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ABSTRACT

Leguminous species are an important component of

the understorey ofEucalyptus marginata Donn ex Sm. (jarrah) forest

in south-western Australia. Acacia pulchella R.Br. is a common

legume in this environment, playing an important role in nutrient

cycling. This species is also used in revegetation programs in are as

disturbed by bauxite mining in the jarrah forest. The ability to form

symbiotic associations with root nodule bacteria and VA mycorrhizal

fungi is one of the reasons that makes this a successful species.

The VA mycorrhizal association increases the volume

of soil explored for nutrients, by growing a network of hyphae into the

soil, making it possible for the plants to take up nutrients that otherwise

would be out of reach. The VA mycorrhizal fungi is an obligate

symbiont therefore any factor affecting the plant is likely to have an

effect on the fungi. Plant activity (root and shoot growth, flowering) is

strongly affected by the distribution of rainfall and changes in

temperature in the highly seasonal environment of south-western

Australia. The VA mycorrhizal association is a dynamic process

therefore the assessment of the leveI of inoculum in a certain area must

consider seasonal changes in fungal activity.

To test some of the factors affecting the VA

mycorrhizal association of A. pulchella, three experiments were set up.
I

In the first experiment, undisturbed soil cores were taken from four

sites, two in natural jarrah forests, and two in areas revegetated after

bauxite mining. Cores were taken at five times during the year. Acacia

pulchella seedlings were grown for 10 weeks to test the hypothesis that

VA mycorrhizal fungi would show different patterns of seasonal
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variation if growing in soil from natural jarrah forest or in soil from

revegetated areas.

For the second experiment, soil was collected during

winter and summer, at four depth increments to 20cm. Phosphate was

added to half ofthe soils to test the hypotheses that the infectivity ofVA

mycorrhizal fungi would a) change with the seasons, b) decrease with

increasing depth of soil, and c) decrease with addition of phosphate.

In the last experiment, soil was collected from the

depths of 0-3, 3-10, 10-20, 20-35, and 35-50cm from an undisturbed jarrah

forest, and placed in wooden boxes in the same order that they were

collected in the field. The boxes were placed in soil and seeds ofAcacia

pulchella were sown. Root growth and mycorrhizal development was

monitored at six harvests over the following nine months.

Mycorrhizal formation in seedlings of Acacia

pulchella, growing in undisturbed soil cores from natural jarrah forest,

was positively related with rainfall. A decrease in infectivity during

summer (January) coincided with the dry period when there was little

root growth . With the onset ofthe winter rain in AprillMay, levels of

infection rose sharply in cores collected in May, remaining at the same

levels up to the last collection, in November. On the other hand there

were no seasonal changes in infectivity in plants grown in cores from

restored areas, with levels of infection remaining low throughout the

year. The lower levels of colonization in soil cores from restored areas

were expected because soil disturbance is known to decrease the

capacity of VA mycorrhizal fungi to colonize roots. Nevertheless, an

increase in infection was expected with increasing age of the

restoration, but this was not observed in the one year of the experimento

It may be that the species ofVA mycorrhizal fungi need to be adapted to

the changed soil conditions after mining before they can spread through
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the soil or at least survive until microclimatic conditions are more

suitable.

There was no seasonal trend in formation of VA

mycorrhizas by individual genera of fungi in either natural or restored

areas. Glomus was by far the most common genus in natural jarrah

forest with very few mycorrhizas formed by the other genera. More

genera were present in restored areas with Glomus, Gigaspora, and

fine endophyte occurring in similar proportions.

In experiment two, the percentage of root length

colonized in plants grown in disturbed soil cores was higher in summer

than in winter. This contrasts with the results from experiment one.

The explanation for this may be that in experiment one undisturbed soil

cores were used, and in experiment two the soil was dried and mixed

before plants were grown. It is likely that the main type of propagule

during winter was hyphae in the soil and within the roots. With drying

and disturbance of the soil those propagules were probably killed,

resulting in the almost complete absence of infection during the winter

collection in experiment two. To reinforce that, levels of infection in

experiment two were the same as in experiment one, for the summer

soil collection (36%in exp.2, and 38% in exp.L).

There was no difference in the percentage of root

length colonized of plants grown in disturbed cores for the various

depths within the top 8cm of the soil. At the winter harvest, percentage

of root length colonized deceased to almost zero in soil deeper than 8cm.

In December, the leveI of mycorrhiza formation was constant with no

difference in percentage of colonization in soils from all depths.

Application of phosphorus did not affect mycorrhiza formation in the

top 20cm of the soil. Glomus was the main genus occurring under all
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eireumstanees, espeeially in the top Bem. Few infeetions assoeiated

with eitherAcaulospora or Gigaspora were reeorded in Deeember.

In the last experiment, most of the root system of

Acacia pulchella was loeated in the top IDem, deereasing sharply with

inereasing depth. Root and shoot growth were slow up to the 13th week

after seed germination, then inereased sharply. After the 29th week root

length deereased due to the dry and hot summer but shoot growth

eontinued at the same level. Roots grew at a relative growth rate (RGR)

of 0.16 (g/g/week) during the first 29 weeks after germination but the

RGR for shoot was 0.13. Myeorrhizal infeetion followed the same

pattern as that of root distribution in the soil profile, deereasing with

soil depth. Glomus and Gigaspora were the dominant genera forming

myeorrhizas during the first six weeks of growth of seedlings of Acacia

pulchella but with time Glomus beeome dominant, with very few

infeetions by Gigaspora .

The results from my experiments show that infeetivity

of VA myeorrhizal fungi in natural jarrah forest deereased during

summer probably due to a deerease in moisture eontent in the soil, and

death of the fine root system. Moreover they highlight the neeessity of

speeifying the soil eonditions under whieh experiments are eondueted

and raise the question about the validity of using disturbed soil to assess

the infeetivity of VA myeorrhizal fungi in natural eonditions. Roots of

Acacia pulchella seem to be mostly loeated in the top IDem of the soil

profile, deereasing with soil depth. Propagules of VA myeorrhizal fungi

follow the same pattern. Glomus was by far the dominant genus of VA

myeorrhizal fungi in the jarrah forest eeosystem.

Teehniques to measure infeetivity of VA myeorrhizal

fungi in the mediterranean climate of south-western Australia should

eonsider the minimization of disturbanee of the soil to avoid loss of
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potential propagules of VA mycorrhizal fungi. Moreover, the

simultaneous growth of plants in glasshouse and field conditions

should be used, when possible, to measure the accuracy of results from

glasshouse grown plants to predict the formation of mycorrhizas in

field.
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GENERAL INTRODUCTION



/

2

The mediterranean environment of south-western

Australia is characterized by a dry and hot summer and rainfall

occurring mainly in the cooler months of the year (Beard, 1983). The

soils in this region are very infertile with most of the nutrients

concentrated in the top 15cmin the profile (Lamont,1982a). Plant

species occurring in this region have developed a number of adaptative

characteristics to cope with these low levels of nutrients in the soil.

Acacia is a well represented genus in the understorey of Eucalyptus

marginata Donn.ex Sm.(jarrah) forests. This genus has an ability to

form symbiotic associations with nodule-forming bacteria (Hansen and

Pate,1987) and mycorrhizal fungi (Malajczuk et al.,1981; Jasper et

al.,1987).

The VA mycorrhizal fungi are obligate symbionts

(Harley and Smith,1983). Therefore, factors affecting root growth are

likely to have an effect on the activity of these fungi. Root growth is

highly seasonal in the jarrah forest (Dell and Wallace,1983; Shea and

Dell,1981), and the capacity ofVA mycorrhizal fungi to colonize roots is

likely to follow the same trend. Mining activities are known to decrease

the infectivity of VA mycorrhizal fungi (Jasper et al, 1987, 1989c).

Moreover, in areas disturbed by bauxite mining, during the early stages

of restoration, there are lower plant and root densities than in adjacent

native forests. This makes these areas susceptible to wider variation in

soil temperature and more rapid changes in soil moisture content

which could lead to different patterns of seasonal variation in infectivity

of VA mycorrhizal fungi compared with that in natural jarrah forests.

Many plant species occurring in the mediterranean

south-western Australia maintain shoot growth well into summer (Bell

and Stephens,1984). Roots growing deeper in the profile are responsible

for supplying water for the plants, especially during summer (Lamont,
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1982a). However, the uptake ofnutrients deeper in the profile is likely to

be decreased because of the lower nutrient availability and lower root

density in these deeper layers. The distribution of VA mycorrhizal

fungi in the profile has not been studied for this environment.

Nevertheless, if mycorrhizal fungi can colonize roots deeper in the soil,

and take up nutrients in summer, when plants are still growing but

nutrients in the surface are not avàilable because the soil is dry, this

could be vital for the plants to achieve their nutrient requirements.

To test some of these factors affecting VA mycorrhizal

infectivity I conducted three experiments using Acacia pulchella R.Br.

as my test planto This species is a common component of the

understorey of jarrah forest and one of the species used in restoration of

areas after bauxite mining in this region. In Chapter 2, I review some

of the factors affecting the mycorrhizal association with special

emphasis on (1) seasonal variation in both root growth and VA

mycorrhizal activity, (2) response of the fungi to soil disturbance, and (3)

distribution and activity of VA mycorrhizal fungi in the soil profile. In

Chapter 3, I tested the hypotheses that (1) infectivity of VA mycorrhizal

fungi would show different trends in soil under natural jarrah forest or

in soil in restored areas after bauxite mining, (2) infectivity of VA

mycorrhizal fungi would decrease with increasing depth in the top

20cm of the soil, and (3) application of phosphorus to the soil would

decrease infectivity of the fungi. In Chapter 4, I followed root growth

and spread of VA mycorrhizal fungi with depth, in seed1ings of Acacia

pulchella from seed germination until root activity had decreased in

mid-summer.
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REVIEW OF LITERATURE
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1) INTRODUCTION

Acacias have long been considered imporlant species

because of their high adaptability to different environments and their

wide range of use by humans (New, 1984). Moreover, these species can

play a key role in nutrient cycling in natural ecosystems (Adams and

Attiwill, 1984b ; Malajczuk et al., H!8i) as well as in revegetation of

disturbed areas (Langkamp et al.,1979; Cornet and Otto,1985;Jasper et

alo ,1987). The capacity of acacias to tolerate adverse conditions

including extremely deficient levels of nitrogen and phosphorus has led

to their success as pioneer species. Symbioses formed between acacias

and both rhizobia and mycorrhizal fungi are likely to be beneficial in

soils with low levels of nitrogen and phosphorus (Langkamp and

Dalling,1982; Lamont,1982a).

Studies of acacias in natural ecosystems deal mainly

with the assessment ofnitrogen fixation (Hansen and Pate,1987;

Hansen et al.,1987; Monk et al.,1981). Rates of symbiotic nitrogen

fixation in native legumes vary according to plant species, soil

conditions, age and density ofthe stand (Hansen et al.,1987). Values

measured in Australia range from as low as 0.005 kg N ha-1year-1 for

Acacia melanoxylon growing in a low open-forest environment

(Lawrie,1981) to 12-31 kg N ha+year-! for Acacia dealbata in a wet

sclerophyll forest (Adams and Attiwill,1984b). However, in adverse

conditions, such as heathlands, even a minimal input of nitrogen could

be vital for survival and establishment of seedlings at the very early

stages ofplant growth (Monk et al.,1981). This is emphasized by the

findings ofHansen et al.(1987) where symbiotically fixed nitrogen was

13-61% ofthe total shoot nitrogen content in first year seedlings
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compared with only 1.1-3.4%in the second year and well below 1%in

the fourth year.

Unlike the symbiosis between species of acacia and

rhizobia, the association between acacias and vesicular-arbuscular

(VA) mycorrhizal fungi has received little attention until recently.

Mycorrhizas are known to increase the uptake of phosphorus and other

nutrients in a variety ofplants (Harley and Smith,1983) and legumes

seem to be particularly responsive to-this association (Rose and

Youngberg,1981). The improved uptake ofnutrients can indirectly lead

to increased nitrogen fixation (Bowen,1981; Barea and Azcón-

Aguilar,1983).

Associations between acacias and mycorrhizal fungi

are likely to be very important both when plants are growing in

undisturbed nutrient-deficient soils and in revegetation of sites

disturbed by mining. Acacias are common species in natural

ecosystems of southwestern Australia (Hopper and Maslin,1978), one of

the most nutrient-poor mediterranean ecosystems in the world

- (Specht,1979), and in rehabilitation programs (Langkamp and

Dalling,1982; Jasper et al.,1987; Gardner and Malajczuk,1988) because

of their relatively rapid establishment and growth rate. Acacia

pulchella, a common species in south-western Australian forests,

responded markedly to phosphorus application in well watered

conditions (Hansen and Pate,1987). This species is known to form

associations with VA mycorrhizal fungi (Malajczuk et al.,1981) which

are known to increase nutrient uptake and may also increase tolerance

of water stress (Graham et al.,1987; Huang et al.,1985; Nelsen,1987).

Langkamp and Dalling (1982) working with severallegumes, including

four Acacia species, suggested that infection by mycorrhizal fungi is
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essential for a successful establishment of long-term vegetation on

areas rehabilitated after mining.

