PLANT COMMUNITIES OF GREENSTONE HILLS OF THE
EASTERN GOLDFIELDS OF WESTERN AUSTRALIA AS
ANALOGUES FOR THE REHABILITATION OF ROCKY WASTE
DUMPS

This thesis is presented for the degree of
Doctor of Philosophy of Murdoch University

2003

Submitted by
Shane Thomas Samuel Chalwell
B. Sc. Hons (Murdoch University)

i

Frontispiece: Mt. Burges rising above the plain to the northwest of Coolgardie, Western
Australia.

ii

I declare that this thesis is my own account of
my research and contains as its main content
work

which

has

not

previously

been

submitted for a degree at any tertiary
educational institution.

………………………
Shane Thomas Samuel Chalwell

iii

Abstract
The vegetation of greenstone hills in the Kalgoorlie area of the Eastern Goldfields
region of Western Australia was studied to identify the key environmental influences on
community and species distribution. This information was needed to determine if plant
communities of the hills could provide analogues for the rehabilitation of waste rock
dumps that are produced as a consequence of open cut mining.
The ridges, slopes and flats adjacent to the main slope were examined and the floristic
data sorted into communities. Two structurally and floristically distinct alliances were
identified, one dominated by eucalypt species and the other by Acacia quadrimarginea.
The eucalypt woodland displayed a taller upper stratum and few groundlayer species
and was the dominant vegetation of the flats at the base of the hills. The acacia
community was a low woodland and is the dominant vegetation of the hill slopes. Both
communities were dominant at an equal number of sites on the ridges of the hills.
An investigation of the environmental variables found that edaphic, rather than
topographic, factors were responsible for the community distribution on the hills. The
eucalypt woodland showed a strong affinity to soils derived from calcrete, which had
higher levels of electrical conductivity and lower exchangeable sodium percentages than
the soils of the acacia low woodland. Under such conditions, the clay fraction of the soil
remains in a more flocculated state allowing higher rates of water infiltration and
hydraulic conductivity compared to the acacia soils. Soil nutrients were found to have a
secondary influence on community distribution and had a greater effect on species
distribution within alliances.
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A study of the seasonal variation in water content of the soils showed that more
moisture is retained in the upper soil horizons in the acacia community than in the
eucalypt community during the wetter part of the year, indicating the acacia soils had
poorer infiltration properties than the eucalypt soils. The distribution of drought tolerant
species such as A. quadrimarginea and Prostanthera incurvata was found to be
correlated to soil moisture content of the dry season whilst no correlation was found for
the eucalypts at any time of the year.
Seasonal comparisons of leaf moisture content and xylem pressure potential showed that
the eucalypts maintained their total leaf moisture content throughout the year whereas
species such as A. quadrimarginea and Allocasuarina campestris recorded high levels
of desiccation of their leaf tissue over the summer. The eucalypts also maintained a
more consistent pre-dawn xylem pressure potential throughout the year than either A.
quadrimarginea or the shrub species Dodonaea microzyga, indicating a greater degree
of stomatal control and access to a more consistent soil water supply. The eucalypts
require access to a greater soil volume than the acacias or shrubs in order to ensure
sufficient water supplies for the maintenance of tissue moisture levels throughout the
year. In this way, the eucalypts are able to effectively avoid the summer drought,
whereas the acacias and shrubs are able to tolerate desiccation of their leaf tissues over
this period.
Investigations of the germination requirements and early seedling survival of prominent
species from the greenstone hills indicated that fire may be a factor in the regeneration
of most hills species. All studied species were either tolerant of or responded positively
to the application of dry heat. In relation to seedling establishment on waste dumps,
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increasing the soil moisture content of waste dump soils increased the germination rate
of most species but did not result in greater seedling survival at the end of the first
summer. The provision of microsites which encouraged root development and provided
protection for the young seedlings was found to be more important in reducing mortality
rates in the first year than increasing the total germination.
The study emphasized the importance of physical soil factors and the soil moisture
regime in the distribution of eucalypt and acacia communities on the greenstone hills. A
species’ response to drought stress strongly influences its ability to compete for soil
water on different soil types. The eucalypts studied in this project dominated on soils
where there is better recharge of subsoil water reserves which can be accessed over the
summer period to maintain tissue water levels. Acacias are tolerant of tissue desiccation
and will compete successfully on shallower soils and where hydraulic conductivity is
poor.
Although the project was valuable in identifying water relations as the main control on
community distribution on the hills, waste dumps are not strictly analogues of intact
greenstone hills due to the differences in rock type and profile formation. Electrical
conductivity levels are also higher due to extraction processes. However, the
environmental relationships of the different species show that the more drought tolerant
species such as Allocasuarina campestris, Acacia quadrimarginea and understorey
species associated with them, may be suitable species to form the basis of vegetation reinstatement on waste dumps in the Kalgoorlie region.

vi

Table of contents
Abstract .......................................................................................................................... iii
List of figures ..................................................................................................................xi
List of tables ...................................................................................................................xv
Acknowledgements ..................................................................................................... xvii
Chapter 1: INTRODUCTION........................................................................................1
1.1 STUDY CONTEXT ......................................................................................................1
1.2 THESIS OBJECTIVES ..................................................................................................6
1.3 DESIGN CONSIDERATIONS ........................................................................................7
1.4 STRUCTURE OF THE THESIS.......................................................................................9
Chapter 2: ENVIRONMENTAL SETTING ..............................................................10
2.1 CLIMATE .................................................................................................................10
2.2 GEOLOGY ...............................................................................................................11
2.3 LANDFORM .............................................................................................................12
2.4 VEGETATION...........................................................................................................13
Chapter 3: VEGETATION ..........................................................................................16
3.1 INTRODUCTION .................................................................................................16
3.2 METHODS ............................................................................................................18
3.2.1 Site Selection ..................................................................................................18
3.2.2 Vegetation.......................................................................................................19

vii
3.2.3 Data Analysis..................................................................................................21
3.3 RESULTS ..............................................................................................................22
3.3.1 Vegetation Alliances .......................................................................................22
3.3.2 Description of Associations ............................................................................28
3.3.3 Ordination of Sites..........................................................................................30
3.3.4 Similarity of Associations ...............................................................................32
3.4 DISCUSSION........................................................................................................35
3.5 CONCLUSION......................................................................................................40
Chapter 4: SOILS..........................................................................................................41
4.1 INTRODUCTION .......................................................................................................41
4.2 METHODS ...............................................................................................................45
4.2.1 Field Methods .................................................................................................45
4.2.2 Laboratory Analysis Methods.........................................................................46
4.3 RESULTS .................................................................................................................50
4.3.1 Soil Profiles of Slopes.....................................................................................50
4.3.2 Statistical Analyses of Soil Variables .............................................................53
4.3.3 Principal Components Analysis .....................................................................57
4.4 DISCUSSION........................................................................................................61
4.5 CONCLUSION......................................................................................................68
Chapter 5: SOIL MOISTURE CONTENT AND SPECIES DISTRIBUTION.......70
5.1 INTRODUCTION .......................................................................................................70
5.2 METHODS ...............................................................................................................72

viii
5.3 RESULTS .................................................................................................................73
5.3.1 Canopy Cover .................................................................................................73
5.3.2 Soil Depth and Soil Moisture .........................................................................74
5.3.3 Topographic Comparisons .............................................................................74
5.3.4 Species distribution and soil moisture content ...............................................84
5.4 DISCUSSION ............................................................................................................86
5.4.1 Soil Moisture Content.....................................................................................86
5.4.2 Distribution.....................................................................................................88
5.5 CONCLUSION ..........................................................................................................90
Chapter 6: WATER RELATIONS OF SELECTED TREE AND SHRUB
SPECIES ........................................................................................................................91
6.1 INTRODUCTION .......................................................................................................91
6.2 METHODS ...............................................................................................................93
6.3 RESULTS .................................................................................................................97
6.3.1 Total Leaf Moisture Content ..........................................................................97
6.3.2 Seasonal Patterns of Xylem Pressure Potential ...........................................100
6.3.3 Daily Patterns of Xylem Pressure Potential.................................................102
6.4 DISCUSSION ..........................................................................................................108
6.4.1 Total Leaf Moisture Content ........................................................................108
6.4.2 Pre-Dawn Xylem Pressure Potential (ψpd)...................................................109
6.4.3 Diurnal Xylem Pressure Potentials ..............................................................112
6.5 CONCLUSION ........................................................................................................113

ix
Chapter 7: CONTROLS ON THE GERMINATION OF SELECTED
GOLDFIELDS SPECIES ...........................................................................................114
7.1 INTRODUCTION ...............................................................................................114
7.2 METHODS ..........................................................................................................117
7.2.1 Species Selection ..........................................................................................117
7.2.2 Glasshouse Trials .........................................................................................117
7.2.3 Thermal Shock Treatment.............................................................................118
7.2.4 Field Trials ...................................................................................................118
7.2.5 Statistical Analyses .......................................................................................121
7.3 RESULTS ............................................................................................................121
7.3.1 Glasshouse Germination ..............................................................................121
7.3.2 Thermal Shock Treatment.............................................................................123
7.3.3 Field Trials ...................................................................................................128
7.3.4 Summer Seedling Mortality ..........................................................................130
7.4 DISCUSSION......................................................................................................135
7.4.1 Glasshouse Germination ..............................................................................135
7.4.2 Thermal Shock Treatment.............................................................................136
7.4.3 Field Trials ...................................................................................................139
7.5 CONCLUSION....................................................................................................143
Chapter 8: GENERAL DISCUSSION ......................................................................144
8.1 ENVIRONMENTAL CONTROLS ON THE PLANT COMMUNITIES ................................144
8.2 IMPLICATIONS FOR MINESITE REHABILITATION .....................................................152

x
REFERENCES .................................................................. Error! Bookmark not defined.
Appendix 1. Species list for the greenstone hills………………………CD (back cover)
Appendix 2. Soil data for each study site………………………………CD (back cover)
Appendix 3. Species foliage projective cover data for each study site...CD (back cover)

xi

List of Figures
FIGURE 3.1: LOCATION MAP OF GREENSTONE HILLS SELECTED FOR STUDY................................................ 20
FIGURE 3.2: TYPICAL VEGETATION PATTERN OF THE GREENSTONE HILLS IN THE KALGOORLIE REGION.. .. 23
FIGURE 3.3: EUCALYPTUS GRIFFITHSII AND E. OLEOSA WOODLAND ON THE RIDGE OF COMET HILL. ........... 24
FIGURE 3.4: ACACIA QUADRIMARGINEA LOW WOODLAND OVER PROSTANTHERA INCURVATA AT COMET HILL.
.......................................................................................................................................................... 25
FIGURE 3.5: THE FIRST TWO AXES OF A THREE DIMENSIONAL NON-METRIC MULTI-DIMENSIONAL SCALING
ORDINATION OF THE COVER DATA OF THE FOUR PLANT ASSOCIATIONS IDENTIFIED ON THE
GREENSTONE HILLS (STRESS = 0.12). ................................................................................................. 31

FIGURE 4.1: SOIL PROFILE FROM BENEATH A EUCALYPTUS GRIFFITHSII CANOPY ON THE RIDGE OF MT.
CARNAGE. NOTE THE HIGHLY WEATHERED ROCKS WITH CARBONATE COATINGS.............................. 51
FIGURE 4.2: SOIL PROFILE FROM BENEATH A EUCALYPTUS TORQUATA CANOPY AT THE BASE OF MT. EATON.
.......................................................................................................................................................... 51
FIGURE 4.3: SOIL PROFILE FROM BENEATH AN ACACIA QUADRIMARGINEA CANOPY ON THE SLOPE OF EMU
HILL................................................................................................................................................... 52
FIGURE 4.4A: BIPLOT OF AXIS 1 VERSUS AXIS 2 OF THE PRINCIPAL COMPONENTS ANALYSIS OF THE SOIL
VARIABLES FROM THE GREENSTONE HILLS. ARROWS REPRESENT THE SOIL VARIABLES;  A.
QUADRIMARGINEA SHRUBLAND;

c ALLOCASUARINA CAMPESTRIS THICKET SITES;

E. GRIFFITHSII

WOODLAND SITES AND { E. TORQUATA WOODLAND SITES................................................................. 59

FIGURE 4.4B: BIPLOT OF AXIS 1 VERSUS AXIS 3 OF THE PRINCIPAL COMPONENTS ANALYSIS OF THE SOIL
VARIABLES FROM THE GREENSTONE HILLS. ARROWS REPRESENT THE SOIL VARIABLES;  A.
QUADRIMARGINEA SHRUBLAND;

c ALLOCASUARINA CAMPESTRIS THICKET SITES;

E. GRIFFITHSII

WOODLAND SITES AND { E. TORQUATA WOODLAND SITES. PRINCIPAL COMPONENTS ANALYSIS OF
ENVIRONMENTAL VARIABLES OF THE GREENSTONE HILLS. ................................................................ 60

FIGURE 5.1: EXAMPLE OF THE EUCALYPT CANOPY COVER AT COMET HILL. PERCENTAGE CANOPY COVER IS
56.3% IN THIS PHOTOGRAPH. ............................................................................................................. 76

xii
FIGURE 5.2: EXAMPLE OF THE ACACIA CANOPY COVER AT COMET HILL. PERCENTAGE CANOPY COVER IS
45.1% IN THIS PHOTOGRAPH. ............................................................................................................. 76
FIGURE 5.3: MEAN SOIL MOISTURE CONTENT OF EUCALYPT (N=39) AND ACACIA (N=111) COMMUNITIES
ACROSS DRY AND WET SEASONS AT MT. BURGES, MT. EATON AND COMET HILL AT A DEPTH OF

15CM. AN ASTERISK INDICATES NO SIGNIFICANT DIFFERENCE BETWEEN THE TWO COMMUNITIES FOR
THAT MONTH. .................................................................................................................................... 79

FIGURE 5.4: SOIL MOISTURE CONTENT AT 30CM OF DEPTH FOR THE EUCALYPT AND ACACIA COMMUNITIES
AN ASTERISK INDICATES NO SIGNIFICANT DIFFERENCE BETWEEN THE TWO COMMUNITIES FOR THAT
MONTH............................................................................................................................................... 80

FIGURE 5.5: SOIL MOISTURE CONTENT AT 15CM DEPTH FOR THE ACACIA AND EUCALYPT COMMUNITIES AT
COMET HILL. AN ASTERISK INDICATES NO SIGNIFICANT DIFFERENCE BETWEEN THE TWO
COMMUNITIES FOR THAT MONTH. ...................................................................................................... 81

FIGURE 5.6: SOIL MOISTURE CONTENT AT 15CM DEPTH FOR THE ACACIA AND EUCALYPT COMMUNITIES AT
MT. BURGES. AN ASTERISK INDICATES NO SIGNIFICANT DIFFERENCE BETWEEN THE TWO
COMMUNITIES FOR THAT MONTH. ...................................................................................................... 81

FIGURE 5.7: SOIL MOISTURE CONTENT AT 15CM DEPTH FOR ACACIA AND EUCALYPT COMMUNITIES AT MT.
EATON. AN ASTERISK INDICATES NO SIGNIFICANT DIFFERENCE BETWEEN THE TWO COMMUNITIES FOR
THAT MONTH. .................................................................................................................................... 82

FIGURE 5.8: SOIL MOISTURE CONTENT OF SOILS AT 15CM AND 30CM OF DEPTH IN THE EUCALYPT
COMMUNITY FOR ALL SITES THROUGHOUT THE YEAR. AN ASTERISK INDICATES NO SIGNIFICANT
DIFFERENCE BETWEEN THE TWO COMMUNITIES FOR THAT MONTH. ................................................... 83

FIGURE 6.1: MONTHLY TOTAL RAINFALL FOR 1998 FOR KALGOORLIE, THE NEAREST REPORTING STATION
TO MT. BURGES. ................................................................................................................................ 96

FIGURE 6.2: TOTAL MOISTURE CONTENT OF EUCALYPT LEAVES THROUGHOUT THE YEAR FOR ALL SITES
WHERE FOUND. .................................................................................................................................. 98

FIGURE 6.3: TOTAL MOISTURE CONTENT OF ACACIA QUADRIMARGINEA LEAVES FOR ALL HILLS
THROUGHOUT THE YEAR.................................................................................................................... 98

xiii
FIGURE 6.4: TOTAL MOISTURE CONTENT OF ALLOCASUARINA CAMPESTRIS BRANCHLETS FOR ALL HILLS
THROUGHOUT THE YEAR.................................................................................................................... 99

FIGURE 6.5: PRE-DAWN XYLEM PRESSURE POTENTIALS FOR E. GRIFFITHSII, A. QUADRIMARGINEA AND D.
MICROZYGA ON THE MT BURGES RIDGE THROUGH THE COURSE OF THE YEAR. BETWEEN SEASONS AND
WITHIN SPECIES, DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.01). WHERE NO RESULT IS GIVEN, READINGS WERE BEYOND THE RANGE OF THE APPARATUS. 101
FIGURE 6.6: PRE-DAWN XYLEM PRESSURE POTENTIALS FOR E. GRIFFITHSII, A. QUADRIMARGINEA AND D.
MICROZYGA ON THE MT BURGES SLOPE THROUGH THE COURSE OF THE YEAR. BETWEEN SEASONS AND
WITHIN SPECIES, DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.001). WHERE NO RESULT IS GIVEN, READINGS WERE BEYOND THE RANGE OF THE APPARATUS.
........................................................................................................................................................ 101
FIGURE 6.7: PRE-DAWN XYLEM PRESSURE POTENTIALS FOR E. GRIFFITHSII, A. QUADRIMARGINEA AND D.
MICROZYGA AT THE BASE OF MT BURGES THROUGH THE COURSE OF THE YEAR. BETWEEN SEASONS
AND WITHIN SPECIES, DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05)........................................................................................................................................... 103
FIGURE 6.9: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL OF SPECIES ON THE MT BURGES SLOPE
DURING WINTER. DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05). ASTERISKS REPRESENT SIGNIFICANT DIFFERENCES (P<0.05) BETWEEN E. GRIFFITHSII AND
THE OTHER SPECIES.......................................................................................................................... 104

FIGURE 6.10: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL OF SPECIES ON THE MT BURGES BASE
DURING WINTER. DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05) BETWEEN TIMES WITHIN EACH SPECIES. ASTERISKS REPRESENT SIGNIFICANT DIFFERENCES
(P<0.05) BETWEEN E. GRIFFITHSII AND THE OTHER SPECIES............................................................. 105
FIGURE 6.11: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL OF SPECIES ON THE MT BURGES RIDGE
DURING SPRING. DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05) BETWEEN TIMES WITHIN EACH SPECIES. ASTERISKS REPRESENT SIGNIFICANT DIFFERENCES
(P<0.05) BETWEEN E. GRIFFITHSII AND THE OTHER SPECIES............................................................. 106

xiv
FIGURE 6.12: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL OF SPECIES ON THE MT BURGES SLOPE
DURING SPRING. DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05) BETWEEN TIMES WITHIN EACH SPECIES. ASTERISKS REPRESENT SIGNIFICANT DIFFERENCES
(P<0.05) BETWEEN E. GRIFFITHSII AND THE OTHER SPECIES............................................................. 107
FIGURE 6.13: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL OF SPECIES AT THE BASE OF MT BURGES
DURING SPRING. MEASUREMENTS FOR E. GRIFFITHSII WERE OUTSIDE THE RANGE OF THE INSTRUMENT
FROM EARLY MORNING. DATA POINTS WITH THE SAME LETTER CODE ARE SIGNIFICANTLY DIFFERENT

(P<0.05) BETWEEN TIMES WITHIN EACH SPECIES. ASTERISKS REPRESENT SIGNIFICANT DIFFERENCES
(P<0.05) BETWEEN E. GRIFFITHSII AND THE OTHER SPECIES............................................................. 107
FIGURE 7.1: MEAN GERMINATION PERCENTAGE OF SELECTED GOLDFIELDS WOODY PERENNIAL SPECIES
GROWN UNDER OPTIMAL CONDITIONS IN A GLASSHOUSE IN WASTE DUMP SOIL. .............................. 122

FIGURE 7.2: BAR GRAPHS OF SEEDS OF GREENSTONE HILLS SPECIES SUBJECTED TO THERMAL SHOCK OF
DIFFERENT TEMPERATURES AND DURATIONS (±SE). AN ASTERISK REPRESENTS A SIGNIFICANT
DIFFERENCE FROM THE CONTROL (P<0.05) AND DATA POINTS WITH THE SAME LETTER CODE ARE NOT
SIGNIFICANTLY DIFFERENT FROM EACH OTHER................................................................................ 124

FIGURE 7.3: SOIL MOISTURE CONTENT UNDER EACH SOIL TREATMENT ON THE MT. PERCY WASTE DUMP
GERMINATION TRIALS IN OCTOBER AND DECEMBER. ...................................................................... 129

FIGURE 7.4: SEEDLING MORTALITY OF SELECTED SPECIES IN DIFFERENT SURFACE SOIL TREATMENTS OVER
THE FIRST SUMMER, EXPRESSED AS THE PERCENTAGE OF SURVIVING SEEDLINGS FROM THE ORIGINAL
SEED SOWN. ..................................................................................................................................... 132

xv

List of Tables
TABLE 2.1: CLIMATIC DATA FOR KALGOORLIE AIRPORT..................................................11
TABLE 3.1: SORTED TWO-WAY TABLE OF THE GREENSTONE HILLS SITES SHOWING DOMIN
VALUES OF FOLIAGE PROJECTIVE COVER...................................................................26

TABLE 3.2: PAIRWISE R-VALUES OF DISSIMILARITY BETWEEN THE DIFFERENT
COMMUNITIES FROM THE ANOSIM ANALYSIS .........................................................33

TABLE 3.3: THE MEAN BASAL AREA (M2/HA±SE) OF EACH TOPOGRAPHIC POSITION FOR
EACH SPECIES OF EUCALYPT FOUND ON THE GREENSTONE HILLS..............................34

TABLE 3.4: MEAN DENSITY (INDIVIDUALS/HA±SE) FOR SELECTED SHRUB SPECIES (N≥10)
ON THE GREENSTONE HILLS. .....................................................................................35

TABLE 4.1: MEAN VALUES (±SE) OF SOIL VARIABLES FOR EACH PLANT COMMUNITY.. ...54
TABLE 4.2: PEARSON PRODUCT MOMENT CORRELATION (R) BETWEEN SELECTED SOIL
VARIABLES. ..............................................................................................................55

TABLE 4.3: CUMULATIVE FRACTION OF VARIANCE (R2ADJ) EXPLAINED BY EACH OF THE
FIRST THREE AXES IN THE PCA OF THE SOIL VARIABLES...........................................61

TABLE 5.1: MEAN SOIL MOISTURE % (±SE) AT 15CM DEPTH (N=15) AND 30CM DEPTH FOR
EACH TOPOGRAPHIC SITE FOR EACH SEASON.............................................................77

TABLE 5.2: MEAN SOIL MOISTURE CONTENTS (GRAVIMETRIC % AT A DEPTH OF 15CM) FOR
SITES WHERE EACH SPECIES WAS PRESENT COMPARED TO SITES WHERE THE SPECIES
WAS ABSENT .............................................................................................................85

TABLE 6.1: GENERAL ATMOSPHERIC CONDITIONS AND TIME OF SUNRISE FOR EACH DAY OF
XYLEM PRESSURE POTENTIAL MEASUREMENT AT MT. BURGES. ...............................95

xvi
TABLE 6.2: TOTAL MOISTURE CONTENT (%) OF THE LEAVES OF SEVERAL SHRUB SPECIES
FROM THE GREENSTONE HILLS..................................................................................99

TABLE 6.3: THE RANGE OF DBH AND TOTAL BASAL AREA OF SAMPLED E. GRIFFITHSII
TREES AT THE THREE LANDSCAPE POSITIONS ON MT. BURGES................................100

TABLE 6.4: DAILY VARIATION IN XYLEM PRESSURE POTENTIAL (MPA) FOR E. GRIFFITHSII
AT ALL SITES AT MT. BURGES IN FEBRUARY. .........................................................103

TABLE 7.1: ESTIMATED NUMBERS OF SEEDS OF EACH SPECIES INCLUDED IN THE SEED
MIXES USED FOR THE FIELD TRIALS ON A WASTE ROCK DUMP AT MT. PERCY,

KALGOORLIE. .........................................................................................................119
TABLE 7.2: GERMINATION PERCENTAGES (±SE) OF EACH SPECIES OR SPECIES GROUP IN
DIFFERENT SURFACE TREATMENTS ON THE ROCKY WASTE DUMP AT MT. PERCY,

KALGOORLIE.. ........................................................................................................130

xvii

Acknowledgements
I would like to acknowledge Kalgoorlie Consolidated Gold Mines for their financial
support, without which this project would not have been possible. Thanks to Gay
Bradley for her support and advice on my field trips to Kalgoorlie and also to the many
others at KCGM who helped me dig holes, carry mulch and spread seed. Thanks also to
Sheryl Foot for her scrutiny of the manuscript.
Most importantly, I would like to thank my supervisor Phil Ladd for his guidance and
thoughtful analysis throughout this study. His interminable patience has allowed me to
achieve my goals.

