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ABSTRACT

Experiments were conducted to determine the effects of soil disturbance on arbuscular

mycorrhizal fungi root colonization and the growth of invasive and native Hawaiian

plants, predicting higher AMP dependency in native species than invaders, with

consequent decreased root colonization and plant growth with disturbance. Six species

were grouped into 3 pairs (l native: 1 invasive) and plants were grown in disturbed and

undisturbed treatments in the greenhouse and field for 4/6 weeks. Root colonization, root

length, stem and seedling height, leaf number, shoot and root biomass, and mycorrhizal

dependency (MD) were measured. Root colonization was not affected by disturbance.

Disturbance hindered growth of Acacia confusa, Acacia koa, Eidens pilosa, and Eidens

sandvicensis. Data from only 1 pair (Acacia sp.) showed native plant MD greater than

invader MD. The relationship between soil disturbance, root colonization, and plant

growth may be species specific, and no native or invasive species trends were detected.

iv



TABLE OF CONTENTS

Acknowledgements iii
Abstract. .iv
List of Tables vi
L" fF" ..1st 0 Igures VB

Chapter 1: Literature Review 1
Mycorrhizae 6
Mycorrhizal Studies in Hawai'i. 13
Objective of Research 16
Hypothesis 16

Chapter 2: 18
Abstract. 18
Introduction 19
Methods 22

Species Pairing 22
Seed Germination and Seedling Preparation 23
Greenhouse Trials 24
Field Trials 27
Analysis 31

Results: Greenhouse 32
AMF Dependency (MD) 32
Biomass 33
Stem Height, Leaf Number and Root Length 35
% Root Colonization 43

Results: Field 46
Biomass 46
Stem & Seedling Height, Leaf Number and Root Length 47
% Root Colonization 54

Root Nodule Counts in Leguminous Species 56
Discussion 57

AMF Dependency (MD) and Root Colonization 57
Disturbance Effects on Biomass 62
Disturbance Effects on other Growth Measurements 65
Greenhouse vs. Field Comparisons 66
Species Summaries 66
Conclusions 70
Future Research 71

References 73

v



LIST OF TABLES

1. Native - Invasive Species Pairs 23

2. Mean Shoot Biomass in Greenhouse Trial.. 33

3. Mean Root Biomass in Greenhouse TriaL 34

4. AMF Dependency (MD) ' 34

5. Mean Stem Height & Root Length in Greenhouse Trial 36

6. Mean AMF Root Colonization .45

7. Mean Shoot & Root Biomass in Field Trial.. .48

8. Mean Stem & Seedling Height, Root Length & Leaf # in Field Trial. .49

9. Nodule Formation in Roots of Legume Species 56

vi



LIST OF FIGURES

Figure Page

1. Diagram of Field Design 29

2. Mean Stem Height over Time - A. confusa - Greenhouse 37

3. Mean Stem Height over Time - A. koa - Greenhouse 38

4. Mean Stem Height over Time - B. pilosa - Greenhouse 39

5. Mean Stem Height over Time - B. sandvicensis - Greenhouse 40

6. Mean Stem Height over Time - S. terebinthifolius - Greenhouse 041

7. Mean Stem Height over Time - P. albidus - Greenhouse A2

8. AMP Root Colonization - A. confusa - Greenhouse 044

9. AMP Root Colonization - B. pilosa - Field .47

10. Mean Stem Height over Time - A. confusa - Field 50

11. Mean Stem Height over Time - A. koa - Field 51

12. Mean Stem Height over Time - B. pilosa - Field 52

13. Mean Stem Height over Time - B. sandvicensis - Field 53

14. Mean Stem Height over Time - S. terebinthifolius - Field 54

15. Mean Stem Height over Time - P. albidus - Field 55

vii



•

CHAPTER ONE

From the creation of new housing developments to agriculture, humans have disturbed

natural habitats, and disrupted native ecosystems (Vitousek et ai. 1997). Grime (1979)

defines habitat disturbance as "any process that removes or damages biomass." Since

human populations continue to increase, an increase in disturbed habitats is anticipated.

As more vegetation is removed, changes in the soil composition and chemistry can cause

changes in the plant species composition (Vitousek et ai. 1997, Carillo-Garcia et ai.

1999, St. John 1999). Also, disturbed areas facilitate invasions by exotic species,

particularly plant species, via human introductions (Vitousek et ai. 1997). The

introduced species can create monocultures and eventually develop the potential to

spread from disturbed areas to native habitats. Therefore, it is necessary to understand

how disturbed areas facilitate plant invasions, and what can be done to limit the threat of

native plant loss. This is particularly important in the Hawaiian Islands where 95% of the

native plant species are endemic (Stone et ai. 1992).

Studying the connection between soil disturbance and invasive species can help us

understand how and why plant invasions occur. Invasive plants have been one of the

largest obstacles for conservation and restoration in the Hawaiian Islands (Huenneke &

Vitousek 1990, Vitousek et ai. 1997). Focus on how invasive species disperse to the

islands, become established and naturalized, as well as how they can be controlled is

necessary in order to protect and preserve the native Hawaiian ecosystems. Knowledge

of how native plants and invasive species interact with each other and their habitat during

and after an invasion is essential in understanding the mechanisms of the plant
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introduction. By studying how certain disruptions or environmental manipulations

differentially affect both native and invasive species, steps can be taken to promote native

plant communities.

There are over 861 alien species on the Hawaiian Islands that have become naturalized

(Tunison et al. 1985) out of more than 4,600 introduced species (St John 1973).

Approximately 86 of these naturalized species are considered invasive and a serious

threat to native ecosystems (Stone et al. 1992). An invasive species is defined as "an

alien plant spreading naturally (without direct assistance of people) in natural or semi

natural habitats, to produce a significant change in terms of composition, structure or

ecosystem processes" (Cronk & Fuller 1995). Invasive species tend to be much hardier

and more successful than the native plants that occupy the invaded area. The invading

species may not experience any natural enemies and could outcompete native plants for

resources, establishing the potential to eventually dominate the invaded area (Pattison et

al. 1998, Rejamanek 2000, Smith & Knapp 2001).

Many factors might contribute to the likelihood that a plant will be invasive. Recent

studies have tended to dismiss general traits for all invasive species, but rather focus on

traits that could facilitate easier colonization and establishment in a specific ecosystem or

habitat. Furthermore, "invasive traits" are more easily identifiable within genera than

entire flora due to similarity among these groups of species (Radford & Cousens 2000).

Smith & Knapp (2001) determined that of many plant traits presumed to potentially aid in

an invasion, such as fast and successful seedling establishment, phenotypic plasticity, and
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low or no susceptibility to herbivory, are most consistently present in invasive species in

their tallgrass prairie ecosystem. Many other traits, such as efficient seed dispersability,

the ability to quickly reach reproductive maturity, and facultative self-incompatibility

with no inbreeding depression, have been listed as potential factors that might establish a

species as an invader (Cronk & Fuller 1995). It should be noted, however, that these

characteristics are not typical of all plant invasions, and, are not necessarily definitive

indicators of an invasive plant. These traits, however, might aid a plant in traveling,

colonizing, and possibly establishing in a new habitat.

Plant invasions can be detrimental for a number of reasons. First, they have the potential

to replace diverse, native habitats with monotypic stands, prohibiting regeneration of

native plants (Cronk & Fuller 1995). This, in tum, could pose a threat to the native fauna

in the area, including birds and insects that may serve as pollinators for remaining native

plants. Alteration of the soil chemistry can also result from a plant invasion, making

conditions more difficult for the native plants (Gordon 1998, Radford & Cousens 2000).

Invaders can alter geomorphological processes, hydrology, and fire regimes, causing

physical re-structuring of the environment (Gordon 1998, Radford & Cousens 2000).

Finally, both floral and faunal extinctions are possible outcomes as a result of a plant

invasion (Cronk & Fuller 1995, Stone et ai. 1992, Gordon 1998).

Islands are especially susceptible to alien plant invasions (Carlquist, 1974, Stone et ai.

1992, Drake et ai. 2002). Distant isolation from other larger landmasses allows for unique

speciation to occur. The Hawaiian Islands have a small number of native plants in
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proportion to continental diversity, but 95% of these are endemic (Stone et ai. 1992).

Both these features lead to the increased chance of native plant extinction via alien plant

dominance. Some islands are so small, compared to continental areas, that alien seeds

and propagules can quickly spread across the entire landmass. There is also an increased

chance of alien plant arrivals on certain islands, despite their geographical isolation, due

to human trade activities. Islands have historically served as important stopovers during

ocean travel (Cronk & Fuller 1995).

Little time may be required for an invasive propagule to become a small population,

which in tum could quickly form many populations. Once a species becomes

naturalized, or has been established in areas outside of the initial introduction site,

dispersal will allow other populations to spread and develop across the island. After a

species has become this established on an island, it can be very hard to control its growth

and the chance of eradication decreases. If scientists can understand the dynamics

between invasive introductions and the native plant communities they invade, we might

be able to maximize resistance of native habitats to invasion.

Habitat and soil disturbance can contribute to the establishment of an invasive species

(Burke & Grime 1996, Lonsdale 1999, Smith & Knapp 2001). Preserving native habitats

and stimulating or promoting native plant growth is one approach to protecting native

species. If disturbed soils tend to be dominated by invasive alien plants, then decreasing

these areas or managing them for invasive plant growth might limit the establishment or

spread of invasive plants. Understanding how these disturbed areas promote or hinder
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plant growth is essential for maintaining native plant populations. One approach would

be to study changes in the soil composition during and after a disturbance and determine

how these changes could influence invasion.

Some invasive species may respond positively to a natural or human-caused soil

disturbance (Cronk & Fuller 1995, Peters 2001). Certain invasive species have exhibited

higher germination, greater establishment rates and larger plant size in disturbed soils.

This phenomenon has been attributed to many alterations that can take place in the

ecosystem resulting from disturbance as well as the ability of the seeds and seedlings of

invasive species to withstand harsh environmental conditions (Bungard et ai. 1997, King

& Grace 2000, Peters 2001, Lambrinos 2002). Peters (2001) discovered that soil

disturbance caused by pigs might facilitate the spread of Clidemia hirta, an invasive

Melastome, in Pasoh Forest Reserve (Malaysia) for a number of reasons. A change in

soil density, spread of propagules via pig transport, an increase in light availability due to

the decrease in vegetative cover, a decrease in water retention by recently disturbed soil,

and a change in vegetative structure and litter cover and depth have all been attributed to

the success of this invasive plant. King & Grace (2000) observed an increase in plant

growth of an invasive grass species due to tilling, and Lambrinos (2002) noticed an

increase in germination rates due to soil disturbance of two invasive Cortaderia species.