Mining processes decrease the infectivity of VA

mycorrhizal fungi (Reeves et al.,1979; Rives et al.,1980; Warner,1983;

Jasper et al.,1987,1989a). This decrease is probably due to a dilution of

propagule density in the upper layer of the soil, to damage and loss of

propagules by dessication, and to premature germination (Jasper et al.,

1~87). The recovery of the inoculum potential in restored areas depends

on time after rehabilitation (Loree and Williams,1987), plant species
./

colonizing restored areas (Miller,1987b), and soil characteristics (Stahl

et al.,1988).

Water, temperature, soil fertility, and availability of

sites for colonization are some of the factors affecting the root length

colonized by VA mycorrhizal fungi. Any factor which affects those

parameters is likely to have some effect on the infectivity of those fungi.

In natural ecosystems of south-western Australia, most of the nutrients

are concentrated in the top 15cm of the soil profile with most of the fine

roots growing in this layer of soil (Lamont,1983). With increasing depth

the leveI of nutrient supply decreases; the roots growing deeper in the

soil are essential in supplying water for the plant, especially during the

dry season. If mycorrhizal fungi are important in nutrient cycling

processes, how are they affected by seasonality in root growth and by soil

depth? In the early stages of rehabilitation of mined areas the soil is left

bare, and is exposed to a wider range of temperature variation, and is

more susceptible to dessication and extremes of temperature than is soil

in undisturbed sites. At the same time, the soil characteristics are

generally changed by exposing the less fertile layers of the profile. In

addition, loss of or damage to mycorrhizal propagules caused by soil

disturbance can lead to a reduction in the extent of colonization of roots
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by these symbiotic fungi. In this review I wiIl consider some of the

factors that could affect the establishment and function of VA

mycorrhizas in acacias growing in natural and disturbed ecosystems.

2) FACTORS AFFECTING COLONIZATION OF PERENNIAL

LEGUMES BY VA MYCORRHlZAL FUNGI IN NATURAL

ECOSYSTEMS

2.1.Life Cycle ofFungi in Relation to Life Cycle of Plants

Root syst.em and seasonality in root growth

The mediterranean environment of south-western

Australia is characterized by very infertile soils, hot and dry summers,

and rainfall occurring during the cooler months of the year (Fig. 2.1)

(Beard,1983). Under these conditions, most of the root system is located

in the top 15cm of the soil following the pattern of nutrient distribution

in the soil profile (Lamont,1983). Dodd et al.(1984) have divided the

plants occurring in the sandplain of Western Australia into five types,

according to root system patterns, following the scheme proposed by

Cannon(1949). For example, Acacia pulchella a common species in the

understorey of jarrah forests, was classified as Type 1, characterized by

well developed primary and lateral roots with neither type dominating.

This species has a relatively shaIlow root system reaching a depth of

just 10-42cm, with roots spreading less than one metre laterally (Dodd et

al.,1984). The rootlshoot ratio ofA. pulchella in this study was 0.2.
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Because of the low fertility of soils, plants in the jarrah

forest rely heavily on nutrient cycling, and adaptative characteristics of

root systems such as mycorrhizas are a common feature of plants
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Figure 2.1: Temperature (a) and rainfall (b) average for the
mediterranean region of south-western Australia
where myex:periments were conducted. Data from Bureau
ofMeteorology,Perth



growing in these conditions (see Lamont,1982a). Baylis (1975) has

suggested a classification for root systems based on the diameter of the

ultimate root branching, from "graminoid" (fine roots provided with

root hairs) to "magnolioid" type (coarse roots with no root hairs).

Studies on root morphology and root growth are scanty in forest species.

In one of the few studies involving Western Australian species, Barrow

(1977) showed that A. pulchella has a "magnolioid" type root with a

mean diameter of O.28mm and no root hairs. In contrast, jarrah

(Eucalyptus marginata ), karri (Eucalyptus diversicolor), and marri

(Eucalyptus calophylla) have much thinner roots, with root hairs.

Forest species generally have a lower root density than crops (Table 2.1)

(Nye and Tinker, 1977) and the coarse root system in Acacia species

means a lower ability to explore the soil.

There are two weU established cycles in root growth for

native plants growing in the mediterranean climate of south-western

Australia. The first one, an annual cycle is due to the dry and wet

season. The second cycle foUows high intensity prescribed burns or

·wildfires. During the long dry summer period, fine roots of E.

marginata die off during summer but new root growth starts when the

soils are moistened after rain (Shea and DeU,1981). New root growth of

E. marginata has two peaks, in spring, and in autumn (DeU and

WaUace,1983) but surface root growth was observed to stop during mid-

winter (B.Rochel, unpublished, cited by Lamont,1982a). Water supply

rather than temperature seems to be the factor affecting root activity

.during summer, but it is not clear if the decrease in root activity during

winter is a function of low temperature or a natural part of the

physiological cycle of the planto Although there are no similar studies

for the understorey species, Hansen et al.(1987) found nodule activity in

A. pulchella and A. alata to be confined to the wet months of the year,
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Table 2.1:Examples of root density of different plant species in the top

IOcm of soil profiles.

Plant species Forest type Root density Reference
(em crrrê)

various dry sclerophyll 7 Carbon et al.(1980)

Pinus radiata plantation 2 Nambiar(1981 )

Eucalyptus wet sclerophyll 1-2 Ashton(1975)
regnans \

cereaIs crop 5-25 Barley(1970)
(oats,rye,wheat)

Stylosanthes crop 30 Barley(1970)
gracilis

Medicago sativa crop 20 Barley(1970)
---------------------------------------------------
reaching a maximum in spring (August or September). In this study,

the lack of nodule activity during summer was attributed to

insufficient water and low activity during winter to low temperatures.

These factors also have an effect on mycorrhizal associations, as will be

discussed later in this review.

After a fire, vigorous regeneration of legumes occurs

within the understorey and then declines (Table 2.2). The intense new

root production during the first year is likely to provide plenty of sites

for colonization by VA mycorrhizal fungi and may help the spread of

these fungi. After the death of a high number of seedlings between the

first and second year, the young roots are easily decomposed and

could play an important role in nutrient cycling. They could also be a

source of inoculum of VA mycorrhizal fungi.

The stage of plant development also affects the

seasonality in activity of both root growth and VA mycorrhizal fungi.
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Table 2.2: Number of stems (xl()3) of leguminous species per ha after

fire

Years after fire
Species Reference

1 2 3
---------------------------------------------------
Acacia spp 750 200 100 Adams and

Attiwill (1984a)

Acacia 80 60 20 Hansen et al.(1987)
pulchella

Acacia 700 250 200 Hansen et al.(1987)
alata

Acacia 30 15 10 Hansen et al.(1987)
extensa

Bossiaea 110 70 50 Hansen et al.(1987)
aquifolium

varIOUS 45a Shea et al.(1979)
---------------------------------------------------
a - only one observation made at 11 months after fire

In annual crops there is an intense period of root growth early in the

season during plant establishment and vegetative growth, then the root

growth slows down during mid season and the percentage of root length

colonized by VA mycorrhizal fungi remains constant during flowering

and seed production (Roldan-Fajardo et al,1982). By the end ofthe

season, spore production has occurred, root growth stops, and the plant

dies off. In forest ecosystems where a perennial root framework is

already established and different plant species have different times for

flowering and setting seeds, roots stay alive throughout the year, even if

new root growth stops and fine roots die during stressful periods. The

interaction among rainfall distribution, low temperature, new root

growth, and physiological stage of plant development with VA

mycorrhizal fungi should be looked at as a whole when studying

mycorrhizal associations in perennial ecosystems.
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VAmycorrhizal fungi and seasonality in propagule formation.

VA mycorrhizal fungi are obligate symbionts (Harley

and Smith,1983) and their activity is closely linked to activity ofthe host

planto Spores and hyphae in the soil and within the roots are the main

source ofinoculum (Bowen,1987). Spores are survival and dispersal

structures while hyphae are responsible for host colonization,

including the spread of the fungi between roots of the same or adjacent

plants, and for nutrient uptake. Production and germination of spores

is affected by the stage of plant development (Hayman,1970; Saif and

Khan,1975; Giovannetti,1985), water regime, and high temperatures

(Furlan and Fortin,1973;Menge,1984). Numbers of spores increased

during the flowering period in wheat (Hayman,1970; Saif and

Khan,1975) and in three sand dune species in ltaly (Giovannetti,1985).

In both cases the increase in spore number was associated with a

decrease in root growth. Although there are no similar studies for

forest ecosystems, the number of spores found under forest canopies is

generally lower than in agricultural fields (Abbott and Robson,1977;

Hayman and Stovold, 1979). Baylis (1969) suggested that this would be

because in agricultural fields roots die at the end of the season,

stimulating spore production, while in forests there is continuous root

growth. Moreover, there is a higher density of roots in agricultural

than in forest soils (Table 2.1). Increased root density was associated

with increased colonization by VA mycorrhizal fungi (Warner and

Mosse,1982; Abbott and Robson,1984b). This could lead to increased

sporulation.

Soil moisture and temperature play an important role

in spore germination. Maximum germination of spores of Glomus
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epigaeus was attained with the soil at or above field capacity (Daniels

and Trappe,1980). In contrast, there was no germination of three

Glomus species when the soil matric potential was -O.OOlMPawith the

maximum germination occurring at -O.OlMPa (Sylvia and

Schenck,1983). In the same study, 21% of spores of Glomus etunicatum

germinated at -1.0MPa but only 5 and 6% of spores of Glomus clarum

and Glomus macrocarpum respectively, germinated at that moisture

potential. As highlighted by Bowen (1987), the results reported so far

are quite variable, depending on the fungal species and methods used.

Moreover, he emphasized that spore germination does occur at low

levels of soil moisture and that moisture alone may not be the main

factor affecting spore germination in field soils. However, soil moisture

is likely to have an important role in spore germination in the highly

seasonal environment of south-western Australia. Soils in this region

can reach a matric potential of -35 MPa during summer (E.Newmam,

cited by Jasper et al.,1989b). This matric potential is likely to inhibit

most root and fungal activity. On the other hand, different fungal

species have different optimum temperatures for maximum spore

germination (Table 2.3). The range of temperature between 20 and 35°C

seems to be the optimum for most of the fungal species while

temperatures below 15°C are likely to inhibit or delay spore

germination. Temperature of the soil frequently exceeds 45°C during

summer in south-western Australia (Shea et al.,1979). However, these

high temperatures occur when the levels of moisture in the soil are

.very low and it is unlikely that spores will germinate at that stage. Most

of the spore germinaton will occur with the onset of the rainfall period

when the temperatures are more favourable to spore germination.
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Table 2.3:Temperature requirements for spore germination ofvarious
VA mycorrhizal fungi.

---------------------------------------------------
Temperature (OC)

Fungi Species Medium -------------------------------- Reference
Minimum Optimum

---------------------------------------------------
Glomus caledonium soil 5 20-25 Tommerup,1983b

G. epigaeus soil 10 20-25 Daniels &Trappe,
1980

G. fasciculatum soil 15 25-35 Nadarajah &
agar 15 25-35 Nawawi, 1987

G. mosseae agar <15 20-25 Schenck et al.,
1975

Acaulospora laevis agar 15 30-35 Nadarajah &
soil 15 30-35 Nawawi,1987
soil 10 20 Tommerup,1983b

Gigaspora margarita soil 26-31 Clarke,1978
soil 15 25-35 Nadarajah &
agar 15 25-35 Nawawi,1987

filter paper 20 25-35 Kobayashi,1988

G. coralloidea agar <15 20-34 Schenck et al.,
1975

G. heterogama agar 20 25-34 Schenck et al.,
1975

G. calospora soil 5 25-30 Tommerup,1983b

G. gigantea sand 15 20-30 Koske,1981

Although spores are one of the main types of

propagules, their numbers in the soil do not always have a direct

correlation with the extent of root length infected (Hayman and

Stovold,1979). Dormancy of spores, presence of other forms of

propagules, and difficulty in recovering spores from soil for some

species are some of the possible explanations for this (Abbott and

Robson,1989). Tommerup(1983a) found that different species offungi
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have different periods of dormancy. Glomus sp had a dormancy period

from one to 6 weeks depending on whether the spores had been stored

in dry or moist soil. Gigaspora calospora had a period of dormancy

from 6 to 12 weeks, but for Acaulospora laevis that period was 6

months regardless of the store conditions. Spores of G. gigantea

collected from the field had a dormancy period of between 5 and 9 weeks

(Gemma and Koske,1988). This period of dormancy may be of great

ecological significance because it can prevent the germination of spores

during stressful environmental conditions.

Germination of spores occurs when conditions of soil

moisture and temperature are favourable, even if no suitable host plant

root is available (Powell,1976). Some species offungi have the ability to

produce multiple germ tubes (Harley and Smith,1983). This

characteristic increases the chances of contact between fungi and roots.

Further, Koske (1982) has demonstrated that germ tubes emerging

from spores of some species of VA mycorrhizal fungi are attracted

towards the roots by volatile products.

In many ecosystems where the number of spores is

low, hyphae in the soil and inside the roots are considered to be the

major propagules (Jasper et al.,1989c; McGee,1989; Birch,1986).