1

Chapter 1
INTRODUCTION
1.1 STUDY CONTEXT
Open cut mining requires the removal of large quantities of overburden and waste
material to allow access to an ore body. Waste dumps are constructed from this material
once it is removed. This may later be returned to the pit when mining has ceased. In
most cases, this will lead to an unstable landform so the waste stockpiles will be left in
position, resulting in a considerable change to the landscape. Legislation governing
mining imposes a requirement that when mining operations cease, the complete minesite
be rehabilitated. This means that these landforms must be vegetated. The basis for
rehabilitation efforts may be utilitarian, such as planting pasture or other palatable
species for stock, or ecological where the return of pre-mining vegetation or other
locally occurring plant communities is required. Aesthetic values may also be a
consideration where the waste dumps will be open to public view or access.
The regulations governing mining operations are similar in each state of Australia
(Biggs, 1996). In Western Australia, mining activities are controlled by the Mining Act
(1978), Mining Regulations (1981) and specific conditions placed on tenements at the
time of approval (Cannon, 1998). In general, the guidelines for waste dump design
include that they be compatible to their surrounds in both the topography and the
background vegetation of the area (Dept. of Minerals & Energy, 2001). In relatively flat
areas, however, there must be a compromise between the height of the dumps and their
footprint i.e. the total area covered by a dump. Loosely dumped waste rock will
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generally have a slope of around 37o. In arid and semi-arid areas it is not generally
advisable to have slope angles exceeding 20o and angles may even need to be less in
higher rainfall regions to lessen the impact of erosion (Dept. of Mines, 1998).The
reduction in slope will increase the footprint of a dump but will also increase the
stability of the structure. Revegetation success also increases with a reduction in slope
angle (Lacy, 1998). Above all, the stability of the new landform is the overriding
consideration. A safe, stable landform will protect the integrity of the surrounding land
uses by minimizing the export of polluting material such as soil and plant propagules off
site.
To ensure compliance with the controlling legislation, bonds or other financial sureties
must be given at the time of mining approval. These bonds are designed to cover the
cost of rehabilitation and other statutory obligations should the mine close prematurely
or if the company for other reasons is unable to undertake the required rehabilitation of
the site (McConnell & Leggate, 1991; Sassoon, 1996). Specific and measurable criteria
are used to determine compliance with a company’s rehabilitation obligations and these
criteria must be met before bonds can be returned (Wylynko & Millard, 2002).
The easiest way to achieve outcomes such as stable landforms and the establishment of
self-sustaining vegetation is to include the rehabilitation process in the initial planning
for a minesite (McIlveen, 1993). Early planning and budgeting is essential as the
earthworks account for about 85% of the total cost of waste dump rehabilitation
(Bradley, 1996). It is therefore a very expensive exercise if the dumps have to be
modified or moved later.
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Waste dumps are built progressively throughout the life of a mine and rehabilitation is
also best done progressively. This will reduce the effort required at the time of mine
closure and will also provide information on the success of currently used revegetation
techniques. Tailings dams are the most expensive area of mine operations to rehabilitate
on a per hectare basis (Bradley, 1996) and much of this work is done during mine
shutdown. The rehabilitation of waste dumps is also expensive accounting, for about
80% of the annual rehabilitation budget at KCGM and at least half the total
rehabilitation efforts over the life of the mine (G. Bradley, pers. comm., 2003). The
rehabilitation of these structures during active mining operations relieves both budgetary
and labour pressures at the time of mine decommissioning.
The Kalgoorlie Consolidated Gold Mines (KCGM) operations are located on the eastern
fringe of the town of Kalgoorlie – Boulder in the Eastern Goldfields region of Western
Australia. The removal of overburden will eventually result in the construction of
approximately 1000 hectares of waste rock dumps up to 150 metres in height. The close
proximity of the mining operations to Kalgoorlie – Boulder means that ecological and
aesthetic values are the most important considerations in the rehabilitation of the waste
dumps. A potentially long mine life will require progressive rehabilitation works and so
alternative end uses such as pastoralism would be incompatible with existing mining
operations. Therefore, the long-term goal for the establishment of vegetation on the
waste dumps is for self-sustaining plant communities, replicating or closely resembling
those that occur naturally in the region.
The change in the landscape means that re-establishment of species present on the
relatively flat landscape before mining would most likely be inappropriate. Landforms
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affect many ecosystem processes such as moisture and nutrient availability, geomorphic
processes, the movement of organisms through a landscape and the rate and types of
disturbances to an ecosystem (Swanson et al., 1988). It may therefore be more effective
to formulate plans for rehabilitation based on the study of plant species and
communities occurring on similar landforms to that proposed for the final structure of
the waste dumps. Information on the environmental factors controlling the distribution
of species and communities of such landforms may be useful in understanding the
processes that will be the most important in the establishment of self-sustaining plant
communities.
In many mining operations where rocks have a high sulphide content, acid rock drainage
can be a major problem. When sulphitic material is exposed to oxygen and water, high
concentrations of sulphuric acid and heavy metals can be released (Parker & Robertson,
1999). This is particularly a problem in rock dumps due to the large pore spaces in the
dump core. The material used in dump construction at KCGM, however, has a good
buffering capacity and a negative capacity for acid rock drainage (G. Bradley, pers.
comm., 2003).
The topsoil used on the rock waste dumps at KCGM is removed from the site of a new
dump before construction begins and stored until required. This is then respread, along
with a layer of oxidised overburden material, as a substrate for plant establishment. The
waste dump soils are derived from greenstone parent material which is one example of a
complex of rock known as serpentine. The term serpentine is used in the strictest
geological sense to describe some forms of ultramafic minerals such as lizardite,
antigorite and chrysotile. Mafic rocks are dark-coloured igneous rocks containing high
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proportions of magnesium and iron-rich minerals such as olivine, pyroxene and
amphibole and ultramafic rocks are those that contain over 90% of these minerals.
Ecologists have come to use the term serpentine to describe most areas of ultramafic
rocks and the greenstone belts of Western Australia contain both mafic and ultramafic
rocks.
The vegetation associated with soils developed on ultramafic or serpentine rocks often
shows marked differences from that on adjacent lithologies and is generally thought to
result from the unusual rock chemistries and low fertility of serpentines (Proctor &
Woodell, 1975). In addition, they often show a higher species diversity and a higher
occurrence of unusual flora than other nearby non-serpentine areas (Proctor & Woodell,
1975). The greenstone communities of Western Australia, however,

are not

physiognomically different from the matrix vegetation (Brooks, 1987) and the
relationship between the greenstone vegetation and environmental factors tends to be
more complex than in other serpentine areas. In Western Australia, factors such as soil
concentrations of nickel and chromium or the degree of soil development may
predominate (Cole, 1992). However, the heavy metal content of the soil will depend
upon its geological origins and the weathering processes it has undergone.
The soils of the greenstone belt of Western Australia can be distinguished from other
serpentine areas by the relatively high presence of calcium. The calcium may be of
aeolian origin, blown in from the Nullarbor Plain under the arid climate of the present
day or a legacy of deep weathering processes during the Tertiary period (Cole, 1992).
During that time, the topography was essentially the same as it is today but under a
moister climate. Cations and fine particles were leached out of the profile, which has
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resulted in the current nutrient poverty of the soils (Milewski, 1992). The soils are
neutral to alkaline, depending on the concentration of calcium and other cations.
Interactions between exchangeable cations and heavy metals are known to influence
serpentine vegetation. Calcium can ameliorate the toxic effects of excessive magnesium
and both may afford protection from nickel toxicity (Proctor & McGowan, 1976). In
addition, the toxicity of chromium, which is thought to interfere with PO4 absorption, is
reduced by calcium ions (Proctor & Woodell, 1975). Given these interactions with other
soil factors, the ecological effects of chromium and nickel can be variable but need to be
considered in the distribution of serpentine vegetation.
Topography also influences the vegetation with the hills of the region containing a
somewhat more varied flora (Brooks, 1987) than the adjacent flats and broad valleys.
The soils on hills within the region usually comprise shallow calcareous earths
(Milewski, 1992) and over near-surface rocks may be stony or clayey sands, red in
colour and with either a texture contrast profile or a hardpan B horizon (Cole, 1992).
The hills of the Kalgoorlie region are chiefly composed of mafic rather than ultramafic
bedrock (Anand et al., 1997) and therefore the soil characteristics may vary from those
of the flats. It is the flats soils that are used at least in part in waste dump rehabilitation.
1.2 THESIS OBJECTIVES
The new landscape that the rock waste dumps represent creates a need for information
about the existing plant communities on similar landforms in the local Kalgoorlie
region. Data are required about the floristics of the communities, the soil types upon
which they grow and the ecological processes that determine community distribution on
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those landforms. It is important to know if the major environmental influences on the
vegetation are edaphic (either chemical or physical processes) or whether they are
topographic or if disturbance regimes are controlling community structure. It is also
important to determine if different environmental influences are in evidence at different
sites and which ones, if any, will provide appropriate benchmarks for rehabilitation
programmes. If the major processes are related to topographic position or physical soil
processes, then it may be possible to alter waste dump design and revegetation
programmes to take advantage of those processes. However, if soil chemistry or
disturbance events are dominant, then it may not be possible to take advantage of those
factors, especially if the soils are completely dissimilar from those used during
rehabilitation. Studies on the greenstone hills vegetation will necessarily be of mature
communities and therefore the important environmental factors may vary from those of
the waste dumps where vegetation is still being established.
Given these considerations, it is the aim of this study to:
Identify the plant communities that occur on greenstone hills in the Kalgoorlie region
and the environmental factors that influence their distribution and floristic composition.
Determine if the major processes influencing community distribution are important in
the early establishment of species on the new soils of the waste dumps.
1.3 DESIGN CONSIDERATIONS
The use of natural ecosystems for the benchmarking of minesite rehabilitation
programmes requires careful selection of study sites to match as near as possible the
conditions of the waste dumps. The main criteria used were the topographical similarity

8
of the landform to current waste dump design and the similarity of the soil parent
material to the topsoil used for rehabilitation. This meant that granite and banded
ironstone formations were excluded from the study as these landforms do not produce
soils similar to those derived from the weathering of greenstone rocks.
Rock waste dumps in semi-arid or arid areas of Western Australia are required to have
slopes less than 20o. Therefore, greenstone hills were selected for study that had slopes
as near as possible to that of the dumps. In order to ensure enough hills were examined,
a minimum slope of 10o was used as one of the selection criteria. In addition, the slope
length had to be adequate to ensure the spatial independence of a site established on a
slope from one on the ridge and one at the base of the hill.
A range of aspects was required to examine the influence of this factor on community
distribution. Hills selected for study also had to be as isolated from each other as
possible so as to minimise the influence that a past disturbance event may have had on
the vegetation. However, sites also had to be close enough to Kalgoorlie so that climatic
conditions were similar to those experienced at the site of the KCGM operations. Both
climatic factors and single previous disturbance events cannot be replicated or
manipulated during rehabilitation and so were minimised as factors in the project.
As an initial baseline vegetation survey was required, the positioning of quadrats was
subjective so as to sample representative vegetation from each site. The preliminary
survey was then followed with a more objective methodology to test the initial findings.
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1.4 STRUCTURE OF THE THESIS
A general literature review is not presented in this chapter, as there is a review of the
relevant literature in the introduction to each of the subsequent chapters. Each chapter
also has its own methods, results and discussion sections, except for the environmental
settings and general discussion chapters.
The geological and climatic context of the project is presented in Chapter 2. Work
presented in Chapter 3 identifies the plant communities of the greenstone hills whilst
Chapter 4 investigates the environmental factors responsible for their distribution. In
Chapters 5 and 6, the hypotheses generated by the previous chapters are tested and
examinations of the influence of the major environmental factor on individual species
are made. Chapter 7 investigates whether the environmental factors responsible for the
community distribution on the greenstone hills will also be important in the
establishment of species on the new landform of the rock waste dumps. In addition, this
chapter examines the influence that disturbance from fire may have on the regeneration
of greenstone hills species. The final chapter discusses observations on the ecological
processes of the naturally occurring communities and the implications that these may
have for the rehabilitation of the waste dumps.
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Chapter 2
ENVIRONMENTAL SETTING
2.1 CLIMATE
Western Australia covers a land area in excess of 2 500 000 km2 and extends over 21o of
latitude from the tropical Kimberley region to the cool, temperate regions of the southwest. The Kimberley region above approximately 18o S can be classified as dry hot
tropical with 7-8 dry months and summer rains in the period from December to March
(Beard, 1990). The central part of the state is desert or semi-desert with 11-12 dry
months. Rain in the interior areas of the state falls mainly in the summer and desert
areas south of approximately 26o may experience rain in either summer or winter, the
latter from occasional cold fronts. The southwest part of the state experiences a
Mediterranean-type climate with cool, wet winters and summer drought. The dry
summer period lasts from 3-4 months in the extreme south of the state and 7-8 months
farther inland where rainfall is mostly from winter cold fronts (Beard, 1990).
The area around Kalgoorlie can be classified as semi-desert Mediterranean with the
majority of rainfall occurring in the winter months from May to July with total annual
rainfall below 300mm(Table 2.1). The mean annual rainfall at Kalgoorlie airport is 270
mm (Bureau of Meteorology) but may vary from 100-500mm in any one year
(Commander et al., 1992). Occasional cyclonic remnants can boost rainfall in some
years. The mean maximum temperature in the hottest month of January is 33.7oC and
16.6oC in the coolest month of July. It is not uncommon for minimum temperatures to
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reach freezing during winter. The annual potential evaporation is in the range of 2400 –
2800mm (Bureau of Meteorology).
Table 2.1: Climatic data for Kalgoorlie airport. Data are monthly means unless
otherwise indicated. Data supplied by the Bureau of Meteorology.
Temperature
(oC)
maximum minimum
January
33.7
18.2
February
32
17.7
March
29.5
16
April
25
12.5
May
20.5
8.5
June
17.4
6.1
July
16.6
4.9
August
18.4
5.4
September
22.2
7.9
October
25.6
10.9
November
28.9
14
December
31.9
16.5

Rainfall
(mm)
mean
22.4
30.5
24.2
22.4
28.4
31
25.9
21.9
14.3
15.1
17.8
15.8

highest daily highest monthly
154.4
185.9
177.8
307.8
70
197
49.8
98.5
45.2
110.2
57.2
185.7
28.5
82.5
49.5
74
44.2
98.3
45.5
84.4
77
115.4
28.2
88.5

Daily
Evaporation
(mm)
12.7
11
8.7
5.7
3.5
2.5
2.7
3.7
5.7
8.3
10.2
12.1

2.2 GEOLOGY
Western Australia is mostly underlain by precambrian rocks, some of which have
subsided in the east of the state to form four major basins which have been
intermittently covered by oceans but have been dry since the end of the Cretaceous
(Beard, 1990). These basins have since been filled with sediments transported by
palaeoriver systems, which in turn have formed younger, phanerozoic rocks. The
precambrian rocks in the western part of the state form the Western Shield, which is a
large, inert section of the earth’s crust (Beard, 1990). In the north, the Pilbara block
contains rocks dated in excess of 3500 million years before the present (MYBP). The
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southern section of the Western Shield is formed by the Yilgarn block which has rocks
dated to between 2900 and 2600 MYBP. The two blocks are separated by Proterozoic
sediments and volcanics laid down up to 1800 MYBP.
The Yilgarn Block, which underlays the Eastern Goldfields region of Western Australia,
is mostly comprised of granitoids intruded by NNW-SSE trending greenstone belts
(Glassford & Semeniuk, 1995), which are rich in deposits of gold and nickel. The
bedrock is now mostly concealed by late Cenozoic regolith, which covers the contact
between the granitoids and greenstones (Cole, 1992).
2.3 LANDFORM
During the early Permian, the Western Shield was covered by continental ice sheets,
which wore down the surface of the landscape and left the relatively flat, undulating
surface existing today (Beard, 1990). The Western Shield has a central watershed on the
north-south axis and falls from about 600m above mean sea level (asl) in the north to
around 300m asl in the south. The surface is dissected by drainage systems to both the
west and the east (Mulcahy, 1973). Those to the west remain active but the ones to the
east have become dry with the increasingly arid climate and their valleys now contain
chains of salt lakes (Beard, 1990). Today, the general topography of the Yilgarn Block
is a gently undulating plateau, the Yilgarn Sandplain Plateau (YSP; Glassford &
Semeniuk, 1995). This is occasionally interrupted by hills of harder rock associated with
the greenstone belts. The upper parts of the landscape are mostly devoid of the Cenozoic
regolith that covers the broad valleys
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Deep weathering has occurred since the early Tertiary, which decayed and altered the
surface rock by chemical weathering and the leaching of soluble materials out of the soil
profile, including many plant nutrients (Beard, 1990). Surface laterisation occurred later
during the Oligocene Epoch between 38 – 26 MYBP when the climate became drier and
duricrusts, or hardened ironstone layers were formed on the surface. Lateritic duricrust
occurs in most parts of Western Australia, most often capping higher parts of the ground
(Beard, 1990).
Around Kalgoorlie the landscape is similar to the rest of the YSP with broad valleys and
extensive regolith covered plains separating low hills and ridges that occur on two
greenstone belts in the northeast and southeast of the area. Occasional low breakaways
are found where duricrusting has preserved the weathered profile underneath (Ollier et
al., 1988).
2.4 VEGETATION
The distribution of vegetation across Western Australia is primarily influenced by
climate and secondarily by geology. The climatic extremes of the state have produced a
wide variety of vegetation types and has resulted in the need for a classification system
to provide a framework to clearly describe them. A system was first introduced by
F.L.E. Diels in the early 20th Century that principally separated the vegetation of the
southwest from the dry interior along the 300mm rainfall line (Beard, 1990). This line
runs approximately from Shark Bay on the west coast to Israelite Bay on the south
coast. The dry interior was named the Eremaean Province and south of the line was
called the Southwest Province. The boundaries of the Provinces have been refined,
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principally by C.A. Gardner and J.S. Beard, as more information has become available
and more accurate mapping of the vegetation was possible (Beard, 1990).
Burbidge (1960) related the Western Australian regions to that of the rest of Australia
when she proposed three Principal Floristic Zones. These initial classifications form the
basis of one of the currently accepted systems where the Northern Province of Western
Australia forms part of the Burbidge’s Tropical Zone, the Eremaean Province is part of
the Eremaean zone of central Australia and the Temperate Zone is represented by the
South West Province (Beard, 1990). These Provinces have been further divided into
Botanical Districts, each characterised by particular types of vegetation and species
distribution.
Burbidge (1960) also included three interzone or ecotonal areas. One of these, the South
Western Interzone, occurs in Western Australia and lies between the South West
Province and the Eremaean Province. This area closely corresponds to the Coolgardie
Botanical District described earlier by Gardner (Beard, 1990). The boundary between
the South Western Province and the South Western Interzone follows a bioclimatic
boundary between extra-dry Mediterranean and semi-desert Mediterranean and
approximately follows the 300mm rainfall isohyet.
The vegetation of the South Western Interzone is a mix of taxa of the associations of the
South West Province and the aridity tolerant taxa of the Eremaean. The structure of the
vegetation is principally that of eucalypt woodland and shrublands, occurring on
sandplains (Gibson & Lyons, 2001). The appearance of the vegetation is continuous
with that of the South West Province and the boundary is difficult to discern on
structure alone. The boundary with the Eremaea is characterised by a change from
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eucalypt woodland to low mulga woodlands (Beard, 1990). The vegetation of the
Kalgoorlie region is mostly an open woodland of eucalypts with an understorey of both
low and tall shrubs in which chenopods are prominent. On shallower soils, particularly
on ridges and hills, eucalypts are replaced by acacias and allocasuarinas. Distinctive
communities occur on sites of particular relief, soil and drainage conditions (Cole,
1992).
The area has not been extensively cleared for agriculture and even pastoralism is
relatively limited due to limited water availability and unpalatable foliage. The main
industry is mining and areas of disturbance are usually around the mines themselves. In
the late 19th and early 20th centuries the woodlands were heavily exploited for wood for
fires and for use in the mines and timber was extracted by movable tram systems
(Beard, 1990). Many of these areas have now regenerated to an extent where it is no
longer possible to distinguish cutover areas, although some salmon gum (E.
salmonophloia) areas are still very open and have not recovered fully (Beard, 1990).
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Chapter 3
VEGETATION
3.1 INTRODUCTION
Australian vegetation is dominated by eucalypts and acacias. Eucalypts form the
dominant stratum of the moister coastal and sub-coastal areas of the continent but tend
to be replaced by acacias in the more arid regions of the continent. In the southern part
of Australia, this is usually when mean annual rainfall is below 250mm, although
eucalypts still occur throughout the arid zone, especially along watercourses or on and
around rocky outcrops (Wardell-Johnson et al., 1997). The dominance of acacias in the
more arid parts of Australia is usually assigned to a better tolerance of drought than that
of the eucalypts, though there has been some indication that temperature is also a prime
factor (Hnatiuk et al., 1982: Bowman & Connors, 1996).
Although acacias dominate the arid interior of Australia, this region is relatively species
poor (Hopper & Maslin, 1978). The genus reaches its highest species richness in the
inland areas of the South-West Botanical Province of Western Australia, which has
more species and higher endemism (ca 80%) than in other states of Australia (Hopper &
Maslin, 1978). The semi-arid Eastern Goldfields region of Western Australia lies across
the boundary of the Eremaean Botanical Province and South-Western Interzone.
Acacias within these zones have a lower species richness than districts of the southwest
and display a lower degree of endemism (17% and 9%, respectively, Hopper & Maslin,
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1978) as many species have distributions also within adjacent zones. Some, such as
Acacia aneura (mulga), are widespread throughout the arid interior.
The vegetation of arid areas of the world often displays a patchy distribution of either a
banded or spotted pattern depending on whether the vector of redistribution of
propagules and abiotic materials is water or wind, respectively (Aguiar & Sala, 1999).
In the mulga communities of arid Australia, the dominant pattern is one of banding
(Mabbutt & Fanning, 1987: Tongway & Ludwig, 1990). However, this pattern, which
occurs on gentle slopes with reasonably consistent soil types, can be altered by
landforms such as hills where the steeper gradients affect the movement of materials.
The soils of hills may also be variable due to different weathering regimes to that of the
plains and valleys or to the aeolian and alluvial deposition downslope of finer soil
particles and organic matter (Swanson et al., 1988).
The difference in ecosystem processes brought about by the change in landscape and
soils on hills may produce a change in plant communities compared to the surrounding
lowlands. The characteristic vegetation in the region around Kalgoorlie in the Eastern
Goldfields of Western Australia is an open woodland dominated by eucalypts (Cole,
1992) and resembles the vegetation of the Southwest Province rather than that of the
Eremaean Province (Beard, 1990). To the north of Kalgoorlie, Acacia aneura woodland
replaces the eucalypts whilst around Kalgoorlie communities of Acacia quadrimarginea
and associated shrubs are found on the skeletal soils of ridges and hills (Cole, 1992).
Further to the south of the region, the hills and ridges of the Bremer and Parker Ranges
are dominated by species of Allocasuarina such as A. campestris, A. acultivalvis and A.
corniculata with Eucalyptus capillosa ssp. polyclada co-dominant at some sites (Gibson