Lastly, the increase in light availability due to particular disturbances, especially in

conjunction with the upheaval of the soil's seed bank, has contributed to the spread of an

invasive vine in New Zealand (Bungard et ai. 1997).

5



Mycorrhizae

Soil disturbance, whether due to agriculture, logging, mining or construction, can disrupt

and alter a variety of belowground communities. Biotic components of soil, including

the macrobiota (roots, rhizomes, insects and animals), microbiota, and other

decomposers, fungi and prokaryotes aid in maintaining the chemistry and nutrient

availability, composition and stability of the soil (Miller 1985, Andrade et ai. 1998). An

important component of the belowground ecosystems are arbuscular mycorrhizal fungi

(AMP), a group of fungi that form mutualistic relationships with the roots of most plant

species. "Mycorrhizae influence many of the processes that underlie ecosystem

functionality; plant survival, production, nutrient cycling, species diversity, soil structure,

soil microbiology and suppression of invasive plant species" (St. John 1999). This

symbiosis has been shown to benefit the plant through increased nutrient acquisition

(Jasper 1994, Smith & Read 1997, St. John 1999, van der Heijden et ai. 1998).

Mycorrhizal fungi may also provide increased water absorption, by covering a greater

soil area than root hairs and tips alone (Sylvia 1998). Mycorrhizae infect the roots of

plants, increasing the uptake of nutrients or water in return for a carbon source (Smith &

Read 1997). The fungi consume approximately 10% of a plant's photosynthate (Miller

1985). It is generally accepted that the increase in the accessibility of phosphate is highly

beneficial to the plant (Harley & Smith 1983). If this symbiosis is somehow disrupted,

the plant is negatively affected by the decrease in the rate of nutrient uptake (Jasper et ai.

1989a1b, Evans & Miller 1990, Fairchild & Miller 1990, Titus & Lep 2000). Since the

hyphae of mycorrhizal fungi are presumably easily damaged by physical disturbance, any

soil disturbance could potentially affect the plant-mycorrhizae symbiosis, but few studies
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have attempted to document these effects. Further empirical studies are needed to

determine whether soil disturbance could have a negative effect on mycorrhizae and the

plant communities that may depend on them.

The most common type of mycorrhiza that is associated with plants is AMP, a type of

endomycorrhizae (Miller & McGonigle 1992, Sylvia 1998). AMP are in the division

Zygomycota and in the order Glomales (Smith & Read 1997). During the process of

infecting a plant, fungal hyphae, as part of the mycelium in the soil, first move into the

apoplast of the root cortex and then become invaginated into the cortical cells. This is

where the direct exchange of inorganic ions for carbon occurs. There are three

components of the symbiosis; the root, the cells of the fungi in the root, and the mycelial

network in the soil (Smith & Read 1997). Vesicles, arbuscules and hyphae are the fungal

structures within the root. Vesicles form intracellularly and intercellularly, contain high

lipid concentrations, and are believed to potentially serve as reproductive propagules.

Arbuscules occur strictly in the cortical cells and are the ends of hyphal branches that

become invaginated into cortical cells and provide a mechanism for nutrient exchange

(Miller & McGonigle 1992, Sylvia 1998).

AMP have the potential to infect many divisions of plants from bryophytes to

angiosperms. Certain plant families, such as Chenopodiaceae, Polygonaceae and

Brassicaceae, are largely non-mycorrhizal (Read & Birch 1988, Smith & Read 1997).

Other taxa can be facultatively mycorrhizal and therefore do not need mycorrhizal

colonizations but benefit from them, while still other plant taxa are obligately
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mycorrhizal and need this relationship in order to achieve reproductive maturity (Read &

Birch 1988, Smith & Read 1997). It is estimated that 95% of plant species belong to

typically mycorrhizal families (Smith & Read 1997). Past research has compared growth

rates of mycorrhizal species with and without mycorrhizae, demonstrating enhanced

growth in the presence of mycorrhizae (Miller 1985, St. John 1999). Therefore, if this

relationship is disrupted and there is a cessation of the elevated nutrient concentrations

that the mycorrhizae provided, particularly phosphate, the plant will respond negatively.

A decrease in the colonization rates of the mycorrhizae in the plant root could lead to a

decrease in the plant's growth rate as well as in its ability to withstand environmental

stresses, especially water stress (Read & Birch 1988, Jasper et ai. 1989a/b, Evans &

Miller 1990, Fairchild & Miller 1990, Carrillo et ai. 1999).

Certain soil disturbances can disrupt this fungus-plant symbiosis; "The most important

effect of soil disturbance is the loss of the mycelial network ... " (St. John 1999). Studies

have shown that the amount of root colonization by AMF increases with the age of the

habitat. Greipsson & EI-Mayas (2000) determined that there was significantly more root

colonization in lO-year-old reclamation sites than in 1- and 5-year-old sites in sand dune

habitats in Iceland. For agricultural crops, the effects of a variety of different tilling

techniques have been tested to determine the most 'mycorrhizal-friendly' method.

Typically, the least disruptive method of tilling provided the best chance for mycorrhizal

colonization of crops (Kabir et ai. 1999, McGonigle et ai. 1999). Plants in control or no

till/undisturbed treatments had greater concentrations of phosphorus (Read & Birch 1988,

Fairchild & Miller 1990). Jasper et ai. (1992) determined that soil disturbance due to
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mining may decrease the rate of AMP colonization in plants by between 30 and 100%.

Read and Birch (1988), when comparing colonization rates in plants in disturbed and

undisturbed soils, observed that no roots from the disturbed sections had more than 5 mm

of their length colonized by AMP, and average root colonization was 1.56 times greater

in undisturbed soils than in disturbed soils. Even though it is known that a reduction in

phosphate uptake lessens plant growth (Taiz & Zeiger 1998), there has not been much

research on how disturbed soils affect plant growth.

Other research on mycorrhizal effects on plants in disturbed soils has involved

greenhouse pot experiments. Pots had been divided into two or three sections by a wire

screen with mesh too small to allow roots to pass but large enough to allow mycorrhizal

hyphae and spores to pass through. Therefore, one side could be used to establish

mycorrhizae via inoculum and to plant a cover plant to test for infectivity. The other side

of the pot consequently contained hyphal growth and possibly reproductive propagules.

To test for effects of soil disturbance on AMP colonization and plant growth, the soil was

taken out and shaken up to re-arrange all soil components and break up any formed

hyphal networks (Jasper et ai. 1989a/b, Evans & Miller 1990, Fairchild & Miller 1990).

A bioassay plant was then grown in the soil. When the soil was undisturbed, the bioassay

plant on the second side of the mesh had extensive mycorrhizal colonization. When the

soil was physically disturbed, AMP colonization decreased (Jasper et ai. 1989a/b, Evans

& Miller 1990, Fairchild & Miller 1990). Other research allowed for two treatments and

one control (undisturbed soil) by removing the soil and shaking it up and also removing

the soil and replacing it without shaking or mixing the medium. Colonization sharply
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decreased as well as the plants' P and Zn concentrations in the disturbed treatment only

(Evans & Miller 1990). Also, the fate of the original plant on the first side of the pot did

not affect the colonization of the bioassay plants on the second half. Original plants were

left alone, clipped to soil level or had their roots severed from the hyphal network. These

treatments did not significantly affect root colonization on the other side of the screen

(Evans & Miller 1990).

In order to determine what effects soil disturbance will have on plant growth and

development, focus needs to be placed on the growth rates of plants in disturbed and

undisturbed treatments. Past research has suggested that the monitoring of seedling

growth would provide the best opportunity to observe changes in plant development

between the treatments (Read & Birch 1988, Ravichandran & Balasubramanian 1999,

Kiers et ai. 2000). Seedlings have the quickest growth to monitor and also require the

most nutrients for that growth. Therefore, mycorrhizae are extremely important at this

stage in a plant's life cycle (Keirs et ai. 2000).

Also, AMF hyphal networks can mend themselves relatively quickly. It has been

suggested that colonization after disturbance can reach full infectivity after approximately

two weeks in some ecologically dominant plant species, and initial colonization can

occur as early as 4 or 5 days (Read & Birch 1988, Koske per. comm., Jasper et ai. 1992).

Therefore, to examine differences in AMF colonization in disturbed and undisturbed

soils, monitoring of seedling growth would need to begin immediately after disturbance.
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Growth rates as well as colonization rates must be continually measured in order to

determine whether there are differences between disturbed and undisturbed soils.

The other reason for monitoring seedling growth, particularly after disturbances, is that

seedling growth can determine plant community structure, including the diversity and

richness of plant species in a disturbed area. The presence or absence of mycorrhizae

may affect whether a native community or alien plant community develops after

disturbance. Past research has demonstrated that mycorrhizae affect plant community

structure and productivity, plant population traits, soil conditions, and nutrient

distribution in the soil (Francis & Read 1994, 1995, van der Heijden et ai. 1998 a& b,

Hartnett & Wilson 1999, Klironomos et ai. 2000). Van der Heijden et ai. (1998)

determined that fungal species richness was positively correlated with plant biodiversity,

retention of nutrients, and productivity in North American old fields. Hartnett and

Wilson (1998) found strikingly contrasting results in tallgrass prairies. In this plant

community, the suppression of mycorrhizae actually led to an increase in plant diversity,

specifically of facultatively mycorrhizal species. Since obligately mycorrhizal species

were less diverse, the lack of mycorrhizae promoted the growth of less AMP-dependent

grasses (Hartnett & Wilson 1998). Francis & Read (1995) observed that while some

species might thrive in AMP-inoculated soil, other species that are non-mycorrhizal do

not develop as well as if they are in AMP-free soil. Some non-mycorrhizal species

actually experienced mortality due to the presence of AMP (Francis & Read 1995).

Two generalizations have emerged concerning the effects of mycorrhizae on native

versus invasive plants. First, many invasive plant species tend to dominate disturbed
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areas, partially due to their potential to be facultatively mycorrhizal, but also due to other

previously discussed characteristics of invasive plants (Reeves et ai. 1979, Francis &

Read 1994, Cronk & Fuller 1995, St. John 1999, Richardson et ai. 2000). Facultatively

and non-mycorrhizal species can therefore become primary colonizers in areas devoid of

AMF networks (Carillo-Garcia et ai. 1999). Second, native plant diversity appears to be

enhanced in strongly mycorrhizal soils, though it is a long process of succession to reach

a diverse native plant community (Jasper et ai. 1992, Smith et ai. 1998, Marler et ai.

1999). Also, primary colonizers, which might not need AMF to establish a population,

can nevertheless be infected with AMF and provide inoculum for other AMF-dependent

species (Carillo-Garcia et ai. 1999). This, however, does not imply that the overall

richness of native species is enhanced as succession proceeds and more inoculum is

present (van der Heijden et ai. 1998). If there is great diversity and abundance of AMF,

one invasive species could still dominate the habitat, even with high native species

richness (Hartnett & Wilson 1999). Other research has also suggested that if the invasive

species is mycorrhizal and the native species is not mycorrhizal, then the negative impact

the invasive species has on the native plant community may increase (Marler et ai. 1999).