Hyphae may be able to colonize roots more quickly than spores (Read

and Birch, 1988). Francis and Read (1984) showed that an extensive

network of hyphae in the soil could form interconnections between

plants. Birch (1986) demonstrated that this hyphal network was

involved in initial colonization and spread of VA mycorrhizal fungi

throughout the root system. The length of external hyphae produced

differs among species of VA mycorrhizal fungi (Graham et al.,1982;

Abbott and Robson,1985). For example, Glomus fasciculatum

produced less external hyphae than Gigaspora calospora when
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growing in soil with subterranean clover in glasshouse conditions but

there was no difference in the formation of external hyphae between A.

laevis and fine endophyte (Abbott and Robson,1985). However, the

distribution of the hyphae (Abbott and Robson,1985), and the way the

fungi spread (Wilson,1984) may be more important than the hyphal

length in determining the extent of colonization of roots by VA

mycorrhizal fungi.

The predominance of hyphae as propagules in

mediterranean (Jasper et al.,1989c) and semi-arid (McGee,1989)

environments is in some way surprising because spores are the

propagules considered to be the best adapted to harsh conditions.

However, Jasper et al.(1989b) demonstrated that hyphae of some fungal

species can remain alive in soil with a matric potential of -21 MPa for

a period of at least 36 days in glasshouse conditions. More important is

the fact that the maintenance of the infectivity of this hyphal network

was not dependent on being attached to living roots. Nevertheless,

those results still need confirmation in field conditions. VA

mycorrhizal hyphae can also survive in fragments of roots from the

previous growing season (McGee,1987) or perennate inside long-lived

live roots (Brundrett and Kendrick,1989); hyphae regrow from these

propagules when the conditions become favourable. The mechanisms

by which the mycorrhizal hyphae manage to survive in dry soils or

inside dead and inactive roots are poorly understood but this knowledge

is vital for an understanding of the ecology of VA mycorrhizal fungi in

ecosystems.

Colonization of'roots by VA mycorrbizal fungi.

The first step in assessing the inoculum leveI of VA

mycorrhizal fungi in natural ecosystems is to determine what
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with the extent and speed of colonization of roots in the mediterranean

environment of south-western Australia (Bolan and Abbott,1983;

Scheltema et al.,1987; Jasper et al.,1987). Therefore, the number of

spores is unlikely to give an accurate measure of the inoculum potential

of VA mycorrhizal fungi in this environment. The estimation of the

number of infective propagules using the most probable number method

(Porter,1979) or the bioassay technique used by Moorman and Reeves

(1979) may be useful in assessing mycorrhizal potential in disturbed soil

but not in natural ecosystems because it requires soil disturbance,

which can damage some forms of propagules in the soil (Jasper et al.,

1989c). "Infectivity" of a population of VA mycorrhizal fungi has been

defined as a measure of the rate and extent of mycorrhiza formation

(Abbott and Robson,1981). Although this is not a precise definition, an

assessment of the extent (percentage of colonization and total root

length colonized) of mycorrhiza formation within a certain time under

particular conditions can give an indication of the potential for

colonization of new roots formed. Further information would be

required to determine whether such an infectivity assessment was

correlated with mycorrhiza formation in the field (Abbott and

Robson,1989).

Bolan and Abbott (1983) found almost no mycorrhizal

colonization in subterranean clover grown in soil disturbed at the

collection time, from a jarrah forest in spring but there was heavy

colonization in plants grown in soil collected from the same site in

summer. The dominant VA mycorrhizal fungus present was A. laevis.

These results indicate the differences in the type of inoculum in

different seasons. The low leveI of colonization from soil collected in

spring cannot be interpreted as a lack of fungal activity at that stage.

During spring, plants are growing actively and the mycorrhizal activity
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is likely to follow the same trend. Jasper et al.(1989a,b) suggested that

mycorrhizal hyphae in the soil and within the roots are the main source

of propagules in jarrah forest soil; damage to the fungal network in the

soil leads to a drastic reduction in colonization by this species. Therefore

methods for assessment of the infectivity of VA mycorrhizal fungi that

cause the least possible damage to the hyphal network in the soil are

likely to give a more accurate measurement of the potential of the fungi

to colonize roots in field conditions.

The association between VA mycorrhizal fungi and

roots is a dynamic process and both the root and the fungal components

exhibit continuing growth and development (Harley and Smith,1983).

Root growth in the forest ecosystem of south-western Australia is highly

seasonal with most of the root activity occurring during the wet months

ofthe year (Dell and Wallace,1983; Shea and Dell,1981). The spread of

VA mycorrhizal colonization inside the root is strongly affected by root

morphology and root density (Miller,1987a). Colonization by VA

mycorrhizal fungi is likely to follow the dynamics of fine root turnover

in ecosystems, therefore, the determination of mycorrhizal colonization

at a single harvest may be a poor indication of the inoculum potential of

the area (St J ohn and Coleman, 1983). The importance of considering

the effects of seasonal changes on VA mycorrhizal activity has been

demonstrated in a number of papers (Bolan and Abbott,1983; Scheltema

et al.,1987; Brundrett and Kendrick,1988). However, the measurements

of the fungal activity should be accompaned by a description of the

climatic environment, plant activity (root and shoot growth, flowering),

and botanical composition (Abbott and Robson,1989). These data are

essential for the interpretation of results and comparisons with other

studies.
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Phosphorus in the soil and in the plant can regulate

the mycorrhizal activity both in the soil and within the root (Cooper,

1984). Application of phosphorus fertilizer decreased the formation of

VA mycorrhizas (Schwab et al.,1983). These authors suggested that the

decrease was due to a reduction in growth of external hyphae which led

to fewer secondary infections. Jasper et al.(1979) also found a decrease

in mycorrhiza formation with soil P-amendment but they considered

this was due to the decreased concentrauon of soluble carbohydrate

inside the root. Further work by Thomson (1987), confirmed that

increased phosphorus supply decreased the percentage of root length

colonized by VA mycorrhizal fungi. He showed that the effect of

phosphorus supply in decreasing mycorrhizal formation was mediated

by an effect of P supply in decreasing the concentration of soluble

carbohydrates in the roots or in the root exudates.

2.2.2. Effect of soil disturbance on VA mycorrhizal activity

Soil disturbance can decrease the infectivity of VA

mycorrhizal fungi (Reeves et al.,1979; Rives et al.,1980; Warner,1983;

Jasper et al.,1987,1989a). Clearing ofthe forest vegetation prior to

bauxite mining in Western Australia generally occurs when rainfall

starts to decrease (September or October)(Jasper et al.,1989c). The

topsoil is usually spread immediately after stripping on an adjacent

mined pit (Nichols et al., 1985). At the time of clearing ofthe vegetation,

plants in the forest are still growing actively, and the hyphae in the soil

are likely to be the main type of propagule. Spores may be important

also, but their low numbers may limit their contribution as propagules.

Hyphae of some VA mycorrhizal fungi (eg. A. laevis ) can survive in dry

soil but lose their ability to infect roots if the hyphal network in the soil is
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damaged (Jasper et al., 1989b). Disturbance of the soil by removing the

vegetation, stripping and respreading the soil is very severe and it is

aggravated by the fact that the soil is left bare during the dry summer

season. These processes have been shown to decrease the infectivity of

VA mycorrhizal fungi (Jasper et al.,1987).

The percentage of root length colonized by VA

mycorrhizal fungi in seedlings of A. pulchella grown in undisturbed

cores for 12 weeks, was decreased from 62% in cores from natural

jarrah forest to 9% in cores from restored areas (Jasper et al.,1987).

'I'his decrease was due to a dilution of propagule density in the upper

layer of the soil, to damage of propagules or to exposure to a more

susceptible condition for desiccation or premature germination.

However, the biggest decrease in percentage of root length colonized by

VA mycorrhizal fungi in bioassay plants of A. pulchella grown in

undisturbed cores, collected at various stages of disturbance during

bauxite mining, occurred after the clearing of the vegetation (Jasper et

al.,1989c). The percentage ofroot length colonized dropped from 20%

_before the vegetation was cleared to 5% one month after clearing; no

colonization was observed after the soil had been stripped and respread.

The infectivity of the fungi appeared to depend on the hyphae remaining

attached to a living plant (Jasper et al.,1989c). A decrease in root

colonization ofPlantago lanceolata was also attributed to the

disruption of the link between the fungi and their source of carbon

supply (Read and Birch,1988). The piant and the fungi were growing

actively at the time ofvegetation removal in the experiment of Jasper et

alo (1989c) and it may be that the fungi were not resistant to a sudden

shortage of photosynthetic products.

Recovery of the inoculum level in restored areas is

dependent on plant species (Miller,1987b), time after rehabilitation
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(Loree and Williams,1987), and soil characteristics (Stahl et al.,1988).

The inoculum leveI of VA mycorrhizal fungi decreased during the first

five years after soil disturbance but started to increase from the sixth

year (Miller,1987b). The increased inoculum leveI was associated with

the return of mycorrhizal plants to the area. The inoculum leveI

reached the original levels in less than two years. It is unlikely the

presence of non-mycorrhizal plants' was a limiting factor for recovery of

the inoculum levels in areas after bauxite mining in south-western

Australia because Eucalyptus spp and leguminous species, used for

rehabilitation of those areas, are potentially mycorrhizal (Malajczuk et

al.,1981; Lamont,1982b).

In a survey comparing the levels of mycorrhizal

activity in areas with different times after restoration, the number of

plant species colonized by VA mycorrhizal fungi increased with

increasing age of the stand but the percentage of root length colonized

was usually less than 5% (Wilson,1983). Problems in clearing the roots

for mycorrhizal assessment may have accounted for these low levels of

colonization. Nevertheless, the number of spores in a 7 year old

restored area was similar to that in an adjacent natural jarrah forest.

However, the number of spores did not always correlate closely with the

percentage of root colonization in the mediterranean environrnent of

south-western Australia (Jasper et al.,1989c), and spore abundance

alone should not be considered as an indication that the inoculum leveI

had been restored. Levels of colonization returned to initiallevels 17 to

20 months after soil disturbance in a sand and graveI mining area in

England (Warner,1983). In another situation, the percentage of root

length colonized increased from about 10%in the first year after

restoration to more than 50% in the fourth year (Loree and Williams,

1987). There was a considerable variability in this data but the increase
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to the fourth year was clear. However, only one percent of plants were

mycorrhizal three to four years after the rehabilitation of a semi-arid

oil-shale area (Reeves et al.,1979). Although the loss ofinfectivity ofVA

mycorrhizal fungi due to soil disturbance by mining activities was

higher in areas of bauxite mining in Western Australia than in North

American studies, this effect is thought not to be long-term (Jasper et

al.,1989c).

The process of respreading the topsoil and mixing it

with subsoil, not only damages the VA mycorrhizal propagules but may

also create an unfavourable environment for growth of the fungi. Stahl

et al.(1988) working on areas disturbed by surface coal mining, observed

that VA mycorrhizal fungi promptly colonized the root system of seeded

sagebrush but were not able to spread extensively in the area. They

suggested that this was a response of the fungi to changes in the soil

environrnent but they did not give an explanation of what those changes

could be or how they would affect the VA mycorrhizal fungi. The leveI

of nutrients were higher in the disturbed soil than in the native

sagebrush-grassland soil in their study, which may have affected the

species of fungi adapted to a previous poorer soil condition. In a range

of studies, soil from restored areas generally had a similar pH to soil

from undisturbed sites, whereas the restored areas had a lower

concentration of organic carbon and a higher nitrogen concentration

(Table 2.4). The levels of phosphorus varied according to the practice

used in the restoration of the area. From these data it seems that

although changes in soil chemical properties could account for some of

the changes in growth of mycorrhizal fungi there is likely to be some

other factor controlling the leveI of mycorrhizas in restored areas.

While VA mycorrhizal fungi do not exibit much host specificity, they



Table 2.4. Comparison of chemical properties of soils before and after disturbance by various mining activities

---------------------------------------------------------------------------------------
Mining Disturbance pH Organic Phosphorus Nitrogen Reference
activity condition Carbon (Ilg g-1) (Ilg g-1)

(%)

---------------------------------------------------------------------------------------
bauxite undisturb. 4.8 2.3 7 - Jasper et al.,(1987)

disturbed 4.7 1.8 1

bauxite undisturb 5.6 5.6 7 13 Jasper et al.,(1989c)
disturbed 5.9 5.9 16 18

coal undisturb. 7.9 4.0 1 - Rives et al.,(1980)
disturbed 7.9 2.8 4

coal undisturb. 7.3 3.3 3 5 Gould and Liberta (1981)
disturbed 7.8 2.0 1 26

coal undisturb. 7.9 n.a.! 4 7 Stah1et al.,(1988)
disturbed 7.5 n.a. 7 21

old undisturb. 8.0 1.1 3 1 Moorman and Reeves (1979)
road disturbed 8.2 0.7 5 13

1: na, not available

I\)
~
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may adapt to specific conditions and that soil disturbance could result

in a permanent loss of some fungi adapted to particular conditions.

The diversity of species of VA mycorrhizal fungi is

also affected by disturbance of the soil. The number of species of fungi

decreased from six in a natural jarrah forest to three in an adjacent

four year old restored area (Sas,1988). However, five out ofthe original

six species were present in a ten yeàr old revegetated area. ln another

study in a similar area, spores from five species of fungi were recovered

from both one year old and seven year old restored areas after bauxite

mining compared with seven species from an adjacent natural forest

(Wilson, 1983). Similar results were attained by Stahl et alo (1988) in a

surface coal mining in Wyoming. Five species were recovered in the

undisturbed areas against only two in the restored area. On the other

hand, there was no difference in species of fungi colonizing bioassay

plants ofAcacia pulchella whether the soil had been collected in

natural jarrah forest or in restored areas after bauxite mining (Jasper

et al.,1989c).

