenous sub-shrub (Waltheria indica L.)
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that composed 5% or less of the cover at all unburned sampling points. Because of the

low occurrence of these species, only the three grass species were included in this model.

Additionally, the dynamics of this grassland are considered independently ofneighboring

upland communities because there is little species overlap or exchange with upland

communities due to a sharp rainfall gradient.

Biological parameters

I. Competition - Ka'aha had higher average biomass than Keauhou although there

was no statistically significant difference (P < 0.05) in the measured amount ofbiomass

per meter squared for plots located in mono-cultures of the three study species. There was

a significant interaction between species and site that indicated that Heteropogon

produced more biomass at Ka'aha. The total potential biomass ofeach ofthese species at

the coastal study sites was assumed to be the same. The maximum potential biomass per

m2 allowed per plot for drought and non-drought conditions was taken directly from the

average values measured at Keauhou- the low water site (200 g/m2
) and at Ka'aha - the

higher water site (300 g/m2
). Density dependent growth due to competition was

incorporated by making the each species' growth rate proportional to the amount of

biomass already present. The maximum growth rate occurred when no biomass was

present, and growth rate slowed to zero when the maximum biomass (200 or 300 g/rn2)

was attained. (a compiled version of the model is presented in Appendix A). In the model

that included interspecific competition, the growth rate of each species was proportional

to the sum ofthe biomass already present for all three species (Appendix B).

The relative dependence ofeach focal species on AMP was quantified using an

index previously developed to quantify a species response to mycorrhizal infection
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(Plenchette et al. 1983). This index was calculated as I minus the ratio of the biomass of

uninfected plants to AMF infected plants, as determined from the greenhouse

experiments. An index value ofzero indicates no AMF dependency, while a positive

value indicates positive dependency and a negative value indicates that AMF reduces

plant growth. An analogous index of water dependency was calculated I minus the ratio

ofbiomass of well-watered plants to plants exposed to drought. (Table 3). While the

index values for mycorrhizal dependency and water dependency of individual species

seem to vary with the other growth factors such as level of phosphorous provided and

competition, these indices, averaged across greenhouse competition treatments, can

provide an estimate ofeach species' overall response to AMP infection and drought.

While this index is usually used to compare the response ofplants that are experiencing

AMP infection to plants that are not infected, its use to measure water dependence is

somewhat different. This use involves comparing the response of the focal species at two

points in a potential continuum of resource availability. It is possible that the dependence

index could change dramatically in magnitude or sign if the response of the plants to two

different levels of the same resource were chosen. In this case however, the levels of

water availability were carefully chosen to realistically represent field conditions with

adequate water and drought conditions respectively

2. Growth - The amount ofbiomass attained per species at each new time step

was calculated by taking the biomass left from the previous time step, subtracting

biomass mortality, and then adding the new growth as determined by the species' growth

rate. The growth rates in the presence ofAMF and drought were estimated from the

amount of new biomass growth by each species per year after the burn at Keauhou. Post-
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fire surveys offield collected seedlings at Ka'aha indicated that fire did not limit AMF

infection levels in the field. Since Keauhou was the dryer of the two sites, and the first

year following the fire was also a drought year, the site was assumed to fall into the

model conditions of AMF present and drought present. Growth rates under increased

water or lack of AMF were estimated by proportionally adjusting the field growth rates at

Keauhou, based on each species response to a lack of AMF or increased water in the

greenhouse experiment. For example, in the greenhouse under drought conditions,

Heteropogon grew nearly IO times slower without AMF, relative to with AMF; therefore,

for the model, Heteropogon's growth rate without AMF, in the presence of drought, was

estimated as 10% of its growth rate in the field at Keahou where the conditions were

drought, with mycorrhizae (Table I). A set oflogic statements determined the appropriate

growth rates per year based on the environmental conditions selected (Appendix A and

B).

3. Mortality - The mortality rate for each species in the absence of fire was

estimated from the observed mortality of adult plants in the unburned areas at Keauhou

when the model conditions were "drought" or from the mortality rates measured in

unburned areas at Ka'aha (wetter site) for the non-drought condition. In years following a

fire, mortality was based on the mortality rates of marked adult plants from Keauhou

after fire (Table 2). The mortality rates represent the reduction in growth potential in the

following year due to whole plant mortality. It does not include natural senescence of

most live biomass as the dry season approaches, nor does it include loss of this above

ground tissue due to fire among surviving plants. This is because the annual senescence

of above ground biomass and loss of above ground biomass due to fire do not represent
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changes in community composition; the surviving plants grow back each year from

rhizomes.