This appeared to be due to an increase in biomass of the invasive forb with AMF when a

native bunchgrass was also established. A change in forb biomass with and without

AMF was not noticed when no native bunchgrass was present (Marler et ai. 1999).

Hartnett & Wilson (1999) listed two different mechanisms for mycorrhizal influence on

plant communities; differential resource acquisition via hyphal networks and plant host

species compatibility with specific AMF species in the soil. The former mechanism
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suggests that available nutrients in the soil might not be evenly dispersed for hyphal

networks to appear equally efficient for all plants in a given area. In other words, if

nutrients are not evenly dispersed throughout the soil, the mycorrhizal networks will

appear to absorb or function better in some areas and not others. Therefore, regardless of

fungal or plant species, random location may playa part in nutrient acquisition for plants

if there are different concentrations of nutrients throughout a designated area. The latter

mechanism refers to specific fungal species benefiting host species only, consequently

delivering nutrients only to certain plant species with which the AMF are compatible.

This research will focus on the importance of the hyphal connections only and will not

distinguish specific fungal species effects. Instead, field soil samples presumed to

contain many AMF species will be used in the experimental treatments, and growth rates

of many different plant species will be examined in order to compare native and invasive

plant growth in disturbed and undisturbed soils.

Mycorrhizal Studies in Hawaii

Two researchers, Koske and Gemma (1988, 1989, 1990(a,b,c), 1992(a,b,c), 1995(a,b),

1996, 1997,2002), have accomplished most of the ecological AMF research in Hawaii.

Their past work has ranged from the role of mycorrhizae in habitat succession to

identifying AMF species and the plant species infected by AMF in Hawaii. Much of the

accumulated results suggest that the Hawaiian Islands are a very unique landmass with

respect to AMF: plant relations. Whereas in most cases of primary succession AMF do

not playa major role in the success of plant species establishment (Miller 1979, Reeves et

ai. 1979, Allen 1988), the Hawaiian Islands appear to depend on mycorrhizae in the soils
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of recently disturbed or new land for native plant colonization (Gemma & Koske 1992).

As previously mentioned, disturbed areas are typically first colonized by non-mycorrhizal

or facultatively mycorrhizal plant species, due to the lack of mycorrhizae or disturbed

hyphal networks (Read & Birch 1988). On recently exposed volcanic substrates, the

major site for primary succession in the Hawaiian Islands, 75% of the colonizing plants

were infected with AMF (Gemma & Koske 1992). Mycorrhizae were found in lava

flows that were 8 years old to 137 year old volcanic soils. The amount of mycorrhizae in

the soil increased as the age of the soil increased. Non-mycorrhizal plant species were

observed in greatest numbers in soils from young lava flows, where the least amount of

mycorrhizae was present (Gemma & Koske 1990). In the Province Lands Area of Cape

Cod National Seashore, MA, the amount of fungal species present in the soil also

increased with the succession of the plant community, though unvegetated areas did not

contain any AMF spores or hyphae. Recently planted areas did not show established

hyphal networks, but root colonization was present (Koske & Gemma 1997).

Other habitats in Hawaii, such as strand vegetation and sand dunes, have been

investigated for the occurrence of AMF. All plant species that were investigated on sand

dunes had AMF colonization of the roots (Koske 1988) and 14 different species of AMF

were identified in sand dunes on the island of Kauai (Koske & Gemma 1996). Studies

concentrating on coastal strand habitats discovered AMF colonization to be greatest in

endemic Hawaiian species and least prevalent in alien plant species. The high incidence

of mycorrhizal coastal plants, 23 of 31 species, suggests that fungal propagules arrived

and co-evolved with vegetative propagules (Koske & Gemma 1990). The AMF-
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dependency of native plants is encouraging for restoration purposes, where soil

inoculated with AMF spores prior to replanting native plants could promote native

growth and also possibly suppress invasive plant growth (Miller 1985, Goodwin 1992, St.

John 1999, Monzon & Azcon 2001).

AMF studies in Hawaii have also found another distinguishing characteristic of the

islands' fungal: plant mutualism. Gemma and Koske (1992) found that AMF are present

in plant species in Hawaii where species from the same families are non-mycorrhizal on

the continental United States. Four species of Ericales, a family known for having only

ericoid mycorrhizal symbioses (Harley & Smith 1983), were discovered to have

vesicular-arbuscular mycorrhizae colonized in their roots (Koske et al. 1990). Epiphytic

plants also typically do not have AMF associations, yet 62 of the 91 root systems

investigated, encompassing 30 species of Hawaiian epiphytes, displayed AMF

colonizations as well as some ericoid mycorrhizae (Gemma & Koske 1995). This

establishes Hawaiian systems as unique habitats for mycorrhizal and plant symbioses

(Gemma & Koske 1990).

In order to apply AMF discoveries to conservation efforts, Koske & Gemma (1995)

tested many different inoculation techniques for native Hawaiian plants. In the

greenhouse, the responses of 38 endemic or indigenous Hawaiian plant species to the

inoculation of the AMF, Glomus intraradices Schenck & Smith, were observed. An

inoculum was used in different soil mixtures for cuttings, seedlings, and established

plants to determine the most successful method for plant growth. Growth rates were the
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highest in gravel or fine sand mixed with calcined clay «50%) or peat moss «20%).

Also, 8 of the 12 species tested grew larger in the soil with AMP than the uninoculated

plants (Koske & Gemma 1995). This research was conducted in order to apply findings

to methods for promoting native Hawaiian plant growth (Koske & Gemma 1995).

Objective of Research

Since the AMP-plant symbioses in Hawai'i appear to be as unique as the endemic flora,

AMP may provide a method to improve native plant conservation. Especially in

disturbed soils, the addition of Hawaiian mycorrhizae to the soil has the potential to

promote native plant growth versus non-mycorrhizal invasive plant growth. If soils are

so disturbed, however, that mycorrhizae are not able to form complex hyphal networks,

invasive plants might more easily dominate the area than native species. This research

will attempt to identify the effect that intact and disrupted mycorrhizal networks have on

both native Hawaiian and invasive plants in the early seedling stage. This plant stage is

appropriate for measuring plant development through height, leaf number and biomass.

Small differences in early seedling growth can potentially affect plant community

structure over time.

Hypothesis

I hypothesize that soil disturbance should lead to a decrease in the infectivity of the AMP

in plant roots. The disturbance will also have a negative effect on seedling growth by

slowing the uptake of important nutrients, such as phosphorus, which can be a limiting

growth factor. When comparing the soil disturbance effect between the native and
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invasive pairs, invasive species should be less affected by the disturbance/decrease in

AMP colonization due to their presumed lower dependency on AMP in comparison to

native species. If invasive species tend to be facultatively mycorrhizal, this would

contribute to the overall success of invasive plants in disturbed areas.
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CHAPTER TWO

Abstract

Greenhouse and field experiments were conducted to determine the effects of soil

disturbance on the colonization of roots by arbuscular mycorrhizal fungi and the growth

of some invasive and native Hawaiian plants, predicting higher AMF dependency in

native species than invasive species, with consequent decreased root colonization and

plant growth in disturbed soil. Six species of plants were grouped into 3 pairs (1 native: 1

invasive). Pairs consisted of congeners or ecologically similar species. Plants were

grown in disturbed and undisturbed treatments in the greenhouse and in field plots for 4

to 6 weeks. Root AMF colonization, root length, stem and seedling height, leaf number,

shoot and root biomass, and mycorrhizal dependency (MD) were measured. AMF root

colonization was not affected by disturbance in the greenhouse or field. Acacia confusa,

Acacia koa, Bidens pilosa, and Bidens sandvicensis had more growth in undisturbed soils

than disturbed soils. Only data from lout of the 3 pairs (Acacia sp.) showed native plant

MD greater than invasive plant MD, though both species were considered facultatively

AMF-dependent and were similarly impacted by disturbance. The Bidens species pair

displayed obligate AMF dependence for the invader, whose growth was consequently

more negatively impacted by disturbance than the facultatively AMF-dependent native

species. Data from the 3rd pair (Schinus and Pipturis) do not support or refute any

prediction; both species showed not response to disturbance or AMF. The relationship

between soil disturbance, AMF root colonization, and plant growth may be species

specific, and no native or invasive species trends were detected. High inoculum density,

or a large amount of fungal propagules in the soil, may have inhibited the effect of soil
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disturbance on AMF root colonization. Growth differences between treatments may be

attributed to a plant's response to AMF prior to mycorrhizal colonization.

Introduction

Anthropogenic and natural soil disturbances have become increasingly common in

natural ecosystems, altering vegetative community and its structure. The effects of soil

disturbance on vegetation can be immediate or gradual, obvious or obscure. This

alteration of the plant community can include the introduction of alien plant species,

especially invasive species, which may have a greater capability of becoming established

in disturbed soils or habitats than noninvasive species (Cronk & Fuller 1995, Bungard et

al. 1997, King & Grace 2000, Peters 2001, Lambrinos 2002). There are over 861 alien

species in the Hawaiian Islands that have become naturalized (Tunison et al. 1985) out of

more than 4,600 introduced species (St John 1973). The Hawaiian Islands have a small

number of native plants (956 species) in proportion to continental diversity and the

number of introduced species, and 95% of these native species are endemic (Stone et al.

1992). These endemic species are potentially threatened by soil disturbance, which may

facilitate alien plant invasions into native plant communities. If scientists and land

managers can understand the changes that take place in soil following a disturbance, they

might be able to aid in native plant preservation or decrease alien plant establishment in

specific habitats.

Arbuscular mycorrhizal fungi (AMF) are an important component of the soil microbiota

that form symbioses with most plant species, infecting root cortical cells and providing
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increased nutrient (mainly phosphorus) uptake for the plant in return for approximately

10% of the plant's photosynthate (Smith & Read 1997, Sylvia 1998). Different plant

species depend on AMP to different degrees, ranging from taxa that are not dependent

and possibly inhibited by AMP, to taxa that benefit from the symbiosis but do not require

it to survive (facultatively mycorrhizal) to plant taxa that need AMP to reach

reproductive maturity (obligately mycorrhizal) (Smith & Read 1997, Sylvia 1998).

Most plants benefit from this symbiosis as demonstrated by their increased growth in

numerous studies that have compared plant growth with and without AMP (Miller 1985,

Jasper et ai. 1989a & b, Evans & Miller 1990, Fairchild & Miller 1990, Titus & Lep

2000). Roughly one tenth of the 956 native Hawaiian species have been examined for

AMP colonization in their roots, and 90.3% had some degree of mycorrhizal colonization

(Koske et ai. 1992, Wagner et ai. 1999). Worldwide, approximately 95% of the flora

belongs to families that are typically mycorrhizal (Smith & Read 1997).