2.2.3. Soil depth and distribution ofVA myeorrhizal fungi

There has been relatively little study of the influence of

depth on the abundance of VA mycorrhizal fungi. As a general rule,

the number of propagules decreases with increasing depth (Table 2.5)

but this is dependent on soil characteristics and plant species covering

the soil (Zajicek et al.,1986; White et al.,1989). Although most ofthe

mycorrhizal propagules are generally in the top layers of the soil,

spores and infected roots have been found up to 2.1m deep (Zajicek et

al., 1986). At this point, one should consider that the soil profile could be

divided into two portions which have properties that could influence VA
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mycorrhizal fungi in different ways. The first concerns the soil below

the organic layer where soil fertility, aeration and root density decrease,

where water availability increases, and where variation in soil

temperature is low. The second includes the organic layer of the soil

(top 20-30 em) which holds most ofthe available nutrients as well as

most microbial and root activity, but it is exposed to wide variations in

moisture content and extremes of temperature.

Most of the studies on mycorrhizas are conducted in

the top 30cm of the soil but even within this layer there may be changes

with depth, especially in seasonal environments such as the

mediterranean. The number of spores decreased from 14 per 100g soil,

in the top 10cm of a semi-arid soil, to one at 30-40cm depth

(McGee,1989). ln the same study, Seutellospora ealospora was the only

species to be recovered at 30cm depth, but this species was not recovered

in the top 3cm of the soil. The author suggests that this could be an

adapta tive characteristic of that species to survive during the summer

season. In another situation, very little change was observed

in inoculum potential in the top 30cm of the soil but dropped to almost

zero at depth between 60 and 70cm (Schwab and Reeves,198l). Similar

results were attained by Jakobsen and Nielsen (1983). The percentage of

root colonized remained unchanged in the top 10cm under grass and

dropped at depth between 10 and l5cm, but was higher between 5 and

IDem wben in a forb vegetation type, deereasing in tbe top 5em and

below 10cm (Koide and Mooney,1987). These different responses seem to

be related to climate and plant species characteristics, but their

ecological significance remain to be determined.
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Table 2.5. Changes in spore number and colonization
by VA mycorrhizal fungi according to depth.

---------------------------------------------------
Vegetation Depth Spore l Colonizationê Referenee

type (em) density
---------------------------------------------------
Permanent 0-10 56 _2 Smith (1978)

pasture 10-20 22
20-30 14
30-40 4

Tallgrass 20 89 Zajieek et al,
prairie 40 76 (1986)

(forb) 60 68
80 34

100 9

Crops 0-10 49 Jakobsen and
10-20 52 Nielsen (1983)
20-40 23
40-60 7
60-80 4
80-100 7

Grass 0-5 22 Koide and Mooney
5-10 19 (1987)

10-15 9

Forb 0-5 13 Koide and Mooney
5-10 30 (1987)

10-15 12

Arid land 10 1600 ++ Allen (1988)
25 3200 ++
45 1400 +
75 2000 +

Semi arid 0-10 14 MeGee (1989)
30-40 1

Cold desert 10 2500 White et al.(1989)
(soil type 20 6000
Haplargid) 30 2500

40 2000
50 1500
60 800
70 900

eontinued over
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Table 2.5 (cont)

Cold desert 10 6000
(soil type 20 7000
Torrifluvent) 30 5800

40 6000
50 5000
60 5500
70 7000

Cold desert 0-14 70
(soil type 14-29 84
Haplargid) 29-78 62

78-124 1
124-165 O

Cold desert 0-10 66
(soil type 10-35 76
Torrifluvent) 35-67 86

67-140 81

White et al.(1989)

White et al.(1989)

White et al.(1989)

1- number of spores/l00g soil; 2- not determined;
3- % of colonization in bioassay plants

Root density (Miller, 1987a), soil fertility (Hetrick, 1984), aeration

(Mosse,et al., 1981; Saif, 1981), and inoculum density (Hetrick, 1984)

affect activity ofVA mycorrhizal fungi. Despite many Eucalyptus

species and grasstrees (Xanthorrhoeaceae) occurring in the

medi terranean environment of Australia having most of their root

system between 20 and 70cm deep into the soil (Lamont,1981), most of

the understorey species concentrate their roots in the top 15cm

(Lamont,1982a) close to the organic layer. Root density follows the

patterns of nutrient distribution in the profile (Lamont,1982a),

therefore, the distribution of propagules of mycorrhizal fungi are likely

to follow the same trend. White et al.(1989) recovered about 70 spores

per g of soil, at 70 em down in the soil profile and recorded 85% infection

in roots occurring between 67 and 140cm, in one of four soils studied

from the Red Desert in Wyoming. The number of spores in that case

was extremely high and may have been caused by intermittent root
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growth (Mosse and Bowen,1968). Moreover, the soil which had shown

high levels of infection at depth also had an evenly distributed root

system throughout the soil profile. On the other hand, Zajicek et

al.(1986) recovered very few propagules below one metre following the

decrease in root density below that point, although spores and infected

roots were found at 2.1m depth. ln the same way, Harris et al, (1987)

working on stored topsoil recovered' spores up to 3.5m depth in the

stockpile but no infection was recorded below one metre. They

suggested that in those conditions, the main source of propagules would

be fresh root and that propagules below one metre would be non-viable.

Patterns of root growth and consequently root

distribution in the soil profile change with vegetation types which are

controlled by edapho-climatic conditions. The spread of VA

mycorrhizal infection in the soil profile through linkage between plants

by "arterial hyphae" (Read et al.,1985) was hypothesized by Zajicek et

al, (1986). They considered that nutrients taken up by grass plants in

the top layer of the soil could be transferred to forb roots at lower depths

via mycorrhizal linkages between roots. On the other hand, McGee

(1989) considered it unlikely that new root growth, occurring generally

below 10cm in a semi-arid soil in Australia, would be infected by VA

mycorrhizal propagule present in the top layer. These contradicting

hypotheses highlight the lack of research in this area, and the need for

an understanding of the relationship between VA mycorrhizal fungi

and roots present in deeper layers in the soil. The diversity ofVA

mycorrhizal fungi also decreases with depth. Glomus fasciculatum

was the only species to be recovered below 60cm in Zajicek's study. The

role or the functioning of those fungi at increasing depth in the soil

remains to be determined.
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3. CONCLUSION

The study of the ecologyof VA mycorrhizal fungi in

natural ecosystems must consider that mycorrhiza formation is a

dynamic process where each partner interacts with the other and with

the surrounding environment. In the highly seasonal mediterranean

c1imate of south-western Austrália; water availability and variation in

temperature play a major role in dictating plant, and probably fungal

activity in the jarrah forest.

Soil disturbance caused by mining processes generally

decreases the infectivity of VA mycorrhizal fungi in the soil but how the

fungi behave after disturbance is poor1yunderstood. Plant and root

density are lower in recently restored areas than in the natural forest.

This may lead to wider variation in soil temperatures and more rapid

changes in soil moisture content in areas restored after mining than in

natural forests. Disturbance of the soil may also change the

composition of species/genera of VA mycorrhizal fungi in the area.

These two factors combined may produce different patterns of seasonal

variation in infectivity of VA mycorrhizal fungi between natural forest

and areas restored after mining.

There is very little information on root growth of

understorey species of the jarrah forest. Soils in the mediterranean

environment of south-western Australia are very infertile and most of

the nutrients, microbial activity and fine roots are in the top 15cm of the

soil. This layer is also the most affected by the hot and dry conditions of

the summer. Fine roots die and microbial activity is likely to be

drastically reduced in the top layer of the soil during summer.

However, many plant species maintain shoot growth well into or

through the summer season. Roots deeper in the profile are thought to
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be responsible for supplying water for the plant during summer but

nutrient uptake is likely to be reduced because of the low level of

nutrients and lower root density at depth. If mycorrhizal fungi spread

at depth it could be vital for increasing the capacity of the plant to take

up nutrients in a period when the nutrients in the surface zone are not

available.
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CHAPrER3

SEASONAL VARIATION IN INFECTIVITY OF VA

MYCORRHIZAL FUNGI IN NATURAL AND

REGENERATED ECOSYSTEMS



33

3.1. INTRODUCTION

Leguminous species are an important component of

the understorey of Eucalyptus marginata Donn. ex Sm. (jarrah) forests

in south-western Australia. These species have the great advantage of

forming symbiotic associations with root-nodule bacteria and

mycorrhizal fungi (especially VA mycorrhizal fungi) that enable them

to cope with the poor nutrient conditions of soils occurring in this

region. Among the legumes, Acacia is one of the most well represented

genera in this region with 336 species occurring in the South-Western

Botanical Province of Australia (Hooper and Maslin,1978). Among

these, the shrub Acacia pulchella R.Br. is a common understorey

component of the jarrah forest that can germinate in dense stands after

hot fires, and play an important role in nutrient cycling in the jarrah

forest (Monk et al.,1981). A. pulchella is one of the leguminous species

used in rehabilitation of disturbed areas after mining. Having a

"magnolioid" type root, according to the classification of Baylis

(Barrow,1977), this species benefits from the association with root-

nodule bacteria (Monk et al.,1981) and VA mycorrhizal fungi

(Malajczuk et al.,1981).

The VA mycorrhizal association basically increases

the surface area of roots by growing a net of hyphae into the soil to make

it possible for the plant to obtain nutrients that otherwise would be out of

the reach of roots. This association becomes especially important in

, impoverished soils and for nutrients with low mobility in soil, such as

phosphorus. The capacity of VA mycorrhizal fungi to infect and

colonize roots is affected by inoculum type and concentration, and by

nutrient status of the soil. lnoculum type and concentration are affected

by seasonal variation in rainfall and temperature, stage of plant
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development, soil disturbance, and floristic composition of the site.

Nutrient status of the soil may affect fungal activity. Soils in this region

are very infertile with nutrient availability decreasing with depth

(Lamont,1982a). Phosphate can act to either increase or decrease

mycorrhizal colonization, depending on the level applied.

Concentrations of phosphate luxurious for plant growth decrease

mycorrhizal infection whereas in sõils with a low concentration of

phosphate an additional application is likely to increase colonization of

roots (Cooper,1984).

To test some of these factors I set up two experiments.

In the first one, undisturbed cores were taken from four selected sites,

two natural jarrah (E. marginata ) forests, and two nearby revegetation

areas after bauxite mining, where A. pulchella was the predominant

species. Cores were taken five times during the year, to test the

hypothesis that the infectivity of VA mycorrhizal fungi would show

differences in seasonal variation in soil from under natural jarrah

forest compared with soil from restored areas. Infectivity was assessed

in terms of the percentage of root length colonized and the length of

roots colonized for plants grown in glasshouse conditions, for a specific

time under specific conditions. For the second experiment, soil was

collected from a natural jarrah forest during winter and summer, at

different depths from the top 20cm, and phosphorus was added or not to

test the hypotheses that infectivity of VA mycorrhizal fungi would a)

change with season; b) decrease with increasing depth of soil, and c)

decrease with addition of phosphate.
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3.2. MATERIAL AND METHODS

3.2.1. Experiment 1

3.2.1(a) Description of sites

AlI sites were in the mediterranean region of south-

western Australia in the Climatic District number 9 of the Bureau of

Meterorology of Australia. This region is characterized by rainfall

occurring mainly between April and October with a peak in July-

August when the average minimum temperature is 9-10°C, followed by

a dry period from November till March with the average maximum

temperature having a peak of 29-30°C in January-February (Figure

2.1). Rainfall data for the J arrahdale region during the study period is

shown in Figure 3.1.

The first site was located at a forest block called

Illawarra , off Gardner Road at 32°08'8 and 116°07'E and it will be

referred to as N84. That are a had been burnt during 8pring,1984 and

seeds of A.pulchella were germinated during Autumn/ Winter,1985.

The overstorey was composed of E.marginata , and Eucalyptus

calophylla R.Br.(Marri), and the understorey of A. pulchella, Acacia

urophylla Benth., Xanthorrhoea preisii Endl.(black boy),Macrozamia

riedlei (Graud.)C.A.Gardn., Hibbertia amplexicaulis 8teud, Hakea

lissocarpha R.Br., Bossiaea aquifolium Benth., and some other plants

from the genera Leucopogon, Adenanthos, Persoonia, Dryandra,

Hovea, and Kennedia.

The second site was located at Canning River

Catchment Area, off Kinsella Road and Brookton Hwy at 32°09'8 and

116°12'E and it will be referred to as N85. That area had been burnt
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during Spring,1985 and A. pulchella seeds germinated during

Autumn/Winter,1986. The overstorey species were the same as those of

the previous site but the understorey had much less diversity of species

being composed of mainly A. pulchella, X preisii, M. riedlei, Hibbertia

hypericoides, and Hakea lissocarpha . The previously reported

mycorrhizal status of plants occurring in both sites is shown in Table

3.1. The soil in both sites was a sandy gravel with an intense

concentration of fine roots and organic matter in the top 10 em.