Mortality rates at the Keauhou unburned area were higher than those measured at

Ka'aha. The mortality values for the Ka'aha burned were not used as these represented

more intense fire conditions. Varying levels of fire intensity were not included in this

model.

RESULTS

The growth and dynamics of the grasses were simulated for 20 years. The

simulations started with all three species having equal biomass value of 300 grams per m2

for the version of the model that included intraspecific competition only and 100 grams

per m2 per species for the model version that included interspecific competition. The

model was run with the environmental variables either on or off (with AMF or drought)

for the each simulation. Fire was either withheld or set at 2 year or 5 year intervals.

While non-mycorrhizal plants were generally more water dependent than

mycorrhizal plants, both invasive species responded strongly to drought in the

greenhouse (Table 3). The proportional biomass reduction in response to drought of

mycorrhizal Hyparrhenia was 0.64; Heteropogon, -0.03; and Melinis, 0.24. the

dependence of non-mycorrhizal plants on water was Hyparrhenia, 0.70; Heteropogon,

0.51; and Melinis, 0.43. The previously calculated values for AMF dependence with

adequate water were Hyparrhenia, -0.09; Heteropogon, 0.80; and Melinis: -0.19. When

the plants were exposed to drought these values increased to Hyparrhenia, 0.14;
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Heteropogon, 0.91; and Melinis, 0.15. Previous tests indicated that only Heteropogon had

a significant response to AMF and Hyparrhenia was the only species with a significant

response to water regardless of its AMF status. However, when using the parameters

above in the model, both alien species had increased biomass when drought and AMF

were not present. This trend was reflected in their biomass values even though only

Hyparrhenia was the only species with a significant (P < 0.05) negative response to

drought based on the greenhouse experiment.

The differences in growth led to the bulk ofthe differences in the final simulated

biomass values for each set of environmental conditions. Without AMF or drought, and

with and without competition, Hyparrhenia produced the most biomass, followed by

Melinis and Heteropogon (Figure 2). When both drought and AMF were present

Heteropogon produced more biomass than the alien species in the absence of inter

specific competition (Figure 3). When interspecific competition was present, the

difference between the equilibrium values of the three species decreased (Figure 4). With

drought only, the ranking changed over time so that eventually Hyparrhenia produced

more biomass than Heteropogon with interspecific competition (Figure 5). When a two

year or five year fire interval was added to the simulation without competition but with

drought and AMF, Heteropogon produced the most biomass and Hyparrhenia produced

more biomass than Melinis (Figure 6). The competitive ranking for the species growing

with interspecific competition, 2 and 5 year fire intervals, and no AMF or drought was

similar to their ranking without fire (Figure 7). The only difference between the two sets

of simulations was that Hyparrhenia's biomass production increased. When competition

was added, the ranking remained the same (Figure 8). When the field conditions at
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Ka'aha were simulated by including AMF but no drought or fire, Hyparrhenia

consistently produced the most biomass both with and without competition (Figure 9).

When there was only intraspecific competition Melinis produced more biomass than

Heteropogon but this ranking reversed when interspecific competition was present due to

Melinis having higher mortality.

DISCUSSION

This model did not replicate the competitive ability of these species as determined

by the previous greenhouse experiment. In the greenhouse, Melinis generally produced

the most biomass, especially under high water conditions. However, this does not seem to

be the ranking at the Ka'aha field site where Hyparrhenia seemed to be more abundant

than Melinis. Although the species tend to occur in mono-specific patches so that

competition is difficult to observe, Hyparrhenia seems to be better able to establish and

hold an area than Melinis or Heteropogon as evidenced by the presence ofthe litter of

these two species under Hyparrhenia individuals. Senescing patches ofHeteropogon

seemed to be invaded by Melinis. Melinis is a fast growing species and may be shorter

lived with less lignified leaves than the other two species. Thus Melinis would die sooner

and decompose faster and this would facilitate its replacement by the longer lived species

like Heteropogon, even though they may not be as prolific or easily dispersed. The

greenhouse experiment found that Heteropogon was the most drought tolerant species,

and it also had the largest positive growth response to AMP inoculation. Likewise, the

model predicts that Heteropogon will do best under these conditions. This may be an
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artifact due to using the average growth rates ofHeteropogon and Melinis in the presence

of competition rather than using a competition-modified growth rate.