Soil disturbance can break up the extraradical hyphal formation of the AMP in the soil

(Read & Birch 1988, St. John 1999). The presence of roots, mainly root exudates, can

stimulate germination of fungal spores in the soil and trigger hyphal formation by the

fungus. It is this hyphal network that can infect root cells, delivering water and nutrients

to the plant (Smith & Read 1997, Sylvia 1998). Soil disturbance can break up the hyphal

network, delaying root colonization and slowing the growth of seedlings that are

dependent on AMP colonization (Read & Birch 1988).
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Many studies have examined the effects of disturbance on plant growth (Jasper, Abbott &

Robson 1989 alb, Jasper et al. 1991, Evans & Miller 1990, Fairchild & Miller 1990,

McGonigle & Miller 1990,1996,2000, McGonigle et al. 1999, Miller & McGonigle

1992). In agricultural systems, a general consensus has been that the disturbance causes a

decrease in the uptake of phosphorous by the plant and a consequent decrease in the

overall plant growth. This has been attributed to a decrease in the percentage of the roots

that become colonized by AMP, though not always (Jasper et al. 1991, McGonigle &

Miller 1990, 1999). Any decrease in P-uptake related to a decrease or delay in root

colonization by AMP will depend on the plant species and its degree of AMP dependency

(Habte & Manjunath 1991).

It is believed that invasive species are often facultatively mycorrhizal, depending less on

the presence of an AMP hyphal network in the soil than noninvasive species (Jasper et al.

1992, Cronk & Fuller 1995). Therefore, obligately AMP-dependent plants may not grow

as well in disturbed soils as facultatively dependent invasive species. This would allow

invasive species to better become established in areas lacking an established hyphal

network, such as recently disturbed soils, before other obligately mycorrhizal species

could become established (Carillo-Garcia et al. 1999). It has also been observed that

native plant diversity appears to be enhanced in strongly mycorrhizal soils, or soils with a

large amount of AMP and AMP propagules (Jasper et al. 1992, Smith et al. 1998, Marler

et al. 1999).

In this study, I used greenhouse and field experiments to compare the effects of soil
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disturbance on the percent colonization of roots by AMP in native and invasive plants, as

well as the growth rates of these species.

I hypothesized that soil disturbance would have a negative effect on seedling growth rates

due to decreased AMP colonization of seedling roots. Invaders were predicted to be

facultatively dependent on AMP and natives to be more obligately dependent. When

comparing the soil disturbance effect between the native and invasive pairs, invasive

species should therefore be less affected by the disturbance and an accompanying

decrease in AMP colonization, contributing to the success of invaders in disturbed areas.

Methods

Species Pairing

Pairs of ecologically similar native and invasive species were identified for comparison

of AMP dependency and establishment ability in disturbed soil (Table 1). One pair,

Schinus terebinthifolius/ Pipturus albidus, was based on Pattison et al. (1998), who had

grouped these species based on habit, habitat and the amount of light they require or to

which they are exposed. The other two pairs were established using congeners (Acacia

confusa!Acacia koa, and Bidens pilosa! Bidens sandvicensis), reducing the amount of

species variation within pairs.

The chosen species range in habit from herbs to trees, with all species occurring on the

island of O'ahu. Information on the degree of mycorrhizal dependency or general effects

of AMP on plant species was only available for Acacia koa, Acacia confusa and
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Leucaena leucocephala. This latter species was planted prior to the greenhouse trials to

establish AMF hyphal networks in the greenhouse trials. A. koa was shown to be

moderately dependent on AMF, and its seedlings showed significant growth in soils with

low levels of phosphorus in the presence of AMF (Miyasaka, Habte, Matsuyama 1993).

Growth of A. confusa and L. leucocephala significantly increased in subtropical soils that

contained both AMF and phosphorous-solubilizing bacteria species, though specific

mycorrhizal dependency was not determined (Young 1990).

Seeds of the native and invasive species were collected from southeastern O'ahu in order

for sources to be close to the site of the field experiment (Lyon Arboretum, Manoa

Valley,O'ahu).

Table 1. Native-invasive species pairs.

Native Hawaiian Plant Invasive Plant

Acacia koa Acacia confusa

Bidens sandvicensis Bidens pilosa

Pipturus albidus Schinus terebinthifolius

Seed Germination and Seedling Preparation

An inability to monitor germination success and precise germination time prohibited

direct soil sowing. All species were germinated in St. John Laboratories, University of

Hawai'i at Manoa, under daylight conditions at approximately 20°C on 1.5% water agar
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(Bacto-Agar) in Petri dishes. The two Acacia species seeds were scarified with

sandpaper and soaked for 24 hrs in initially boiling tap water. Bidens seeds from both

species and P. albidus seeds were germinated on agar without any scarification. S.

terebinthifolius seeds germinated on agar after removal of the red papery exocarp that

surrounded each seed. Exocarp removal has been known to significantly increase

germination for this species (Panetta & McKee 1997). Immediately after germination,

Petri dishes were moved into Pope Lab Greenhouses in order to harden the seedlings.

Seedlings were outplanted upon emergence of the cotyledons, which occurred

approximately 48 hours after the radicle first emerged. Planting at this stage in seedling

development increased the chances of survival in comparison with planting before

emergence of the cotyledons. Seedlings were placed in the experimental treatments as

soon as possible after germination so that AMF colonization opportunities would be

similar to those for seedlings naturally germinating in the soil. More than one-half of

both species of Acacia seedlings were planted with cotelydons partially encased by the

seed coat.

Greenhouse Trials

Greenhouse trials took place on benches in Pope Laboratory Greenhouses, University of

Hawai'i at Manoa, Honolulu, Ill, with temperatures ranging from 22-35 DC. To establish

a hyphal network, seeds of Leucaena leucocephala were planted in 160 mL Conetainers

(Stuewe & Sons, Corvalis, OR) in a 60: 20: 20 (by volume) mix of field soil from Lyon

Arboretum, basalt sand, and milled Sphagnum peat moss. Plants were watered daily and

no fertilizer was applied. The field soil was expected to contain abundant AMF
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propagules based on examination of roots of the dominant plant, Oplismenus spp.,

growing at the field site. Preliminary investigations calculated 40% of the root length of

Oplismenus spp. was infected with AMP. L. leucocephala was cut at soil level

approximately two months after germination. Titus and Lep (2000) investigated the

effects of mowing on AMP fungi. The soil beneath the mowed plants continued to be a

stable environment for the mycorrhizae, and mowing actually increased the number of

vesicles present in the remaining roots (Titus & Lep 2000). Therefore, it was assumed

that the cutting of L. leucocephala would not negatively impact the established hyphal

networks. The soil disturbance treatment was administered immediately following the

cutting of L. leucocephala, and all seedlings in all treatments were transplanted singly

into the Conetainers immediately after the soil treatment, thus guaranteeing no

competition between any of the seedlings.

The undisturbed treatment in the greenhouse (GU) experienced no soil disruption. The

disturbed greenhouse treatment (GD) consisted of removing the soil from the Conetainer

and passing it through a 0.183 in. (4.699 mm) sieve. All contents in the conetainer,

including soil and roots, were then placed back into the original Conetainer. The GD

treatment occurred only once, immediately prior to the transplanting of the designated

seedlings, which occurred approximately 48 hours after their germination in agar Petri

dishes. Seedlings were also grown in the soil mixture with no mycorrhizae and compared

to the GU treatment to establish the degree of mycorrhizal dependency for each species.

A No-AMP treatment was established prior to germination of L. leucocephala, by

pasteurizing the soil mixture at 90°C for 90 minutes. Leachate from fresh field soil was
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filtered through Whatman No.1 filter paper to return microbial organisms to the

sterilized soil without fungal spores (Koske per. comm.).

Each treatment (GU, GD, no AMP) was replicated 10 times. Plants were watered daily

and no fertilizer was applied. Stem height (mm) was monitored weekly for 4-6 weeks.

Seedling height (mm), leaf number, and root length (mm) were measured on the day of

harvesting. All plants were harvested at either 4 or 6 weeks, and two out of every ten

roots were placed in 50% ethanol. These roots were stained following methods in Koske

& Gemma (1989), and the percentage of root colonized by AMP was calculated using the

grid-intersect method (Giovanetti & Mosse 1980). Root samples were heated in 2.5%

KOH for 15 minutes at 100°C. Roots were then rinsed in deionized water and soaked in

1% HCI for 24 hrs. Next, roots were stained with an acidic glycerol/trypan blue solution

for 15 min at 100°C. Roots were finally rinsed with deionized water and stored in acidic

glycerol until they could be scored. Roots were first scanned for the presence of

arbuscules. Once at least one arbuscule was detected, all aseptate hyphae were used to

measure colonization (Koske, Gemma & Flynn 1992). Identical staining and scoring

procedures were used for all sampled roots from the field trial.

The remaining shoots and roots were rinsed and seedlings were put in individual paper

bags (13.33cm x 7.93 cm x 26.98 cm) and placed in a drying oven. After a constant mass

was obtained, shoot and root biomass were measured (mg) separately, except for P.

albidus, for which total biomass was determined because root biomass was too low to be

measured separately. Values for shoot and root mass in S. terebinthifolius were later
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added together for comparison with P. albidus. These biomass procedures were identical

in the field trial.

Fifty extra seedlings of A. confusa were planted, and four seedlings were harvested each

week from the GU and GD treatments to track AMF colonization. Two random root

samples from each treatment were collected at the end of the growth period for every

other species, and roots were stained (Koske & Gemma 1989). Root colonization was

measured by the grid-intersect method described above.

Field Trials

Field trails were established at the Harold L. Lyon Arboretum, located in the back of

Manoa Valley in O'ahu. Lyon Arboretum is at an elevation of approximately 152 m,

with average monthly temperatures ranging from 21°C to 24.5°C and an average annual

rainfall of 401cm. The specific site of the field trial was 305m x 2m, and located on a

slight slope in a forest gap. The gap was created by the removal of a couple of large trees

12 months prior to experimentation. Basket grasses, Oplismenus compositus and O.

hirtellus, dominated the ground cover at this site.

Basket grass was presumed to be mycorrhizal, leading to development of a soil hyphal

network in the soil around the basket grass. To confirm this, root samples of the basket

grass were collected from five random plants within the field site and roots were stained

to determine the degree of mycorrhizal colonization following the methods of Koske and

Gemma (1989) and scored using the grid-intercept method of Giovannetti & Mosse
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(1980). Roots were only scored if arbuscules were present and only aseptate hyphae

were scored. The field site, therefore, could be reasonably assumed to have an

established AMP hyphal network. All basket grasses were cut at soil level in the entire

field site prior to outplantings. The roots of this running grass were very thin and

shallow, and therefore easy to remove with minimal soil disturbance. Natural seedlings

were continuously removed on a weekly or biweekly basis to prevent any significant root

establishment.