The two sites from restored areas were located at

Alcoa of Australia - Jarrahdale Minesite, at 32°18'S and 116°06'E and

they will be referred to as RI and R2. In both sites, the former

vegetation was a jarrah forest similar to the natural forests used in this

study. The vegetation had been cleared, the topsoil stockpiled and the

subsoil used for bauxite extraction. After mining, the topsoil was

respread and a mixture of seeds of understorey species was broadcast

over the area. Seedlings ofEucalyptus spp. were then handplanted in

June at spacings of 3 m. In both sites A. pulchella plants were about

one year old at the first harvest in October 1987. Phosphorus had been

broadcast by aeroplane at rates of 450 kg/ha as superphosphate (9%P)

at planting time. Chemical analysis of the soils from the four sites are

shown in Table 3.2.

3.2.1 (b) Sampling

For each site, two circular plots, 10 m radius, were

selected at random within an area of several hectares. The two plots

were chosen to increase the sampling area within each site. Soil and

root samples were taken five times throughout the year in October,

1987, and in January, May, August,and November,1988. Four



Table 3.1: Mycorrhizal status ofplants occuning on the two naturaljarrah forests used in experiment 1.

Plant Species Reference

Eucalyptus marginata Donn. ex Sm.
E. calophylla R.Br.

Acacia pulchella R.Br.
A. urophylla Benth.
Xanthorrhoea preisii Endl.
Macrozamia riedlei (Gaud.)C.A.Gardn.
Hibbertia amplexicaulis Steud.
Bossiaea aquifolium. Benth.
Kennedia prostrata R.Br.

Hakea lissocarpha R.Br.
Adenanthos barbingera Lindley
Persoonia eliptica R.Br.
Dryandra nivea (Labill.) R.Br.
Conospermum sp
Leucopogon sp
Phyllanthus calycinus Labill.
Clematis pubescens Huegel ex Endl.
Hovea trisperma Bent.

Family

Myrtaceae
Myrtaceae

Mimosaceae
Mimosaceae
Xanthorrhoeaceae
Zamiaceae
Dilleniaceae
Pa pilionaceae
Papilionaceae

Proteaceae
Proteaceae
Proteaceae
Proteaceae
Proteaceae
Epacridaceae
Euphorbiaceae
Ranunculaceae
Pa pilionaceae

Mycorrhizal
Status

ec-va
ec+va

Malajczuk et al., 1981
Malajczuk et al.,1982; Gardner
and Malajczuk,1988
Malajczuk et al., 1981
1
1
Lamont,1984
Gardner and Malajczuk,1988
1
Warcup.Lâêü; Gardner and
Malajczuk,1988
2
2
2
Lamont,1984
2
3
Lamont,1984
1
?

va
va
va
va
va
va
ec-va

nm
nm
nm
nm
nm
er
va
va
?

ec = ectomycorrhiza; va = vesicular arbuscular; nm = non mycorrhizal; er = ericoid mycorrhiza ;? = information not
available;l = other species in the same genus form va mycorrhizas 2 = Proteaceae are non mycorrhizal;
3 = other species in the same genus have ericoid type mycorrhiza

(.U

co



Table 3.2: Chemical analysis oftop soil (O-IOem) from the sítes used in experiment 1.

Site Plot pH
1:5

water

Organic
Carbon
(%)1

Mineral Nitrogen (Ilg/g)

N03- N1it+

Extractable
Phosphorus

(llg/g)2

Exchangeable
Potassium

(llg/g)3

N84 I 5.75 3.35 2 13 6 57

II 6.11 2.82 3 16 3 42

N85 I 5.61 3.38 2 8 10 45.
II 5.86 3.31 2 8 8 51

RI I 5.97 2.86 2 6 10 48
II 6.65 1.60 3 5 11 35

R2 I 5.77 1.77 2 4 10 29

II 5.91 2.02 2 4 7 18
-----------------------------------------------------------------------------------
1Walkley (1947); 2Colwell (1963); 3Pratt (1965)

ú.) ,
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A.pulchella plants were selected for each plot at each sampling time.

Two undisturbed cores, llcm in diameter by 14cm depth, were taken

for each plant about 10cm from the base of the plant, and placed

straight away in 1.5kg plastic pots. An extra soil sample was taken for

each plant to count and classify spores. The cores were taken to the

glasshouse area at The University of Western Australia, placed in

cooling tanks, and kept at 20±2°C throughout the experimento A.

pulchella was sown in the undisturbed cores after the seeds had been

treated in boiling water for 60 seconds to overcome hard seededness and

then kept in aerated water until the start of germination. Eight seeds

were sown per pot within 24 hrs of collecting the cores. Plants were

thinned to two seedlings per pot two weeks after emergence. Field

capacity was determined for all sites at the first soil collection in

October,1987. Soil weight was recorded for every individual core taken,

and an average soil moisture determined at each soil collection. Pots

were watered to 80% of field capacity and maintained at that leveI of

moisture throughout the experiment by daily watering. Seedlings were

grown for 10 weeks from sowing. Fresh and dry shoot weight, fresh

root weight , percentage of root length infected by VA mycorrhizal

fungi and percentage of different fungal genera infecting plants were

determined. Spores were also counted and classified for each soil

collection.

3.2.2. Experiment 2

Soil was collected from a jarrah forest approximatly

3km from Jarrahdale townsite, 100m south ofBalmoral Road. That

area had been burnt two years previously, and A. pulchella and A.

barbinervis were very common species in the understorey.



41

Soil was colIected in June and December, 1987 and six

plants of either Acacia species were selected at each time depending on

the species present. For each plant, the loose litter was scraped off, and

the soil within a radius of 20-30 em from each plant was colIected at

depths ofO-3 em, 4-8 em, 9-12 em, and 13-20 em, The soil from the six

plants, for each depth, was bulked together, mixed thoroughly, and

potted into 1.5 kg plastic pots. The pots received either 33J.lgP per g of

soil as a solution ofKH2P04 in 100m! ofwater or just 100m! ofde-

ionised water with no phosphorus added.

The hard seededness of A. pulchella seeds was

overcome in the same way as in Experiment 1. Twenty five seeds were

sown per pot. Seedlings were thinned to eight per pot and harvested

nine weeks after sowing. Soil analysis of the original soil is shown on

Table 3.3.

3.2.3 Experimental Design

The experimental design for experiment 1 was a

complete factorial with four sites, five colIection times, and sixteen

replicates. The second experiment was also a complete factorial

involving four depths, two colIection times, two levels of P applied, and

three replicates.

An analysis of variance was conducted for all data

using the GENSTAT package (Rotham. Exp. Station) in a complete

factorial.

3.2.4. VA Mycorrhizal Fungi Assessment

The general procedure for clearing the roots was

according to Phillips and Hayman (1970). Roots were heated for 10-12 hours

at 75°C in 10% KOR and then stained in trypan-blue (lactic-acid, 650ml;



Table 3.3: Chemical analysis of soil used in experiment 2.

-Depth---pH-----6~;~~---M~e~ãI~i~~ge~~g;~----E~~~cl~bk-------E~cha;geaWe--(em) 1:5 Carbon -------------------------------------Phosphorus Potassiumwater (%)1 N03- Nlii+ (~g)2 (Jlg/g)3

0-3

4-8

9-12

13-20

5.70

5.93

6.03

6.08

2.86

1.46
1.09

0.85

2

2

2

2

41
27

19

17

1

1

1

1

5

7

5

7

1Walkley (1947); 2Colwell (1963); 3Pratt (1965)

~
I\.)
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glycerol, 600ml; DI water, 800ml; trypan-blue, 1.3g) overnight at room

temperature. The KOH solution was changed after heating for 4 to 5

hours if the solution was very dark. Before replacing the KOH solution,

roots were washed in water, rinsed in 10% HeI for 2 minutes, washed

in water again, then the KOH was replaced and the roots heated for a

further 7-8 hours. This procedure improved the clearing of the roots.

The percentage of root length infected was assessed using the line

intercept method (Newman,1966).

Fungal genera were identified using hyphal

characteristics according to Abbott (1982). No distinction was made

between Gigaspora and Scutellospora and both genera will be referred

to herein as Gigaspora. Spores were separated by wet sieving

(Giovanetti and Mosse,1980), and counted under a dissecting

microscope.

3.3. RESULTS

3.3.1.Experiment 1

a) Mycorrbizal fungi in field soils

The roots of field-grown plants ofA. pulchella were

collected to assess the percentage of colonization by VA mycorrhizal

fungi at the same time as each coIlection of soil cores. However, it was

not possible to clear the roots from the field because of the high

concentration of phenolic materials in the roots. Various attempts

were made to clear the roots, using different methods and time of

heating in KOH but none proved efficient. Therefore, I was not able to

assess mycorrhizal colonization in fieId-grown plants. All the results
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presented in this chapter refer to colonization of roots of plants grown

in undisturbed soil cores, under glasshouse conditions.

The number of spores averaged between 1 and 3 per

lOOgof soil, for all sites at all seasons. Most of the soil samples had no

spores.

b) Infectivity ofVA mycorrhizal fuhgi

The percentage of root length ofA. pulchella

seedlings colonized by VA mycorrhizal fungi was always much higher

if seedlings were grown in undisturbed soil cores from natural jarrah

forest than in cores from areas restored after mining. There was no

difference in the percentage of root colonization between either of the

two sites from natural jarrah forest or between either ofthe two sites

from restored areas (Fig.3.2).

Differences were observed in seasonal variation in

percentage of root length colonized when plants were grown in soil

cores from either site from the natural jarrah forest sites and areas

restored after mining (Fig.3.2). The percentage of root length colonized

decreased during the summer season (Jan) in plants grown in cores

from natural forest and increased with the onset of the predominantly

winter rainfall. Unlike the cores from jarrah forest, there was no clear

seasonal change in colonization of roots by VA mycorrhizal fungi in

cores from restored areas where the ievels of colonization remained low

. throughout the year. Moreover, there was not an increase in infectivity

of the fungi in restored areas during the study period. An increase was

expected because during the year the plants had grown bigger and a

gradual increase in number of propagules was expected with
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increasing root density. There were no interactions between sites and

seasons.

Seedlings ofA. pulchella grown in cores from

disturbed areas produced less root length colonized than seedlings

grown in cores from natural jarrah forest (Fig.3.3). There was no

difference between the two sites from restored areas after mining. On

the other hand, seedlings grown in cores from site N85 generally

produced more root length colonized than those grown in cores from

site N84. This corresponded to higher total root length produced for

seedlings grown in soil from site N85.

There were no seasonal changes in root length

colonized for seedlings grown in cores from restored areas, but for

seedlings grown in cores from natural jarrah forest there was a

similar pattern of seasonal varíation as in the percentage of root length

colonized (Fig.3.3). Site N85 produced more root length colonized than

site N84 at the first soil collection in October. Duríng summer (Jan) the

root length colonized decreased for both sites, and there was no

difference between the two sites. Corresponding with the start of the

winter rainfall, the root length colonized increased for cores collected

from both sites but at different rates. Plants grown in cores from site

N84 reached a plateau level of colonization in May. For seedlings

grown in cores from site N85, the root length colonized increased until

the August soil collection and then decreased in November to the same

leveI as in May. There were no interactions between sites from

revegetation areas and time of core collection. On the other hand, for

sites from natural jarrah forest, the dry conditions of the summer

season minimized the differences in root length colonization assessed

in cores from the two sites but they became apparent again with the

start of the rainfall período

46
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glasshouse conditions (em plant+). Each point is a mean of

16replicates, and bars are standard errors ofmeans

(Experiment 1).
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There was a distinct difference in dominance of

particular genera of VA mycorrhizal fungi colonizing roots of A.

pulchella grown in soil cores from natural jarrah forest and from

restored are as (Fig.3.4 and Table 3.4). Glomus was by far the

predominant genus in soil cores from natural jarrah forest with the

other genera scoring generally less than 10% of total colonization. In

soil cores from restored areas the distribution of genera was more

uniform with Glomus, Gigaspora, and fine endophyte occurring in

similar proportions. Acaulospora was present at very low intensity in

both natural forest and restored areas. The sum of all genera at a

certain time may exceed 100%because of the presence of double

colonization in a piece of root. Fine endophyte was the main fungus

occurring in double colonization in soils from both natural forest and

restored areas. There were differences in hyphal characteristics of

Glomus species between sites and between harvests but no attempt was

made to try to classify the fungi to species leveI. In the same way,

distinct hyphal characteristics occurred inside single cores from

natural jarrah forest indicating that it was likely that there was more

than one fungal species colonizing the roots, even if most of them

belonged to Glomus. In contrast to natural jarrah forest, the hyphal

characteristics of fungi occurring in roots from single cores from

restored areas were uniform, suggesting that infection carne from a

single species of VA mycorrhizal fungus. This could reflect the low

density of propagules in restored areas that allows a single species of

fungus to colonize the root with no competition from other fungi.

No seasonal trend in occurrence of particular genera

of VA mycorrhizal fungi could be drawn for either natural jarrah

forest or restored areas (Fig.3.4 and Table 3.4). Although Glomus was

the dominant genus observed within roots of plants grown in cores
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FIGURE 3.4. Proportion of totallength ofinfected root colonized by each offour genera ofVA mycorrhizal fungi inAcaeia

pulchella plants grown for 10weeks in undisturbed cores from natural (a •site N84, and b . site N85) and

restored areas (c- site RI, and d . site R2) in glasshouse conditions. Each point is a mean of 16replicates,

and bars are standard error of means (Experiment 1).
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Table 3.4.Root length (crn/pot)(±standard error)of root colonized by
each of four genera ofVA mycorrhízal fungi in seedlings of
Acacia pulchella grown for 10 weeks in cores from four sites
(Experiment 1).