The bums were initiated to increase the cover ofHeteropogon after observations

of recovery following fire indicated that this species may benefit from occasional bums

(Tunison et al. 1994). The promotion ofHyparrhenia over Melinis and Heteropogon as

predicted by the model under non-drought conditions is contrary to some field

observations that fire promotes Heteropogon (D'Antonio et al. 2000). However, it is not

known whether these observations were made under drought or non-drought conditions.

Heteropogon may benefit from frequent burning in areas dominated by less fire tolerant

grasses, or species of grass that recruit primarily from seed following fire. Burning may

not be an effective control method for Hyparrhenia, particularly under higher water

conditions that increase its growth rate. The three grass species co-occur in Africa, and

studies of African grasslands may provide further insights into future grassland dynamics

in Hawai'i. The African studies indicate that Hyparrhenia fonns an overstory with

Heteropogon persisting as long as disturbance or fire opens up recruitment sites, however

rainfall or drought conditions were not specified (FAO 1960). Burning may not reduce or

control Hyparrhenia but it may increase the probability that Heteropogon will persist in

the community.

Fire was not as important in detennining in the ranking ofthe species as the

species' response to drought and AMF. Melinis suffered relatively higher mortality after

fire and it also had the lowest biomass in the absence of fire. Biotic interactions that

affect some species more than others, such as infection by AMF, may lead to increased

evenness in competition but do not seem to favor replacement or exclusion of species
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from the community (van der Heijden et al. 1998, Hartnett and Wilson 1999, Smith et al.

1999).

The simulations based on absence ofAMF represent a very limited set of field

conditions. It was previously assumed that fire would reduce AMF inoculum and that

recruiting seedlings would have limited infection. While greenhouse experiments

indicated that fire did reduce AMF inoculum there was no change in field-collected

seedling infection levels. A reduction or elimination of AMF from the system might only

occur if fungicides were applied or if the model were used to examine the community

dynamics on a completely sterile substrate such as a new ash flow or heavily eroded area.

Given the active volcanic nature ofthe coastal plane in HVNP this is not unlikely. This

model indicates that the native Heteropogon would not compete as well on this substrate

as it would on one where AMF propagules were available. Overall this native species will

not replace the two invasive species at sites where more water is available but may persist

in areas where less water is available or during periods of drought (Goergen and Daehler

2001). Frequent fire may also increase the persistence ofHeteropogon in a community

where Melinis and Hyparrhenia are present.
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TABLE 1. Ratio of the biomass produced in the greenhouse treatments compared to the
average biomass produced in the AMF - drought treatment combination.

Species Drought Well-watered
Heteropogon contortus AMF 1.0 1.04

NoAMF 0.11 0.26
Hyparrhenia rufa AMF 1.0 2.88

NoAMF 0.92 3.14

Melinis repens AMF 1.0 1.31
NoAMF 0.86 1.66
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FIGURE 1. A graphic representation of the model diagramming the relationships among
the environmental parameters and the growth and mortality of each of the species.
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TABLE 2. Survival over one year for Heteropogon, Hyparrhenia, and Melinis at the
Keauhou burn and unburned sites and at the Ka'aha unburned site. The number of
individuals counted is included above each survival estimate.

Keauhou Ka'aha
Unburned 20 marked individuals 29 marked individuals

Heteropogon contortus 100% survival 100% survival
Burned 40 marked individuals

43% survival
Unburned 20 marked individuals 13 marked individuals

Melinis repens 15% survival 100% survival
Burned 40 marked individuals

5% survival -
Unburned 20 marked individuals 24 marked individuals

Hyparrhenia rufa 60% survival 92% survival
Burned 40 marked individuals

48% survival
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TABLE 3. Water "dependency" for each species pair as measured in a previous
greenhouse experiment for both mycorrhizal and non-mycorrhizal treatments. Only the
average values were used (all competitors averaged) for this model.