After the basket grass was removed from the field site, eighteen 50 x 50 cm blocks were

marked off for either the field disturbed (FD) treatment or the field undisturbed (FU)

control, creating 9 FD blocks and 9 FU blocks. The blocks were small enough to

minimize any spatial differences in nutrient concentrations but large enough to eliminate

competition effects between each planted seedling (Figure 1). Each block was

subdivided into four equal 20 cm x 20 cm plots.
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Figure 1.

Field Diagram of all disturbed and undisturbed blocks at site at Lyon Arboretum

D= undisturbed block • =disturbed block
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The field experiment involved between 28 and 43 seedlings of each species, with at least

12 seedlings in each of the two treatments (FU and FD). As seedlings became ready for

planting, blocks were prepared for the assigned treatment. Disturbed blocks (FD) were

created by removing the soil within the 40 cm x 40 cm area inside the block, to a depth of

15 cm. The entire plot 50 cm x 50 cm plot was not disturbed in order to maintain a buffer

between the disturbed and neighboring undisturbed plots. The removed soil was broken

up and passed through a 0.183 in. (4.7 mm) sieve before it was returned to the area from

which it was removed. Materials sifted out, including small sticks, rocks and roots, were

put back into the ground with the sifted soil to minimize soil differences between the

control and treatment. The control, or FU treatment, consisted of cutting the same 40cm

x 40cm area in the soil to a depth of 15 cm, but without lifting the soil out of the ground

and breaking it up. Seedlings were then planted, evenly spaced, within the 20 cm x 20

cm plots.

Two, 3, 4 or 6 seedlings for both species of a pair were placed in each plot, resulting in 4

to 10 seedlings per plot (6 seedlings were used only for P. albidus due to their small

size). Only one species pair was planted in each plot, allowed each seedling to have

sufficient room (40-100 cml\2) to grow without competing with neighboring seedlings.

Block locations were randomly selected within the field site and the species pair was

randomly assigned to each plot. Therefore, one given block could contain any

combination of species pairs within its four plots, but every block did not necessarily

have every species pair. For example, it could have two plots of one species pair and two
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plots of another. Stem height (mm) was monitored on a weekly basis. At the fourth

week, leaf number, root length, and total height were also measured in millimeters.

Four extra Bidens pilosa seedlings were placed in every block. This species' roots were

sampled on a weekly basis (8 seedlings from each treatment) to document the degree of

AMF colonization continually over the month. The roots of 3 to 5 seedlings of all other

species from both treatments were sampled only at the end of four weeks to calculate

final percent root length colonization. Sample size was equal to the number of plots in

which that species was sown (one sample from each plot). Once dried to a constant mass,

biomass procedures were identical to the greenhouse trials'.

Analysis

All root infectivity and seedling growth rate data were analyzed using t-tests, one-way

ANOVA tests, and repeated measures ANOVA tests, to compare differences between

treatments for each species. Mean values were used to compare each treatment.

Significance was determined at P < 0.05. Mycorrhizal dependency was calculated by

comparing the undisturbed mycorrhizal treatment in the greenhouse (OU) and the no

mycorrhizae treatment (NM), following the formula used in Miyasaka et ai. (1993):

MD = (dry weight of AMF planO - (dry weight of non-AMF planO x 100

(dry weight of AMF plant)

Categories of mycorrhizal dependency were established as follows: MD >75% = very

highly dependent; MD 50 - 75% =highly dependent; > MD 25 - 50% =moderately

dependent; MD < 25% =marginally dependent; MD :s 0% =non-dependent (Habte &
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Manjunath 1991). Treatment comparisons were focussed on two questions. First, was

there an AMP effect (GU > NM)? Second, was there a disturbance effect (GU/FU >

GD/FD)? Results refer to these two effects to relay the specific interactions within the

parentheses.

Results: Greenhouse

AMP Dependency (MD)

The original hypothesis predicted a trend of higher, obligately dependent native species

and less dependent invasive species. P. albidus, a native species, displayed a negative

MD value, while the remaining five species all had positive values (Table 2). B. pilosa,

an invader, was the only species that appeared to be very highly dependent. The

remaining species fell into some degree of facultatively mycorrhizal. The native in the

Acacia pair has a higher MD than the invasive species, yet it is not considered highly

dependent. The Bidens pair shows a reverse relationship to the proposed hypothesis

because the invader is obligately (very highly) dependent and the native species is only

moderately dependent. The third pair displayed the negative MD for the native, while S.

terebinthifolius, as predicted, was only marginally dependent.
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Table 2: AMP Dependency (MD). See methods for definitions of MD and degree of

dependency categories

Species MD(%) Degree of Dependency

A. confusa 4.97 Marginally Dependent

A. koa 38.3 Moderately Dependent

B. pi/osa 74.6 Very Highly Dependent

B. sandvicensis 33.7 Moderately Dependent

S. terebinthifolius 9.52 Marginally Dependent

P. albidus -6.25 Non-Dependent

Biomass

In the Acacia pair, growth differences for the native species, with the higher MD, were

larger than the growth differences for the invader with the lower MD (Table 3 & 4). For

A. confusa, the root mass showed a disturbance effect (GU > GD) (P =0.025) but not an

AMP effect (GU > NM) (P> 0.05). In A. koa, the root mass showed a disturbance effect

(GU > GD) (P = 0.0046), as well as an AMP effect (GU > NM)(P = 0.0016). The shoot

mass in this species displayed a disturbance effect (GU > GD) only (P = 0.0069).

In the Bidens pair, the invader, B. pilosa, showed a stronger decrease in biomass in

response to disturbance, possibly due to its higher MD, than the native. This species

shows a disturbance effect (P = 0.0027) and an AMP effect (P = 0.0001) for shoot mass.

The greenhouse disturbed (GD) treatment shoot mass was also greater than the no

mycorrhizae (NM) treatment shoot mass (P =0.011). The root mass shows an AMP

effect only (P = 0.03). For B. sandvicensis, shoot mass shows an AMP effect (P =

33



0.019), but not a disturbance effect (P> 0.05). There were no significant differences

between the shoot or root biomass of the three treatments for either S. terebinthifolius or

P. albidus (P > 0.05)

Table 3: Mean shoot biomass for six species in greenhouse trials (± Standard Error)

Species GU: Shoot GD: Shoot NM: Shoot Disturbance AMFeffece
Biomass (g) Biomass (2) Biomass (g) effece

A. confusa 0.066±0.0084 0.042±0.00478 0.067±0.0118 * NS

A. koa 0.084±0.0108 0.043±0.00543 0.058±0.00652 ** NS

B. pilosa 0.050±0.00751 0.021±0.00237 0.011±0.00335 *** *

B. sandvicensis 0.019±0.00255 0.012±0.00216 0.009±0.00401 NS *

GU: Total GD: Total NM: Total
Biomass (2) Biomass (2) Biomass (g)

S. 0.021±0.00251 0.026±0.0034 0.025±0.00725 NS NS
terebinthifolius
P. albidus 0.005± 0.00136 0.004±0.00052 0.006± 0.00126 NS NS

*=P < 0.05; ** =P < 0.01; *** =P < 0.001

Table 4: Mean root biomass for four species in greenhouse trials

Species GU: Root GD: Root NM: Root Disturbance AMFeffect:.l
Biomass (2) Biomass (2) Biomass (2) effect!

A. confusa 0.021±0.004721 0.011±0.00129 0.025± 0.00485 * NS

A. koa 0.032±0.00322 0.013±0.00394 0.013± 0.00342 ** **

B. pilosa 0.017±0.00369 0.009 ± 0.006 ± NS *
0.00142 0.00144

B. sandvicensis 0.005± 0.00103 0.005± 0.00097 0.004± 0.00205 NS NS

*=P < 0.05; ** =P < 0.01; *** =P < 0.001
IGU versus GD
2GU versus NM
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Stem Height, Leaf Number and Root Length (Figures 2-7)

Repeated measures ANDVA tests were run to determine if the treatments affected above

ground growth rates over time. For stem height, there was a significant interaction

between time and treatment in A. confusa (P =0.0110), A. koa (P =0.0008), and P.

albidus (P = 0.0000). In both Acacia species, the plants in the GD treatment grew faster

in the beginning of the month than did plants of the other two treatments, and then grew

at the same rate over the last week of the month. In P. albidus, the growth rate of the NM

treatment plants increased during the last week of the experiment more than the other

treatments.

There were no significant disturbance or AMF effects on final stem height or root length

(Table 5). In B. pilosa, however, the root length (mm) in the GD treatment was greater

than in the NM treatment (P =0.011). In P. albidus, the stem height in the NM treatment

was greater than in the GD treatment (P =0.0005).

The number of leaves on each seedling showed the most differences among the

treatments. The NM treatment for A. koa had more leaves than both the GU treatment

plants (P =0.001) and the GD treatment plants (P =0.0007). For B. pilosa, there were

both disturbance (P = 0.0002) and AMF effects (P <0.001). The GD treatment plants

also had more leaves than the NM treatment plants (P =0.012). In B. sandvicensis, leaf

number showed a similar AMF effect (P =0.0029).
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Table 5: Mean Stem Height & Root Length in Greenhouse Trials (Week 4)

Species A. confusa A. koa B. pilosa B. S. P. albidus
sandvicensis terebitnhifolius

GUStem 25±2.41 26.37±3.53 36.9±1.99 17.6±1.46 23.8± 2.21 9±1.22
Hgt(mm)

GDStem 23.89±2.54 26±4.07 39.9±1.99 15.4±1.46 23.7± 2.21 6.5±1.15
Hgt(mm) ***
NMStem 25.89±2.54 24. 12±3.53 35±1.99 15.6± 1.46 27. 13±2.47 12.5± 1.49
Hgt(mm) ***
Disturbance NS NS NS NS NS NS
effect!