---------------------------------------------------Site
Time Genus -------------------------------------------------------------N84 N85 RI R2
---------------------------------------------------
October Glomus 448±35 594±64 21±10 59±26

Gigaspora 10±7 36±14 28±10 39±2I
Acaulospora O±O O±O 1±1 O±O
Fine endophyte O±O 22±13 22±12 .I5±10

January Glomus 243±32 279±42 23±9 97±57
Gigaspora I9±6 27±10 I9±7 O±O
Acaulospora 10±5 5±3 O±O 1±1
Fine endophyte 10±3 9±5 38±14 37±17

May Glomus 223±19 I54±2 I3±13 42±23
Gigaspora 7±3 53±17 25±14 I3±6
Acaulospora I±I 2±2 O±O O±O
Fine endophyte 5±7 89±27 4±2 43±17

August Glomus 225±24 323±3I 31±9 10±4
Gigaspora 3±1 33±9 23±17 37±9

Acaulospora I±I 10±3 O±O 9±9
Fine endophyte 6±2 6±2 10±5 37±14

N ovember Glomus I87±25 209±24 29±23 8±5
Gigaspora 5±2 28±8 7±3 4±3
Acaulospora 3±1 5±2 O±O I±I
Fine endophyte 6±4 9±5 11±7 4±2

---------------------------------------------------
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from natural jarrah forest, colonization by Gigaspora, and fine

endophyte reached 20 and 30% in site NB5 at the third harvest (May).

In cores from restored areas, at least three genera were recorded as

equally abundant at each sampling time.

b) Plant Growth

In general, fresh shoot and root weight were greatest

for plants grown in cores collected in late spring and summer and

least for cores collected in winter (Table 3.5). There were relatively

minor differences in fresh shoot and root weight for plants grown in

cores.

3.3.2.Experiment 2

The percentage of root length colonized in seedlings of

A. pulchella grown as bioassay plants in pots of mixed, and sieved soil

was higher for soil collected in early summer (December) than for soil

collected in winter (June)(Fig.3.5). The effect of soil depth and

application of phosphorus on percentage of root length colonized was

dependent on the time of soil collection. When soil was collected in

winter, plants grown in soil from the top 3cm of the profile had lower

levels of colonization by VA mycorrhizal fungi than did plants grown

in soil from the 4-8cm layer. A very low percentage of root length

colonized was observed in plants grown in soil deeper than Bcm at that

time. When soil was collected in December, there was no difference in

percentage of colonization in plants grown in soil from any depth. In

the same way, application ofphosphorus to the soil had no effect on the

percentage of colonization when soil was collected in December, but the



Table 3.5:Fresh shoot and root weight (g pot+) of Acacia pulchella plants growing in undís+urbed soil cores from
natural (N84 and N85) and restored areas (RI and R2), in glasshouse conditions (Experiment 1).

---------------------SHÕÕT------------------------------RC>õf-------------------
Time

N84 N85 RI R2 N84 N85 RI R2

OCT 0.23 0.58 0.40 0.82 0.22 0.47 0.66 0.96

JAN 0.18 0.33 0.15 0.13 0.30 0.43 0.47 0.34

MAY 0.16 0.22 0.14 0.14 0.22 0.30 0.27 0.30

AUG 0.23 0.42 0.20 0.37 0.38 0.48 0.43 0.76

NOV 0.20 0.34 0.47 0.26 0.36 0.51 0.77 • 0.57
-_._-----------------------------------------------------------------------------

LSDSHOOT.05 = 0.17 LSDROOT.05 = 0.18

(J1
I\.)
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leveI of colonization decreased with phosphorus application in soil

collected during winter.

Root length colonized by VA mycorrhizal fungi was

greater in soil collected in December than in June (Fig.3.6). Soil depth

and application of phosphorus had different effects according to time of

soil collection. Soil from the 4-8cm layer had the greatest root length

colonized in June. There was no difference in root length colonized

among soils from the other three layers, at that time. On the other

hand, root length colonized in soil collected in December tended to

increase with increasing soil depth. Application of phosphorus did not

affect root length colonized for seedlings grown in soil from the 4-8cm

layer, when collected in June. There was no effect of phosphorus

application on root length colonized for the other layers at this

collection time. Application of phosphorus to soil collected in December

almost doubled the root length colonized by VA mycorrhizal fungi,

regardless of soil depth.

Root length produced by A. pulchella seedlings was

greater in soil collected in June than for soil collected in December

(Fig.3.7). There was no difference in root length produced as an effect

of soil depth or phosphorus application in plants grown in soil collected

in J une. On the other hand, plants grown in soil collected in December

showed increased root length with increased soil depth and with

increased phosphorus application.

Glomus was by far the predominant genus of VA

mycorrhizal fungi colonizing roots of seedlings of A. pulchella grown

in soi1 from jarrah forest in this experimento Giomus was responsible

for 70-100% of the colonization Iormed, regardless of season, soil depth

or application of phosphorus (Fig.3.8). Gigaspora was present within

roots most ofthe time but generally formed only 10-20% ofthe
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colonization. Acaulospora and fine endophyte occurred only

occasionally. Occurrence of Glomus decreased in the top 3cm in soil

collected in December when compared to soil collected in June. There

was no effect of phosphorus application to soil from the top 8em on the

proportion of colonization formed by Glomus , but this proportion

increased with phosphorus application in soil from 9-20cm depth

collected during winter (Fig. 3.8). -

Gigaspora was more common in roots of plants

grown in soil collected in December than in soil collected in J une

(Fig.3.8). There was an effeet of phosphorus application on eolonization

by Gigaspora in the top 8em of the soil, but the proportion of

colonization by Gigaspora was higher in P-amended soil than in soil

whieh had received no phosphorus, for depths lower than 9cm.

Acaulospora only eontributed a significant proportion of root colonized

in soil collected between 9-12cm depth with no P applieation, when

eolleeted in June. Fine endophyte was only present within roots grown

in soil colleeted from the top 3cm in June. Application of phosphorus

doubled the proportion of roots colonized by fine endophyte for this soil

eolleetion.

3.4. DISCUSSION

The seasonal trend in pereentage of root length

colonized by VA mycorrhizal fungi in plants of Acacia pulchella grown

in undisturbed cores eollected from natural forest followed the pattern

of rainfall distribution in this region. The deerease in infeetivity during

summer (January) coincided with the dry period when root growth
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stops in the forest. With the beginning of the winter rainfall, in

April/May, new root growth commences, and the fungi increase their

activity as shown by the sharp increase in the level of colonization in

seedlings of A. pulchella grown in glasshouse conditions in cores

collected in May, and remaining at the same level up to November.

Rochell (cited by Lamont, 1982a) found that trees of E. marginata

stopped new root production during winter. If this is the case for the

forest as a whole, it seems to have no effect on the infectivity ofVA

mycorrhizal fungi, perhaps because a decline in new root growth does

not necessarily mean a decline in root activity. Actually at this stage,

roots are likely to be at maximum activity because they accumulate

nutrients for the flowering period that occurs for most of the species in

the jarrah forest between July and October. Maximum nodule activity

in Acacia species also occurs between J une and October (Hansen et

al.,1987). Dell and Wallace (1979) reported two peaks in new root

production in E.marginata in autumn and spring. Autumn is the

season prior to the flowering period, and late spring is when shoot

growth occurs. The increase in new root growth just prior to flowering

and the resumption of shoot growth is timed to correspond with the

onset of these energy demanding processes.

On the other hand, restored areas did not show any

trend with season in levels of colonization; these levels remained low

throughout the year (Fig.3.2). The lower levels of colonization in

restored areas were expected because soil disturbance is known to

decrease the capacity of VA mycorrhizal fungi to colonize plants

(Jasper et al., 1987). Surprisingly, with increasing age ofthe stand, an

increase in infectivity was also expected but this did not happen. In the

one year of the experiment the plants had grown bigger, promoting

better cover of the soil and supposedly decreasing variation in day/night
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temperature and water losses. Nevertheless, there was no increase in

percentage of root length colonized in plants grown in soil collected

from restored areas. Gardner and Malajczuk (1988) working in a

similar area, examined plants in revegetation areas with different ages

and found that the number of plants colonized by VA mycorrhizal fungi

increased with increasing age of the stand but the levels of colonization

were always less than 5%. Their experiment assessed colonization in

field-grown plants and there were some problems with the process of

clearing the roots for mycorrhizal assessment that may have affected

their results. In another study, Miller (1987b) worked on areas

disturbed by coal mining in the United States and found that inoculum

potential of VA mycorrhizal fungi was decreased during the first five

years of restoration but started to recover from the sixth year. In his

study there was a predominance of non-mycorrhizal plants during the

early stages of soil rehabilitation, and the increase in infectivity of

mycorrhizal fungi was associated with the return of mycorrhizal plants

to the area. That does not seem to be the case in my experiment because

all the plants in the rehabilitation area were potentially mycorrhizal

(Eucalyptus spp., and legumes).

An altered belowground environment was considered

to be the reason for delayed recovery of infectivity of VA mycorrhizal

fungi in the early stages of rehabilitation of areas disturbed by coal

mining in Wyoming (Stahl et al.,1988). These authors suggested that

because of changes in the soil environment due to mining processes,

the mycorrhizal fungi were unable to form an extensive network of

external hyphae into the soil, therefore the hyphae could not follow the

expansion of the root system. Nevertheless, no explanation was given of

what those changes could be. In my study, nutritionallevels of soils

from natural and restored areas were quite similar (Table 3.2). Organic
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carbon and mineral nitrogen levels were the only two parameters with

higher levels in natural forests than in restored areas but there is no

evidence, so far, that any of these factors can significantly regulate the

amount of colonization caused by VA mycorrhizal fungi or their rate of

spread. It is interesting to notice though that some cores from restored

areas did produce levels of colonization similar to natural forest but

these were isolated cases and the fungi seemed unable to spread in the

surrounding areas. This was also observed by Gardner and Malajczuk

(1988) and may indicate that the "altered belowground environment"

proposed by Stahl et alo (1988) could force the mycorrhizal fungi to make

some ecological adaptations before they start to spread in the area or at

least stay in a "stand by'' situation until microclimatic conditions are

more suitable for fungal development.

No seasonal trend was observed either for natural or

restored areas in the occurrence of genera of VA mycorrhizal fungi.

Glomus was by far the most common genus in the natural forest with

very little colonization by the other genera. Similar results were

attained by Scheltema et alo (1987) working with annual pastures in this

region. They suggested that differences in the extent of infection formed

by different genera of fungi may be related to differences in the biology of

those fungi (eg. spore dormancy, ability to form infection from dead

pieces of roots),

In restored areas on the other hand there was a more

even distribution of genera with Glomus, Gigaspora, and fine

. endophyte occurring in both sites. Acaulospora, as in natural forest,

was present at very low levels. There was variation in predominance of

different genera with time but that was not consistent, changing

according to site. The large variance in proportion of genera between

harvests and sites ( as evidenced by large error bars) reflects the lack of
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uniformity of inoculum distribution in the area. ln natural forest, it

was possible to identify differences in characteristics of internal

hyphae within roots of plants grown in a single core (although the

classification was made to genus level) indicating a diversity of fungal

species, most of them belonging to Glomus . ln restored areas just one

genus was present, and the characteristics of hyphae were always the

same for a single core, indicating that all the colonization carne from

only one fungal species. Hence, double colonization was almost absent

in restored areas, but in the few times it was observed to occur one of

the fungi involved was fine endophyte. The low propagule density in

restored areas may have eliminated the factor that favoured Glomus

species in natural forest allowing a more uniform distribution of

genera within the area.

ln experiment 2, the percentage of root length

colonized in plants grown in forest soil that had been mixed and sieved
.

was higher in December than in June. Similar results were obtained by

Bolan and Abbott (1983) working with soil from a different jarrah forest

site; no colonization was observed in spring and higher colonization

was observed in summer. This apparently contrasts with the results

from experiment 1 where the percentage of colonization was lowest

during summer (Jan). ln experiment 1 undisturbed cores were used

but in experiment 2, and in Bolan and Abbott's experiment the soil was

mixed and dried before starting to grow plants. It is likely that hyphae

growing in the soil was the main type ofpropagule in June; this may

have been affected by soil disturbance causing the very low levels of

infection . For example, disruption of the hyphae network in the soil

decreased the frequency of infection by 56% due to loss of vigour of the

mycelium inoculum following its fragmentation and detachment from

supplies of carbon (Read and Birch,1988). ln the same way, in a split-
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root experiment, Jasper et alo (1989b) observed an 85% decrease in root

colonization after disturbance of the hyphal mycelium in the soil.

Spores and hyphae inside the root are likely to be the

main types of propagule in south-western Australian forests in

summer (December). Spores are very resistant to adverse conditions

and have been reported to survive under temperatures as high as 750C

in semi-arid conditions (McGee,1989j. Thus spores would be the type of

inoculum most likely to be found in these dry conditions. In my

experiment, the number of spores per 100g of soil averaged between 1

and 3 throughout the year. Reasons for this low number of spores are

not known. Spores may not have been counted because they were too

small or were present in sporocarps that are difficult to recover.