18
& Lyons, 1998a&b). A. campestris is particularly prominent, forming thickets on
shallow soils of ironstone ridges and breakaways (Beard, 1990). This is in contrast to
the vegetation of the adjacent areas lower in the landscape, which is dominated by
eucalypt species. There is also a considerable change in the flora between the two
ranges even though they are separated by only 100km (Gibson & Lyons, 1998b).
Unlike the greenstone ranges in the southwest of the Eastern Goldfields region, many of
the hills around Kalgoorlie are isolated features or part of relatively small ranges,
separated by extensive plains or broad valleys. They are generally covered in woodlands
and shrublands of various types (Beard, 1990). Therefore, it may be expected that not
only will the flora of the greenstone hills vary from that of the ranges to the south, but
there may be differences between the hills themselves. The purpose of this study is to
identify and describe the plant communities found on the greenstone hills and to
ascertain the environmental factors influencing their distribution.
3.2 METHODS
3.2.1 Site Selection
The criteria for selecting the hills for study were that they had to have a greenstone
substrate, be within about 100km of Kalgoorlie and provide as similar a slope angle to
that of the waste dumps as possible i.e. 20°. However, in order to include enough hills
over a wide enough area of the region, a lower limit of 10° was used for site selection.
The length of the main slope needed to be at least 50m so as to fit a quadrat yet still
maintain the spatial independence of quadrats on the same hill.
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Topographical and geological maps were used to locate likely hills followed by a
ground inspection. A total of twelve hills were surveyed. On each hill, three sites were
selected for sampling i.e. one each on the ridgetop, slope and at the base of the main
slope. Each site was selected subjectively so as to sample a representative area of the
main community type present. The hills surveyed were Mt. Carnage, Mt. Ellis, two sites
in the Jaurdi Hills including one on a mine lease named Coolgardie Gold, Mt. Burges,
Emu Hill, Comet Hill, Mt. Marion, Alan Hill, Mt. Morgan, Mt. Eaton and a site at
Bulong to the east of Kalgoorlie. The location of the hills is shown in Figure 3.1. The
greatest distance between sites was 150 kilometres between Mt. Eaton and Mt. Carnage.
3.2.2 Vegetation
A 20m x 20m quadrat was established at each site and all vascular species present
identified. The quadrat size was chosen to be large enough to adequately sample sites
with sparse vegetation whilst maintaining the independence of the site from any
adjacent topographical variation. Gibson et al. (1997) and Gibson & Lyons (1998a&b;
2001) also used this size in their surveys in the Eastern Goldfields. Each species was
given a cover value according to the following modified Domin scale:
1 = 1-2 individuals, 2 = < 1%, 3 = 1-4%, 4 = 5-10%, 5=11- 25%,
6 = 26-33%, 7= 34-50%, 8 = 51-75%, 9 = 76-90%, 10 = 91-100%.
A 40m x 40m quadrat based on an extension of the 20m x 20m quadrat was also
established to determine the density of the tree and shrub species and the diameter at
breast height (DBH) of trees was also recorded, except for Alan Hill, Emu Hill and Mt.
Burges where 50m x 50m quadrats were used whilst establishing the appropriate quadrat
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Figure 3.1: Location map of greenstone hills selected for study.
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size. This was achieved by marking overlapping 5m x 5m, 10m x 10m, 20m x 20m,
30m x 30m and 50m x 50m quadrats. The total density of all shrub and tree
species in each quadrat was recorded and the results plotted on a graph. It was found
that the 30m x 30m quadrats slightly but consistently overestimated the result obtained
from the 50m x 50m quadrats. Therefore, it was decided (taking into account time taken
to sample) that 40m x 40m quadrats would be used for further sampling.
Classification of the vegetation structure follows that of Beard (1990).
3.2.3 Data Analysis
Classification of the vegetation data was by two-way indicator species analysis using the
polythetic divisive computer program TWINSPAN (Hill, 1979). The analysis included
164 species in 37 quadrats and the classification was terminated at the third level of
division to give two groups (alliances) and four sub-groups (associations). The
taxonomic similarity of the groups was analysed through the computer package
PRIMER (Clarke & Gorley, 2001). Ordination of the samples was through threedimensional non-metric multi-dimensional scaling (MDS) using a Bray-Curtis similarity
matrix. Similarity of species complement was then analysed by the ANOSIM function,
also from the Bray-Curtis dissimilarity matrix. The ANOSIM function is analogous to a
standard univariate one-way ANOVA test. The output gives a value between 0
(indistinguishable) to 1 (where all similarities within groups are less than any similarity
between groups) both for the overall result and for pairwise comparisons between
groups.
Comparison of means was carried out using one-way ANOVA and Student’s t-tests.

22
3.3 RESULTS
3.3.1 Vegetation Alliances
A strongly repeating pattern of plant communities was observed on the steep sloped
greenstone hills of the Kalgoorlie region, which is illustrated in figure 3.2. A low
woodland dominated by A. quadrimarginea was the most common community on the
steep slopes and eucalypt woodlands dominate the base of the slopes. The ridges were
evenly divided between the two vegetation types.
From the TWINSPAN classification it was possible to recognize two main groups
(alliances) of species and four sub-groups or associations (Table 3.1). This is supported
by the Bray-Curtis similarity matrix used for the ordination that showed less than 20%
similarity between the two groups. The Eucalyptus-Dodonaea alliance is characterised
by the shrub Dodonaea lobulata with either Eucalyptus torquata or E. griffithsii as the
dominant overstorey with E. oleosa and E. celastroides sometimes occurring as codominants (Fig. 3.3). The two associations contained within this alliance are very
similar floristically and are differentiated mainly by the replacement of E. torquata with
E. griffithsii in the overstorey. Structurally, the alliance is open woodland with an
understorey of clumped low to medium shrubs and sparse covering of herbs and grasses.
The Acacia-Prostanthera alliance is quite different floristically from the EucalyptusDodonaea alliance. The overstorey is mainly comprised of species of Acacia with an
understorey of low to medium shrubs (Fig. 3.4). The canopy is generally more closed
than the Eucalyptus-Dodonaea alliance and there is a greater coverage of herbs and
grasses. The two associations within this alliance are defined by the dominance of
Acacia quadrimarginea, Acacia acuminata or Allocasuarina campestris.
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Figure 3.2: Typical vegetation pattern of the greenstone hills in the Kalgoorlie region.
The vegetation of Comet Hill, south of Coolgardie, shows eucalypt woodland on the
ridgeline in the background whilst the slopes are dominated by A.. quadrimarginea low
woodland.
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Figure 3.3: Eucalyptus griffithsii and E. oleosa woodland on the ridge of Comet Hill.
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Figure 3.4: Acacia quadrimarginea low woodland over Prostanthera incurvata at
Comet Hill.
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Table 3.1: Sorted two-way table of the greenstone hills sites showing Domin values of
foliage projective cover. Sites appear as columns and are divided into associations: 1 –
E. torquata woodland; 2 – E. griffithsii woodland; 3 – A. quadrimarginea woodland;
Allocasuarina campestris thicket. Species appear as rows. Only the most important
species are shown.
Community Type
Eucalyptus-Dodonaea
Alliance
1
2
SPECIES GROUP A
2 2
Carrichtera annua
22 222
Zygophyllum billardierei
2
Acacia tetragonophylla
2
Asteridea athrixioides
3 2 34
Pomaderris forrestiana
SPECIES GROUP B
4332 3
Eremophila angustifolia
2 2
Leucochrysum fitzgibbonii
2
Sclerolaena densiflora
2 33
Eremophila glabra
43 5
Eucalyptus griffithsii
2 2
Maireana georgei
222 222
Olearia muelleri
SPECIES GROUP C
3 24
Eremophila pustulata
Eucalyptus celastroides ssp 3 3
celastroides
3455565
Eucalyptus torquata
2332222
Acacia erinacea
234 323
Alyxia buxifolia
222
Exocarpos aphyllus
2 42
Trymalium myrtillus
2224 22
Westringia rigida

Acacia-Prostanthera Alliance
3

22 2
222222
2 222
212
42

22
22
23

43 344
212
2 12 2
42
776544
22 2
3334

33
22
2
3

3

2
2

4

2
3
4

2 2
2253 2 2
233

3
2
2

33

4

2
22
2

5
22
22
22
123
2222

22
2
2
2 23 4 2
2
2
2 2 22
22
2

2
2
2
2
3

27
Table 3.1 (continued)
SPECIES GROUP D
Eremophila oppositifolia
Calandrinia eremaea
Santalum spicatum
Dodonaea lobulata
Eucalyptus oleosa
Ptilotus obovatus
Senna
artemisioides
ssp
filifolia
Thysanotus manglesianus
Scaevola spinescens
Daucus glochidiatus
SPECIES GROUP E
Austrostipa puberula
Prostanthera wilkieana
Pimelea spiculigera
SPECIES GROUP F
Chrysocephalum puteale
Eremophila websteri
Podolepis lessonii
Acacia quadrimarginea
Dodonaea microzyga
Solanum lasiophyllum
Velleia cycnopotamica
SPECIES GROUP G
Prostanthera incurvata
Cheilanthes sieberi ssp sieberi
Stackhousia monogyna
Trachymene ornata
Eremophila alternifolia
Lomandraceae sp.
Acacia acuminata
Goodenia concinna
Haloragis trigonocarpa
Rhodanthe oppositifolia
Stenopetalum sp.
Austrostipa elegantissima
Eucalyptus websteriana
Waitzia acuminata
Pentaschistis airoides
SPECIES GROUP H
Aristida contorta
Ptilotus exaltatus
Allocasuarina campestris
Brunonis australis

3 4
22
222 3 2
552443
3
2 2222
22 3 2

3
323343
4
321322
2 2322

2 3
222
2 3 32 3 3
4545
2 34 5 33
45
4
22222 22 2 2222232
222 2 222 2 3 3

2 22
332 222
2

2
23233
2

2
22 2
2223 2 222223 2 22
22 2 22 2 2 2

2
4
2

2

4
2
22 12
2
22

2

2

2
32
2 22
2 22
2 22
2

2 2
12
22
2 2
2
2

2 22
2
2

222
221

2

2 244
2 3
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3.3.2 Description of Associations
Eucalyptus-Dodonaea Alliance
Eucalyptus torquata woodland (Association 1)
The Eucalyptus torquata woodland occurred at seven sites, mainly on ridges and at the
base of slopes but was also found on two of the shallower slopes at Alan Hill (AHS) and
Mt Marion (MAS). Species of species groups C and D were typical of this association.
Eremophila oldfieldii ssp. angustifolia and Santalum spicatum form a sparse
understorey of small trees along with a medium to tall shrub layer comprised mostly of
Eremophila duttonii, Eremophila oppositifolia, Dodonaea lobulata, Senna artemisioides
ssp. filifolia, Scaevola spinescens, Alyxia buxifolia, and Trymalium myrtillus. Low
shrubs include Eremophila pustulata, Acacia erinacea and Westringia rigida. Herbs are
not common with Zygophyllum billardierei being the species most frequently present.
Leucochrysum fitzgibbonii, Goodenia concinna, Haloragis trigonocarpa and Rhodanthe
oppositifolia occur intermittently (Table 3.1).
Eucalyptus griffithsii woodland (Association 2)
The Eucalyptus griffithsii open woodland also occurs mostly on ridges and at the base of
hills and was the dominant community at six sites. The only slope site to contain this
association was at Comet Hill (CHS) where the ridgetop vegetation extended
downslope. This association shared many of the species in species groups A and B with
the E. torquata woodland. Some of the species of groups C and D such as S. spicatum,
A. erinacea and Alyxia buxifolia became less common. Olearia muelleri increased in
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importance in this association. The herb layer was again quite sparse and similar to that
of the E. torquata woodland.
Acacia-Prostanthera Alliance
Acacia quadrimarginea low woodland (Association 3)
The Acacia quadrimarginea low woodland was the most widespread association on the
rocky greenstone hills of the Eastern Goldfields being dominant at 20 of the locations
surveyed. It was the most common vegetation on the hill slopes but was also found on
ridges. Acacia quadrimarginea may vary from a small multi-stemmed tree to a large
spreading shrub over an understorey of medium-sized shrubs. Acacia acuminata and
Allocasuarina campestris occasionally occur as co-dominants. The shrub layer was
often formed into clumps.
Species groups F and G were typical of this association and where understorey species
were shared with the Eucalyptus-Dodonaea alliance, they were often less prominent.
Dodonaea microzyga occurred instead of D. lobulata at many sites in the understorey of
this association. During the entire survey the two congenerics were found together in
only four quadrats, the three at Bulong and on the slope of Mt. Carnage where A.
acuminata was more dominant. Only at Mt. Carnage were both species relatively
abundant. The other main shrub species included Prostanthera incurvata, P. wilkieana,
Senna artemisioides ssp. filifolia, Scaevola spinescens, Eremophila sp. A and
Eremophila alternifolia. Trymalium myrtillus formed dense thickets in some quadrats.
Herbs and grasses, although not abundant, are much more common than under eucalypts
and form denser ground covers. Daisy species such as Rhodanthe oppositifolia and
Podolepis lessonii and goodenias (e.g. Goodenia concinna, Velleia cycnopotamica) are
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frequently present. In addition, Haloragis trigonocarpa, Trachymene ornata,
Stackhousia monogyna and Pimelea spiculigera are common. Grass species of
Austrostipa and Aristida are common and form a relatively sparse ground cover at most
sites.
Allocasuarina campestris thicket (Association 4)
This association was similar floristically to the Acacia woodland but lacks a prominent
shrub layer and the understorey comprises mostly herbs and grasses. Allocasuarina
campestris formed a low dense thicket at four of the sites with a very closed canopy.
Shrub species such as Dodonaea microzyga, Eremophila sp. A, Trymalium myrtillus and
Prostanthera incurvata were present in small numbers at only one or two sites. Stipa
spp and Aristida spp form most of the ground layer with the herbs Haloragis
trigonocarpa, Goodenia concinna and Rhodanthe oppositifolia quite common.
3.3.3 Ordination of Sites
The first two axes from the ordination displayed a marked divergence between the
Acacia-Prostanthera Alliance and the Eucalyptus-Dodonaea Alliance along the first
axis (Figure 3.4). The exception to this is three sites where A. acuminata was the
dominant overstorey species. These sites are spread along the first axis and are the three
rightmost sites on the ordination. They show no consistent relationship to either alliance
or even to each other. The two rightmost sites are from Mt. Carnage and the other from
the Coolgardie Gold site in the Jaurdi Hills. The second axis of the ordination separated
the associations within these two alliance groupings. The E. torquata sites are chiefly
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Figure 3.5: The first two axes of a three dimensional non-metric multi-dimensional scaling ordination of the cover data of the four
plant associations identified on the greenstone hills (stress = 0.12).
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separated from the E. griffithsii sites to the upper right and the A. campestris sites are
grouped to the lower left with one outlier (from the base of Jaurdi Hill) at the upper left.
3.3.4 Similarity of Associations
The separation of the association groupings in the ordination is reflected in the
ANOSIM results (Table 3.2). There is a distinct dissimilarity between the four
associations (overall sample statistic R = 0.598: p<0.001). The pairwise comparisons
between the associations also reveal significant differences between eucalypt and acacia
alliances and also between groups within these alliances. The A. quadrimarginea
woodland is significantly different from all other associations except for the
Allocasuarina campestris woodland. The Allocasuarina campestris woodland is even
more dissimilar from the two eucalypt associations than is the A. quadrimarginea
association. There is some dissimilarity between the two eucalypt communities, but
there seems to be a substantial overlap in the species assemblage between the two
associations.
The mean species richness varied little between the associations from the average for all
sites of 25.1±0.8 species/plot and ranged from 15 species recorded in an Allocasuarina
campestris woodland on the ridgetop of Mt. Ellis to 35 species identified from the slope
of Mt Burges. The lowest mean species richness was recorded for the Allocasuarina
campestris association with 20.2±2.7 species/plot species.
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Table 3.2: Pairwise R-values of dissimilarity between the different communities from
the ANOSIM analysis (where 0 = complete similarity and 1 is complete dissimilarity.
Results are statistically significant where indicated by * = p<0.05; ** = p<0.01:
*** = p<0.001).
Acacia quadrimarginea
woodland
Allocasuarina
campestris thicket
Eucalyptus griffithsii
woodland
Eucalyptus
torquata
woodland

A

0

Ac

0.229

0

E

0.723***

0.907**

0

Et

0.831***

0.987**

0.367***

A

Ac

E

The mean basal area (m2/ha) for each species of eucalypt is shown in Table 3.3. There
was no difference found in the total tree basal area between the three site positions on
the hills but some differences were observed for individual species. Eucalyptus
griffithsii recorded a lower basal area for the slope sites than for either the ridges or
around the hill bases. Similarly, the mean basal area for E. oleosa was higher on the
ridges than on the slopes but was not significantly different from that of the bases. No
difference in mean basal area was found for E. torquata.
The density of the shrubs found in the understorey was recorded and the results for the
major species (as well as A. quadrimarginea) are shown in Table 3.4. Total shrub
density was not significantly different for all topographical positions but there was a
trend toward lower densities at the base of the hills (ANOVA: F=2.863, p=0.071).
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Table 3.3: The mean basal area (m2/ha±SE) of each topographic position for each
species of eucalypt found on the greenstone hills. Results are shown for sites where a
species was present. An asterisk indicates the result is for only one site and no standard
error can be calculated.
Eucalyptus torquata
E. griffithsii
E. celastroides
E. oleosa
E. campaspe
E. clelandii
E. lesouefii
E. websteriana
Total for all species

RIDGE
1.68±0.91
2.51±0.83
0.11*
2.01±0.58
0.44*
1.44*
3.78±0.99

SLOPE
4.49±2.26
0.61±0.14
1.27*
0.82±0.17
0.09*

BASE
2.96±1.14
1.49±0.74
0.89±0.10
1.40±0.80
1.11±0.10
3.88*

0.63*
2.68±1.35

0.22*
3.50±0.80

TOTAL
3.02±0.79
1.54±0.40
0.79±0.25
1.31±0.31
0.77±0.34
2.16±1.72
1.04±0.41
0.22*

The mean shrub density of the two alliances was not significantly different (1678.5±350
plants/ha for the Acacia-Prostanthera Alliance versus 1843.2±511.2 for the EucalyptusDodonaea Alliance). Considerable variation between sites for individual species was
observed as evidenced by some large standard errors, e.g. Westringia rigida on slopes
and Prostanthera incurvata at base sites. For individual species, only Olearia muelleri
recorded a significant difference in mean density between positions, being higher on the
ridges (F=4.107, p=0.036). There was a trend, however, for Dodonaea microzyga to
have lower densities on the ridges (F=3.274, p=0.060).
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Table 3.4: Mean density (individuals/ha±SE) for selected shrub species (n≥10) on the
greenstone hills.
Shrub Species
Acacia erinacea
Acacia quadrimarginea
Acacia tetragonophylla
Alyxia buxifolia
Dodonaea lobulata
Dodonaea microzyga
Eremophila oldfieldii ssp.
angustifolia
Olearia muelleri
Pomaderris forrestiana
Prostanthera incurvata
Santalum spicatum
Scaevola spinescens
Senna artemisioides ssp.
filifolia
Trymalium myrtillus
Westringia rigida
Total Shrub Density

Ridge
Slope
367.0±125.2 207.8±94.6
390.2±128.3 642.7±219.3
36.0±14.0
56.8±31.8
227.2±62.2
162.3±83.6
1259.5±252.4 846.9±267.1
218.1±83.2 940.4±246.3

Base
286.5±157.8
167.0±49.7
24.2±6.5
168.5±105.3
795.9±226.1
564.3±214.7

Total
292.3±78.8
414.4±95.5
39.3±11.5
188.9±48.7
987.9±148.1
590.9±128.5

349.7±59.0

182.1±37.6

303.1±82.1

266.3±36.8

701.2±261.0
343.0±102.6
271.0±96.5
35.5±8.6
335.6±92.3

101.3±53.3
261.6±143.6
593.0±204.4
39.4±13.8
291.0±81.9

149.7±51.1
290.0±160.4
249.5±165.0
57.1±29.1
213.4±59.0

308.6±108.2
290.8±80.8
402.9±107.7
44.8±11.7
278.4±45.5

392.2±113.5

184.8±76.8

192.2±81.6

248.7±54.3

213.8±89.1 562.0±276.9 228.0±95.8
322.5±99.4
314.0±132.4 777.8±638.8 299.6±147.6 432.9±177.5
4846.2±527.0 4844.1±578 3291.6±370.0 4327.3±306.0