AMFeffece NS NS NS NS NS NS

GU Root Lgt 140.1±18.5 156.25±5.76 199.2±15.2 115.7±17.6 140.2±15.5 29.44±2.58
(mm)

GDRootLgt 147.13±9.7 143±6.53 21O.5±6.81 * 139.3±15.9 174.3±6.20 35.4±4.04
(mm)

NMRoot 136±21.9 124.2±14.1 154.4±17.1* 126.2±23.7 134.6±18.7 40.83±5.07
Lgt(mm)

Disturbance NS NS NS NS NS NS
effect!
AMFeffece NS NS NS NS NS NS

GULeaf# 4.2± 0.542 8.25± 1.53 8.60± 0.306 7.70±0.213 7.78± 0.233 5.1O±0.222

GDLeaf# 2.78± 0.222 7.83± 0.749 6.60± 0.306 7.00± 0.333 7.1O± 0.180 5.1O± 0.314
*** *

NMLeaf# 3.56± 0.603 12.50± 5.40± 0.306 6.20± 0.359 8.00± 0.263 4.38± 0.000
0.732 *** *

Disturbance NS NS *** NS NS NS
effect!
AMFeffece NS *** *** ** NS NS

*=p < 0.05; ** =p < 0.01 *** =p < 0.001
IGU versus GD
2GU versus NM
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Fig. 2: Mean Stem Height (mm) over Time (weeks) - Acacia confusa - Greenhouse

(confidence bars signify standard error)

Acacia confusa - Stem Height - Greenhouse
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Fig. 3: Mean Stem Height (mm) over Time (weeks) - Acacia koa - Greenhouse

Acacia koa - Stem Height - Greenhouse
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Fig. 4: Mean Stem Height (mm) over Time (weeks) - Bidens pilosa - Greenhouse

Bidens pilosa - Stem Height - Greenhouse
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Fig. 5: Mean Stem Height (mm) over Time (weeks) - Bidens sandvicensis - Greenhouse

Bidens sandvicensis - Stem Height - Greenhouse
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Fig. 6: Mean Stem Height (mm) over Time (weeks) - S. terebinthifolius -Greenhouse

Schinus terebinthifolius - Stem Height - Greenhouse
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Fig. 7: Mean Stem Height (mm) over Time (weeks) - Pipturus albidus - Greenhouse

(NM > GD (P =0.0005))

Pipturus albidus - Stem Height - Greenhouse
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% Root Colonization

None of the roots were colonized in the NM treatment. There were no significant

differences in % root colonization between the disturbed and undisturbed treatments for

any of the species (Table 6). The extra A. confusa seedlings were sampled throughout the

first four weeks and their root colonization over time was calculated (Figure 8). The

colonization rate for root samples of both treatments increased over the four weeks at a

similar rate (P > 0.05), but the FD treatment roots appeared consistently less colonized.
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Fig. 8: Percent AMP Root Colonization in Acacia confusa - Greenhouse

AMP Root Colonization - A. confusa - Greenhouse
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Plants from both the GD and GU treatments show similar increases in % root

colonization over the 4 weeks.
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Table 6: Mean % colonization of all species in greenhouse & field trials

(mean ± standard deviation)

* 0% colonization in NM treatments for all 6 species

Species Treatment % of Root Infected - % of Root Infected -
Greenhouse (week 4) Field (week 4)

A. confusa GU/FU 40.00 ± 21.1 34.63 ± 6.85

A. confusa GD/FD 21.91 ± 10.9 22.33 ± 18.2

A. koa GU/FU 28.75 ± 4.66 28.47 ±12.6

A. koa GD/FD 15.18 ± 6.7 34.83 ±13.7

B. pilosa GU/FU 30.33 ± 7.3 49.66 ± 6.07

B. pilosa GD/FD 29.73 ± 4.95 35.27 ± 9.55

B. sandvicensis GU/FU 14.81 ± 10.1 47.47 ± 3.59

B. sandvicensis GD/FD 20.20 ± 6.78 45.95 ± 5.00

S. terebinthifolius GU/FU 32.76 ± 14.34 51.11 ± 18.5

S. terebinthifolius GD/FD 21.62 ± 9.99 35.81 ± 7.25

P. albidus GU/FU 10.21 ± 4.11 8.33 ± 3.45

P. albidus GD/FD 5.09 ± 2.76 3.20 ± 3.04
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Results: Field

Biomass

There were not as many significant interactions in the field as in the greenhouse, and

analyses focused on disturbance effects (PU > FD) only (Table 7) because there was no

NM treatment in the field. The root mass and shoot mass of B. pilosa showed

disturbance effects (PU > FD) (P = 0.031, P = 0.032 for root and shoot mass,

respectively). B. sandvicensis also showed a disturbance effect (PU > FD) (P =0.043),

but for shoot mass only.

Table 7: Mean Shoot & Root Biomass for all 6 species - Field Trial

* =sIgmficant difference between PU and FD, P < 0.05

Species FU Shoot Mass (g) FD Shoot Mass (2:) FU Root Mass (e:) FD Root Mass (2)
A. confusa 0.02748tO.00166 0.02519tO.00157 0.00557tO.000n 0.00362tO.OOO55

A. koa 0.03605tO.00364 0.03600tO.00493 0.01040tO.00098 0.01007tO.OOO76

B. pilosa 0.0778tO.0183* 0.04932tO.00822 0.02142tO.00495* 0.01144tO.00217

B. sandvicensis 0.02146tO.00254* 0.01627tO.00449 0.00327tO.00063 0.00300tO.00052

FU Total Biomass (g) FD Total Biomass (g)

S. 0.01158tO.00132 0.00892tO.00112
terebinthifolius

P. albidus 0.00175tO.00025 0.00130tO.00013

..
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Stem & Seedling Height, Leaf Number and Root Length

Stem height was plotted over time as in the greenhouse trials (Figures 9-14). Repeated

measures ANDVA tests indicated no statistically significant differences between any of

the stem heights at any given week (P > 0.05). The final seedling height after four weeks

for B. sandvicensis showed a disturbance effect (FU > FD) (P =0.023) (Table 8). The

total leaf number for this species also showed a disturbance effect (P =0.0007). No other

species showed significant differences in these characteristics.

Table 8: Mean Stem & Seedling Height, Root Length, & Leaf # in Field Trial

* SIgmfIcant dIfference between FU and FD treatments, P < 0.05;
*** Significant difference between FU and FD treatments, P < 0.001

Species A. confusa A. koa B. pilosa B. S. P. albidus
sandvicensis terebinthifolius

FUStem 23.35±1.50 28.37± 2.22 28.88±2.31 14.15±1.39 19.00±1.38 15.25±3.093
Hgt(mm)
FDStem 23.37±1.80 31.65± 2.34 24.71±2.07 15. 13±1.29 19.50±1.73 13.45±2.8
Hgt(mm)
FUSeedling 49.35±2.96 75.42±5.29 87.39±8.79 41.92±2.54* 35.89±3.57 17.45±0.851
Hgt(mm)
FDSeedling 46. 12±4.73 75.44±5.87 n.12±7.75 32.93±2.69 30.67±3.29 16.00±0.808
Hgt(mm)
FURoot 36.70±2.76 50.95±3.08 86.11±8.12 42.46±4.05 27.42±2.57 11.20±O.601
Lgt(mm)
FD Root 36.63±2.92 57.50±4.46 83.80±7.56 40.53±3.82 23.44±2.41 10.20±0.655
Lgt(mm)
FULeaf# 2.78±0.0879 7.05± 0.743 8.33±0.676 7.23±0.281 3.37±0.244 3.8±0.138

***
FDLeaf# 2.63±0.125 7.75± 0.808 8.00±0.356 5.47±0.363 3.17±0.322 3.8±O.138

..
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Fig. 10: Mean Stem Height (mm) over Time (weeks) - Acacia confusa - Field

Acacia confusa - Stem Height - Field
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Fig. 11: Mean Stem Height (mm) over Time (weeks) - Acacia koa - Field

Acacia koa - Stem Height - Field
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Fig. 12: Mean Stem Height (mm) over Time (weeks) - Bidens pilosa - Field

Bidens pilosa - Stem Height - Field
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Fig. 13: Mean Stem Height (mm) over Time (weeks) - Bidens sandvicensis - Field

Bidens sandvicensis - Stem Height- Field
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Fig. 14: Mean Stem Height (mm) over Time (weeks) - Schinus terebinthifolius - Field

Schinus terebinthifolius - Stem Height - Field
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Fig. 15: Mean Stem Height (mm) over Time (weeks) - Pipturus albidus - Field

Pipturus albidus - Stem Height - Field
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% Root Colonization

The percentage of root colonization after one month for all six plant species was

calculated and no significant differences were observed between disturbed and

undisturbed treatments (Table 6). This percentage was determined for each of the four

weeks for B. pilosa (Figure 8). There was no statistically significant difference between

the treatments for their colonization rates or the % colonization at any given week (P >

0.05). Colonization rates over the one-month time span for roots sampled in the

undisturbed treatment ranged from 10.110% to 45.98%. In roots sampled from the

disturbed treatment, % colonization ranged from 8.025% to 38.57%.
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Fig. 9: AMF Root Colonization in Bidens pilosa - Field

AMP Root Colonization - B. pilosa - Field
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Plants from both treatments show similar increases in % root colonization over the 4

weeks.
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Root nodule counts in leguminous species

Both A. confusa and A. koa had a similar number of nodules in the GU treatment (Table

9). Other than one nodule located on one of the A. koa seedlings of the GD treatment,

there were no nodules in the disturbed or sterile soil treatments. Field seedlings from

both treatments established a smaller number of bacterial nodules in the FU treatment

compared to the GU treatment. There were no nodules found for either plant species in

the FD treatment.

Table 9: Nodule Formation in roots of legume species (A. confusa &A. koa):

Treatment Acacia confusa Acacia koa

(total # root nodules: total # plants) (total # root nodules: total # plants)

GU 22: 10 18: 8

GD 0:9 1: 8

NM 0: 10 0: 10

FU 3:23 6: 19

FD 0: 16 0: 17
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Discussion

AMF Dependency (MD) & Root Colonization

It was hypothesized that native plant species would be more dependent on AMF, while

invasive species would be less dependent on AMF. Invasive species generally tend to be

facultatively -dependent on AMF and therefore might have the tendency to dominate

communities, particularly recently disturbed habitats (St. John 1999, Richardson et ai.

2000). Non-invasive species tend to be more dependent on strongly mycorrhizal soils

than are invasive species due to the general higher dependency on the AMF symbiosis

(Smith et ai. 1998, St. John 1999, Richardson et ai. 2000). Smith et ai. (1998) observed

an increase in percent cover of native species of a tallgrass prairie with AMF inoculation

as opposed to no inoculation.