Because most of the colonization, especially in natural forest, was

formed by Glomus species, the first alternative is unlikely because this

genus forms spores which are mostly bigger than 6011m. Thus these

spores are large enough to be recovered in the smallest sieve used

(5311m). On the other hand, some Glomus species do form sporocarps

and some of those can be lost during the sampling and sieving process

because they are not evenly distributed in the soil or they are not

recovered from the organic matter. But the most likely explanation for

the low number 'of spores is that in forest ecosystems not many spores

are formed (Baylis,1969). The root framework is always present and the

fungi can survive inside the root and sporulation may not be

stimulated.

Hyphae of many fungi have been reported to be able to

survive inside dry pieces ofroots (Rives et al., 1980; Tommerup and

Abbott,1981) and become infective when conditions are favorable. The

main type of propagule during summer may be hyphae inside the roots.

Colonized roots are also present in June but infectivity of propagules
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dropped markedly at that time with soil disturbance. The difference is

that hyphae are probably growing actively in June and were not

resistant to the sudden disturbance and desiccation of the soil. In

contrast, the soil sampled in December had been gradually losing

moisture and the fungi had had a chance to make the necessary

physiological adaptation to survive during summer, and act as a

propagule when conditions become fàvourable.

It is interesting to note that the levels of colonization

for the top 12cm in the no-phosphorus added treatment in experiment 2,

in December (36%), and in the experiment of Bolan and Abbott (1983) in

February (27%) were very similar to the levels of colonization in natural

forest sites, in experiment 1 (undisturbed cores), in January (38%).

This occurred although different species of fungi were present within

roots in each case. The contrasting levels of mycorrhizal formation

from experiments 1 and 2 in my study when soil was collected in winter

highlight the necessity of specifying the soil conditions in studies of

seasonal variation in infectivity of those fungi, and raises the question

about the validity of using disturbed cores to assess the infectivity of VA

mycorrhizal fungi in field conditions.
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CHAPTER4

ROOT GROWfH AND MYCORRHIZAL DEVELOPMENf

IN ACACIA PULCHELLA SEEDLINGS GROWN

IN A RECONSTRUcrED SOIL PROFILE

FROM THE JARRAH FOREST
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4.1. INTRODUCTION

Root architecture and density are important factors

affecting the colonization of roots by VA mycorrhizal fungi (Miller,

1987a). However there has been very little study ofthe growth and

distribution of roots for forest species, especially studies that consider

the relationship between root growth and colonization by VA

mycorrhizal fungi. Soils in south-western Australia are generally very

infertile and plants growing in this region have developed a series of

mechanisms that enable them to cope with such conditions (Lamont,

1982a). Most of the understorey species in the jarrah forest concentrate

their roots in the top 15cm of soil (Lamont, 1982a), and it is likely that

most of the mycorrhizal activity also occurs in that layer of the soil.

Some studies have been done by Shea and Dell (1981) and Dell and

Wallace (1983) on seasonality ofroot production for Eucalyptus

marginata but this species has a different pattern of root distribution

from understorey legumes.

Acacia pulchella has a shallow root system (Dodd et

al., 1984) and a "magnolioid" type root (Barrow,1977) leading to a low

ability to explore the soil. At the same time it forms an association with

VA mycorrhizal fungi (Malajczuk et al.,1981), and it has been

suggested that it depends strongly on this association for uptake of

phosphorus (Jasper et al.,1989c). This association is likely to be most

.important during seedling establishment and early stages of plant

development but this is poorly understood. In this study (experiment 3)

I have tried to get a better understanding of root dynamics and

colonization by VA mycorrhizal fungi during the early stages of plant

development by following root growth and spread of VA mycorrhizal
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fungi with soil depth and plant age in seedlings of A. pulchella from

seed germination until root activity decreased during summer.

4.2. MATERIAIS AND METHODS

Experiment3

It is difficult to recover roots from individual plants

growing in the field. This is because (1) these roots are easily broken

and detached from the main root which make it difficult to distinguish

between roots from different species, and (2) as soil depth increases root

density decreases. Moreover, individual plants in the forest have

different ages and stage of development which make it difficult to

compare the results from successive samplings. To overcome some of

those difficulties I worked with reconstructed profiles placed in a

nursery environment, as described below.

Soil was collected at depths ofO-3cm, 3-10cm, 10-20cm,

20-35cm and 35-50cm from a jarrah forest site where A. pulchella was

one of the main understorey species. Soil from each layer was

homogenized and placed into wooden boxes (50cm high x 20cm width x

40cm length) in the same order as they were in field. Chemical

analysis of the soil collected from the different depths is shown in Table

4.1. The wooden boxes were put into the soil and eighty pre-germinated

A. pulchella seeds were sown per box. Seeds were boiled in water for

60 seconds to decrease hard seededness, and then kept in aerated water

until the start of germination. Seedlings were thinned to 16 after

germination. As the time and percentage of germination of seeds was

very variable, the germination was followed daily. When the number of

seedlings reached 16, in three consecutive days, the plants



Table 4.1: Chemical analysis of soil used in the study on root development

of Acacia pulchella.

Depth
(em)

pH
1 :5

water

Organie Mineral Nitrogen (/.1g/g)
Carbon ----------------------

(%)1 N03- NH4+

Extraetable
Phosphorus

(/.1g/g )2

Exehangeable
Potassium

(/.1g/g)3

0-3 5.86 3.34 3.5 6.5 13.0 , 52

3 - 10 6.01 2.62 3.0 6.0 6.5 28

10 - 20 6.07 1.17 3.0 3.5 3.0 21

20 - 35 6.15 0.71 2.0 3.5 3.5 26

35 - 50 6.24 0.53 2.0 4.0 2.5 19

------------------------------------------------------------
1Walkley (1947); 2Colwell (1963); 3Pratt (1965)

Q')
(X)
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that germinated before or after that period were removed. The second

day was considered as the start of germination, therefore seedlings

could be only one day older or younger than each other. This procedure

was used to minimize the variation of stage of plant development,

especially at the early stages of the experimento Six boxes were set up

in total, and plants were grown from 20th ofApril, 1988 until 15th of

February,1989. Boxes were harvested at 2,6,13,29,38, and 43 weeks

after germination. At each harvest there was no replication. Rainfall

and temperature were recorded throughout the experiment (Fig.4.I).

At the last two harvests the moisture content of the soil was 2.4, 3.4, 3.4,

and 3.6%in the layers 0-10cm, 10-20cm,20-35cm and 35- 50cm,

respectively.

Roots were carefully washed free of soil at each

harvest, and roots from each layer of the soil were collected separately.

Roots from the top layer (O-Sem) were bulked together with the roots

from the second layer (3-10cm). This was necessary because at the first

harvest, it was not possible to collect the two layers separately due to low

root density. Fresh shoot and root weights were measured at each

harvest. Total root length, percentage of root length colonized, total root

length colonized, and identification of fungi were determined in the

same way as in the seasonal variation study (Chapter 3). The

procedure for clearing and staining the roots was also similar to that

used in Chapter 3 but as the roots from the last two harvests were

already suberized, these roots were heated for 24 hours in KOH, at 75°C,

instead of for 10-12 hours.
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4.3. RESULTS

a) Soil Properties

The highest concentration of nutrients was in the top

3cm of the soil. The concentration of organic carbon and phosphorus

decreased exponentially with depth (Fig.4.2 and Fig.4.3). Potassium

was located especially in the top 3cm of the soil, decreasing to about half

of that concentration in deeper layers. The soil pH increased steadily

with increasing soil depth (Table 4.1).

b)Growth

Root length of A. pulchella seedlings grown in a

rebuilt soil profile down to 50cm depth, had a slow increase during the

first 13 weeks after seed germination. The biggest increment in root

production occurred between the 13th and 29th weeks (FigAA). This

period corresponds to the spring season when both temperature and

soil moisture are ideal for plant growth. From then until the end of the

experiment (43 weeks) there was a decrease in total root length,

probably due to death of fine roots associated with the dry and hot

environmental conditions. At any time, at least half of the total root

length was in the top 10cm of the soil. Increment in root length in this

layer followed the same pattern as for total root length, increasing up to

the 29th week, and then decreasing until the end of the experimento

However, roots grown in deeper layers of the soil had a different pattern
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of growth to that of the shallower roots. Roots which grew between 10

and 20cm depth increased in length continously until the last harvest

in mid-summer, when one quarter of the total root length was in that

layer of the soil. Root length produced between 20 and 35cm depth

increased until early summer (38 weeks) and remained at the same

level until the end of the experimento On the other hand, roots grown in

the bottom layer seemed to reach their maximum length by late spring

(29 weeks), and maintained that amount of root until the last harvest.

By the end of the experiment, one sixth of the total root length was in

the layer between 20 and 35cm, and one tenth in the bottom layer.

The length of the tap root, and the number and length

of lateral roots were recorded at the first harvest when seedlings were

two weeks old (Table 4.2). There was no difference between length of tap

roots and length of lateral roots in two week old seedlings. Only first

order branching was present in two week old seedlings. It was not

possible to record either the number oflateral roots or the length of the

tap and lateral roots from the second harvest onwards because the roots

were too long to be washed free of soil without being broken.

As for total root length, shoot fresh weight increased

slowly during the first 13 weeks and increased sharply between then

and the 29th week (Fig. 4.5 and Fig. 4.6). However, the relative growth

rate (RGR) was constant at about 0.13 g/g/week from seed germination

until the 29th week. Fresh shoot weight continued to increase until the

end of the experiment throughout the dry season, although at a slower

rate than the increment between the 13th and 29th weeks. The increase

in fresh root and shoot weight as shown by the rootltotal fresh weight

ratio (Fig.4.7) was similar during the first 6 weeks after seed
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TABLF 4.2. Characteristics of roots of 16 individual

seedlings of Acacia pulchella two weeks

old, grown in a reconstructed soil profile.

-------------------------------------------------
Plant Number af Length af Maximum

number lateral the tap rcot length af
roats (mm) lateral raats

(mm)

---------------------------------------------------
1 9b 24b 40
2 9 60 59
3 11b 26b 62
4 7b 15b 45
5 7 28 30
6 14 85 42
7 3b 18b 18b

8 4b 12b 49
9 8 42- 48
10 6b 25b 37
11 4 19 22
12 8 56 44
13 5 42 40
14 9 36 36
15 13 52 53
16 6b 27b 13b

b: broken
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germination. From then until the 13th week, root weight inereased

about twiee as tast as shoot weight up until the 29th week. Root weight

had a RGR of 0.16. At that stage, root length started to deerease due to

the dry soil eonditions and the rootJtotal fresh weight ratio dropped to

about 0.5.

c) Mycorrhizal Colonization

The pereentage root length of A. pulchella eolonized

by VA myeorrhizal fungi deereased with inereasing soil depth (Fig.4.8).

The pereentage of root length eolonized in roots grown in the top 10em

of the soil inereased sharply until the 13th week after germination to a

maximum of approximately 70%, then deereased steadily until the last

harvest when only approximately one third of the root length was

eolonized by VA myeorrhizal fungi. In a similar way, in roots whieh

formed in the layer 10 to 20em deep in the soil, the pereentage of root

length eolonized inereased up to the 13th week when it seems to have

reaehed a plateau. Roots present between 20 and 35em were first

observed to eontain VA myeorrhizal fungi at the 29th week harvest,

although roots had been present in this layer of the soil from the 6th

week. Little ehange in the leveI of eolonization oeeurred in that layer

between the 29th and 38th week with a further inerease to

approximately 20% at the last harvest. At that stage, both root length

and pereentage of root length eolonized had declined in the top layer;

this was probably due to the dry soil eonditions. Only about 2% of the

roots were eolonized in the bottom layer at the end of the experimento

In the same way as pereentage of root length

eolonized, the length of root eolonized was mostly eoneentrated in the
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top 10em of the soil. The top 10em had at least 80% of the total root

length eolonized until the 38th week harvest but this pereentage

deereased to approximately 60% at the last harvest (Fig. 4.9). Root

length eolonized in the layer between 10 and 20em inereased gradually

until the last harvest when about one quarter of the total root length

infeeted was in that layer of soil. Roots grown between 20 and 35em

started to beeome colonized by the 4th harvest (29 weeks) but

represented less than 1%of the total root length eolonized at that stage.

However, one sixth of the total root length eolonized was in that layer by

the end of the experimento Less than one metre of roots grown in the

bottom layer were infeeted by VA myeorrhizal fungi at the last harvest.

The proportion of the totallength of myeorrhizal roots

eolonized by eaeh of four genera of VA myeorrhizal fungi in seedlings

ofA. pulchella was affeeted by soil depth and time after seed

germination (Fig. 4.10 and Table 4.3). Glomus and Gigaspora were

the main genera present at all times and at all depths, but the diversity

of genera inereased with inereasing age of the plants. Gigaspora was

predominant during the first 13 weeks of seedling growth, and the only

genus present in the top 10em of the soil two weeks after germination

(Fig. 4.10a). The proportion of eolonization formed by Gigaspora in the

top 10em deereased steadily until the 29th week to less than one fifth

and then kept this leveI until the end of the experimento Glomus first

eolonized roots in the top 10em of the soil at the 6 week harvest.

Acaulospora and fine endophyte were first recorded at the fourth

harvest (29 weeks). Acaulospora was responsible for very little of the

root length eolonized in the top layer at the last three harvests but fine

endophyte was responsible for about 25% of the total root length

eolonized in plants 43 weeks old.
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Figure 4.10. Proportion of total length of colonized root containing structures formed by

particular genera of VA mycorrhizal fungi in roots of seedlings of Acacia pulchella
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Table 4.3. Root length (cm/box) colonized by

each of four genera of VA mycorrhizal

fungi in seedlings of Acacia pulchella.