Linear regression analysis of both the total tree basal area and mean shrub densities and
on a species x species basis revealed no association between the two measures.
3.4 DISCUSSION
The steep sloped greenstone hills of the Kalgoorlie region show a strongly repeating
pattern of plant communities. The Acacia-Prostanthera Alliance is the most common
community on the steep slopes and the Eucalyptus-Dodonaea Alliance dominates the
base of the slopes. The ridges were evenly divided between the two alliances with the
Acacia-Prostanthera alliance dominating where soils were more skeletal (see Chapter
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4). This was also true for Mt. Carnage where the bedrock was only partially
greenstone, being mainly amphibolite. This suggests that the plant communities on these
hills are strongly influenced by edaphic and other environmental factors rather than any
disturbance regime. The distance between sites would preclude any likelihood of a
common disturbance history for the hills that were studied.
The ordination of sites indicates a strong separation between the two alliances. This
separation was apparent at many sites in the field where a sharp boundary could often be
observed between the communities. The structure of the communities was also different
with almost no groundlayer or herbaceous species found with the eucalypts. Instead, a
more diverse suite of shrub species was associated with the eucalypts than with the
acacias.
The two sites at Mt. Carnage dominated by Acacia acuminata were both placed with the
eucalypt sites and separated from the other site (CGB) in the ordination even though the
species itself was more often associated with the A. quadrimarginea community. These
sites seemed to be categorised more by the absence of the major dominant species of the
greenstone hills (i.e. Eucalyptus griffithsii, E. torquata and A. quadrimarginea) than by
a large change in the associated understorey species. For example, E. oleosa was most
closely allied to E. griffithsii and its presence at the base of Mt. Carnage (MCB)
explains why this site has been grouped among the other Eucalyptus-Dodonaea Alliance
sites in the ordination. However, E. oleosa was also present at CGB, which is clearly
among the Acacia-Prostanthera Alliance. The understorey at this site comprised grasses
and herbaceous species such as Haloragis trigonocarpa and Podolepis lessonii, which
are more typical of A. quadrimarginea low woodland. Both A. acuminata and E. oleosa
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have ranges that extend well into the South West Botanical Province whereas both E.
griffithsii and E. torquata are restricted to the region around Kalgoorlie and A.
quadrimarginea is an Eremaean species with the Kalgoorlie area representing the
southerly limit of its range (Maslin & Pedley, 1982). This suggests that the sites where
the major dominant species are absent may be areas that are locally unsuitable for them
specifically and not the association as a whole and because of this A. acuminata and E.
oleosa were more prominent.
Gibson & Lyons (1998a&b) also found differences between the vegetation of the hills
and ridges in the greenstone belts of the Bremer and Parker Ranges (both areas around
220 kilometres from Kalgoorlie) and that of the surrounding flats. They concluded this
was due to edaphic factors such as the poorer nutrient status of the soils on the hills
compared to the colluvial deposits of the flats and differences in the soil water holding
capacity. However, they also found a large variation between the floras of the two
ranges even though they are only separated by about 100 kilometres, which the authors
put down to regional climatic gradients. The sites studied in this project were further
inland where there is less regional change in climate. For example, the mean annual
rainfall at Norseman to the south is 289mm which is similar to the 270mm per year
recorded at the Kalgoorlie airport (Bureau of Meteorology).
The plant communities of the Kalgoorlie region greenstone hills displayed a strongly
repeating pattern despite their separation by up to 150 kilometres. Also, the species
composition of the eucalypt associations was very similar to the species group B
described by Gibson & Lyons (2001) on the hills of Jaurdi Station, 135 kilometres to the
west of Kalgoorlie. The soils of the communities associated with that species group had
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a higher pH and higher levels of exchangeable Ca and exchangeable K than the other
communities of that area, which is similar to the hills nearer Kalgoorlie (see Chapter 4).
This indicates that the species composition of the communities on greenstone hills,
especially eucalypt communities, is influenced by edaphic factors more so than climate
or topography.
The effect of the substrate on the plant communities of the eastern goldfields has also
been observed by Cole (1992). She noted that eucalypts were rare on skeletal soils and
concluded that where they are found on ridges the soils are likely to be deeper or the
bedrock contained fissures that were penetrable by the plant’s roots. These observations
agree with this study, which found that acacia woodlands predominated on the steeper
slopes and eucalypts at the base of the hills. These particular eucalypt woodlands were
not a continuation of the main vegetation of the surrounding flats. Coolgardie blackbutt
(E. lesouefii) was recorded as a minor presence at only one site (Mt. Marion) and
salmon gum (E. salmonophloia) was not recorded at all, despite being prominent on the
surrounding flats. This would indicate that factors other than slope, aspect or gradient
are more likely to be controlling the vegetation patterning of the greenstone hills. If
topographic influences were the main determinant of community distribution then it
would be expected that the vegetation of the flats would be found at least up to the
beginning of the slopes.
Topography may also affect the distribution of eucalypts by influencing factors such as
disturbance by fire, availability of water and variations in nutrient-cycling (Adams,
1996). However, the consistency in community distribution on the hills demonstrates
that disturbances such as fire are not responsible for the vegetation pattern extant on the
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greenstone hills. The availability of nutrients and water are therefore most likely to be
the determinants of eucalypt distribution on the greenstone hills.
Also, no direct causal relationship has been found between the distribution of individual
species of eucalypts and their associated understorey species, even though there is often
a distinct change in floristic composition from one community to another (Kirkpatrick,
1997). This pattern was apparent on the greenstone hills where the two major alliances
displayed less than 20% similarity. The boundaries between the two were often sharp
with a high species turnover in line with a structural change in the vegetation. This does
not indicate causality, but an affinity for similar conditions. For example, whilst many
understorey species such as Dodonaea lobulata and various species of Eremophila were
highly associated with the Eucalyptus-Dodonaea Alliance and Prostanthera incurvata
and D. microzyga in turn with the Acacia-Prostanthera Alliance, the relationships are
not exclusive.
Apart from the change in overstorey from the trees of the eucalypt woodland to the tall
shrubs of the acacia low woodland, the main change in structure was the sparseness of
groundlayer species under the eucalypts. Most grasses and daisy species were associated
with the acacia woodlands and, whilst some species such as Rhodanthe oppositifolia and
Haloragis trigonocarpa occasionally coincided with eucalypt woodlands, their presence
was minor. The reason for this change in groundcovers is not immediately apparent
although declines in grass production have been correlated with increasing tree basal
area (Scanlan & Burrows, 1990). However, as the biomass of the herbaceous species
was not measured it is not possible to determine if such a relationship exists in the
eucalypt woodlands on the greenstone hills. The influence of the shrub species would
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also need to be taken into account. As there was no difference in shrub density
between the two alliances, it is likely the lack of groundlayer species in the EucalyptusDodonaea Alliance is not due directly to competition from woody species. The presence
of competitive effects among woody species is not supported by the data, as there was
no correlation between tree basal area and shrub density. Although a trend for lower
shrub density was observed at the base of the hills compared with the upslope sites, the
plants around the bases of the hills were observed to be generally taller and larger and so
it cannot be concluded that there was a difference in biomass production between the
sites. Eucalypts have also been known to have allelopathic effects on understorey
species (May & Ash, 1990) but this does not seem to explain why the herbaceous
species would be affected while the shrub layer remained relatively immune.
3.5 CONCLUSION
The vegetation of the greenstone hills in the Kalgoorlie region can be classified into two
major groups - a Eucalyptus-Dodonaea Alliance and an Acacia-Prostanthera Alliance.
These alliances are floristically and structurally distinct with the eucalypt community
displaying a taller upper stratum and few herbaceous groundlayer species. The A.
quadrimarginea low woodland is the main vegetation of the steep slopes whilst the flats
immediately surrounding the hills are dominated by E. griffithsii and E. torquata open
woodlands. The ridges of the hills were evenly divided between the two alliances. The
consistent vegetation pattern between geographically isolated sites suggests that species
distribution on these hills is largely influenced by edaphic factors. Therefore, the
following chapter will present a more detailed examination of the soils of the greenstone
hills in order to clarify the patterns between the associations.
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Chapter 4
SOILS
4.1 INTRODUCTION
The Yilgarn Block (or Craton) forms much of the bedrock of southwestern Australia
(Glassford & Semeniuk, 1995) and extends from near the south coast north for
approximately 900km and is around 700km from east to west (Johnstone et al, 1973). It
is one of three Archaean nuclei of Western Australia, bordering the Pilbara and
Kimberley Cratons. It is approximately 2.7 billion years old and consists mainly of
gneisses and granites. Within the Archaean gneisses, however, lie belts of older
greenstones that date from around 3 billion years ago. The greenstone belts possibly
represent the earliest zones of thick sedimentation of the crust (Johnstone et al, 1973).
Most of the older rocks are now obscured by widespread laterite and its soil horizons
(late Cenozoic regolith) that form extensive sandplains and are often continuous with,
and identical to, the regolith of adjacent regions (Johnstone et al, 1973).
The Yilgarn Block has been divided into three granitoid-greenstone provinces - the
Murchison, the Southern Cross and the Eastern Goldfields provinces. After periods of
glaciation during the Permian, the Eastern Goldfields Province underwent deep
weathering throughout the Mesozoic (Ollier et al., 1988). Major drainage lines were
established during this time and the modern lines of salt lakes follow these ancient
valleys. The valleys began to aggrade during the Eocene along with some marine
incursion (Ollier et al., 1988). Weathering of the profile continued throughout the
Cenozoic, mostly under warm and moist climatic regimes (Ollier et al., 1988; Morgan,
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1993). During the latter Cenozoic however, aridity set in with an increase in aeolian
deposits of sands and calcareous clays (Ollier et al., 1988).
The greenstone belts consist of felsic, metasedimentary, mafic and ultramafic rocks
(Glassford & Semeniuk, 1995). The hills in the Eastern Goldfields region are generally
formed from mafic material whereas the more easily weatherable ultramafics form the
lower ground (Cole, 1992). Soils derived from ultramafic parent material are recognised
around the world for supporting taxonomically and physiognomically distinctive
vegetation. They often display high Mg/Ca ratios, low concentrations of major nutrients
and relatively high concentrations of toxic metals such as nickel (Proctor & Nagy,
1992). The greenstone soils of the Eastern Goldfields, however, contain much higher
concentrations of calcium than those found in other ultramafic areas around the world
(Cole, 1992).
Calcrete deposits are a feature of the greenstone hills in the Kalgoorlie region (Anand et
al., 1997). Calcretes are accumulations of calcium carbonates precipitated as near
surface deposits in arid or semi-arid areas. There are two main types of calcrete:
groundwater (phreatic) calcrete and pedogenic (vadose) calcrete (Anand et al., 1997).
Groundwater calcretes are formed by the precipitation of calcium carbonate near the
surface as groundwater evaporates (Mann & Horwitz, 1979). Carbonate in the soil
profile was dissolved and removed during moist climatic regimes of the Eocene, and
was then transported to sites of accumulation. As the climate became increasingly arid
and evaporative demands increased, the carbonates were precipitated at or near the
surface (Morgan, 1993). This type of deposit is common in the northern Yilgarn Block
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and is often found in massive sheets associated with ancient drainage lines (Mann &
Horwitz, 1979; Ollier et al., 1988).
South of approximately 31oS, much of the groundwater was confined beneath clay
formations which reduced the evaporative demand and phreatic calcrete formation was
limited (Morgan, 1993). In addition, this region was subject to an acidic groundwater
environment during the Middle Miocene, which would have dissolved many phreatic
calcrete formations (Morgan, 1993). Calcrete formation in the southern Yilgarn Block is
therefore largely a pedogenic phenomenon of the last 10 million years (Morgan, 1993;
Anand et al, 1997). Pedogenic calcretes form when calcium and magnesium bearing
minerals weather in situ. These deposits may then be distributed by erosion or aeolian
transport into new areas or by laterally moving groundwaters (Anand et al., 1993).
Where soils contain easily weatherable minerals, as with pedogenic calcrete, higher total
electrolyte concentrations (TEC) can often be maintained than in other soils. The soils
are therefore less likely to show dispersive behaviour because TEC, along with
exchangeable sodium percentage (ESP), is important in the maintenance of soil structure
(Sumner, 1993). This is important in the Australian landscape as over 25% of the land
area can be classified as sodic (Naidu, 1993). The sodium in Australian soils has been
accumulating for millennia and has been derived from either atmospheric sources such
as the marine salts in rainwater and the aeolian transport of salts or from the weathering
of rocks containing significant amounts of soluble salts (Chartres, 1993). However, in
arid and semi-arid areas of inland Australia, the deposition of chloride in rainwater is
much reduced compared to coastal areas (Chartres, 1993). If salt accession into the soil
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from other sources is also low, the clay fraction of the soil will be more prone to
dispersion.
Sodic soils contain spontaneously dispersive clays and often swell on wetting, which
inhibits water movement in the soil profile. A soil may be classed as sodic when the soil
physical behaviour is greatly affected by the presence of exchangeable sodium (Sumner,
1993), which is a more appropriate criterion than any arbitrary value of ESP (So &
Aylmore, 1993; Sumner, 1993). Other factors such as particle size, mineralogy and the
amount of clay and organic matter also affect the dispersibility of a soil (Nelson et al,
1999). The influence of organic matter is complex as it may enhance dispersion or
prevent it. Organic anions, such as amino acids and proteins, may enhance dispersion by
increasing the negative charge on the surface of the clay particles and by complexing
calcium and other polyvalent cations whereas carbohydrates can stabilize particles
(Nelson et al, 1999).
The dispersion of clay negatively impacts on the hydraulic conductivity and infiltration
rate of a soil and can often lead to a degree of hard setting. This decline in hydraulic
properties is a continuous function of ESP, even down to very low levels when TEC is
also low (Sumner, 1993), and will have a negative impact on the water use efficiency of
plants. The infiltration rate of a soil will determine the amount of water recharge to the
subsoil. As this is often reduced in sodic soil, root development may be retarded (So &
Aylmore, 1993). Root growth may also be limited by the formation of subsurface
hardpans when evaporation from the soil is sufficiently high (So & Aylmore, 1993).
Under such conditions, species which are better able to tolerate the stresses of reduced
soil moisture availability will be able to outcompete less tolerant plants. This may then
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have a discernible influence on plant community distribution. The purpose of this
chapter is therefore to examine factors such as nutrient concentrations and physical
parameters in the soils on the greenstone hills of the Kalgoorlie region, which may
explain the plant community distribution as outlined in Chapter 3.
4.2 METHODS
4.2.1 Field Methods
Cores
The cores for the field samples were taken from three points per 20m x 20m quadrat
used for the vegetation sampling and from two sections on the northeast dump and one
from the southeast dump on site at the Kalgoorlie operations of Kalgoorlie Consolidated
Gold Mines. The samples were obtained during the month of October and were
reasonably dry. At each point, located using random numbers, three cores were taken to
a depth of 20cm and bulked and placed in cloth soil bags. Results for an individual site
were taken as the mean of the three bulked samples, but otherwise each point was used
in the data analyses.
Soil profiles
Soil pits were dug within the 20m x 20m quadrats on the slopes of the Mt. Morgan, Mt.
Carnage, Mt. Eaton, Bulong, Emu Hill & Coolgardie Gold and also on the ridges of Mt
Carnage, Comet Hill and at the base of Mt Eaton to a depth of 1m or until an
impenetrable layer such as fresh rock was encountered. The depth of the profile was
measured. An estimate of the surface rock cover was also recorded.
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4.2.2 Laboratory Analysis Methods
Soil samples were taken from a depth of 15cm and analysed for pH, electrical
conductivity, colour, particle size, exchangeable bases, nitrogen (NO3-N, NH4-N, Total
N), phosphorus (Total P & available PO4 ) organic carbon and nickel and chromium
concentrations. The NO3, NH4, TN, PO4 and organic carbon analyses were conducted
by the CSBP Soil Laboratory and the TP, Ni and Cr analyses were done by the Marine
and Freshwater Research Laboratory at Murdoch University.
Total Nitrogen, Ammonium & Nitrate
TN was determined using a Leco SP-428 Nitrogen analyser. NO3 & NH4
concentrations were measured following method 7C2 in Rayment & Higginson (1992)
except that a 1M KCl extraction solution was substituted for 2M KCl.
Phosphate
The available PO4 concentrations of the soils were determined following the method of
Colwell (1963).
Organic Carbon
Organic carbon was analysed using the Walkley/Black method (Rayment & Higginson,
1992).
Total Phosphorus, Nickel & Chromium
For the determination of nickel, chromium and total phosphorus samples were analysed
by digestion with nitric acid to remove organic matter followed by a perchloric acid
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digest and the respective concentrations then measured with an Inductively Coupled
Plasma (ICP) Spectrophotometer.
Particle Size
Particle size was determined using a hydrometer method. 20g of soil was weighed out
for each sample with a further 10g for determination of the oven dry weight. Saline
samples (i.e. those from waste dumps and with an EC1:5 >3dS/m) were pretreated by
shaking in de-ionised (DI) water for 30mins, centrifuging and discarding the supernatant
and then repeating the procedure to remove soluble salts. Organic matter was removed
by boiling in DI water and boiling down to approximately 30 ml, then adding 100ml of
H2O2 and boiling down again. 10ml of 50g/L hexametaphosphate (HMP) and DI water
was added to the treated samples and shaken for 30 minutes. The suspensions were then
transferred to 500ml sedimentation cylinders, a further 40ml HMP added and made up
to 500ml with DI water. A blank with 50ml HMP in 500ml water was also made up.
The sedimentation cylinders were then shaken by hand end over end for 1 minute.
Hydrometer readings were taken at 30 seconds, 60 seconds, 2 hours and 24 hours with a
no. 5788 Chemicals & Instruments P/L hydrometer and the temperature recorded for
each reading.
The percentage of soil in suspension was calculated using the formula: [(hydrometer
reading at time t - blank reading at time t.) / oven dry weight of the soil] x 50. All
readings were corrected for temperature.
The sand fraction was calculated as that proportion of soil which had settled out of
suspension at the 30 second (coarse sand) and the 60 second (fine sand) readings, the silt
fraction as that which had settled out up to the 24 hour reading and the clay percentage
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was taken as that still in suspension after 24 hours. These timings have been shown
previously to most accurately represent the particle size in the suspension (Gee &
Bauder, 1979).
Exchangeable Bases
Exchangeable bases are best determined using methods close to the pH of the soils
being analysed. To this end, two methods of analysis were used. Pre-testing of the soils
indicated that method 15D1 in Rayment & Higginson (1992) was suitable for most field
soils. However, this method gave exceptionally high calcium concentrations in samples
with a pH greater than 7.7. Those samples (except for the waste dump soils because
insufficient material was available at the time of re-analysis due to the removal of the
originally sampled waste dumps) were analysed using alcoholic 1M ammonium chloride
at pH 8.5. Extractions were measured using the ICP. Cation Exchange Capacity (CEC)
was calculated as the sum of the exchangeable bases (Ca++, Mg++, Na+, K+). Al+++
was ignored as it only becomes available at below pH 5.5 and all samples were in
excess of this. ESP was calculated as the concentration of Na+ divided by the CEC,
expressed as a percentage.
EC & pH
The electrical conductivity of the soil was measured with a Hanna Instruments HI8733
EC meter in a 1:5 soil:water solution after settling of suspended material and decanting
of the supernatant. The pH of the soil was measured in the same solutions using a Hanna
Instruments HI8424 pH meter. The pH in a CaCl2 solution was not done as most results
were around neutral and would have yielded little further information. In addition, the
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use of random numbers to locate sampling points meant some samples were taken
where little soil was available after sieving and it was decided that the use of calcium
chloride was unnecessary.
4.2.3 Data Analysis
The response of many organisms to cations is logarithmic (Jager & Looman, 1995) and
so preliminary analyses including Kolmogorov-Smirnov test for normality and Levene’s
test for equality of variance were conducted. After the preliminary analyses clay, NO3,
TP, Ni, Cr, Ca, CEC, and Ca/Mg data were log transformed and PO4, NH4, Mg and ESP
data were square root transformed so that the distribution of the data better
approximated normality. Data for the other variables were not transformed.
Relationships between sites and community groups were then analysed by KruskalWallis non-parametric analysis of variance and Mann-Whitney U-tests as violations of
the assumption of equality of variance were too frequent to allow the use of parametric
analyses. Correlation-based Principal Components Analysis (PCA) was performed to
determine environmental associations with the vegetation classification from the
previous chapter using the computer package PRIMER (Clarke & Gorley, 2001). PCA
is one of the most useful methods for the ordination of environmental variables as it
allows for variables measured in different units (Kent & Coker, 1992). Environmental
variables are also often monotonically related to underlying factors and may be highly
intercorrelated which PCA is effective in removing during the analysis (Kent & Coker,
1992). The output from this package was used to construct the PCA biplot. However,
this package does not give the fraction of variance (R2adj) accounted for by each
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principal component for each environmental variable. This output was obtained by
performing a separate correlation-based PCA using CANOCO (ter Braak, 1987).
Data were transformed to zero mean and unit variance for the ordination.
4.3 RESULTS
4.3.1 Soil Profiles of Slopes
The observations from the soil pits show that the eucalypt soils are lighter in colour
(yellowish red (mainly 2.5YR3/6 and 5YR4/6) compared to brown and dark brown
(7.5YR4/4)), are much more friable than the non-calcareous red earths and often contain
carbonate nodules or carbonate coated rock fragments (Figs 4.1-4.3). The soils of the
Acacia-Prostanthera Alliance generally displayed a sub-surface hardpan from around
25cm depth, especially in the drier months. The soil profiles were shallow (generally
less than 70cm) for both alliances. This was particularly so on the slopes where the
topsoil usually did not exceed much more than 50cm. The soil profiles were apedal and
contained large amounts of rock and coarse fragments, especially in the upper 10cm.
The soils of the greenstone hills are mostly silty loams or loams. Clay content varied
from 10% to 26%. The profile shown in Fig. 4.3 was the deepest excavated beneath
acacias on a slope and reached a depth of 80cm. Fresh rock generally underlaid the soil
on the slopes whereas on the ridges, a highly weathered layer of calcrete was
encountered beneath the topsoil. Fine root material was evident in the upper soil horizon
under the acacias but beneath the eucalypts less root material was observed.
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Figure 4.1: Soil profile from beneath a Eucalyptus griffithsii canopy on the ridge of Mt.
Carnage. Note the highly weathered rocks with carbonate coatings.

Figure 4.2: Soil profile from beneath a Eucalyptus torquata canopy at the base of Mt.
Eaton.
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Figure 4.3: Soil profile from beneath an Acacia quadrimarginea canopy on the slope of
Emu Hill.
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4.3.2 Statistical Analyses of Soil Variables
The statistical analyses showed significant differences between communities for most
edaphic factors, with the exceptions of NO3, NH4, TP and Na (Table 4.1). The waste
dump soils were significantly different from the greenstone hill soils for all communities
and most variables. Only TP showed no variation between the dumps and the hills. No
statistical difference was found for topographic position (data not shown), whilst many
soil variables were also highly autocorrelated (Table 4.2).
The hills soils are non-saline with EC1:5 being lowest in the Allocasuarina campestris
community and highest in the Eucalyptus-Dodonaea Alliance. The dump soils can also
be classified as non-saline although the EC levels were considerably higher than that of
the hills. The major difference in pH levels for the natural communities was found to be
between the Allocasuarina campestris thicket and all other groups. The values from
individual hill sites were all circumneutral ranging from 6.25 on the slope of Emu Hill
to 7.88 at the base of Mt. Carnage. Electrical conductivity was also positively correlated
with pH as is PO4, TN, organic carbon and most exchangeable cations but was
negatively correlated to ESP. ESP was the only parameter to show significant negative
correlations with other variables.
The variation in exchangeable cations was similar for all associations. Mg, Ca and K
were lower in the Acacia-Prostanthera Alliance than the Eucalyptus-Dodonaea
Alliance. Within alliances, Mg concentrations were lower in the E. griffithsii woodland
than in the E. torquata woodland. Exchangeable sodium percentage (ESP) was low for
all associations but still significantly different between alliances. ESP was lower in the
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Table 4.1: Mean values (±SE) of soil variables for each plant community. Superscripted letters represent significant differences (MannWhitney U-tests; p=0.05) between variables with the same letter code (* results are not statistically comparable).

Gravel (%)
EC (dS/m)
pH
PO4 (µg/g)
NO3 (µg/g)
NH4 (µg/g)
Org. C (%)
TN (%)
TP (µg/g)
Ni (µg/g)
Cr (µg/g)
Mg (cmol+/kg-1)
Ca (cmol+/kg-1)
Na (cmol+/kg-1)
K (cmol+/kg-1)
ESP
CEC (cmol+/kg-1)
Ca/Mg
Clay (%)

A. quadrimarginea
low woodland
27.64±1.55abd
0.096±0.01
7.03±0.06b
2.70±0.20ac
3.5±0.30abc
7.6±0.30abc
1.16±0.07a
0.11±0.01a
209±10.50abcd
137.9±18.9abd
261.8±30.8abd
2.21±0.20bca
10.65±1.69a
0.35±0.02abcd
0.46±0.04a
3.96±0.29a
13.67±1.84a
4.77±0.44abc
15.34±0.81b

Allo. campestris
thicket
29.20±2.24aeg
0.059±0.01
6.7±0.12
2.30±0.10ade
3.8±1.20haef
7.9±1.10aef
0.98±0.12a
0.09±0.01ag
183.3±3.80aefg
73.3±1.9aeg
136.9±11.0aeg
2.1±0.20a
6.95±0.73a
0.44±0.05aef
0.35±0.03a
4.46±0.30a
9.83±0.90a
3.43±0.32af
18.23±1.1efg

E. griffithsii
woodland
33.21±3.03bhi
0.15±0.02h
7.29±0.10bh
3.70±0.50dh
4.4±1.10beh
7.2±0.50beh
1.72±0.18h
0.14±0.01h
210±15.60behi
106±19.9bei
195±44.7bei
3.03±0.35
21.1±4.33h
0.3±0.05behi
0.68±0.11hi
2.32±0.48h
25.1±4.63h
6.44±1.12b
16±1.11behi

E. torquata
woodland
39.86±2.64h
0.18±0.02h
7.42±0.08h
3.20±0.30cfh
4.5±0.70cfh
8.1±0.70cfh
1.91±0.18h
0.15±0.01h
184±6.80cfhj
257±35.9
332±38.4
6.1±0.68j
19.6±2.99h
0.34±0.03cfh
0.71±0.09hj
1.68±0.21h
26.7±3.29h
3.61±0.59cf
16.8±0.97fhj

Mine waste dumps
25.32±2.16dgi
1.60±0.33
8.02±0.21
10.00±5.17
13.44±5.45
4.00±0.38
0.62±0.09
0.07±0.01g
202.22±50.64dgij
66.68±2.33dgi
130.92±25.75dgi
3.79±0.32j
52.74±7.25*
0.26±0.04di
0.62±0.10ij
0.45±0.01*
57.40±7.71*
13.79±0.85*
18.02±1.53gij
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Table 4.2: Pearson product moment correlation (r) between selected soil variables. Only significant correlations shown (p<0.0001).