Species-Competitor Mycorrhizal Non-mycorrhizal
Hyparrhenia-Hyparrhenia 0.60 0.73
Hyparrhenia-Heteropogon 0.55 0.69
Hyparrhenia-Melinis 0.77 0.67
Heteropogon-Hyparrhenia -0.39 0.19
Heteropogon-Heteropogon 0.27 0.70
Heteropogon-Melinis 0.03 0.62
Melinis-Hyparrhenia 0.23 0.46
Melinis-Heteropogon 0.12 0.56
Melinis-Melinis 0.38 0.29
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ApPENDIX A

DOCUMENTAnON OF THE STELLA MODEL WITHOUT COMPTITION

1. Environment variables:

1.1. AMF .Present = 1

1.2. Drought = 1

1.3. Fire = IF(Fire_Generator=I)THEN(I)ELSE(O)

1.3.1. Fire~enerator = COUNTER(0,5)

2. Heteropogon sub-model.

2.1. Population(t) = Population(t - dt) + (Growth - Mortality) * dt

2.1.1. INIT Population = 300

2.2. Intra-specific competition

2.2.1. Biomass_available_l = Total_Potential_Biomass_l-Population

2.2.2. Rate_reduction_multiplier_1 =

Biomass_available_I/Total_Potential_Biomass_l

2.2.3. Total]otential_Biomass_l = IF(Drought=I)THEN(200)ELSE(300)

2.3. Inflows:

2.3.1. Growth = (Growth_Rate)

2.3. 1.1.Growth_Rate = Rate_reduction_multiplier_l *

(IF(Drought=1)AND(AMF]resent=1) THEN(200)

ELSE(IF(Drought=I)AND(AMF]resent=O) THEN (22) ELSE

(IF(Drought=O) AND(AMF]resent=l) THEN(209) ELSE(52»»

2.4. Outflows:
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2.4.1. Mortality = Population*(IF(Fire=l) THEN(O.57) ELSE(Mortality_Rate»

2.4.I.I.MortalityJate = IF(Drought=1 )THEN(O.05)ELSE(O.05)

3. Hyparrhenia sub-model.

3.1. Population_2(t) = Population_2(t - dt) + (Growth_2 - Mortality_2) * dt

3.1.1. INIT Population_2 = 300

3.2. Intra-specific competition

3.2.1. Biomass_available_2 = Total_Potential_Biomass_2-Population_2

3.2.2. RateJeduction_multiplier_2 =

Biomass_available_2ITotal_Potential_Biomass_2

3.2.3. Total]otentialJ3iomass_2 = IF(Drought=I)THEN(200)ELSE(300)

3.3. Inflows:

3.3.1. Growth_2 = (Growth_Rate_2)

3.3.I.I.Growth_Rate_2 = RateJeduction_multiplier_2 *

(IF(Drought=l)AND(AMF Present=l) THEN(193)

ELSE(IF(Drought=l)AND(AMF]resent=O) THEN (177) ELSE

(IF(Drought=O) AND(AMF]resent=l) THEN(557) ELSE(606))

3.4. Outflows:

3.4.1. Mortality_2 = Population_2*(IF(Fire=1) THEN(O.52)

ELSE(Mortality_Rate_2))

3.4.l.I.MortalitYJate_2 = IF(Drought=I)THEN(0.40)ELSE(0.08)

4. Melinis sub-model
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4.1. Population_3(t) = Population_3(t - dt) + (Growth_3 - Mortality_3) * dt

4.1.1. INIT Population 3 = 300

4.2. Intra-specific competition

4.2.1. Biomass_available_3 = Total_Potential_Biomass_3-Population_3

4.2.2. RateJeduction_multiplier_3 =

Biomass_available_3/Total_Potential_Biomass_3

4.2.3. Total]otential_Biomass_3 = IF(Drought=I)THEN(200)ELSE(300)

4.3. Inflows:

4.3.1. Growth_3 = (Growth_Rate_3)

4.3. 1. 1.Growth_Rate_3 = RateJeduction_multiplier_3

*(IF(Drought=l)AND(AMF]resent=l) THEN(190)

ELSE(IF(Drought=l)AND(AMF]resent=O) THEN (164) ELSE

(IF(Drought=O) AND(AMF]resent=l) THEN(249) ELSE(315»)))

4.4. Outflows:

4.4.1. MortalitL3 = Population_3 *(IF(Fire=I) THEN(O.95)

ELSE(Mortality_Rate_3))

4.4.I.I.Mortality_Rate_3 = IF(Drought=I)THEN(0.85)ELSE(0.05)
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ApPENDIXB