(Experiment 3)

Depth Fungi
(em) Genera

Time after germination (weeks)

2 . 6 13 29 38 43
---------------------------------------------------
0-10 G/omus O 45 1334 9754 7773 2119

Gigaspora 60 275 2176 2113 1766 1258
Acau/ospora O O O 487 117 132
Fine endophyte O O O 1788 471 1788

10-20 G/omus O

Gigaspora O

Acau/ospora O

Fine endophyte O

20-35 G/omus O

Gigaspora O

Acau/ospora O

Fine endophyte O

O

20
O

O

O 903 1182 1650
120 148 177 770

O 325 138 110
O 29 177 O

O

O

O

O

O

O

O

O

64
O

O

O

318 653

77 298
41 55
41 O

35-50 G/omus O O O 32 O O

Gigaspora O O O O 48 O

Acau/ospora O O O O O O

Fine endophyte O O O O O O

--------------------------------------------
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Similar to the distribution of VA myeorrhizal genera

in the top 10em, Gigaspora was the predominant genus eolonizing

roots of seedlings up to 13 weeks old in the layer 10 and 20em deep (Fig.

4.10b). Glomus beeome dominant from the 29th week harvest.

Acaulospora formed relatively little infection in this layer and was only

observed from the fourth harvest onwards. Fine endophyte also formed

a minor eomponent of the mycorrhizal root.

Roots present in the layer between 20 and 35em were

first eolonized at the 29 week harvest (Fig. 4.10e). Glomus was

responsible for all the eolonization formed at 29 weeks. Gigaspora was

present in roots of the last two harvests; fine endophyte and

Acaulospora eolonized roots to a limited extent only at these last two

harvests. Root density and level of infection were very low in this

bottom layer whieh may have enhaneed the ehanee of variation in

speeies eolonizing these roots.

4.4. DISCUSSION

The shoot growth of seedlings of Acacia pulchella

inereased exponentialIy during the first 29 weeks after germination. A

similar pattern was attained by Hansen and Pate (1987), Hingston et al.,

(1982), and Monk et al.,(1981) for field grown plants. Hansen and Pate

(1987) found an exponential growth in seedlings ofA. pulchella from

germination in July until January when shoot growth stopped due to

the dry summer eonditions. However, Hingston et al, (1982) observed

exponential shoot growth untillate summer. Bell and Stephens (1984)

eonsidered that water availability was the only parameter eontrolIing

shoot growth of A. pulchella in mature field plants, although



temperature was the main factor controlling floral bud development.

The time of the decrease in the rate of shoot growth in my experiment

coincided with the decrease in soil moisture content due to the summer

season. A. pulchella was classified as a spring-summer grower

species by Bell and Stephens (1984). In their study, A. pulchella started

shoot growth in spring, even if levels of moisture in the soil were

capable of supporting growth long before that, and maintained growth

well into summer as long as roots could reach water either in the

surface zone or at depth. Their assessment was 0é1sedon pattern of

shoot growth, and it is likely that during the period between the onset of

rainfall and the start of shoot growth the plants were expanding their

root system. New root growth in E. marginata occurred mainly in

spring and in autumn (Shea and Dell,1981). It is interesting to note that

even ifroot growth started well before shoot growth it did not decrease

with the start of the period of shoot growth.

Similarly to shoot growth, root growth also increased

exponentially during the first 29 weeks after germination but decreased

as soon as soil started to dry off Very little rainfall was recorded

between December and February, and maximum air temperature

averaged around 30°C. Root growth of E. marginata (Shea and

Dell,1981) and nodule activity in field-grown seedlings ofA. pulchella

(Hansen and Pate,1987) also decreased during summer. In both cases

this was attributed to a decrease in water availability during the dry

summer. However, a decrease in root growth in my experiment

occurred only at the top layer (10cm) and roots deeper in the soil profile

continued to grow during summer. The higher concentration of roots

in the top 15cm of the soil is a common feature of plants growing in this

region (Lamont,1982a). Most of the nutrients and organic matter are in

this layer of the soil and the concentration of roots in that layer

87
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contribute to a maximization of nutrient cycling in the forest floor.

However, continued root growth at depth may be responsible for

maintaining shoot growth when roots in the surface zone are dry.

Distribution of VA mycorrhizas in the profile followed

a similar pattern to root growth. The higher concentration of VA

mycorrhizas in the top layer was probably due to (1) higher

concentration of nutrients and orgànic matter, (2) greater root density,

and (3) greater propagule density. Organic matter may control the

distribution of fine roots that can become mycorrhizal (Mosse et

al.,1981). Root density and root architecture are some ofthe more

important factors controlling VA mycorrhizal spread inside the root

(Miller,1987a). The colonization of roots of Trifolium. repens, Festuca

ovina (Warner and Mosse,1982) and Trifoliurn subterraneum (Abbott

and Robson,1984b) increased with increasing root density.

Despite the abundance of VA mycorrhizas being lower

with increasing depth, colonization of roots increased gradually with

time. This may be due to a combination oflow root and inoculum

density at deeper layers in the early stages of plant growth. Increased

colonization by VA mycorrhizal fungi has been associated with

increased inoculum density (Hetrick,1984) and its interaction with host,

soil, and climatic factors (Miller,1987a). Maybe of greater relevance, is

that the twofold increase in percentage of colonization and root length

colonized at depth occurred when levels of colonization in the top layer

were decreasing. The maintenance of fungal activity between 10 and

20cm and its increase between 20 and 35cm during the summer season

may be of great ecological importance for the planto Roots grown deeper

in the soil are considered important in supplying water for the plants

during a period when the temperatures are very high, and there is no

decrease in shoot production which means that the plant continues to
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have a high rate of transpiration. Improved water relations in

mycorrhizal plants are considered to be an indirect effect of the fungi

due to a better nutritional status of the plants and it is unlikely that VA

mycorrhizal fungi are directly involved in uptake of water (Nelsen,

1987). If this is the case, we can hypothesize that the mycorrhizal fungi

are taking up nutrients and supplying them to the plant when the

nutrients in the surface layers are 'unavailable due to the dry

conditions. Levels of nutrients in those deeper layers are considerably

less than in the top layer but even small inputs of nutrients during

summer may be crucial for meeting the needs of the plants.

The relative abundance of VA mycorrhizal genera

within roots was greatly affected by age of the planto The initial

dominance of Gigaspora at the early stages of plant development is

surprising because Glomus has been reported as a common genus

colonizing roots in jarrah forests (Jasper et al.,1987). It may be that

each genus had a different form of propagule at the time that the soil

was collected from the field and that progagules of Glomus were either

more affected by disturbance of the soil or slower to germinate than

those of Gigaspora. The soil was collected in mid-April, just after the

break of the rainfall season. It is possible that propagules of Glomus

present in the field germinated earlier than those of Gigaspora and

therefore were more susceptible to soil disturbance at the time of soil

collection. The major type of propagule of these fungi in jarrah forests

at the end of the summer is not known. The number of spores recovered

from jarrah forest is generally low and may not account for the amount

of colonization formed. Hyphae in the soil and within the roots are

likely to be a major type of propagule in this environment (Jasper et

al.,1989c). Hyphae ofA. laevis can survive for up to 36 days in soil, in

glasshouse conditions, at a matric potential of -21MPa (Jasper et
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al.,1989b); other VA mycorrhizal species can survive in dead pieces of

roots (Tommerup and Abbott,1981), or perennate inside long-lived roots

(Brundrett and Kendrick,1989). However, it remains to be confirmed, in

field conditions, the extent to which hyphae either in the soil, and the

inside the roots can survive, and the mechanisms used by the fungi to

survive the long, dry and hot summer in the mediterranean

environment of south-western Austrália.

Gigaspora produced almost five times more external

hyphae than Glomus when growing in association with subterranean

clover in glasshouse conditions (Abbott and Robson,1985). On the other

hand, Glomus was more efficient in colonizing roots than Gigaspora

because Gigaspora relies on new points of colonization to spread while

Glomus spreads more extensively within the root (Wilson,1984). It may

be that the higher hyphal production by Gigaspora favoured this genus

at the early stages of seedling development but once established,

Glomus was more efficient than Gigaspora in colonizing the new

roots.
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5. CONCLUDING REMARKS

The seasonal variation in infectivity ofVA

mycorrhizal fungi from natural jarrah (Eucalyptus marginata Donn.

ex Sm.) forests and restored areas after bauxite mining, and the

development of seedlings of Acacia pulchella R.Br. were studied in a

series of three experiments using glasshouse and nursery conditions.

The infectivity of VA mycorrhizal fungi was always

much higher in undisturbed soil cores from natural jarrah forest than

in cores from restored areas after bauxite mining. The infectivity of VA

mycorrhizal fungi, measured as a percentage of the root length

colonized or the length of colonized roots, decreased during summer for

cores from natural jarrah forest but there were no seasonal changes for

cores from restored areas. The decrease in infectivity for cores from

natural jarrah forest in summer coincided with the time when water

availability had decreased and fine roots would have died in the surface

soillayers. There was no difference in infectivity for cores from jarrah

forest when water was not a limiting factor. The lack of seasonal

changes in cores from restored areas is probably due to the low levels of

inoculum present in these areas. These results are in agreement with

my hypothesis that there is a difference in seasonal variation in

infectivity of VA mycorrhizal fungi if plants are grown in cores from

natural or restored areas.

There was no seasonal trend in predominance of

.particular genera of VA mycorrhizal fungi infecting roots of seedlings

grown in undisturbed soil cores either from natural jarrah forest or

from restored areas after bauxite mining. However, there was a

greater diversity of genera in soil from restored areas than from

natural jarrah forest. Glomus was by far the dominant genus
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colonizing roots of plants grown in soil cores from natural jarrah forest

with very little colonization formed by the other genera ofVA

mycorrhizal fungi. On the other hand, there was a more even

distribution of genera of VA mycorrhizal fungi in soil cores from

restored areas. Glomus, Gigaspora, and fine endophyte occurred in

similar proportion throughout the year in soils from restored areas.

Acaulospora was present in low proportions in soil cores from both

natural jarrah forest and restored areas.

There was a different trend in seasonal variation in

infectivity of VA mycorrhizal fungi when the soil was collected as

disturbed cores. In this situation, infectivity was higher in soil

collected in December, and least in soil collected in June. However, the

levels of colonization of roots of plants grown in disturbed cores in

December were very similar to the levels in plants grown in

undisturbed cores in January. This indicates that the VA mycorrhizal
,,

propagules present in summer were more tolerant of soil disturbance

than propagules growing in winter. Hyphae in the soil are likely to be

the major type of propagule during winter and these are easily

damaged by disturbance. The contrasting results from experiments

using disturbed and undisturbed soil cores collected in winter highlight

the necessity of specifying the soil conditions in studies of seasonal

variation in infectivity of VA mycorrhizal fungi.

The infectivity of VA mycorrhizal fungi was higher in

soil from the top 8cm than in soil from 9-20cm deep, collected in June.

However, there was no difference in infectivity of VA mycorrhizal fungi

in soil collected in the top 20cm, in December. There was a decrease in

infectivity of VA mycorrhizal fungi with phosphorus application for 0-3

and 4-8 em depths in the June sampling.
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The distribution of roots of seedlings of Acacia

pulchella grown in a reconstructed profile followed the distribution of

nutrients in the soil. At least half of the total root length was in the top

10cm of the soil at any time. Root length in the top 10cm of the soil,

increased exponentially from germination but decreased when levels of

moisture decreased during summer. However, the length of roots

formed deeper in the profile remained at the same leveI throughout the

summer. VA mycorrhizal colonization was also concentrated mainly

in the top 10cm. The spread of mycorrhizal fungi at depth was slow but

continued to increase even when moisture content of the soil decreased

during summer.

Gigaspora was the main genus of VA mycorrhizal

fungi colonizing roots during the first 13 weeks of seedling growth.

Glomus was slow to become established but it was responsible for most

of the colonization from the 29th week after seedling germination.

My results suggest that it is important to identify the \

form of propagules present in forest ecosystems at different times of the

year and to identify the mechanisms used by the fungi to survive the

long, dry and hot summer of south-westen Australia. The

identification of the different types of propagules occurring in different

seasons could allow the definition of strategies for collecting soil for

assessment of infectivity of VA mycorrhizal fungi in natural

conditions. For example, there was no difference in infectivity of VA

mycorrhizal fungi in my experiment, when soil was collected in

summer either as disturbed or undisturbed cores. However, there were

marked changes in the results obtained for plants grown in soil

collected as disturbed or undisturbed cores during winter. This is

likely to reflect differences in the type of propagules with season.

Propagules occurring in summer seem not to be affected by soil
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disturbance. Therefore, the assessment of infectivity in summer could

probably be assessed using both disturbed or undisturbed soil with

similar results. However, the assessment of infectivity in winter

should consider the minimization of soil disturbance to avoid damage to

potential fungal propagules.

Nevertheless, the simultaneous growth of plants in

glasshouse and field conditions may give a measurement of the

accuracy of using plants grown in glasshouse to predict mycorrhizal

formation in field-grown plants. Although the establishment of

seedlings in field during summer may be a problem, because of the dry

conditions, the data from the wet months may give an indication of the

accuracy of the prediction of VA mycorrhizal colonization in the field

using plants grown in glasshouse conditions.
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