Results from the Acacia species are consistent with this hypothesis. A very low

dependency, 4.97%, was calculated for A. confusa, the invader. A. koa, the native,

displayed a larger, moderately dependent status of 38.3%. Miyasaka et ai. (1993)

calculated a similar MD of 37% for A. koa when phosphorus levels of the soil were

similar to those at the Lyon Arboretum. Their phosphorous levels were 0.02 mgIL while

the phosphorous of the soil at Lyon Arboretum were 0.04 mgIL. Miyasaka et ai. (1993)

also noticed a higher MD at lower phosphorous levels (0 mgIL) and calculated a negative

AMF dependency for A. koa after three months of growth in soil with very high level of P

(0.2 mgIL). They suggested that the negative MD could be indicative of a parasitic

symbiosis between A. koa and AMF at high P levels. This would occur because the A.

koa seedlings could receive as much P as they needed without the AMF and thus, not
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have to give any photosynthate to the fungus. Phosphorous levels for my experiment at

Lyon Arboretum (0.04 mg/L) are similar yet slightly higher than those that occur in other

natural Hawaiian habitats, that range from <O.OOlmg/L to 0.030 mg/L (Gemma, Koske &

Habte 2002). Though the native A. koa is not obligately dependent, it is still more

dependent on AMF than its invasive counterpart.

The Bidens pair, on the contrary, displayed the opposite pattern, with the invasive B.

pilosa being strongly obligate while the native B. sandvicensis displayed moderate

dependency, with a MD similar to that of A. koa. Growth of both species responded

positively to undisturbed soil in comparison to disturbed and sterile soil, though the

native species' growth response was not as strong as that of B. pilosa.

B. pilosa had much higher biomass in the undisturbed treatment than in the disturbed

treatment and sterile soil, but the percent of root colonized by AMF was similar in both

undisturbed and disturbed treatments in the field and greenhouse. This suggests that even

though this species is highly dependent on AMF, and the plants in the undisturbed

treatment were larger than the plants in the disturbed and no-AMF treatments, the lack of

difference in root colonization in the undisturbed and disturbed treatments in both trials

does not support the conclusion that disturbance limits AMF colonization. The lack of a

disturbance effect on AMF root colonization may have been caused by high inoculum

density (discussed below) in the soil (McGonigle & Miller 2000), as well as lower MD

dependency for some other species (but not B. pilosa) (Dhillion 1992, Rydlova &

Vosatka 2001).
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The last pair, S. terebinthifolius and P. albidus, displayed very little AMF dependency.

As predicted, S. terebinthifolius, the invader, displayed a low dependence on AMF. This

species, however, has been previously documented as demonstrating increased growth

following AMF inoculation (Fisher & Jayachandian 2001). In a study in Florida, the co

application of AMF inoculum and phosphorus increased the biomass of this species five

fold, in comparison to the plants grown in untreated soil (Carneiro et al. 1996). Neither

field nor greenhouse experiments of the work reported here supported this previous

research. Undisturbed treatment plants did display slightly greater growth in the field,

though that was not statistically significant. This result raises a question not addressed in

this study but important to mycorrhizal ecology. Do different AMF species affect

specific plant species differently? The extent of colonization or benefit for a particular

plant species may depend on the particular AMF species present in the soil (Hartnett &

Wilson 1999). The species of AMF in Florida may be more compatible with S.

terebinthifolius than the species present at Lyon Arboretum.

The native P. albidus, instead of displaying a higher dependency, was classified as non

mycorrhizal, with slightly lower biomass in the undisturbed soil treatment with the intact

hyphal network than in the sterile soil. P. albidus is a member of the Urticaceae, which is

known to be typically non-mycorrhizal (Smith & Read 1997, Koske et al. 1992). Root

samples of this native Hawaiian species have indicated low levels of AMF colonization

of P. albidus roots (Koske & Gemma per. comm.) as were also observed in the present

study. The negative MD value may suggest that the presence of AMF could possibly

negatively impact this species' growth (Read & Birch 1988). The trend of differences in
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total biomass between treatments suggests this possibility, but a lack of statistical

significance does not support this idea. Miyasaka et al. (1993) suggested negative values

of MD would be observed when P levels in the soil were very high, as in agricultural

fields, at 0.2 mg/L. Since P levels at the field site were approximately 0.04 mg/L, and the

greenhouse soil was also comprised of 60% field soil with no addition of phosphorous,

the negative MD value for P. albidus is not likely attributed to high P levels in the soil. If

P. albidus is not mycorrhizal, successful establishment of this species on the Hawaiian

Islands may have occurred prior to or without the formation of a symbiosis with AMF.

Further investigations into AMF species identification may provide information to

support or disprove non-dependency in P. albidus, especially if it could be determined

whether or not the fungal species were introduced. Another possible explanation for a

negative MD may be host: fungal species specificity in the degree of dependency and

percent colonization. If the AMF species at Lyon Arboretum are not the species that

originally formed a symbiosis with P. albidus, the symbiosis may not be as effective or

extensive (Hartnett & Wilson 1999). Roots from the undisturbed and disturbed

treatments in both the greenhouse and field showed little root colonization (all samples <

10%), with slightly more colonization in undisturbed treatments (not statistically

significant). These were the lowest values recorded among all of the plant species.

Though there have been many studies, mostly conducted in the greenhouse, that describe

a decrease in the AMF colonization of roots by in disturbed soils (Jasper et al. 1989a1b,

Evans & Miller 1990, Fairchild & Miller 1990, McGonigle & Miller 1996), not all

studies have observed this result. Some studies, including agricultural, pot, or field
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studies, have not detected a decrease in root colonization in disturbance treatments, and

have ruled out seasonal variations and variations in phosphorous concentrations in the

soil as reasons for a lack of difference in root colonization among the treatments

(McGonigle et ai. 1990, Koske & Gemma 1997, McGonigle & Miller 1999). Jasper et

ai. (1991) attributed these inconsistencies to a difference in the inoculum density

potential of the soil, where soils with high inoculum densities result in rapid root

colonization even following disturbance. Therefore, any difference in the extent of

colonization between disturbed and undisturbed soil treatments should be greater for soils

with low inoculum densities. A low density would occur in areas with low numbers for

infective propagules, including spores, infected roots/ root pieces. The composition of

such infective propagules may determine the severity of the impact a soil disturbance

may have on growth of an AMF-dependent plant species. If there are abundant

propagules, the hyphal network may quickly recover and the delay of root colonization

may be reduced (Jasper et ai. 1991).

Jasper et ai. (1991) considered a low inoculum density of dry forest and heartland soils as

the cause for the decrease in root colonization following disturbance, while the

disturbance treatment in the pasture soil, which presumably had a high inoculum density,

did not show any difference in root colonization. It was believed that the high inoculum

density of the pasture was largely due to a large proportion of grasses in the pre

disturbance community (Rives et ai. 1980, Visser et ai. 1984). The presence of grasses,

along with a large number of spores in the soil, can establish a high inoculum density,

and disturbance may consequently impact the plant community to a lesser extent, due to
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quicker recovery of a hyphal network (Jasper et aI. 1991). McGonigle & Miller (2000)

tested this hypothesis and discovered a larger difference between the root colonizations in

disturbed and undisturbed roots in their high inoculum density treatment, where roots

from undisturbed treatment in the high inoculum density soil had the largest root

colonization percentages and were larger than the disturbed treatment root samples at the

same high inoculum density. They credited these results to the highest inoculum density

having only moderate inoculum potential in comparison to a broader range of potentials,

particularly that found in pastureland (McGonigle & Miller 2000). Furthermore, studies

focusing on the pea plant have observed a wide range of colonization (35-70%) by the

same group of AMP species at the same field site (Bodker et aI. 2002). This high degree

of variation may occur in other species and may limit the usefulness of AMP hyphal root

colonization as an indicator of the extent of the symbiosis.

Since soils used in this experiment were not from pastureland, it might be assumed that

the observed similar root colonization between disturbed and undisturbed treatments

could not be credited to high inoculum potential in the soil. Since, however, no methods

have been established to determine how high inoculum potential needs to be to cancel the

disturbance effects, this phenomenon may be considered as a possible explanation for

similar root colonization results in soil at Lyon Arboretum.

Disturbance Effects on Biomass

The first hypothesis stated that there would be increased biomass in undisturbed

treatments compared to the disturbed treatments and the sterile soil (NM treatment). This
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trend was observed in almost all cases of shoot and root biomass, although statistically

significant differences were only observed for both Bidens species (only shoot mass for

B. sandvicensis) in the field and greenhouse, and both Acacia species in the greenhouse

only. P. aibidus displayed the largest relative biomass in the NM treatment, resulting in a

negative MD value. Non-mycorrhizal tendencies within the Urticaceae (Koske et ai.

1992, Vierherling et ai. 1996) support the notion that this species may possibly grow

better in soils devoid of AMF. S. terebinthifolius seedlings from the undisturbed

treatment in the greenhouse had the smallest biomass while the GD treatment plants had

the largest biomass. Again, the difference was not statistically significant. This species,

however, is also invasive in other areas outside its native range, and may have

characteristics that make it a good colonizer of disturbed soils. This notion can only be

supported with further research into the colonizing ability of S. terebinthifolius.

One unexpected result occurred in the greenhouse plants of A. confusa, where the NM

treatment plants had more shoot and root (total) biomass than the GD treatment plants.

A. koa also displayed this trend for shoot biomass and leaf number. This trend is worth

further study. One difference between the pair of legumes and the other two pairs is their

symbiosis with nitrogen-fixing bacteria (Michelsen & Sprent 1994, Sylvia 1998, Prasad

& Deploey 2000, Muthukumar et ai. 2001). There is a synergistic effect between the two

symbioses, which consequently provides an increase in both nitrogen and phosphorous to

the plant host (Sylvia 1998, Muthukumar et ai. 2001). The nitrogen-fixing bacteria

require phosphorous in order to fix nitrogen. Since legumes are known to be poor at

phosphorous uptake, the interacting symbioses provide the best nutrition for them (Sylvia
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1998). Muthukumar et al. (2001) noticed an increase in AMP and rhizobial root

colonization as well as seedling growth in neem (Azadirachta indica) as a result of

inoculations of both AMP and nitrogen-fixing bacteria as opposed to just one or none

being inoculated. Since root nodules were only present in the undisturbed treatments,

further investigation of the effect of disturbance and phosphorous levels on the nitrogen

fixing bacteria needs to be investigated.

The second hypothesis stated that this reduction in biomass was expected to be more

extreme in the native plant species because an initial lack of AMP would negatively

impact early growth less in an invasive species. Looking at each pair separately, neither

S. terebinthifolius nor P. albidus show a significant difference in their biomasses between

the treatments, suggesting that the soil disturbance had no affect on seedling growth. B.

pilosa, the invasive species, actually responded more negatively to the disturbed and no

AMP treatments than did the native B. sandvicensis. Both of these had shoot biomasses

that increased in the undisturbed treatments in the field and greenhouse. This increase

was greater and also occurred for root biomass of the invasive compared to the native

species in this pair. This result is the opposite of what was hypothesized. A significant

increase in biomass in the undisturbed treatment for the Acacia pair occurred only in the

greenhouse. In this case, the native A. koa was more negatively impacted by disturbance

(lower biomass) for both shoot and root biomass than did the A. confusa. This pair

follows the anticipated trend for the second hypothesis in the greenhouse but not in the

field.
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Disturbance Effects on other Growth Measurements:

With the exception of seedling height, none of the other plant growth characteristics,

including stem height, root length, and leaf number, showed differences between the

treatments as substantially and consistently as biomass. Seedling height was only

recorded in the field trials and not in the greenhouse. Though only the seedling height in

B. sandvicensis displayed a statistically significant difference, all species showed a

general trend of taller plants in the undisturbed treatment than in the disturbed treatment.