DOCUMENTATION OF THE STELLA MODEL WITH COMPETITION

1. Environment variables:

1.1. AMF Present = I

1.2. Drought = I

1.3. Fire = IF(Fire_Generator=I)THEN(l)ELSE(O)

1.3.1. Fire~enerator = COUNTER(0,5)

2. Competition.

2.1. Biomass_available = Total_Potential_Biomass-Population-Population_2-

2.2. Rate reduction multiplier = Biomass available/Total Potential Biomass- - - --

2.3. Total]otential_Biomass = IF(Drought=I)THEN(200)ELSE(300)

3. Heteropogon sub-model

3.1. Population(t) = Population(t - dt) + (Growth - Mortality) * dt

3.1.1. INIT Population = 100

3.2. Inflows:

3.2.1. Growth = (Growth_Rate)

3.2.1.1.Growth_Rate = RateJeduction_multiplier *

(IF(Drought=l)AND(AMF]resent=l) THEN(200)
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ELSE(IF(Drought=l)AND(AMF]resent=O) THEN (22) ELSE

(IF(Drought=O) AND(AMF]resent=l) THEN(209) ELSE(52»»

3.3. Outflows:

3.3.1. Mortality = PopuIation*(IF(Fire=l) THEN(0.57) ELSE(MortalitLRate»

3.3.l.l.MortalityJate = IF(Drought=1)THEN(0.05)ELSE(0.05)

4. Hyparrhenia sub-model

4.1. Population_2(t) = Population_2(t - dt) + (Growth_2 - Mortality_2) * dt

4.1.1. INIT Population_2 = 100

4.2. Inflows:

4.2.1. Growth_2 = (Growth_Rate_2)

4.2.1.l.Growth_Rate_2 = Rate_reduction_multiplier*

(IF(Drought=I)AND(AMF Present=l) THEN(193)

ELSE(IF(Drought=l)AND(AMF]resent=O) THEN (177) ELSE

(IF(Drought=O) AND(AMF]resent=l) THEN(557) ELSE(606»)))

4.3. Outflows:

4.3.1. Mortality_2 = Population_2*(IF(Fire=l) THEN(0.52)

ELSE(Mortality~ate_2»

4.3. I. I.MortalityJate_2 = IF(Drought=I)THEN(OAO)ELSE(0.08)

5. Melinis sub-model

5.1. Population_3(t) = Population_3(t - dt) + (Growth_3. Mortality_3) * dt

5.1.1. INIT Population_3 = 100
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5.2. Inflows:

5.2.1. Growth 3 = (Growth Rate 3)_. --

Rate_reduction_multiplier*(IF(Drought=1)AND(AMF]resent=1)

THEN(I90) ELSE(IF(Drought=I)AND(AMF]resent=O) THEN (164)

ELSE (IF(Drought=O) AND(AMF]resent=I) THEN(249)

ELSE(3 15»»)

5.3. Outflows:

5.3.1. Mortality_3 = Population_3*(IF(Fire=l) THEN(O.95)

ELSE(Mortality_Rate_3))

5.3 .1.I.Mortality_Rate_3 = IF(Drought=1 )THEN(O.85)ELSE(O.05)
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CHAPTER 6

CONCLUSIONS

This study ofthe population dynamics of the grass species (Heteropogon

contortus (1.) P. Beauv. ex Roem. & Schult; Hyparrhenia rufa (Nees) Staph; Melinis

repens Willd) and their associated AMF species following fire was carried out at a field

site in a coastal grassland in Hawai'i Volcanoes National Park (HVNP). A greenhouse

experiment that assessed the effects of competition, drought, and AMF infection on the

same three species studied in the field was carried out at the University of Hawai'i at

Manoa. The results were summarized in a non-spatially explicit model designed to

demonstrate longer-term effects of each of these environmental factors on the relative

abundance of the grasses.

Fire has often been found to promote the spread of invasive grasses in Hawai'i,

but an indigenous grass, Heteropogon contortus may also be promoted by fire. This is in

contrast to the findings from other Hawaiian studies ofdryland ecosystems that found

that the introduction ofalien grasses benefit from a more intense fire cycle. AMF can

potentially alter the competitive interactions between invasive and native plants but AMF

may be suppressed by fire. By reducing the availability of AMF propagules fire may

indirectly decrease the competitive ability of the native grass by reducing the abundance

ofarbuscular mycorrhizal fungi (AMF). The effect of fire, competition with alien grasses,

AMF infection and drought on Heteropogon were studied in an effort to provide more

information for good management decisions ofthis species.
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This work is summarized in the following four objectives and their associated

hypotheses:

Objective I. To determine the influence of arbuscular mycorrhizal fungi (AMF) and

drought on the growth and competitive interactions among Heteropogon, Melinis, and

Hyparrhenia;

Hypothesis 1.1. There is no difference in the response of the three grass species to

AMF infection.