EC
pH
Org. C
TN
Ni
Ca
K
CEC

pH

PO4

0.88

0.63

Org
C
0.67

TN

Cr

Mg

Ca

K

CEC

ESP

0.63

0.67

0.85
0.74

0.75

0.87
0.75

0.95

0.65

-0.80
-0.76
-0.64

0.99
0.82

-0.77

0.74

-0.79

0.67

0.68
0.74

Ca/
Mg

0.93
0.80
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Eucalyptus-Dodonaea Alliance than in the Acacia-Prostanthera alliance, but no
difference was detected within the alliances.
The calcium to magnesium ratio (Ca/Mg) was highest in the E. griffithsii community
and significantly different from both the E. torquata and A. campestris communities.
The variation was due mostly to changing Ca levels as Ca and Ca/Mg ratio are highly
correlated. Although the result for the Ca concentration in the waste dump soil is not
statistically comparable to the hills soils, the initial results suggest that the Ca/Mg ratio
will be similar to, if not higher than, the eucalypt soil.
The hill soils are mostly silty loams or loams. Clay content varied between the A.
quadrimarginea and both the Allocasuarina campestris and E. torquata communities
but the difference between all communities was small. Clay contents for each site
ranged from 10% to 26% and were not consistent between associations. For example,
both the lowest clay content and the highest were recorded in samples from the A.
quadrimarginea shrublands.
PO4 content of the soils varied only between A. quadrimarginea sites and E. griffithsii
sites and was generally low at around 2-3ppm and only showed a correlation with EC.
Total phosphorus did not vary between groups. Mean ammonium and nitrate levels also
did not vary between alliances but total nitrogen (TN) was higher in the EucalyptusDodonaea Alliance than the Acacia-Prostanthera Alliance. The waste dump soils had
higher PO4 and NO3 concentrations, but were lower in NH4.
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Organic carbon percentage was low for all associations (<2%) but was found to be
significantly higher in the eucalypt soils and was highly correlated with TN. Nickel and
chromium concentrations were significantly higher in E. torquata soils than for all other
communities and were highly correlated with each other (r=0.93).
4.3.3 Principal Components Analysis
Ordination of the soil variables using Principal Components Analysis (PCA) accounted
for 70% of the total variation in the first three axes (Fig. 4.4a&b). The first axis
accounted for 38.1% of the variance and was related positively to exchangeable sodium
percentage (ESP) (r = 0.83) and negatively to EC (-0.95), calcium (-0.91), pH (-0.79),
total nitrogen (TN) (-0.77), organic carbon (-0.79) and potassium (-0.84). The second
axis accounted for 16.9% of the total variance, only slightly more than the third axis,
which accounted for 15.0%. The Ca/Mg ratio was most closely correlated to the second
axis (r=0.71) and, to a lesser extent, NH4 (-0.59, Fig. 4.4a). The third axis was most
closely related to total phosphorus (TP) (r=0.79), Ni (-0.66) and Cr (-0.67).
The correlation biplot also separates the sites along the first axis, with Acacia
community sites generally associated with increasing ESP and sodium and the eucalypt
sites related to increasing levels of conductivity, organic carbon and the other
exchangeable cations. The main exceptions to this are the sites at the bases of both Mt.
Carnage and the Bulong site. Whilst no distinction is apparent between the A.
quadrimarginea and the Allocasuarina campestris sites, the second axis suggests the
Eucalyptus torquata sites are associated with higher ammonium concentrations than the
E. griffithsii sites whilst the third axis indicates that Eucalyptus torquata sites are also
higher in concentrations of nickel and chromium.
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The fraction of variance of each soil variable accounted for (R2adj) by the first three
axes is shown in Table 4.3. The first axis explained the greater proportion of the
variance in EC, pH, organic carbon, total nitrogen, calcium, potassium, cation exchange
capacity and ESP. The second axis was mainly significant for Ca/Mg and, to a lesser
extent, concentrations of nickel and ammonium. The third axis explained most of the
remaining variation for ESP, total phosphorus, nickel and chromium.
The relationships between variables implied in the PCA biplot were confirmed by the
correlation analysis (Table 4.2). EC and ESP were highly negatively correlated, as was
ESP with pH and organic carbon. EC was positively correlated most significantly with
pH and calcium. Organic carbon was highly correlated to TN, as was nickel to
chromium.
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Figure 4.4a: Biplot of axis 1 versus axis 2 of the principal components analysis of the soil variables from the greenstone hills. Arrows
represent the soil variables;  A. quadrimarginea shrubland; c Allocasuarina campestris thicket sites;
and { E. torquata woodland sites.
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Figure 4.4b: Biplot of axis 1 versus axis 3 of the principal components analysis of the soil variables from the greenstone hills. Arrows
represent the soil variables;  A. quadrimarginea shrubland; c Allocasuarina campestris thicket sites;

E. griffithsii woodland sites

and { E. torquata woodland sites. Principal Components Analysis of environmental variables of the greenstone hills.
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Table 4.3: Cumulative fraction of variance (R2adj) explained by each of the first three
axes in the PCA of the soil variables.
PC I
Gravel %
.0118
EC
.9052
pH
.6276
PO4
.4044
NO3
.2216
NH4
.0047
Organic Carbon .6341
TN
.5971
TP
.0377
Ni
.0913
Cr
.0620
Mg
.4541
Ca
.8254
Na
.1646
K
.7127
CEC
.8704
ESP
.6910
Ca/Mg
.2989
Clay
.0086

PC II
.2908
.9086
.6735
.4077
.3259
.3482
.7742
.7587
.0681
.3362
.2266
.6978
.9213
.2380
.7133
.9117
.6924
.7988
.1287

PCIII
.3218
.9165
.7650
.5732
.3925
.5048
.8082
.8581
.6946
.7714
.6763
.7587
.9224
.2554
.8593
.9150
.8739
.8005
.1578

4.4 DISCUSSION
Sites within the Eucalyptus-Dodonaea Alliance are associated with higher levels of pH,
electrical conductivity and exchangeable cations - especially calcium – than the other
alliance. This alliance is associated with calcrete-derived soils which are commonly
found on the ridges of greenstone hills in the Kalgoorlie region and in depositional areas
at the base of slopes and out onto the valley floors (Anand et al., 1997). Where calcrete
was not found on the ridgetops such as at Mt Ellis and Mt Morgan the eucalypt
association was also absent. The calcrete has formed in situ over the mafic bedrock of
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the hills and has then been transported downslope (Anand et al., 1997). On the steeper
slopes, the calcareous soils are deposited at the base of the hills leaving skeletal red
earths overlaying fresh greenstone on the slope.
The association of eucalypts with higher levels of exchangeable cations, pH and EC has
also been reported for other ranges of the eastern goldfields. Gibson & Lyons (2001)
recorded eucalypt woodlands growing on calcium rich soils in the Highclere Hills with
communities containing Acacia quadrimarginea found on shallow soils on ridgetops.
Similar patterns were found in the Bremer (Gibson & Lyons, 1998a) and Parker Ranges
(Gibson & Lyons, 1998b). However, a major difference between those areas and the
greenstone hills further east is the result for Na+. Whereas the results from this study
showed no difference in Na+ levels between communities or a slight gradient toward
increasing levels in the Acacia-Prostanthera Alliance, in the other ranges Na+ was
positively correlated with the other exchangeable cations.
Interpretation of the results of the principal components analysis indicates that
differences in the soil moisture regime on the greenstone hills is the main determinant of
community distribution. The two groups are distributed along the first component with
the Acacia-Prostanthera Alliance sites strongly related to increasing ESP and lower EC
levels. This suggests that there are differences in the soil structure between the two
alliances with a concomitant variation in the hydraulic properties of the soil, as the
chemical factors play a significant role in the dispersibility of the clay fraction (Sumner,
1993). Gibson & Lyons (1998a,b) also concluded that a moisture gradient was a
secondary factor in community distribution in the Bremer and Parker Ranges. However,
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their analysis revealed a variation in soil texture between communities whereas in the
Kalgoorlie region no such difference was observed.
Even a small increase in the ESP can have a large effect on the soil hydraulic properties
by increasing the dispersibility of the clay fraction (So & Aylmore, 1993). This effect is
apparent from ESP values approaching zero due to the demixing of Na+ and Ca2+ within
the clusters of clay particles (domains). At low ESP levels, Na+ ions are adsorbed onto
the outer surface of the domains whereas the Ca2+ ions mostly neutralise the charges
within the domain (Shainberg & Letey, 1984). This reduces the attractive forces within
the diffuse double layer as it is less compressed by monovalent ions than divalent ions
and dispersion of the clay particles can occur. The point at which clay will disperse
under the influence of Na+ , however, is also influenced by the total electrolyte
concentration (TEC). As the TEC increases, flocculation is promoted and therefore
dispersion of the clay fraction is a continuum of behaviour dependent on the relative
levels of ESP and TEC (Sumner, 1993). The first component of the PCA shows these
two factors to be the dominant environmental influences of the study sites. As ESP is
increasing, EC is decreasing which indicates that sites located to the right of the graph
would be characterized by increasing clay dispersion. The Mann-Whitney U-tests (Table
4.1) confirm significant differences between the four associations for both variables and,
although the levels of ESP are relatively low, the low EC means the soil will be sensitive
to even small increases in the influence of Na+ (Sumner, 1993).
The higher EC in the Eucalyptus-Dodonaea Alliance soils is most likely due to the
calcrete being more easily weatherable than the fresh greenstone underlaying the soils of
the Acacia-Prostanthera Alliance. Many arid zone soils contain considerable quantities
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of easily weatherable material that continuously contribute Ca and Mg to the soil
(Sumner, 1993). Rengasamy (1983) showed that soils with more easily weatherable
minerals can maintain a higher EC and are less prone to dispersion.
The lack of a difference in the Na+ concentrations between the alliances was expected,
as most Na+ in Australian soils is not derived from the immediate bedrock but from
external sources (Chartres, 1993). This means the variation in the ESP is due to
differences in the levels of the other exchangeable cations, particularly the difference in
Ca concentration, which is around twice as high in the Eucalyptus-Dodonaea Alliance
soils as in those of the Acacia-Prostanthera Alliance. Only Mg was found to vary within
the alliances, being lower in the E. griffithsii woodland than the E. torquata woodland.
This is similar to results found by Fergusson & Graham (1996) between E. griffithsii and
E. salmonophloia woodlands where the soils in the grey gum woodland were also lower
in Mg than at other eucalypt sites.
The importance of Mg in the distribution of the eucalypt woodlands may be twofold.
Firstly, Mg has been shown to ameliorate the effects of nickel toxicity (Proctor &
McGowan, 1976). This may be of importance in the E. torquata woodland, as levels of
both nickel and Mg were appreciably higher than in the soils of the other communities.
E. torquata is often associated with elevated levels of nickel and this was also the case
on the greenstone hills although concentrations in these soils do not approach those
reported for ultramafic soils in the eastern goldfields (Cole, 1992). Cole (1992) also
measured Mg concentrations in the leaves of E. torquata equal to or higher than other
species in the region but the Ca/Mg ratio was much lower. Both Ca and Mg will
ameliorate the effects of nickel toxicity but far more Ca is required to be as effective as
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Mg (Robertson, 1992). If the lower Ca/Mg ratio in the soils of the E torquata woodland
is also reflected in the leaf tissue concentrations of the trees as found by Cole (1992),
this may partially explain why E. torquata can tolerate higher soil concentrations of
nickel.
Secondly, Mg, like Ca, influences the clay dispersion in a soil. Both divalent cations are
often treated as having a similar influence on hydraulic conductivity and this is usually
correct at high ESP values (Sumner, 1993; So & Aylmore, 1993). At lower ESP values
magnesium has been shown to be less effective at enhancing flocculation than calcium
(Rengasamy et al., 1986: Levy et al., 1988). Therefore, in systems with a low Ca/Mg
ratio a higher EC is required to prevent dispersion occurring. On the greenstone hill
soils, only the E. griffithsii woodland differed from the other communities in the Ca/Mg
ratio. This suggests that the exchangeable calcium concentration is the main determinant
of soil structure on the hills.
The effect of calcium on species distribution is varied and often indirect. Calcium
modifies the availability of other nutrients, influences the uptake of phosphates and
modifies the structure of the soil (Crawley, 1997). The most important of these factors
on the greenstone hills is the influence on soil structure. Phosphate is also correlated to
the first axis of the PCA and this may indicate a trend for the eucalypts to be associated
with slightly higher values of PO4 in order to enhance uptake. However, as the MannWhitney U-tests indicated little difference between the communities, this would require
further investigation.
The organic carbon content of the soils was higher in the eucalypt soils and this too may
be influencing the soil moisture regimes. This agrees with Oades (1988) who found that
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the major sodic soils of Australia had organic C contents <%1 whereas soils containing
Ca minerals had organic C contents >%2. Soil organic matter can either increase
dispersion or reduce it. Organic anions can increase the surface charge on the clay
particles and may also complex polyvalent cations (Rengasamy & Olsson, 1991; Nelson
et al., 1999). Alternatively, large organic polyanions may bind clay particles together as
can organic matter that contains large amounts of carbohydrates (Nelson et al., 1999).
The latter effect appears to be of most importance on the greenstone hills.
The differences in soil nutrients such as phosphorus and nitrogen are likely to be of only
secondary importance in determining the distribution of species on the greenstone hills.
Whilst NH4 is highly correlated with the second principal component and TP to the
third, NO3 shows no relationship to the community distributions. The higher TN values
associated with the eucalypts may be accounted for by organic nitrogen such as amino
acids and proteins. The reason for this is most likely due to the lower potential of
monovalent ions such as Na to form bonds with organic molecules (Rengasamy &
Olsson, 1991) compared to divalent and trivalent ions. Therefore as ESP increases,
organic molecules are more easily leached out of the soil (Nelson et al., 1999). Like the
exchangeable cations, organic nitrogen molecules may influence the soil structure by
binding to the clay particles and thereby increasing the negative charge on those
particles (Nelson et al., 1999). This will also enhance dispersion of the clay fraction but
appears not to be a large factor on the greenstone hills.
Interpretation of the results of the soil analyses tends to support the view that acacias are
drought tolerators and eucalypts are drought avoiders. Dispersed soils such as those
associated with the acacia community will have poor hydraulic conductivity and
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infiltration. This results in inadequate transmission of rainfall to the subsoil. Plants
growing in soils with poor infiltration will need to tolerate low soil moisture potentials
or be able to exploit moisture from very near the soil surface. Alternatively, soils with a
more flocculated clay fraction will transfer rainfall more efficiently to the subsoil layers
and it could be expected that deeper rooted species or those less well adapted to
extracting moisture at low moisture potentials would be found on these sites.
Soils with poor hydraulic conductivity would also be more suited to therophytes as much
of the moisture is held in the upper horizons. Although replenishment of soil moisture
under the eucalypts should be adequate for annuals, some eucalypt species have been
shown to be very effective water competitors and to suppress growth beneath their
canopies (Wellington, 1984; Lamont, 1985; Wellington & Noble, 1985; Nulsen et al.,
1986). This may be a contributing factor to the lack of ground layer species found in the
eucalypt communities although few large roots were encountered in the soil pits. This
may be a function of the sites selected for the soil pits as other studies of goldfields
eucalypts, such as Eucalyptus salmonophloia and E. celastroides ssp. celastroides (Ladd
et al., 1997) which grow in the valley flats, have shown them to have extensive root
systems in the top 20 – 30 cm of the soil.
The effect of clay dispersion on infiltration rate may be even greater than that on
hydraulic conductivity. The soil surface is subject to mechanical disturbance due to
raindrop impact and the infiltration rate is sensitive to increasing Na because of this
(Sumner, 1993). The mechanical inputs can even override the chemical effect of
exchangeable cations such as Mg and K. Organic carbon and infiltration rate also shows
a very strong relationship. Grierson et al. (1972, cited in Sumner, 1993) showed that
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infiltration rate increased almost linearly with increasing organic carbon content. This
suggests that the soils of the Acacia-Prostanthera Alliance should display poor
hydraulic conductivity and a low infiltration rate compared to those of the EucalyptusDodonaea Alliance. On the greenstone hills the dispersed soils are also located mainly
on the slopes and reduced infiltration rate will increase surface runoff, further decreasing
the replenishment of the subsoil.
The hardsetting observed in the acacia soils has been shown elsewhere to be the result
largely of clay dispersion (Rengasamy, 1983; Rengasamy et al., 1986; Mullins et al.,
1990). Sodic soils with a low organic matter content can exhibit hardsetting (Sumner,
1993) and plant species growing on them need to be tolerant of extreme moisture stress
or avoid such stresses through an annual life cycle. This would indicate the dominance
of the Acacia-Prostanthera Alliance on the more skeletal soils of the slopes is largely a
result of the soil moisture regime of those soils.
4.5 CONCLUSION
Eucalypt woodlands show a strong affinity to calcrete derived soils on the greenstone
hills. The higher levels of EC and lower sodicity of those soils maintain the clay fraction
in a more flocculated state than those of the acacia and Allocasuarina shrublands. This
improves infiltration rates and hydraulic conductivity within the soil matrix allowing
drought-avoiding plants such as the eucalypts access to a more consistent water supply.
The dispersed nature of the soils of the Acacia-Prostanthera Alliance makes the soil
inimical to the growth of eucalypt woodlands. However, the drought tolerant plants such
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as the acacias and allocasuarinas avoid the water deficits associated with drier months
and are able to cope with the more difficult conditions.
Chapter 5 investigates the hypothesis that soil moisture is controlling the distribution of
the predominant species on the greenstone hills in more detail. Differences in the soil
moisture regime of the communities are examined as well as the correlation between
species distribution and seasonal variation in soil moisture content.
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Chapter 5
SOIL MOISTURE CONTENT AND SPECIES DISTRIBUTION
5.1 INTRODUCTION
In Australia, eucalypt species are generally the predominant trees in the more mesic
parts of the continent outside of rainforests while acacias dominate in the arid regions. It
has been suggested by Adams (1996) that this is due to the differential influence of
different landforms on the availability of soil moisture. On a finer scale, the difference
between the acacia and eucalypt dominated vegetation can be sharp and may be
associated with a change in soil type (van Leeuwen & Fox, 1985). In this case, the
distribution of eucalypts and acacias may be influenced by a change in soil moisture
regime due to a difference in root architecture allowing access to different water sources
(Hodgkinson, 1992).
Competition for soil water influences community dynamics (Fowler, 1986). Its effect on
plant distribution is important in arid and semi-arid regions not only in Australia, but
worldwide. Richards et al. (1995) found that the distribution of two Protea species was
related to their differing ability to control water use. Alternatively, some desert plants in
North America compete directly for the same soil water and growth rates are determined
by their access to this limiting resource (Ehleringer et al., 1991). The morphology of a
species will also be influenced by the porosity of the soil in which it grows, as this will
determine the soil moisture regime the plant experiences (Hacke et al., 2000).
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The morphology of the predominant woodland species of central Australia, Acacia
aneura (mulga), is also influenced by soil moisture (van Leeuwen & Fox, 1985). In
moisture gradients over even short distances, individuals at the drier end will be much
shrubbier. The distribution of mulga is greatly influenced by soil moisture. It tends to
grow in bands in the western and central regions of the continent and on flat areas or
steps in the landscape in eastern Australia. This patterning has been shown to be the
result of where water collects and the soil allows for increased infiltration (Greene,
1992). The presence of associated grasses may also increase the amount of water
intercepted and so influence mulga distribution (Anderson & Hodgkinson, 1997).
As discussed in Chapter 4, the physical properties of a soil will determine the infiltration
of water. The effects of sodium and electrical conductivity on a soil’s hydraulic
conductivity can be great even at low concentrations (Sumner, 1993). In systems where
EC is low along with relatively low concentrations of other exchangeable cations
(especially calcium), the presence of Na can cause the clay particles in the soil matrix to
disperse, clogging soil pores and reducing hydraulic conductivity (So & Aylmore,
1993). The dispersiveness of a soil may also be affected by organic matter and soils with
low organic carbon percentages are more likely to show signs of dispersion (Naidu &
Rengasamy, 1993).
Soil moisture has been shown to affect community distribution in greenstone areas of
Western Australia. Gibson and Lyons (1998a&b) in their survey of the Bremer and
Parker Ranges found that soil moisture availability was a major contributing factor
(along with fertility) in the distribution of plant communities. Although the variation in
this case was between eucalypt-dominated communities as opposed to change from
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eucalypt to acacia vegetation, the importance of soil moisture to vegetation patterning in
the semi-arid zones of Western Australia is apparent. Therefore, the aim of this study
was to examine the soil moisture content over three hills to determine the influence of
soil water status on the distribution of the plant communities on the greenstone hills of
the eastern goldfields. An additional aim of the study was to determine if the soil
moisture content of the surface soils (as this stratum was the most easily accessed)
throughout the year was correlated to the distribution of species on the hills.
5.2 METHODS
Three hills were chosen to determine the levels of soil moisture in the EucalyptusDodonaea and Acacia-Prostanthera alliances. These were Mt Eaton, Mt Burges and
Comet Hill. At each location a base line was established along the northern side of the
hill perpendicular to the slope of the hill. Along this baseline three random points were
chosen as starting points for transects. These transects were stratified to give five
random points each, at the base, on the slope and on the ridge. The transects at Mt. Eaton
were extended to include the southern slope as many of the hills in this area had
Allocasuarina campestris thickets growing on their south-facing slopes. The transects at
Mt. Eaton and Mt. Burges had a northerly aspect and the transects at Comet Hill had an
easterly aspect.
At each point along the transect, soil samples were taken within 1 metre from a depth of
15cm and, wherever possible, 30cm. These samples were kept in sealed plastic bags
until the soil moisture was determined gravimetrically. Soil was dried at 105°C to
constant weight and the soil moisture content expressed as a percentage. Sampling was
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undertaken at four different times; in October, December, February and June. On each
sampling occasion soil was taken from a previously undisturbed area.
The amount of shade provided by eucalypt and A. quadrimarginea canopies was
compared by taking photographs vertically up through the canopy from chest height at
twelve random points on each of the ridge, slope and at the base of Comet Hill. The
photographs were then analysed using the computer classification programme Multispec
to determine the mean percentage cover of the two canopy types.
The correlation between the presence of a species and the soil moisture content at 15cm
below the surface at each transect point was analysed using a point - biserial correlation
as described by Kent & Coker (1992). From within a 5 metre radius of each point and on
each of the four sampling occasions, the presence of E. griffithsii, E. torquata, A.
quadrimarginea, Allocasuarina campestris, D. lobulata, D. microzyga and Prostanthera
incurvata was recorded. The point-biserial technique allows the correlation of a discrete
variable (such as species distribution) to be correlated with a continuous variable (in this
case, soil moisture content). Other statistical analyses were by t-test for the comparison
of two groups or by ANOVA with post-hoc Tukey tests for more than two groups. The
Kolmogorov-Smirnov test was used to test the assumption of normality and equality of
variance was tested by the Levene test.
5.3 RESULTS
5.3.1 Canopy Cover
There was no significant difference between the percentage canopy covers of the two
alliances at Comet Hill (t-test; p=0.07). The mean canopy cover of the eucalypts
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was53.6±3.9% (n=14) but was slightly lower at 45.3±3.3% (n=22) for the acacia canopy.
Figures 5.1 and 5.2 show representative examples of the canopy of each community.
5.3.2 Soil Depth and Soil Moisture
Table 5.1 shows the soil moisture contents for the 15cm and 30cm depths at the three
hills across all topographical positions. The mean soil moisture content at 30cm across
all sites was higher than at 15cm in October, December and February but no difference
was apparent by winter, although a similar pattern was not evident when considering
individual hills. All sites at Comet Hill and Mt. Burges (except for the slope of Mt.
Burges) displayed significant differences in February (t-test; p<0.05) and only the ridge
and slope recorded a difference at any other time (both in October). The pattern is less
clear at Mt. Eaton as no 30cm data were obtainable from the ridge due to the shallow
nature of the soil. However, the south slope of Mt. Eaton remained significantly moister
at 30cm during June. Both depths at this site show a larger increase in soil moisture
content in winter than the other sites. The general pattern indicates differences in soil
moisture content by the end of summer, which disappears in winter as the profile
becomes evenly moistened.
5.3.3 Topographic Comparisons
There is no consistent pattern apparent when comparing topographic positions on each
of the hills (Table 5.1). The slope sites of Mt. Burges are the moistest sites in the drier
seasons, whereas at Comet Hill it is the ridge sites that have the higher soil moisture
content at this time. At Mt. Eaton there are only small differences in soil moisture
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content over summer with significant differences becoming apparent in winter. The
ridge and south slope sites are moistest at this time.
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Figure 5.1: Example of the eucalypt canopy cover at Comet Hill. Percentage canopy
cover is 56.3% in this photograph.