In the Bidens pair, soil disturbance had more of a negative impact on seedling height for

the native species than for the invasive species. This supports the hypothesis that native

plant species would be more negatively impacted from soil disturbance. The Bidens pair

also follows this trend for leaf number in the field trials. These data, however, contradict

the field biomass data where B. pilosa experienced more of a decrease in the disturbance

treatment. In the greenhouse trials, soil disturbance caused more of a negative impact on

leaf number for B. pilosa than B. sandvicensis, and this same trend was detected in

biomass. Supported by the higher MD value, the invasive Bidens species appears more

negatively impacted by disturbance than the native species with a lower MD. Lack of

significant difference in AMF root colonization between disturbance and undisturbed soil

treatments confounds these results. Discussion of the root colonization results follows

below.

Measurements of the other plant traits (stem height, root length, & leaf number) suggest

that soil disturbance had little to no impact on these specific growth variables. The stem

height and root length of A. koa followed predicted trends of longer roots and taller stems
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in the undisturbed treatment, though the trend was not statistically significant. Leaf

number for this species, however, did not follow this trend. Other studies have also

found more significant differences and trends in biomass than in stem height or leaf

number (Lu & Koide 1994, Mason 1999a/b).

Greenhouse vs. Field Comparisons:

The field trials were initiated approximately one week before the greenhouse trial was

completed. Overall, field results did not show as many growth differences as the

greenhouse trials. All field growth differences, however, followed trends laid out in the

greenhouse. There were no growth differences in the field that contradicted greenhouse

results. There were, however, three occasions where a disturbance effect was noted in

the field but only an AMP effect was shown in the greenhouse. This occurred in B.

sandvicensis for shoot mass and leaf number, and root mass for B. pi/osa.

Species Summaries:

Acacia confusa:

As hypothesized, the effect of soil disturbance was not significant, and the percent root

colonization by AMP was similar in disturbed and undisturbed soils. Most indicators of

plant growth were similar for disturbed and undisturbed treatments in the greenhouse and

field, though greenhouse shoot and root biomass were greater in plants in the undisturbed

treatment than the disturbed treatment. One unusual result was that the non-AMP

greenhouse treatment had the same biomass as the undisturbed treatment, which was

larger than the disturbed plants. There was, however, a similar root colonization
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percentage between the disturbed and undisturbed treatments. Considering there was no

AMP-colonization in the non-AMP treatment, the disturbance may have hindered other

soil microbiota, such as the nitrogen-fixing bacteria that form nodules along the roots of

A. confusa. There were no nodules along the roots of this species from plants in the

disturbance treatment, as opposed to the other two treatments. Some studies have

suggested an intricate and sometimes synergistic relationship between AMP and bacteria

in legumes (Alexander 1989, Michelsen & Sprent 1994, Sylvia 1998, Prasad & Deploey

2000, Muthukumar et aI. 2001). Alexander (1989) suggested that the relationship

between the uptake and necessity of nitrogen and phosphorous for plant health may

explain why legumes generally possess symbioses with both AMP and nitrogen-fixing

bacteria. The relationship between other soil microbiota and AMP needs to be

considered, particularly with respect to the plant's response to soil disturbance.

Acacia koa:

This species also experienced little nodule formation in the disturbed treatments as

compared to the undisturbed soil treatments. As was suggested for A. confusa, studies of

possible interactions between AMP and other soil microbiota, should also be considered

for this legume species (Alexander 1989). Most plant growth characteristics (biomass,

seedling height etc.) in A. koa generally did not differ between seedlings in the

undisturbed treatments versus the disturbed treatments, except that undisturbed seedlings

in the greenhouse weighed more (both shoots and roots) than seedlings in the disturbed

treatment. Mycorrhizal dependency was higher in this native species than its invasive

Acacia pair, as predicted. The disturbance treatment did not reduce percent AMP
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colonization in the roots, nevertheless, the greenhouse disturbance treatment had growth

comparable to the non-AMP treatment.

A recent study focused on the effects of soil disturbance on Acacia koa in different

inocula. This research also observed a significant decrease in growth in the disturbed

treatment, yet detected no statistically significant different in the extent of root

colonization (Koske per. comm.). These results have two possible explanations. First,

sampling roots at the end of the experiment to determine root colonization (at 44 days

after planting) may have been too long to detect initial differences in colonization

between treatments. Second, plant growth may have been affected by AMP before ever

being actually infected (Gemma & Koske 1988). Such growth includes increased root

branching and growth, which may provide increased root surface area for more AMP

interactions. This response is more likely to occur in undisturbed soils (Gemma & Koske

1989, Schellenbaum et ai. 1991).

Bidens pilosa:

Though invasive species were hypothesized to be less affected by disturbance than native

species, invasive B. pilosa had the highest MD, with an AMP dependency of

approximately 75%. A higher percentage of root colonization in both field treatments

was recorded in comparison to their complementary greenhouse treatments. One possible

explanation may be that the greenhouse conditions produced more of a stress-free

growing environment for the plants compared to field conditions, so fewer nutrients and

AMP colonization were necessary (Koske per. comm.). In field locations in Colombia,
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B. pilosa is known to rapidly develop mycorrhizae (Bastidas et ai. 1989). Plant growth

indicators were larger in both the field and greenhouse for undisturbed treatments,

reinforcing more successful plant growth in undisturbed soils. Undisturbed treatment

roots were infected more than the disturbed treatment roots, though this finding was not

statistically significant.

Bidens sandvicensis:

This native plant displayed results similar to what was expected: undisturbed soil

treatments yielded larger plants and more mycorrhizal colonization of the roots. One

notable observation was that the roots from the field were more extensively colonized for

both treatments than were the roots from the greenhouse trials. The non-AMP plants

from the greenhouse also displayed smaller masses than the plants from the undisturbed

treatments.

Schinus terebinthifolius:

As in B. sandvicensis, there was more colonization in both of the field treatments as

opposed to the greenhouse treatments. There was a larger percentage of root colonization

in the undisturbed treatments, which reached over 50% in the field. This, however, was

attributed to one root sample that was highly colonized and therefore did not generate a

statistically significant increase. There were no differences between the plant growth

indicators between the disturbed and undisturbed treatments in the greenhouse or the

field. As an invasive species, S. terebinthifolius displayed only a marginal dependency.

This species appeared not to be affected by AMP presence.
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Pipturus aibidus:

There was no difference in root colonization between treatments, and, though not

statistically significant, the no-AMF plants had more biomass than did the other

treatments. In the field, there were no differences between the plants in the disturbed and

undisturbed treatments. These findings may be indicative of a non-mycorrhizal species,

where plant growth is independent of AMF root colonization (Read & Birch 1988).

Though AMF colonization has occurred in previously sampled roots (Koske et ai. 1992),

this species belongs to a family, Urticaceae, which is believed to contain mostly non

mycorrhizal taxa (Koske et ai. 1992, Smith & Read 1994). Past studies of this species

have found no AMF colonization in greenhouse trials and low to no colonization in field

samples from Manoa Cliff Trail, a hiking trail near Lyon Arboretum (Koske per. comm.).

This species was the only one to have a negative dependency on AMF.

Conclusions

Although only 3 native-invasive species pairs were evaluated, the results did not support

the hypotheses that native seedlings have higher mycorrhizal dependency than invaders

and that natives are more negatively affected by soil disturbance. For the species in this

study, non-significant differences between the disturbed and undisturbed treatments

suggest that soil disturbance does not decrease AMF root colonization. The relationship

between soil disturbance, AMF root colonization, and plant growth may be different for

different species, and a general trend of how plant species invasive and native to Hawaii

respond to soil disturbance can not be drawn. Plant species do not appear to respond to

AMF and soil disturbance the same way; therefore, a plant's relationship to AMF in the
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soil and in their roots cannot be used as an indicator of its invasiveness or success in

Hawaii. Looking at the individual species pairs, the Bidens species pair, with the

exception that the invader was more dependent on AMF than the native, appears to

support both hypotheses for the majority and most relevant plant growth measures,

especially biomass, while the other two pairs do not support the hypotheses.

Other variables, such as bacterial symbioses in the Acacia species, may have played

important roles in determining how soil disturbance affected AMF colonization of roots

and plant growth. Also, some invasive species may respond positively to a natural or

human-caused soil disturbance (Cronk & Fuller 1995, Bungard et ai. 1997, King & Grace

2000, Peters 2001, Lambrinos 2002). Therefore, for S. terebinthifolius, the only invasive

species in this study not to indicate a negative effect on plant growth by disturbance, it is

possible that some direct or indirect effect of soil disturbance may contribute to the

success of this species as an invader.

Future Research

There are several extrapolations that can be made on this research in order to better

understand certain results. First, interactions between soil microbiota, such as N-fixing

bacteria, and AMF should continue to be investigated for legume species in natural

habitats. Second, AMF species should be determined in order to investigate possible

host-specific mutualisms among both the native and invasive plants. This may be more

difficult than originally thought. First, it is hard to identify species. One species believed

to be endemic to Kauai and Oahu was later identified on a sand dune in Brazil (Koske
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per. comm.). Second, there are no good records of AMF from native, pristine habitats

and no monitoring of the spread of known introduced fungal species (Koske per. comm.).

Third, some studies have used arbuscules to determine AMF root colonization instead of

hyphae (McGonigle & Miller 1996, 2000). This change in methods result in different

conclusions from conclusions based on root colonization percentages by hyphae.

Finally, more species pairs should be added to these designs in attempt to uncover

statistical trends for differences between the native and invasive plant taxa in the

Hawaiian Islands. Although this study has already shown that there are certain to be some

exceptions that contradict the original hypotheses, a study involving a larger set of

species would allow a broader statistical evaluation of the hypotheses.

This research helped to gain a better understanding of the relationship between AMF and

plant growth, along with how habitat disturbance may affect this symbiosis and how

invasive and native plants may respond differently to such disturbances. The findings of

this research should help emphasize the importance of AMF/plant symbioses for

restoration ecology, environmental management and planning. Studies and various

restoration projects have been initiated in many areas, along with preparatory studies for

possible projects in Hawaii (St. John 1999, Gemma et ai. 2002). Improving methods for

regeneration of native plants in previously disturbed areas via AMF relevant to Hawaiian

ecological systems will be essential for conservation efforts in the Hawaiian Islands.
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