Hypothesis 1.2. Heteropogon growth decreases more than the other grass species

when planted with an interspecific competitor.

Hypothesis 1.3. Melinis has the largest decrease in growth when exposed to

drought.

Objective 2. To identitY the most significant factors affecting population abundances of

Heteropogon contortus, Melinis repens, and Hyparrhenia rufa;

Hypothesis 2.1. Heteropogon has higher survival following fire than the

introduced grass species.

Hypothesis 2.2. The patchy distribution of the species at the field sites is reflected

by the distribution of species in the seedbank.

Objective 3. To determine the effects of fire on AMF and seedling recruitment in

Heteropogon, Melinis, and Hyparrhenia;

Hypothesis 3.1. Fire decreases the colonization potential by AMF in the soil.

Hypothesis 3.2. The abundance oflarge seeded species increases in burned areas

compared to unburned areas following fire.
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Hypothesis 3.3. AMF propagule availability is similar under all three grass

species.

Objective 4. To identify the most effective management strategy for maintaining

Heteropogon grasslands by modeling the effects of fire and environmental heterogeneity

on the community composition.

Hypothesis 4.1. Increases in Heteropogon biomass are correlated with short (2-5

year) fire cycles.

The greenhouse experiment was designed to determine the effects of AMF and

drought on intra- and interspecific competition the grass species that co-occurred at the

field study sites. Hypothesis 1.1 was not supported since there was a difference in the

magnitude of the change in growth between infected and uninfected plants among

species. The indigenous Heteropogon experienced an average 500% increase in above

ground biomass in response to AM fungal infection and an 850% increase of

aboveground biomass with intraspecific competition compared to intraspecific

competition. Leafproduction in Heteropogon increased in mycorrhizal treatments but not

for the invasive species. Heteropogon grew an average of27 em taller when infected with

AMF in both the drought and well watered treatments while the alien species did not

differ within the drought treatment but were an average of 19 ern shorter in the well

watered mycorrhizal treatment relative to the well-watered non-mycorrhizal treatment.

These results suggest that AM fungi increase the growth ofthe native species, thereby

decreasing the impact of competition from two co-occurring alien grasses.
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Hypothesis 1.2 was supported as Heteropogon produced more aboveground

biomass with a conspecific competitor than when paired with interspecific competitors.

Hyparrhenia and Melinis produced more aboveground biomass when interspecifically

paired with Heteropogon than when grown with a conspecific competitor or with each

other in interspecific combinations. The significant interaction among the focal species,

the competitor species, and mycorrhizal treatment was due to competitive interactions

between Heteropogon and the other two species being affected by the presence of

mycorrhizae. Relative aboveground biomass ofeach species in the three way competition

experiment showed a pattern similar to the paired experiment for all treatment

combinations except the non·mycorrhizal well watered treatment where both

Hyparrhenia and Melinis had higher biomass than expected based on the paired

experiment. While Melinis was expected to respond to drought (hypothesis 1.3), no

differences in the growth ofthis species were detected over the watering treatments used.

The effects of the AMF species occurring at the HVNP sites were studied as a

community. There may be differences in the way the grass species respond to each ofthe

members of the AMF community. Future studies could focus on whether or not all AMF

species present favored the native species. The increases in Heteropogon growth

attributed to AMF infection were not sufficient to reverse the competitive ranking ofthis

species compared to the alien grasses.

Several assumptions about Heteropogon grasslands were made by HVNP

resource managers that indicated that promoting Heteropogon would not only restore a

cultural resource but provide a more favorable competitive enviroument for other native

species and protect nearby dryforest habitat from intense fire carried by alien grass
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species. It was assumed that this species produced less biomass per m2 than the alien

grasses and so would provide less fuel for damaging fires. This study did not find any

difference in the amount ofbiomass produced between the study species. Hypothesis 2.1

was not supported as mortality of the native grass was not different from the mortality of

the alien grasses following fire. During the first year following fire at the Keauhou site,

survival for marked individuals ofHeterpogon was 50% in the burn area and 100% in the

neighboring unburned control area. Hyparrhenia experienced survival rates similar to

Heteropogon in the burned area and somewhat lower survival in the control area (60%).