Figure 5.2: Example of the acacia canopy cover at Comet Hill. Percentage canopy cover
is 45.1% in this photograph.
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Table 5.1: Mean soil moisture % (±SE) at 15cm depth (n=15) and 30cm depth for each topographic site for each season. Where no
result is given, insufficient samples were obtainable for reliable comparison. An asterisk indicates a significant difference between the
depths at a site for that month. Results with the same letter code are significantly different. Only comparisons between topographical
positions on the same hill are shown. Letter codes for other comparisons have been omitted for clarity.
Comet Hill
Month

Depth
15 cm

October

30 cm
15 cm

December

30 cm
15 cm

February

30 cm
15 cm

June

30 cm

Mt Eaton

Mt Burges

Total

Ridge

Slope

Base

Ridge

Slope

Base

Sth Slope

Ridge

Slope

Base

6.76±0.19*

10.12±0.40

7.18±0.41c

6.66±0.44c

5.55±0.30de

4.89±0.28d

6.67±0.52ei

7.52±0.40i

5.46±0.62*k

7.85±0.74*

5.72±0.42k

8.67±0.31*

10.89±0.61ab

8.51±0.51ac

7.53±0.55bc

N/A

6.43±0.66gh

7.55±0.61gi

8.71±0.38hi

9.79±2.05*jk

10.51±0.81*jl

7.34±1.34kl

3.93±0.17*

7.32±0.40

4.96±0.29c

4.69±0.28c

2.51±0.26def

2.05±0.23*dg

2.97±0.40egi

3.69±0.44fi

2.72±0.30k

5.53±0.54

2.90±0.25k

5.48±0.39*

8.47±0.60ab

6.02±1.46ac

5.06±0.45bc

N/A

3.98±0.45*gh

4.42±0.73gi

4.26±1.05hi

N/A

6.30±1.23l

3.97±1.24l

5.34±0.21*

7.34±0.43*

5.76±0.43*c

4.79±0.22*c

3.78±0.20def

3.29±0.26*dgh

5.94±1.42egi

5.65±0.38fhi

4.45±0.42*k

7.52±0.62

4.88±0.35*k

7.81±0.35*

9.94±0.71*ab

8.02±0.44*ac

6.44±0.57*bc

N/A

5.08±0.40*gh

6.75±0.77gi

7.31±0.34hi

7.45±0.51*jk

9.98±1.05jl

8.11±1.84*kl

15.83±0.43

16.05±1.01b

20.4±0.95

16.93±0.96b

17.83±0.84def

11.76±1.12dgh

12.03±0.79*egi

22.1±0.93fhi

14.99±0.98jk

14.84±1.08jl

11.4±1.40kl

16.02±1.09

15.41±0.77ab

20.54±3.21ac

16.68±2.75bc

N/A

10.11±2.21gh

11.36±3.42*gi

34.07±2.69hi

N/A

15.47±1.68l

13.84±1.38l
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There is no consistent pattern in the differences in soil moisture content between the
topographic positions. At Comet Hill, the ridge recorded a higher mean soil moisture
content over the drier months than either the slope or the base (Tukey test; p<0.05)
whereas at Mt Burges the slope recorded higher soil moisture contents over the same
period. At Mt. Eaton the pattern was even less clear. In October, the south slope is
moister than the ridge and the opposite slope but by February there is no discernible
difference.
By June, the slope of Comet Hill had become significantly moister than either the ridge
or the base. No differences were evident at Mt. Burges and at Mt. Eaton the south slope
had higher soil moisture contents than all other positions and the ridge was moister than
both the slope and the base.
There is a general drying of the soil over summer from October to December but by
June all sites have higher soil moisture contents than at any time over the drier period.
Figure 5.3 shows the 15cm soil moisture conditions of eucalypt and acacia sites across
all hills. During the drier seasons of the year the eucalypt soils have slightly but
significantly higher soil moisture contents (around 2%) than the acacia soils (t-test;
p<0.05). This situation is reversed in winter, with the difference around 3%.
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Figure 5.3: Mean soil moisture content of eucalypt (n=39) and acacia (n=111)
communities across dry and wet seasons at Mt. Burges, Mt. Eaton and Comet Hill at a
depth of 15cm. An asterisk indicates no significant difference between the two
communities for that month.

At 30cm, soil moisture contents showed no difference between alliances in October or
February (Fig. 5.4). Eucalypt soils had a higher soil moisture content than the acacia
soils in December (t-test; p<0.05). As at 15cm, acacia soils had a higher soil moisture
content in June than the eucalypt soils (t-test; p<0.05).
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Figure 5.4: Soil moisture content at 30cm of depth for the eucalypt and acacia
communities An asterisk indicates no significant difference between the two
communities for that month.

Considering the hills individually (Figs 5.5 – 5.7), a similar pattern can be seen at
Comet Hill to the overall conditions where the moisture content of eucalypt soil is
higher than the acacia soil over summer but lower in winter (t-tests; p<0.05) . A similar
pattern was found for soil moisture contents at 30cm except that no difference was
observed in winter.
In contrast, the situation at Mt. Burges is not as clear. The graph indicates a similar
trend to that found at Comet Hill but the differences over summer are not significant.
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Figure 5.5: Soil moisture content at 15cm depth for the acacia and eucalypt
communities at Comet Hill. An asterisk indicates no significant difference between the
two communities for that month.
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Figure 5.6: Soil moisture content at 15cm depth for the acacia and eucalypt
communities at Mt. Burges. An asterisk indicates no significant difference between the
two communities for that month.
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Figure 5.7: Soil moisture content at 15cm depth for acacia and eucalypt communities at
Mt. Eaton. An asterisk indicates no significant difference between the two communities
for that month.

Again, acacia soils are wetter than eucalypt soils in June (t-test; p<0.05). No differences
were observed at 30cm.
At Mt. Eaton, the eucalypt soil again had significantly higher soil moisture contents than
the acacia soils in October and February but no difference was apparent in December.
As at the other hills, conditions had reversed by winter.
The eucalypt soil at 30cm depth only recorded a significantly higher soil moisture
content than at 15cm at the end of summer (t-test; p<0.05; fig. 5.8). By June, the soil
had become more evenly wetted and no difference was apparent.
The conditions in the acacia soils were similar to the eucalypt soils except that the
differences over the summer period were all statistically significant (fig. 5.9).
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Figure 5.8: Soil moisture content of soils at 15cm and 30cm of depth in the eucalypt
community for all sites throughout the year. An asterisk indicates no significant
difference between the two communities for that month.
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Figure 5.9: Soil moisture content of soils at 15cm and 30cm of depth in the acacia
community for all sites throughout the year. An asterisk indicates a significant
difference between the two communities for that month.
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5.3.4 Species distribution and soil moisture content
The mean soil moisture contents (SMC; 15cm depth) associated with the presence and
absence of each species is shown in Table 5.2 for each surveyed period. The presence of
Eucalyptus torquata or Eucalyptus griffithsii was not significantly correlated with the
soil moisture content except for June where the SMC at E. torquata sites was drier than
for an area where the species was absent. This result also influenced the outcome of
combining the data for the two eucalypts.
In contrast, A. quadrimarginea was located at significantly drier sites throughout the
year except in June when there was no difference in soil moisture content between the
presence and absence of A. quadrimarginea. The presence of Allocasuarina campestris
was not significantly correlated with soil moisture content except in winter where the
species was correlated with moister conditions.
The distribution of Dodonaea lobulata also showed no correlation with soil moisture
conditions except for winter when the species was associated with slightly drier soils.
Dodonaea microzyga, however, was associated with moister soils in December and
June. Prostanthera incurvata was significantly correlated with soil moisture content at
all times of the year. Over the drier months from October to February, sites with P.
incurvata were drier, whereas in June the soil moisture content was higher where the
species was present.
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Table 5.2: Mean soil moisture contents (gravimetric % at a depth of 15cm) for sites where each species was present compared to sites
where the species was absent. An asterisk indicates a significant difference between the two results (point bi-serial correlation, rp,
p<0.05).
October

December

February

June

Present

Absent

Present

Absent

Present

Absent

Present

Absent

E. griffithsii (n=6)

7.92±1.36

6.71±0.19

4.95±0.82

3.89±0.17

6.24±0.87

5.30±0.21

13.50±1.48

15.93±0.43

E. torquata (n=8)

6.88±0.74

6.75±0.19

3.95±0.77

3.93±0.17

5.96±0.81

5.31±0.21

11.26±2.34* 16.09±0.42

7.64±0.66

6.67±0.19

4.61±0.49

3.86±0.18

6.27±0.51

5.25±0.22

12.32±1.08* 16.19±0.44

6.01±0.19*

7.85±0.32

3.18±0.15*

5.04±0.30

4.46±0.15*

6.63±0.42

16.07±0.58

Allo. campestris (n=13)

5.78±0.69

6.85±0.19

3.46±0.53

3.98±0.18

4.48±0.55

5.42±0.22

19.44±1.71* 15.49±0.42

D. lobulata (n=54)

6.62±0.32

6.84±0.23

3.75±0.28

4.04±0.21

5.37±0.45

5.32±0.21

14.14±0.65* 16.78±0.52

D. microzyga (n=45)

7.08±0.35

6.63±0.22

4.53±0.26*

3.68±0.21

5.76±0.32

5.16±0.26

17.12±0.66* 15.27±0.52

P. incurvata (n=42)

6.09±0.27*

7.02±0.23

3.49±0.22*

4.11±0.22

4.66±0.22*

5.61±0.27

17.57±0.70* 15.15±0.50

Combined eucalypts
(n=14)
A. quadrimarginea
(n=89)

15.48±0.60
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5.4 DISCUSSION
5.4.1 Soil Moisture Content
As would be expected, by the end of summer most sites exhibit higher soil moisture
content at 30cm than 15cm. This is due to the greater evaporation from the upper layer
than deeper in the soil. The difficulty in obtaining samples from 30cm from all sites on
all sampling occasions means that the data is insufficient to reliably test the hypothesis
that the soil moisture regime varies between the two layers, but the trend is for the
topsoil to dry out in the upper layer throughout summer. In winter this difference
disappears as the upper profiles become evenly wetted.
When comparisons are made using landscape position, no consistent pattern of soil
moisture content emerges. This indicates that slope and/or landscape position are not the
main determinants of soil moisture content. The results are best explained by the
difference in soil types between the Eucalyptus-Dodonaea and Acacia-Prostanthera
alliances. For example, the sampled community on the ridge of Mt. Burges was
exclusively acacia, whereas neither the slope nor the base was completely acacia or
eucalypt.
The surface soils in the eucalypt communities generally remained slightly moister than
did those of the acacia communities throughout the drier seasons. Following rain,
sandier soils usually retain moisture at higher matric potentials than finer textured soils
(Adams, 1999) but will then also dry more quickly. It could be expected that the more
dispersed soils would retain higher amounts of moisture as they dry but this does not
seem to be the case on the greenstone hills. For the eucalypt soils to retain a higher soil
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moisture content than the acacia soils they should either be replenished from a source
other than rainfall such as hydraulic lift (Burgess et al., 1998) or experience a smaller
evaporative demand. The latter appears more likely as few eucalypt roots were observed
in the soil pits (although an extensive survey was not undertaken). Although there was
no statistically significant difference between the two groups in canopy cover, the trend
suggests that the eucalypt communities may have a slightly greater canopy cover
leading to a lower evaporative demand over the summer. This observation is supported
by the south slope of Mt. Eaton, which maintained higher soil moisture content over
summer than other acacia sites and even the eucalypt sites. The vegetation of the south
slope was quite dense, being predominantly Allocasuarina campestris and would
experience less insolation than other sites, especially given the southerly aspect.
The acacia soils are drier over summer, although the differences are in the order of only
2-3 percentage points. By winter, the acacia soils have a soil moisture content 3-5
percentage points higher than the eucalypt soils. This suggests that the acacia soils are
not as freely drained as the eucalypt soils, which agrees with the results of Chapter 4
that found that the acacia soils were more prone to dispersion. A dispersed clay fraction
will reduce the infiltration rate and hydraulic conductivity of the soil. Moisture will then
tend to be held in the upper soil horizons as a dispersed soil has a reduced ability to
replenish water storage in the subsoil (So & Aylmore, 1993). This may also lead to
increased evaporation over summer, which can be seen by the lower soil moisture
content of the acacia soils over this period. The eucalypt soils display less variation in
soil moisture content between summer and winter. A more freely drained soil will not
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hold as much of its water in the upper horizons, which should advantage deeper-rooted
species such as eucalypts.
5.4.2 Distribution
The lack of a correlation between species presence and soil moisture content for the
eucalypts indicates that surface soil moisture plays little or no part in the distribution of
E. griffithsii or E. torquata but may be more related to soil micronutrients (Chapter 4).
The evidence from the soil pits (Chapter 4) indicated very little eucalypt root material in
the topsoil, which suggests the eucalypts are accessing a water supply from deeper
within the profile. The soil structure on the slopes in particular would be unsuitable for
them to develop enough root volume for long-term survival.
A. quadrimarginea, however, is strongly correlated to drier soil conditions over summer
suggesting it is more competitive on these sites probably due to a higher drought
tolerance. The distribution of Prostanthera incurvata displays the same pattern, as does
D. microzyga, although the latter only showed a correlation with soil moisture content in
one month over summer. This indicates that these species are also quite drought
tolerant. These results are consistent with the general pattern for eucalypt and acacia
dominance on the Australian continent but this is often difficult to demonstrate at a
smaller scale (Adams, 1996).
The distribution of D. lobulata, in contrast to its congeneric, was correlated with slightly
drier soil conditions in winter. This species is unlikely to have a deep root system
similar to the eucalypts and so its tolerance of summer drought must be greater yet
appears not to require sites with as much water holding capacity as D. microzyga.
However, the associations between D. lobulata and D. microzyga and the Eucalyptus-
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Dodonaea alliance and the Acacia-Prostanthera alliance, respectively, are not absolute
and so other influences on their distribution cannot be excluded. The results for these
shrubs may have been influenced by one or more of three factors; 1) including plants
within 5m of each random point may not be sensitive enough for the shrubs as they may
not have root systems as extensive as the eucalypts or A. quadrimarginea or 2) being
understorey species, they may experience more shaded conditions and therefore a
smaller vapour pressure deficit on their canopy and not be as directly sensitive to
atmospheric conditions and/or soil moisture content as the overstorey canopies or 3)
factors other than total soil moisture content have a larger influence on the distribution
of the shrubs. For example, plant available moisture would be more important to a plant
than the total soil moisture content and this has not been measured directly during this
study.
The soils on the south-facing slope of Mt. Eaton were examined because there was a
distinct change in vegetation to an Allocasuarina campestris thicket that was also
evident on the neighbouring hills. By the end of summer, the soils in the A. campestris
thicket were as dry as the other acacia soils but were considerably wetter by June
(around 34% at 30cm). The clay content (about 16%) of this site was not dissimilar to
other sites and so texture alone is not responsible for the higher soil moisture content. A.
campestris thickets were also observed at the base of slopes at other sites, which
suggests the species is a drought tolerator but will dominate in conditions where there is
considerable available soil moisture in the winter months. These areas may be where
runoff from upslope collects on the surrounding flats or areas where water infiltration is
not strongly limited but drainage is still at least partially restricted. A. campestris was
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correlated to higher soil moisture contents during winter. This also suggests that the
species is a drought tolerator, but occupies the moistest winter sites on the greenstone
hills.
5.5 CONCLUSION
The moisture content of the soils of the greenstone hills varies between plant
communities rather than topographic position. The Acacia-Prostanthera alliance is
found on soils that retain more moisture in the upper layers over the wet period than
those of the Eucalyptus-Dodonaea alliance. This is considered to be due to the more
dispersed nature of the clay component of the Acacia-Prostanthera Alliance soils. The
variation in moisture throughout the year influences the distribution of individual
species with Acacia quadrimarginea and Prostanthera incurvata tolerating very dry
conditions over summer and Eucalyptus species showing no correlation to topsoil
moisture conditions. This supports the findings of Chapter 4 that indicated physical soil
characteristics were responsible for community distribution on the hills. The following
chapter will examine the utilisation of soil water by the dominant species of the
greenstone hills.
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Chapter 6
WATER RELATIONS OF SELECTED TREE AND SHRUB
SPECIES
6.1 INTRODUCTION
The distribution of eucalypt species in the Australian landscape is mainly related to the
availability of water, which is often a function of the landform and location of a
particular site within the landscape (Adams, 1996). Eucalypts are the dominant taxa in
the coastal and near coastal parts of the continent but lose dominance to acacias when
the annual rainfall falls below 250mm in southern Australia and 350mm in northern
Australia (Wardell-Johnson et al., 1997). However, the factors affecting distribution
become more difficult to determine as scale reduces (Adams, 1996). Over small areas
species distribution is often a function of how a species handles periods of water deficit
or drought. Many eucalypts are drought avoiders and use stomatal closure to control
water loss whereas acacias are generally drought tolerators and can extract soil moisture
at more negative water potentials than can eucalypts (Anderson & Hodgkinson, 1997).
The amount of water available at different times of the year is largely influenced by the
soil conditions. The soils in Acacia aneura communities, for example, often display
poor physical properties with low water holding capacity and may be extremely
hardsetting when dry (van Leeuwen & Fox, 1985). As a result, the root system may
consist mainly of extensive, but shallow, lateral roots (Anderson & Hodgkinson, 1997).
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In contrast, eucalypt root systems often exhibit large vertical roots, which allow the
plant to access deeper water sources (Anderson & Hodgkinson, 1997).
Accessing deeper sources of groundwater may also allow exploitation of a more
permanent water reservoir. The river red gum (Eucalyptus camaldulensis) has been
shown to utilise a more permanent water supply even when seasonal supplies from a
different part of the soil profile are of a higher quality (Mensforth et al., 1994). Such a
strategy will allow the plant to better avoid drought and maintain tissue water status
during dry periods. Ehleringer et al. (1991) showed that deeply rooted perennials in the
southern Utah desert continued to use groundwater over the summer in contrast to
herbaceous annuals and succulent perennials which relied more on summer rains. Direct
competition for soil water is also reduced by having deeper vertical roots that can access
a more permanent water supply than neighbouring plants. As root morphology remains
fairly constant within species (Manning & Barbour, 1988), shrubs with shallow root
systems may not be able to develop more extensive roots even when located at sites
with a comparatively deep soil profile.
The variation in water use between acacias and eucalypts and other species has been
studied in different environments in Australia. In tropical Australia Duff et al. (1997)
showed that evergreen trees maintained higher pre-dawn xylem pressure potentials than
semi-deciduous trees and shrubs indicating that evergreens possess deeper root systems.
Pre-dawn xylem pressure potentials were also shown to be more negative during the dry
period for A. aneura than E. populnea in the semi-arid region of New South Wales,
again indicating possibly deeper roots and access to a more permanent water supply for
the eucalypts (Anderson & Hodgkinson, 1997). Similarly, Hodgkinson (1992) found
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that trees of Eucalyptus populnea and E. intertexta would occasionally send large roots
through breaks in the bedrock thus accessing water supplies not available to the cooccurring shrubs. In this way the trees were able to maintain higher pre-dawn xylem
pressure potentials than the shrubs.
This present study was conducted in order to determine if water relations differed
between the dominants and co-occurring shrubs on the greenstone hills in a similar way
to that shown elsewhere. If the water relations of the eucalypts and A. quadrimarginea
differed significantly, then this may explain, to a large extent, the different landscape
distribution of the two communities which are dominated by the different taxa.
6.2 METHODS
In order to determine the differences in water usage throughout the year, the site
selected had to allow access to A. quadrimarginea, at least one eucalypt (either E.
griffithsii or E. torquata) and a co-occurring shrub species (preferably common to both
communities) at the three landscape positions of ridge, slope and base of main slope. To
this end, Mt Burges was selected because it was the only site that fulfilled the criteria.
Eucalyptus griffithsii was the only eucalypt present at all positions on the hill and
Dodonaea microzyga was selected as the representative co-occurring shrub.
The xylem pressure potential (ψ) was measured using a pressure chamber of the type
used by Scholander et al. (1965). The pressure chamber had a minimum gauge limit of
-4MPa. Measurements were taken at each site over consecutive days in October,
February and June from dawn or just before and at regular intervals into the early
afternoon or until no further measurements could be obtained. The ridge and base sites
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were flat and as such had no aspect but the slope site had a northerly aspect. At each
site, five individuals of each species were sampled with three replicate leaves or shoots
taken from each plant. The same plants were surveyed on each occasion. These samples
were then sealed in clear plastic film and stored in a dark, insulated container.
Measurements were completed within about one hour of excision.
The prevailing atmospheric conditions at the time of sampling are shown in Table 6.1.
The sampling in summer was undertaken generally in very hot conditions with daily
maxima in excess of 40oC. Sampling on the slope in winter was truncated by persistent
rain.
Statistical analysis was by one-way ANOVA with post-hoc Tukey tests.
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Table 6.1: General atmospheric conditions and time of sunrise for each day of xylem pressure potential measurement at Mt. Burges.
Date

Site
Sunrise
Surveyed

Minimum Temperature Time of
overnight
at last
last
temperature
recording
recording
(oC)
(oC)

Atmospheric
conditions

31 January

Ridge

05:15

22

34

12:15

Fine, very hot

1 February

Slope

05:21

19

26.5

09:20

Overcast in morning,
no wind

2 February

Base

05:25

14.5

27

10:25

Fine, very hot

9 June

Ridge

06:45

9

19

14:30

10 June

Slope

06:55

11

18

11:00

11 June

Base

06:59

8

13

13:00

2 October

Ridge

05:32

10

28

14:00

3 October

Slope

05:32

11

31

13:00

4 October

Base

05:30

14

30

13:00

Fine, partly cloudy and
windy after 20mm rain
the previous night
Overcast and windy.
Rain from 11:00
Overnight rain, ceased
shortly after dawn
Fine and sunny
Fine and sunny, some
wind
Sunny at first, overcast
and humid from 10:30
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The total monthly rainfall for the year of sampling (1998) for Kalgoorlie is shown in
Figure 6.1.
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Figure 6.1: Monthly total rainfall for 1998 for Kalgoorlie, the nearest reporting station
to Mt. Burges.
Total leaf moisture content (TLMC) was determined by taking a sample of leaves or
shoots from individual plants of the target species whose main stem was within 5 metres
of each transect point as described in the previous chapter. Samples were wrapped in
plastic cling film and stored in a cooled, insulated container until they were weighed.
The target species surveyed were Eucalyptus griffithsii, E. torquata, Acacia
quadrimarginea, Allocasuarina campestris, Dodonaea microzyga, D. lobulata and
Prostanthera incurvata. The leaf material was weighed in the laboratory then dried in an
oven to constant weight at 105oC. The difference was expressed as the percentage
moisture content of the leaves.
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6.3 RESULTS
6.3.1 Total Leaf Moisture Content
The total moisture content of the leaves of the eucalypts (Eucalyptus griffithsii and
Eucalyptus torquata) was around 40% for all sites and varied little throughout the year
(Figure 6.2). In contrast, the total moisture content of Acacia quadrimarginea leaves
declined during the drier months (Figure 6.3). This was most significant at Mt Eaton
where leaf moisture content declined from over 50% in winter to less than 30% in
summer. At all sites, TLMC is significantly (p<0.001) higher in June than in either
October or February. A similar pattern is observed for Allocasuarina campestris (Figure
6.4) with a general decline in total moisture content from over 40% in winter to around
25% in summer. The leaf moisture contents are quite variable over the drier period of
October to February, but not as much in June.
The shrub species showed similar patterns of annual variation in leaf moisture content to
those of Acacia quadrimarginea and Allocasuarina campestris (Table 6.2). All three
species displayed significant differences (p<0.001) between seasons, with leaf moisture
levels in winter of around 60% approximately twice those measured at the end of
summer. The variation in moisture content between sites within species is greater than
that between species. For example, Dodonaea lobulata showed a variation of around
11% between Mt Eaton and Comet Hill in December whereas the difference between
species at Comet Hill at the same time was approximately 5%.
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Figure 6.2: Total moisture content of eucalypt leaves throughout the year for all sites
where found.
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Figure 6.3: Total moisture content of Acacia quadrimarginea leaves for all hills
throughout the year.
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Figure 6.4: Total moisture content of Allocasuarina campestris branchlets for all hills
throughout the year.
Table 6.2: Total moisture content (%) of the leaves of several shrub species from the
greenstone hills. The same letter code represents a significant difference (p<0.05)
between seasons for each species at a particular site.
Species

Site

Month
December
February

October
Dodonaea
lobulata
Dodonaea
microzyga
Prostanthera
incurvata

Comet Hill
Mt Burges
Mt Eaton
Comet Hill
Mt Burges
Comet Hill
Mt Burges
Mt Eaton

a

a

46.90±0.76 37.64±1.06
41.10±0.70a 43.74±1.07bc
52.27±0.94a 48.26±1.53a
44.23±0.60a 32.76±0.35a
37.31±0.49a 38.91±1.02bc
48.65±0.59a 35.57±0.40a
41.71±0.99a 44.43±2.05bc
51.49±0.84a 40.70±1.82a

June
a

30.33±0.88
32.94±0.95ab
29.41±0.60a
25.74±0.25a
27.08±0.45ab
28.67±0.52a
31.40±0.44ab
28.37±0.42a

58.85±0.59a
57.06±0.79ac
60.54±0.59a
58.44±0.85a
54.68±0.45ac
57.46±0.62a
59.80±1.06ac
60.84±0.89a
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6.3.2 Seasonal Patterns of Xylem Pressure Potential
The diameter at breast height (DBH) of the E. griffithsii trees was recorded for each
landscape position (Table 6.3). The trees at the base were generally larger than those on
the slope or ridge.
Table 6.3: The range of DBH and total basal area of sampled E. griffithsii trees at the
three landscape positions on Mt. Burges.
Site
Ridge
Slope
Base

Trees (n)
5
5
5

Total Stems
(n)
13
11
11

DBH Range
(cm)
4.8 – 18.2
3 – 14.2
3.2 – 42.3

Total Basal
Area (cm2)
1478.6
787.7
4903.8

In summer neither A. quadrimarginea nor D. microzyga showed a response within the
limits of the apparatus (Figure 6.5). E. griffithsii increased to approximately -1.5MPa in
June from nearly -3.5Mpa in summer. Pre-dawn xylem pressure potentials of Acacia
quadrimarginea and Dodonaea microzyga were higher than for Eucalyptus griffithsii in
winter on the ridge of Mt Burges. Dodonaea microzyga declined at a greater rate than A.
quadrimarginea and was less than E. griffithsii in spring.
The pattern in pre-dawn moisture potential on the slope (Fig. 6.6) differs from that of
the ridge. A. quadrimarginea and D. microzyga parallel each other with no records for
summer and no significant difference between the two species in winter or spring. Both
species had higher ψ in the winter than E. griffithsii but were lower in the spring. E.
griffithsii displayed no decline in pressure potential between winter and spring after a
substantial increase from approximately -3Mpa in summer. Values recorded for the
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Season
Summer

Winter

Spring

0.00

-0.50

c
b

-1.00
a

-1.50

b
d

-2.00

E. griffithsii
A. quadrimarginea
D. microzyga

c
-2.50

-3.00
ad
-3.50

-4.00

Figure 6.5: Pre-dawn xylem pressure potentials for E. griffithsii, A. quadrimarginea and
D. microzyga on the Mt Burges ridge through the course of the year. Between seasons
and within species, data points with the same letter code are significantly different
(p<0.01). Where no result is given, readings were beyond the range of the apparatus.
Summer

Season
Winter

Spring

0.00

-0.50

-1.00

b
c

-1.50
a

d

-2.00

E. griffithsii
A. quadrimarginea
D. microzyga

-2.50

-3.00

b
c
ad

-3.50

-4.00

Figure 6.6: Pre-dawn xylem pressure potentials for E. griffithsii, A. quadrimarginea and
D. microzyga on the Mt Burges slope through the course of the year. Between seasons
and within species, data points with the same letter code are significantly different
(p<0.001). Where no result is given, readings were beyond the range of the apparatus.
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slope vary only slightly from that of the ridge in winter but spring ψpd for A.
quadrimarginea and D. microzyga were substantially lower on the slope than on the
ridge.
The pattern in pre-dawn xylem pressure potentials at the base (fig. 6.7) is similar to that
for the ridge. Both D. microzyga and A. quadrimarginea ψpd increase from below
measurable levels in the summer to above the ψpd of E. griffithsii in the winter. D.
microzyga shows a greater decline than does A. quadrimarginea between winter and
spring whilst E. griffithsii displays an increase in pre-dawn xylem pressure potential
from summer to winter. As with the ridge, there is no significant difference in pre-dawn
xylem pressure potentials between A. quadrimarginea and E. griffithsii in spring but D.
microzyga was much lower.
6.3.3 Daily Patterns of Xylem Pressure Potential.
Only E. griffithsii recorded readings within the range of the instrument at any of the
sites in February and by 9.25am xylem pressure potentials had fallen below the
minimum measurable level of -4MPa (Table 6.4). The results from the ridge and slope
sites were more variable than those at the base of the hill. A. quadrimarginea recorded
some individual readings on the slope but not enough to give a reliable mean.
All three species recorded higher xylem pressure potentials in June than at other times
of the year (figures 6.8 – 6.10). At all three sites A. quadrimarginea and D. microzyga
recorded similar pre-dawn xylem pressure potentials. This similarity was observed
throughout the day at all sites. Although pre-dawn xylem pressure potentials were lower
at the slope site for both A. quadrimarginea and D. microzyga than at the other sites,
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Figure 6.7: Pre-dawn xylem pressure potentials for E. griffithsii, A. quadrimarginea and
D. microzyga at the base of Mt Burges through the course of the year. Between seasons
and within species, data points with the same letter code are significantly different
(p<0.05).

Table 6.4: Daily variation in xylem pressure potential (MPa) for E. griffithsii at all sites
at Mt. Burges in February.
Site

Dawn

07:30 AM

Ridge

-3.36±0.08

-3.67±0.12

Slope

-3.77±0.25

No reading

Base

-2.58±0.07

-3.88±0.33
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Figure 6.8: Daily variation in xylem pressure potential of species on the Mt Burges
ridge during winter. Data points with the same letter code are significantly different
(p<0.05). Asterisks represent significant differences (p<0.05) between E. griffithsii and
the other species.

Figure 6.9: Daily variation in xylem pressure potential of species on the Mt Burges
slope during winter. Data points with the same letter code are significantly different
(p<0.05). Asterisks represent significant differences (p<0.05) between E. griffithsii and
the other species.
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Figure 6.10: Daily variation in xylem pressure potential of species on the Mt Burges
base during winter. Data points with the same letter code are significantly different
(p<0.05) between times within each species. Asterisks represent significant differences
(p<0.05) between E. griffithsii and the other species.

potentials of around -2 MPa were maintained from mid-morning. Measurements ceased
mid-morning at the slope site due to rain.
The xylem pressure potentials for E. griffithsii were lower throughout the day than for
the other species at all sites except for mid-morning on the slope and the base. Similarly
to the other species, pre-dawn ψ were lower on the slope but by mid-morning all sites
were recording ψ between –1.75MPa and -2.5MPa.
In spring, the pre-dawn xylem pressure potentials of D. microzyga were lower than for
either of the overstorey species at the base, but similar to that of A. quadrimarginea on
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the slope (Figures 6.11 – 6.13). The pre-dawn ψ of D. microzyga was around -3 MPa at
the base and on the slope but slightly higher on the ridge (-2.5 MPa). The pre-dawn
xylem pressure potentials for E. griffithsii were between -1.5MPa and -2MPa at all sites.
A. quadrimarginea recorded

similar pre-dawn ψ on the ridge and at the base

(approximately -1.5MPa) but a significantly lower ψ on the slope of between -2.5MPa
and -3 MPa.

Figure 6.11: Daily variation in xylem pressure potential of species on the Mt Burges
ridge during spring. Data points with the same letter code are significantly different
(p<0.05) between times within each species. Asterisks represent significant differences
(p<0.05) between E. griffithsii and the other species.
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Figure 6.12: Daily variation in xylem pressure potential of species on the Mt Burges
slope during spring. Data points with the same letter code are significantly different
(p<0.05) between times within each species. Asterisks represent significant differences
(p<0.05) between E. griffithsii and the other species.

Figure 6.13: Daily variation in xylem pressure potential of species at the base of Mt
Burges during spring. Measurements for E. griffithsii were outside the range of the
instrument from early morning. Data points with the same letter code are significantly
different (p<0.05) between times within each species. Asterisks represent significant
differences (p<0.05) between E. griffithsii and the other species.
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E. griffithsii displayed a rapid fall in ψ in the hours just after dawn, especially at the
base where values fell below -4MPa before 8 AM. Only on the ridge were ψ able to be
recorded into the early afternoon when the ψ levelled off between -3.5MPa and -4MPa.
The ψ of both D. microzyga and A. quadrimarginea declined less sharply than for E.
griffithsii during the day on the ridge and at the base although A. quadrimarginea ψ
could not be measured after 8AM on the slope. On the ridge the ψ were similar for both
A. quadrimarginea and the shrub over the course of the day, but at the base there was
much more variation in the results.
6.4 DISCUSSION
6.4.1 Total Leaf Moisture Content
Interpretation of the differences in total moisture content of leaves/phyllodes/branchlets
(TLMC) between the subject species, as well as the daily variation in xylem pressure
potential (ψ) and the pre-dawn xylem pressure potential (ψpd), suggest that on the
greenstone hills the soil moisture regime is the main determinant of eucalypt and acacia
community distribution. Eucalyptus griffithsii appears to use water differently from
Acacia quadrimarginea and Dodonaea microzyga, or has access to a different supply of
soil water, as its ψpd and daily pattern of ψ differ significantly from either of the other
species. The distribution of E. griffithsii is also not correlated to the soil moisture
content of the topsoil at any time of the year, unlike that of A. quadrimarginea (see
Chapter 5).
Both E. torquata and E. griffithsii maintained a more constant level of leaf moisture
throughout the year than the acacia or the other shrubs. Whilst there were some small
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fluctuations at individual sites, TLMC was maintained around 40% for both species. In
contrast, the TLMC of A. quadrimarginea varied from around 30% in February to
around 50% in June. Allocasuarina campestris varied by similar amounts and the
smaller shrubs varied through a range of up to 30%. Again, this would tend to indicate
that the eucalypts have access to additional water and to water not available to the
shrubs or the acacias and/or have greater stomatal control that allows them to maintain
their tissue moisture content and leaf turgor during the drier period.
The variation in A. quadrimarginea leaf moisture content does not invariably reflect the
variation in soil moisture content at these sites as the soil moisture content at the acacia
community sites on Mt Eaton were no higher in October than at other sites.
6.4.2 Pre-Dawn Xylem Pressure Potential (ψpd)
Only the Eucalyptus griffithsii recorded any ψpd within the range of the apparatus over
summer, which indicates that the trees were still transpiring and absorbing water at this
time of year. This is in contrast to A. quadrimarginea and D. microzyga, whose ψpd
were below that of the apparatus during the summer period. The very much lower leaf
water content of the acacia during summer compared to that in winter indicates the
species may be essentially dormant over summer. Most acacias in dry climates are
xerophytes and can maintain leaf turgor at very low ψ (Grace, 1997). However, both A.
quadrimarginea and Dodonaea microzyga show similarities to the behaviour of some
Swan Coastal Plain species in late summer (e.g. Hibbertia aurea) which recorded very
low ψ values (<-6Mpa) and did not seem to rehydrate to higher ψ overnight (Dodd &
Bell, 1993). In this way, A. quadrimarginea and D. microzyga may be classed as
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drought tolerators in contrast to E. griffithsii, which appears to act similarly to many
other eucalypts as a drought avoider.
The general pattern of ψpd was similar for E. griffithsii at the three topographical sites,
although ψpd in summer was higher at the base than either the ridge or slope. This agrees
with studies of transpiration rates for E. salmonophloia in an area with higher annual
rainfall (340mm/annum) where transpiration was consistently higher from trees in a
depression compared to those on a ridge (Farrington et al., 1994). However it was the
reverse for co-occurring E wandoo, which transpired more on the ridge. The fact that
there were many more wandoo in the depression than on the ridge may mean there was
more competition for water in the root zone of the wandoo. The lower ψpd in winter
compared to the other species could be due to the size of the eucalypts as they are
pumping water over a larger canopy than is found on an acacia. Therefore the ψpd per
leaf area would be lower. This may also explain why the larger eucalypts at the base
exhibited lower ψpd than those on the ridge or slope. Also, some eucalypts have been
shown to access a more permanent supply of water even when better quality water is
seasonally available (Mensforth et al., 1994) indicating that root architecture may not be
able to be changed rapidly in response to seasonal variation. The trees at the base would
be more likely to have access to a more reliable supply of groundwater than the trees
higher in the landscape.
The similarity in ψpd pattern for the shrub and acacia indicates that they are accessing a
similar soil water source. The observations of the soil profile in the soil pits indicated
that the acacia root system did not penetrate the shallow bedrock and hardpan and the ψ
data indicates that it is reliant on topsoil moisture. This is a similar pattern to Acacia
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aneura, which has been shown to grow on similar soil profiles with low porosity (van
Leeuwen & Fox, 1985) and to have a similarly shallow root system (Anderson &
Hodgkinson, 1997). The eucalypts, on the other hand, may have better root penetration
through the calcrete layer of the soil. Hodgkinson (1992) observed that E. populnea
occasionally sent down roots through the bedrock. Sinker roots have also been observed
in E. celastroides at a flat alluvial site (Ladd et al., 1997) and this species also occurs on
greenstone hills.
In spring at the base of the hill, A. quadrimarginea recorded higher ψpd than did D.
microzyga, which suggests that the larger species is capable of developing a more
extensive root system when soil conditions allow. Dodonaea microzyga appears to be
incapable of modifying its root architecture to take advantage of more favourable soil
moisture conditions deeper within the soil profile.
The rate of decline in ψpd over the drier months for A. quadrimarginea and D.
microzyga, varied between the sites. On the slope, the decline in ψpd for A.
quadrimarginea closely matched that of D. microzyga whereas on the ridge and at the
base, the acacia exhibited a smaller decline. The acacias on the slope were smaller than
at either the ridge or base and therefore their root system was probably less extensive at
this site. On the ridge and the base the larger acacia individuals may be better able to
outcompete the shrub for soil moisture (Ehleringer et al., 1991). If the acacias on the
ridge and at the base possessed a more extensive root system, then the larger soil
volume accessed by roots should result in a higher ψ as will allow access to more water
(Anderson & Hodgkinson, 1997).
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6.4.3 Diurnal Xylem Pressure Potentials
In summer, only the eucalypt recorded a ψ within the range of the instrument. However,
by 7.30am, the tree no longer recorded potentials above -4MPa. The species therefore
appears to have access to a water supply, even if it is reduced over the summer, and may
close its stomata to maintain leaf turgor. The maintenance of TLMC over the dry
months also suggests the eucalypt acts to avoid the desiccation of its leaves. In contrast,
the other two species appear to tolerate desiccation of their leaves over the drier months.
By June, all species continued to transpire into the afternoon. The similarity of the ψ
values and pattern displayed by A. quadrimarginea and D. microzyga strongly indicates
that the two species access water from the same soil strata and would compete for this
resource. If the root systems of the two species were stratified and they accessed
different areas of soil water, then it would be expected that a different daily pattern of ψ
would be exhibited by each (Davis & Mooney, 1986). The eucalypt, however, maintains
a consistently lower ψ which can be explained by both a larger canopy and greater
stomatal control through a more conservative approach to water use (Anderson &
Hodgkinson, 1997).
This is further highlighted during spring where the eucalypt ψpd is approximately the
same at all sites but declines more rapidly than for the other species during the day or
the plant stops transpiring shortly after dawn. The eucalypt is possibly able to re-hydrate
more effectively overnight than the other species and can maintain a more consistent
level of tissue moisture. A. quadrimarginea and D. microzyga, on the other hand, do not
exhibit a pattern consistent with good stomatal control or access to a consistent water
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supply as the daily ψ cycle has simply declined to more negative values than those
found during winter.
6.5 CONCLUSION
Interpretation of the water relations data supports the findings from the earlier chapters
that the pattern of tree and shrub distribution is related to soil type. Co-existence of the
dominant species from the eucalypt and acacia communities is uncommon. However,
being able to study the species at Mt. Burges where there is some co-occurrence has
enabled an examination of the nuances between species in their water relations.
The total leaf moisture content of the eucalypts remains constant throughout the year in
contrast to the other species. They are able to achieve this through access to a different
water supply from that of the acacia and the dodonaea and more conservative water
usage, probably by greater stomatal control. In spring, both A. quadrimarginea and D.
microzyga get to similar low ψ on the shallow slope soils where they have limited soil
volume for root exploration. However, on the somewhat more easily penetrated soils on
the ridge and at the base of the hill, A. quadrimarginea may have a more extensive root
system than the smaller D. microzyga and hence has a higher ψ. Despite this, the root
system of the acacia is not likely to be as extensive as that of the eucalypts. Thus, over
summer the acacia and the lower shrubs must tolerate greater desiccation of their leaf
tissue than do the eucalypts. On slope sites where eucalypts are generally not found, it is
likely that they are excluded by the shallow, poorly structured soils which do not allow
development of an extensive root system that can access moisture deep in the
soil/regolith.
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Chapter 7
CONTROLS ON THE GERMINATION OF SELECTED
GOLDFIELDS SPECIES
7.1 INTRODUCTION
In many rehabilitation situations mining waste material is covered with topsoil derived
from ground exploited in continuing mining operations. The topsoil plays a large role in
beginning the rehabilitation of the site. However, rocky waste dumps at KCGM are
composed of huge amounts of overburden derived from deep open cast mining. It is not
possible to obtain enough topsoil to surface the dump completely so surficial material
needs to be assembled from other sources. In the KCGM operations the basis of the
surficial material for covering waste dumps is the oxidised zone of the weathering
profile. This lacks plant propagules so revegetation must rely solely on added
commercially collected seed. Spreading of seed manually is often the simplest and most
effective method of establishing a variety of species on sites to be rehabilitated
(Cochrane et al., 2002). If rehabilitation is to be effective and economic, however, not
only is the selection of appropriate species important, but seed germinability and
seedling survival should also be maximised to alleviate the need for repeated
rehabilitation efforts.
Eucalypts have been shown to be very successful in rehabilitation programmes,
including some that grow on rocky goldfields hills such as E. torquata and E. griffithsii
(Fletcher, 1993). Serotinous and smaller seeded taxa such as eucalypts and melaleucas
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are often readily germinable with no pre-treatment (Cochrane et al., 2002). However,
members of the Fabaceae and Mimosaceae are often hardseeded and require pretreatments such as thermal shock or scarification before germination can occur (Fox &
Davies, 1983; Enright et al., 1997; Bell & Williams, 1998). Species from other families
may require different pre-treatments, even complete seed coat removal (Cochrane et al.,
2002). These taxa in general have been less successfully used in mine site rehabilitation.
Although fire frequency in semi-arid areas is low, often only occurring at decadal or
longer intervals, acacia dominated woodlands are still fire prone (Hodgkinson, 2002).
The physical form of plants in and structure of the A. quadrimarginea community
indicates it may be more fire prone than the neighbouring communities (Bond &
Midgley, 1995) although eucalypt woodlands may also be strongly influenced by fire
events (Hobbs, 2002). Species may have evolved to respond to fire by their seeds
showing an increase in germination after exposure to heat or at least by a level of
tolerance to thermal shock. The vegetation is relatively sparse in semi-arid areas and it
could be expected that few fires would develop enough intensity to break the dormancy
of soil-stored seed. However, high enough intensity may occur in patches where fuel
accumulation has been greater than normal and/or the fuel burns more readily
(Bradstock et al., 1992; Hodgkinson & Oxley, 1990). The A. quadrimarginea
community, in particular, has a very dense, flammable structure as the plants retain
significant amounts of dead woody material in their canopies and the “umbrella” shape
of the plant would seem to promote the spread and intensity of a fire event.
Seed dormancy in hardseeded species is usually only broken when the testa is disrupted
in some way so that water may enter. However, some Australian legumes and arid zone
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species have been shown to have varying levels of seed dormancy and a high level of
non-dormancy appears to be common in the semi-arid areas of Australia (Morrison et
al., 1992; Adams, 1999). This suggests that some woody perennials in the goldfields
should be capable of establishing in the absence of fire and the rarity of seedling
regeneration during these periods may be due to other factors.
Successful rehabilitation depends on enough seedlings surviving through to maturity so
that the community becomes self-sustaining. As the highest mortality usually occurs in
the first summer after germination (Fletcher, 1993), soil treatments may assist seedling
survivorship during early establishment. In the preparation of waste rock dumps, ripping
is often used to break up compacted materials and any surface crust. This can aid water
infiltration especially in the bottom of furrows. The application of mulch can assist
establishment by reducing surface evaporation and protecting the seed from predation
and erosion. It may also simulate field conditions where germination may be enhanced
by higher litter levels (Hodgkinson, 1991). The soil moisture regime during early
seedling growth, therefore, may be critical in determining the success of rehabilitation
efforts.
In keeping with the original hypothesis that greenstone hills could provide analogues of
rocky waste dumps this chapter deals with the controls over germination in waste dump
substrate of a suite of species which are prominent on greenstone hills. The species
chosen for germination trials were those most prominent in the vegetation on the hills as
it was considered that these would be the ones to provide a skeleton for any community
which might be established on the waste dumps. It was identified in Chapter 3 that there
were several communities on the greenstone hills so the species selected were the ones
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prominent in the communities. The species examined in the germination trials were also
selected for field trials on a prepared waste dump and combined in three different
mixtures approximately comparable to combinations in two of the communities plus a
mixture of both.
7.2 METHODS
7.2.1 Species Selection
The species selected for study were the dominant overstorey species on the greenstone
hills such as E. griffithsii, E. torquata and A. quadrimarginea, along with associated
species A. acuminata, Allocasuarina campestris, Senna artemisioides, S. artemisioides
ssp filifolia and D. lobulata. These species are available commercially and hence used
currently in seed mixes for rehabilitation. Seed from other common species growing on
hills in the region were not available at the time of the study.
7.2.2 Glasshouse Trials
Seeds were placed in soil collected from the waste dumps under glasshouse conditions.
This was done to establish the germination rates and percentages of each species under
optimal moisture conditions. Soil from the waste dumps was used instead of that from
the hills because the main focus of the germination experiments was the revegetation of
the dumps. Soil from the hills was used in another experiment to test the germinability
of acacias and eucalypts on soil from the converse community. However, under
glasshouse watering the soil from the acacia community became waterlogged and this
experiment was not pursued further. Five replicates of thirty seeds each were placed in
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trays of soil and covered by 3-5mm of soil and kept constantly watered for a period of
56 days. Germination was taken to be the emergence of a shoot through the soil surface.
7.2.3 Thermal Shock Treatment
In order to determine a species’ response to thermal shock, a dry heat treatment was
applied to each subject species. Five replicates of thirty seeds each were placed in a preheated oven at a range of different temperatures of 40oC, 80oC and 120oC, for durations
of 1, 5, 30, and 60 minutes for each temp. For each species, a control of no heat
treatment was also conducted (i.e. exposed only to ambient temperatures around 20oC
0). Seeds were allowed to cool and then placed in 90mm clear plastic petri-dishes
containing moistened Whatmans No.1 filter paper. The seeds were incubated at 20oC in
an environment of alternating 12 hours light and darkness. No pre-treatment for fungal
infection was used and this proved to be adequate for all but A. quadrimarginea, Senna
artemisioides ssp. x artemisioides and S. artemisioides ssp. filifolia which all had
unacceptably high levels of infection. The experiment for these species was repeated as
above, except that the seeds were treated after heating by washing in a 5% sodium
hypochlorite solution for ten minutes and then rinsing three times in de-ionised water.
This treatment, however, proved to be ineffective for both taxa of Senna. As there was
not enough of this seed available for further treatment, those results have been excluded.
7.2.4 Field Trials
7.2.4.1 Seed Mixes
The average weight of seeds for each species was determined by weighing a sample of
30 seeds. This result was then used to make up three seed mixes for use in the field
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trials. Each seed mix was designed to give adequate numbers of seedlings for
comparison at a notional rate of 20% germination. This was likely to exceed actual
germination in most cases but was considered an appropriate compromise between
using enough seed without an excessive seeding rate. A combination mix was used for
future monitoring to determine if species from one community would outcompete the
species from the other in the rehabilitation environment. The number of seeds of each
species used in the seed mixes is shown in Table 7.1.