Melinis repens had low survival (average 10%) and there were no statistical differences

between the burned and control areas. At the other two sites the fires were more intense

and all species experienced an average of 3% survival following fire average. Survival

rates did not differ between species. One year following fire there was a reduction in the

total number ofMelinis repens individuals at Keauhou but not at Ka'aha. Numbers of

Heteropogon and Hyparrhenia individuals were not affected at Keauhou but at Ka'aha

the frequency ofHeteropogon was reduced to 1% ofpre-burn levels. Melinis repens

produced the largest number of viable seeds. The seed bank ofMelinis repens seemed to

be reduced by fire at Keauhou but no differences were detected in the seed bank for any

of the species at Ka'aha. Fire may not be effective in reducing the cover ofHyparrhenia

or Melinis repens in Heterpogon grasslands. It was also assumed that this species would

increase following fire based on post-fire surveys ofcommunities invaded by alien

species. The actual response ofHeteropogon seems to depend on site conditions and the

survival of the competing species. Fire did not drastically reduce the abundance of

Hyparrhenia and Melinis compared to Heteropogon. The examination of the seedbank
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indicated that it mirrors the aboveground community composition which supports

hypothesis 2.2. Since no correlation between grass species and substrate was found the

hypothesis that the patchy distribution of the grass species reflects recruitment limitation

from recent colonization events is not rejected. Continuing a detailed survey of the

survival ofindividuals and seedbank recruitment in repeatedly burned areas will be

important as this experimental management technique is applied to HNVP grasslands.

Alternate strategies should be developed to control the alien grasses invading the coastal

grasslands. Longer term monitoring of seed bank recruitment following multiple fires is

needed to accurately project the impact of the proposed management plan on these

species.

Fire has been implicated in the reduction the abundance of AMF propagules that

in tum could affect the growth and survival of the grass species. Hypothesis 3.1 was not

supported since a one year field survey indicated that fire did not decrease the infection

of field seedlings recruiting following the fire but may have decreased the overall

infection potential of the soil as indicated by greenhouse experiments. AMF infection

levels in both burned and unburned sites was 25% ofthe total root length. Reductions in

soil AMF caused by fire were probably insufficient to have important effects on seedling

infection rates in the field. Fire favored the relatively large seeded legumes and Waltheria

at the more intense Ka'aha fire and the proportion oflarger-seeded non-grass species

increased at both sites following fire - supporting hypothesis 3.2. As expected (hypothesis

3.3), no difference in infection potential was found in soil collected under the canopy of

the three dominant grass species. Rapid root growth among seedlings in the field may

also have allowed them to gain access to AMF in soils several centimeters below the
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surface, compensating for any soil surface depletion ofthe mycorrhizal community by

the fire. Higher order interactions are difficult to detect and a more controlled application

of fire, possibly in conjunction with the use of fungicides to suppress AMF in the field is

needed to fully explore this relationship. Higher order interactions may be present. The

relative importance of these interactions in determining community structure can be

assessed only with much larger experiments.

The field and greenhouse responses ofthe three bunchgrasses to AMF infection,

drought, and fire were used to construct a non-spatially explicit model of their biomass

dynamics using Stella version 5.0 for Windows. The alien grass Hyparrhenia's positive

response to water and negative response to AMF caused this species to produce more

biomass in the simulations than the native grass Heteropogon when AMF and drought

were not present. The inclusion of drought and AMF increased the biomass of

Heteropogon relative to the other two species and caused this species to produce the most

biomass. Both alien grasses, Hyparrhenia and Melinis, increased when drought and AMF

were not present. The hypothesis (hypothesis 4.1) that short (two or five year) fire

intervals would favor Heteropogon was not supported. This was primarily due to the

similarly high mortality rates between burned and unburned plants during a drought year

and between species. In coastal lowlands where Heteropogon grows with Hyparrhenia

and Melinis, frequent fire may increase Heteropogon if this treatment is combined with

suppression of surviving individuals of the other species. In this simple community

composed of three dominant non-coevolved grass species, the response of each species to

drought, AMF, and fire was more important to growth and survival than the interaction

between these factors.
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