Table 7.1: Estimated numbers of seeds of each species included in the seed mixes
used for the field trials on a waste rock dump at Mt. Percy, Kalgoorlie.
Eucalypt Seed Acacia Seed
Mix
Mix
175
Eucalyptus griffithsii
175
Eucalyptus torquata
50
Eucalyptus oleosa
Eucalyptus celastroides ssp celastroides
50
50
Eucalyptus clelandii
500
500
Dodonaea lobulata
500
Eremophila scoparia
250
250
Senna artemisioides
S.artemisioides ssp. filifolia
250
250
200
Acacia quadrimarginea
200
Acacia acuminata
100
Allocasuarina campestris
500
Ptilotus obovatus
Species

Combined
Seed Mix
150
150

400
400
250
250
150
400

7.2.3.2 Plot Design
The site chosen for the field germination trial was on a waste dump at the Mt. Percy
mine near to the northeast of Kalgoorlie. The site had previously been treated with
Agras Mo/Zn/Cu fertiliser at a rate of 250kg/Ha. A west facing slope was firstly deep
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ripped across the contour by bulldozer. Rock mulch with a pebble size of approximately
5-10cm was applied by truck at one end of the site. The rock mulch was screened from
mine waste and unavoidably contained a significant quantity of fine material that settled
across the surface of the soil. The site was then divided into 60 4m x 4m plots with a
complete row of plots left vacant between the rock mulch and the other treatments so as
to prevent any influence of the fines material on those treatments. Access to the plots
was via a 1m pathway between each second row.
The plots were then assigned randomly to one of four different treatments: a control (no
covering or bare), a covering of freshly collected branches from E. salubris (canopy)
with intact opercula, a covering of rock mulch and a covering of commercial garden
mulch to a depth of 2-4cm. The rock treatment was not applied randomly due to the
necessity of spreading the rock with trucks. Within each treatment the three seed mixes
were then allocated randomly.
Three soil samples from each plot were taken at 2-10cm below the surface and the soil
moisture content determined gravimetrically. Each sample was weighed and placed in
an oven at 105 oC until dry (usually 24 hours). The mean of the three measurements was
taken as the result for a particular site.
Seed mixes were broadcast in early May by hand before the application of each cover
treatment except for the rock which was necessarily laid down first. Monitoring of the
germination was conducted during spring in mid-October and then summer mortality
was monitored in December and February.
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7.2.5 Statistical Analyses
Data were analysed by non-parametric Kruskal-Wallis tests rather than ANOVA, as
Levene’s test for homogeneity of variance did not confirm an equality of variances in
most cases. Although ANOVA is quite robust against moderate violations of the
assumption of equality of variance, it becomes increasingly sensitive to heterogenous
variance as the number of groups increases (McGuiness, 2002). Post-hoc comparisons
of groups were conducted using Mann-Whitney U-tests and the alpha level for all tests
was p<0.05.
7.3 RESULTS
7.3.1 Glasshouse Germination
Germination in the topsoil taken from the waste dump was lower than in the petri dish
controls used in the thermal shock treatments for all species except Allocasuarina
campestris, which was consistent at just over 30% (Figs 7.1 & 7.2e). Eucalypt
germination was much higher than the other species at 50-65%. Acacia quadrimarginea
germination was much lower under glasshouse conditions at 10.5±4.4% compared to
24±5.1% under constant temperature conditions (Fig. 7.2d). The germinability of
Dodonaea lobulata was very low at 2±1.6% in the soil compared to 13.3±2% in the
petri dishes (Fig. 7.2f).

glasshouse in waste dump soil.
Senna artemisiodes ssp. filifolia

Senna artemisioides ssp. x
artemisioides

Dodonaea lobulata

Allocasuarina campestris

Acacia quadrimarginea

E. clelandii

E. celastroides ssp celastroides

E. torquata

Eucalyptus griffithsii
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Figure 7.1: Mean germination percentage of selected goldfields woody perennial species grown under optimal conditions in a
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7.3.2 Thermal Shock Treatment
Eucalyptus griffithsii and E. torquata had similar germination response with high
germination percentage at all temperatures, although at 120 oC germination was slightly
reduced for E. torquata (Fig 7.2a,b). High temperatures or long durations do not appear
to be lethal to any great extent for either species.
Acacia acuminata showed a negative response to the application of dry heat with a
decline in germination with increasing temperature, especially for the longer durations
at 80 oC and 120oC. Lower temperatures and shorter durations had no significant effect
(Fig 7.2c).
Acacia quadrimarginea and Allocasuarina campestris exhibited a significant positive
response to the application of dry heat (Fig. 2d,e). Germination for A. quadrimarginea
reached a maximum at 80 oC for both the 5 and 30 minute exposures and also exceeded
50% at 120 oC for 1minute. The 80 oC/1min duration is not significantly different from
the control and 60 minutes exposure reduces germination significantly. The longer
durations at 120oC exhibited a marked decline in germinability. The result for
germination at 40 oC for 30 minutes has been excluded due to unacceptable levels of
fungal infection in three of the five replicates.
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Figure 7.2: Bar graphs of seeds of greenstone hills species subjected to thermal shock
of different temperatures and durations (±SE). An asterisk represents a significant
difference from the control (p<0.05) and data points with the same letter code are not
significantly different from each other.
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Figure 7.2 (continued)
In contrast to A. quadrimarginea, Allocasuarina campestris displayed a significant
increase in germination at 40 oC as well as 80 oC for all durations and for short durations
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at 120 oC. A considerable decline in germination at 120 oC for 30 and 60 minutes
indicates these durations may be detrimental at such high temperatures although they
were not significantly different from the control.
Dodonaea lobulata responded to the application of heat at 80 oC and at 40 oC for longer
durations (Fig. 7.2f). A temperature of 120oC appears to be lethal as germination is
significantly lower than the control.

128
7.3.3 Field Trials
7.3.3.1 Soil Moisture Content
A significant difference in soil moisture content existed between all treatments in
October with the mulch treatment showing the highest soil moisture content
(13.4±0.2%), followed by the canopy treatment, the control and the rock treatment (Fig.
7.3). Although, the soil moisture contents had declined sharply by December in all
treatments, differences were still evident between all treatments except under the mulch
and canopies.
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Figure 7.3: Soil moisture content under each soil treatment on the Mt. Percy waste
dump germination trials in October and December.

7.3.3.2 Germination
The germination results for the Eucalyptus spp., Senna spp. and Acacia spp. have been
combined into groups because it is very difficult to consistently distinguish between the
species at the early seedling stage.
Eucalyptus germination showed a higher germination rate on mulched sites compared to
rock sites and the controls, although the difference from the canopy treatment was not
statistically significant (Table 7.2). No germination was recorded on the control sites.
The germination of 5% of applied seed in the mulch treatment was well below that
achieved in the glasshouse. The eucalypt germination was also not significantly
different between the canopy and rock treatments.
No direct correlation between soil moisture content and germination percentage was
found, which was probably because the control areas (with a higher soil moisture
content) had lower germination than did the surface rock treatment. This general pattern
was repeated for all species in the study as well as for the total germination (data not
shown). Although germination was lower under the canopy compared to the mulch,
seedlings under the canopies were taller with leaves a healthy green colour while those
exposed to the direct sunlight were a reddish/purple.
Acacia germination shows a similar pattern to that of the eucalypts with the highest
germination in the mulch treatments and the lowest germination recorded on the control
sites, although total germination was mostly lower for the acacias. Control sites showed
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a better response for acacia seeds than for eucalypt seeds. The canopy treatment resulted
in higher germination compared to the controls but was not significantly different from
either the mulched or the rock sites.
Table 7.2: Germination percentages (±SE) of each species or species group in different
surface treatments on the rocky waste dump at Mt. Percy, Kalgoorlie. The same letter
codes represent significant differences between treatments for a taxon.
Mulch

Canopy

Rock

Bare

Eucalyptus sp.

5.3 ±2.0a

2.5 ±0.7ad

1.3±0.2d

0

Acacia sp.

3.1 ±0.9a

1.2 ±0.3ad

0.7 ±0.3df

0.2±0.1f

Dodonaea lobulata

0.8 ±0.2

0.1 ±0.1de

0.1 ±0.03df

0.02 ±0.02ef

0.2 ±0.1abc

0.1 ±0.1ade

0.2 ±0.1bdf

0.1±0.04cef

0.9 ±0.2

0.2 ±0.1de

0.1 ±0.03df

0.05 ±0.04ef

1.7 ±0.2

0.4 ±0.1

0.1 ±0.04f

0.05±0.04f

6.2 ±2.9ab

1.6 ±0.8ade

2.2 ±1.1bdf

0.4 ±0.3ef

0abc

0.02 ±0.02ade

0bdf

0cef

Ptilotus obovatus
Senna artemisioides ssp x
artemisioides
Senna artemisioides ssp
filifolia
Allocasuarina campestris
Eremophila scoparia

7.3.4 Summer Seedling Mortality
Taxa displayed a varied mortality response over the first summer after establishment.
Although the addition of surface material produced a higher germination response in
most cases, much of this gain had been lost after the first summer. Only in the rock
treatment was there no difference between the numbers of seedlings found in the first
inspection in spring and in late summer for all species.
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The clearest response to the treatments was found in the eucalypt complex, which had
its highest rate of mortality over the summer in the mulched sites and the lowest in the
rock sites (Fig. 7.4a). Seedling survival in the rock treatments was higher by late
summer than in the canopy sites but not significantly different from that of the mulch
sites. This was because most of the seedlings that had established in spring were still
present in February. The tree canopies had dried considerably by December with much
of the leaf cover being lost and surface conditions, as a result, appeared to reflect more
closely those of the control sites. Final seedling survival at the canopy sites was
negligible and not significantly different from the controls. The small number of
seedlings recorded in the control areas in the spring had all died by the end of summer.
No significant growth occurred past the two-leaf stage of the eucalypts except for a
couple of individuals. Most germination occurred in the furrows except for under the
mulch, which appeared to hold the seeds in place on the ridges of the rip lines more
effectively than other treatments.
No significant difference in survival at the end of summer was recorded between
treatments for the Acacia species (Fig. 7.4b). This was despite higher germination at
mulched and canopy sites compared to the controls. By December, seedling survival
was higher only on mulched plots and even this difference had disappeared by the end
of summer. The pattern of mortality in D. lobulata, A. campestris and the Senna group
was similar to that for the eucalypts and acacias. The mulch treatment increased the
germination of A. campestris significantly over that of the controls but a high mortality
rate in early summer erased any difference between the treatments. There was still a
higher survival of the sennas in the mulch evident in December but this difference had
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also disappeared by February. Only for D. lobulata was the mulch treatment still
showing a positive effect by late summer.
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Figure 7.4: Seedling mortality of selected species in different surface soil treatments
over the first summer, expressed as the percentage of surviving seedlings from the
original seed sown.
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7.4 DISCUSSION
7.4.1 Glasshouse Germination
Whilst the germination percentages of seeds under glasshouse conditions were much
higher for all species than in the field trials, they were still below that of the controls of
the heat trials. This result can be explained in part by the difference in germination
criteria between the experiments but is more likely due to the variation in environmental
conditions experienced by the seed during imbibition. The field soil will not be able to
maintain constant moisture conditions around the seed and so imbibition will be
retarded in comparison to a seed in a sealed petri dish.
Dodonaea lobulata recorded the lowest germination in the glasshouse trials. However,
the germination in the controls of the heat trials was significantly higher at around 13%.
This germination rate was slightly less than the average obtained by Rusbridge et al.,
(1996), who achieved a 19% germinability. Woody perennials often have a higher rate
of innate dormancy than herbaceous species (Clarke et al. 2000) and understorey
species have narrower optima for germination than overstorey species (Cochrane et al.,
2002). This strategy is probably designed to avoid competition with other species until
conditions are optimal for maximum establishment success.
In contrast, the high germination percentage of the eucalypts and A. campestris indicates
that these species have a significantly higher non-dormant fraction than does D.
lobulata. Serotinous and small-seeded species normally require less stimulation than
hardseeded or soil-stored species (Hanley & Lamont, 2000). Again, germination was
higher in the petri dishes, except for A. campestris, which recorded similar germination
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in both the controls and the glasshouse trials. This similarity in germination percentage
may be due to a layer of spirally thickened cells in the mesocarp that holds the moisture
around the fruit through surface tension (Ladd, 1989).
7.4.2 Thermal Shock Treatment
Although fire may be a rare event in semi-arid areas it will still kill individuals of many
species in those areas (Fox, 1980), so they are still strongly influenced by fire events
(Bradstock & Cohn, 2002; Hodgkinson, 2002). Disturbances like fire have been shown
to be a factor in the regeneration of other species of the region such as E. salmonophloia
(Yates et al., 1994) and the mixed response to the heat treatments suggests that the
acacia and eucalypt greenstone hills communities are also influenced to some extent by
fire.
Acacia quadrimarginea shows a marked response to the application of dry heat. This is
consistent with many Australian hardseeded species that are not only tolerant of very
high temperatures and long exposures (Bell, 1999), but may require heat as a trigger to
break dormancy (Tieu et al., 2001). At 40oC, a temperature likely to be experienced
during summer ambient air conditions in the Eastern Goldfields, there was no change in
germinability from the controls, which was high for a hardseeded species at about 25%.
However, at 80oC for periods of 5 and 30 minutes significant increases in germination
occurred. This is a response expected of a species that is at least partially adapted to the
influence of fire and is consistent with other species of Australian legumes which often
show their highest response at 80oC (Auld & O’Connell, 1991). The reduced response at
60 minutes exposure suggests the total heat load was becoming damaging to the seeds
and similarly for durations of 5 minutes or longer at 120oC. Exposure at 120oC for 1
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minute appears to be able to break dormancy without damaging the soft seed
component. Other studies have found that duration is of less importance than
temperature (Auld and O’Connell, 1991; Elliott, 2000). However, both are important for
A. quadrimarginea and may be related to the total heat load on the seed.
The response of A. acuminata seed to thermal shock contrasts with that of A.
quadrimarginea. The decline in germination with increasing temperature, especially for
the longer durations, indicates that this species is fire sensitive, as heat appears to
damage the soft seed component (Barrett, 1995). The 40% germinability of the
untreated seed is also very high for a hardseeded species, although legumes of arid areas
are less likely to have high levels of testa-imposed dormancy (Bradstock, 1989; Bell,
1999). A. acuminata seeds have been found to be sensitive to prolonged heating
(Cavanagh, 1985) and it has been suggested that they should receive no heat treatment
(Lefroy et al., 1991).
The difference between the congenerics may also be explained by the soils where they
grow because minor textural changes can present an ecological barrier to germination
(Adams, 1999). The seed of A. quadrimarginea, which grows on soils of lower matric
potentials than either A. acuminata or the eucalypts (see Chapter 4), may be more
adapted to germinate after a fire when competition for the available soil moisture is
reduced. The chances of successful seedling establishment during the winter months
without a fire cue would be higher for A. acuminata as more water would be available
for imbibition earlier in the season, thus allowing a longer growth period before the
following summer.
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The increase in germination of Allocasuarina campestris with increasing level of
thermal shock is similar to the response of Allocasuarina humilis, which recorded
maximum germinability at 60oC (Hanley & Lamont, 2000). The breaking of dormancy
at such low temperatures may be due to the protection offered by the fruits as the seeds
may not receive as large a heat load as do soil-stored seeds during the passage of a fire.
Although the germination at longer durations for 120oC was inhibited compared to that
of lower temperatures it was only reduced to levels comparable to the control, which is
consistent with the tolerance to thermal shock expected of a serotinous species (Hanley
& Lamont, 2000; Cochrane et al., 2002).
Germination in E. torquata was inhibited only slightly at 120oC and not at any
temperature for Eucalyptus griffithsii, which suggests both species’ seeds are tolerant of
extreme temperatures without a requirement for thermal shock to break dormancy. The
two species may be following a similar strategy to that of E. salmonophloia, whose
regeneration after a fire has been linked to seed predator satiation rather than anything
specifically related to fire (Yates et al., 1995). E. salmonophloia will also establish
prolifically in the absence of fire, for example, after tree blowdown during storms,
especially in the canopy of the fallen tree (Yates et al., 1994).
Dodonaea lobulata is an understorey species that is mainly associated with eucalypts
but can also be found growing beneath acacias (Chapter 3). Its germination response to
thermal shock is variable but did show an increase at 80oC. This response is different
from that of the eucalypts and is more consistent with a species that has soil-stored seed
where dormancy may be broken when soil temperatures rise with the passage of a fire.
The reduction in germinability at 120oC compared to 80oC suggests that seed stored
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close to the soil surface, such as within the surface litter, may be intolerant of extreme
temperatures.
The maximum germinability of below 25% is still very low compared to the other
species in this study, which suggests that other stimuli may be important in breaking
dormancy in this species. Cochrane et al. (2002) found a wide variety of requirements
for germination in understorey genera found in the goldfields including complete
removal of the seed coat in eremophilas and seed plug removal in addition to treatment
with GA3 in Prostanthera. Given the prevalence of D. lobulata on hills in the region,
along with its congeneric D. microzyga, investigation of other methods of germination
enhancement will be needed if this species is to be successfully used in rehabilitation.
7.4.3 Field Trials
7.4.3.1 Germination
The soil moisture content in the rock treatments was much lower than in the control
sites, which is most likely due to decreased infiltration through the fines that were
contained within the rock material. The particles of the fines set much harder after rain
than the topsoil and would thus shed water more effectively than the soil of the other
treatments. By allowing less infiltration to the deeper layers moisture in the surface is
soon exhausted as summer temperatures rise. However, not only did the lower moisture
levels of the rock treatment not affect germination in comparison to the controls,
eucalypt germination was higher than in the untreated areas. This suggests conditions
experienced by the individual seed at the micro-site level was more important than the
general conditions in a plot. Microsite level conditions as experienced by an individual
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seed would be important in trapping moisture and protecting the emerging seedling from
excessive desiccation due to solar radiation (Harper, 1977). Protection of seeds and a
reduction in surface evaporation by the addition of rock mulch has been shown to be
effective in increasing chenopod establishment (Fletcher, 1993). The importance of
microsite conditions is further indicated by most germination occurring in the furrows
except in the mulch sites where more seed would have been held in place on the ridges
and slopes of the rip-lines. Most seed would tend to fall into the furrows upon
broadcasting or subsequently be washed there by runoff.
Germination for all species was highest in the treatments with the highest soil moisture
contents i.e. under mulch and canopies. The application of mulch would assist mostly
during the early stages of establishment by reducing evaporation and maintaining higher
soil moisture content as well as reducing seed loss to ant predation and removal by
wind. The canopies would be less efficient than the mulch in reducing either
evaporation or predation.
7.4.3.2 Summer Seedling Mortality
The rate of seedling mortality over the summer was highest in the mulch areas. Without
rainfall over the summer, moisture will fall below a critical level in the surface soil layer
no matter which treatment is used. Figure 7.3 indicated that soil moisture declines
rapidly in all areas and the higher mortality rates in the mulch cannot be attributed
simply to lower soil moisture. The extra shade offered by the furrows and rocks would
reduce the heat load on the young shoots and thus the water deficit experienced by the
seedling. This is further evidenced by the eucalypt seedlings underneath the canopies
being taller and having green leaves whereas the leaves of seedlings in other treatments
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were often a reddish/purple colour, suggesting a considerable degree of stress. Within
the mulch treatment this stress may have been caused by a nitrogen deficiency due to a
high C/N ratio. The rock treatment may have had lower mortality as surface moisture
levels were relatively low even during the wettest part of the season which could limit
root development near the soil surface but encourage tap root extension as the surface
soil dried after rain periods. The trend of mortality for all species indicates that the rock
treatments would eventually support a higher density of seedlings than either the canopy
or mulch treatments as there was no significant difference between the number of
seedlings in spring or at the end of summer.
The advantage of a higher germination rate has been lost by the end of summer in both
mulch and canopy treatments. The seedling mortality in the canopy treatments may have
been high due to the drying and loss of the leaves from the branches, which then no
longer provided protection or shade. The shaded seedlings, although initially looking
healthy, may have had a less extensive root system than the plants on the rock treatment
and succumbed more readily to drought when the canopy protection was removed. In
the mulch, seedling mortality may be higher than at other areas because those seedlings
on the top of the ridges would be more exposed and no longer as protected as seedlings
in the furrows. In other areas, seedlings were mainly in the furrows and getting a
greater amount of shade during the day and protection from the wind. In addition, the
black colour of the mulch probably contributed to a higher heat load upon the young
seedlings. The level of predation cannot be estimated, although the presence of rabbit
droppings on site suggests this may have had some effect, especially on Allocasuarina
campestris.
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This study indicates that increasing the germinability of seeds does not necessarily
increase the number of surviving seedlings. The developing seedlings must also have
protection at the microsite level for survival through at least the first summer. Fletcher
(1993) also indicated that seedlings are still vulnerable 2-4 years after establishment.
However, one must exercise caution in extrapolating results between rehabilitation sites
as variable soil characteristics mean different seeding techniques may be needed on a
site by site basis (Montalvo et al., 2002). In addition, summer thunderstorms or the
remnants of cyclones may provide locally heavy rains, which could provide seedlings
that had survived into summer with enough water to make it through to the winter.
Treatments that lengthen survival time of seedlings may be advantageous to
rehabilitation in some years.
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7.5 CONCLUSION
An understanding of the germination requirements of species selected for regeneration
is important as this will lead to a more efficient establishment of plants. A rehabilitation
manager needs to know not only what stimuli can break dormancy, but also how
successful germination is under field conditions.
The application of dry heat to the seeds of woody perennials of the Eastern Goldfields
elicited a positive response only from Acacia quadrimarginea and Allocasuarina
campestris, the dominant species of the community which, from its structure and
position, appears to be the most fire-prone of those that occur on the rocky hills of the
region. This indicates that fire, although infrequent, may play an important role in the
regeneration of this community.
Surface treatments to the topsoil of mullock dumps can be effective in increasing
germination rates, mostly by increasing the soil moisture content during germination
and early seedling growth. However, any gains made may be lost unless favourable
micro-sites are supplied to the young seedlings in order to reduce mortality during the
first summer after germination. The success of establishment in the stressful and highly
stochastic Eastern Goldfields environment is variable and related to the rainfall regime.
In some years (perhaps drier ones) rock ‘mulch’ may enhance survival due to the large
number of safe sites. However, if there is a year with reasonable summer rains it is
likely that a mulch treatment could produce better regeneration results due to the
survival of the higher number of original germinants than were present in the rock
‘mulch’.
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Chapter 8
GENERAL DISCUSSION
8.1 ENVIRONMENTAL CONTROLS ON THE PLANT COMMUNITIES
This project presents a description of the floristic composition and key environmental
influences on the distribution of plant communities of greenstone hills in the Eastern
Goldfields of Western Australia. The multivariate analyses indicated, and the
subsequent more detailed studies supported the hypothesis, that the main determinant of
community distribution is the soil moisture regime. The distribution of individual
species may also be influenced by other edaphic factors such as soil chemistry,
particularly calcium, but these are secondary influences to that of soil water.
The aim of providing a basis for the rehabilitation of waste rock dumps has only
partially been achieved. The rock dumps represent new landforms which will have
different hydrological and chemical properties to those of naturally occurring hills and
will require careful selection of species for the establishment of self-sustaining plant
communities. However, this project has provided valuable information on the species
and community types that have the best prospects of successful establishment.
Discussion on the ecological context of the study and its implication for minesite
rehabilitation is presented below.
The greenstone hills of the Kalgoorlie region are an example of historical geomorphic
processes being directly reflected in current plant community composition and structure.
Mafic rocks are more resistant to weathering than ultramafic material and so constitute
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the basic landform of the hills and ridges of the region (Cole, 1992). Calcretes have
formed from the weathering of Ca and Mg bearing minerals within the mafic rocks,
resulting in the precipitation of carbonates (Anand et al., 1997). The calcrete material
has then eroded and been deposited at the base of steeper slopes or, where the ridges of
the hills are broad enough, has remained in situ. This has resulted in landforms with
calcrete-derived soils occurring mainly on the ridges and the surrounding fringes of the
hills and skeletal red clay loams on the slopes.
The two soil types exhibit contrasting hydrologic properties. The high calcium content
of the calcrete-derived soils lowers the exchangeable sodium percentage (ESP) and the
easily weatherable nature of the calcrete maintains a higher total electrolyte content
(TEC) than do the red clay loams. This allows greater movement of water through the
soil profile as the soil particles remain flocculated. In contrast, the lower TEC and
higher ESP of the red earths allow the clay fraction to become mobilized or dispersed,
blocking soil pores and reducing water infiltration.
The contrasting moisture regimes have resulted in distinct plant communities
establishing on each of the soil types. The Eucalyptus-Dodonaea Alliance grows
preferentially on the calcrete-derived soils where replenishment of soil water reserves is
possible during the winter months, whilst the Acacia-Prostanthera Alliance occurs on
the red earths which, especially on the slopes, overlay shallow fresh rock. The different
response of the dominant species in each alliance to moisture stress controls their
distribution on the greenstone hills. Acacias in general are considered to be more
drought tolerant than eucalypts. As both genera are found throughout the Australian
continent, rather than acacias simply being classified as drought tolerators and eucalypts
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as drought avoiders, the level of drought tolerance of species in each genus probably lies
along a continuum. On the Australian continent there is a clear divide between the
acacia dominated vegetation of the arid centre and the eucalypt dominated vegetation of
the more mesic areas. The boundaries of these regions are climatically determined,
falling mainly along annual rainfall isohyets. Acacias dominate where rainfall is below
250mm per annum in the south of the continent and below 350mm in the north, which
coincides with the southern limit of the monsoon (Hodgkinson, 2002). These boundaries
may be modified in some areas by other factors such as temperature (Bowman &
Connors, 1996) but the dominating influence is the moisture gradient. The results of this
study suggest that, as well as rainfall controlling the continental distribution of acacia
and eucalypt dominated communities, moisture gradients, particularly during periods of
high moisture stress, are also responsible for differences in eucalypt and acacia
distribution at a local scale.
Moisture gradients have been shown to control species distribution at local scales in
other parts of Australia (Davidson & Reid, 1989; Bowman et al., 1991; Battaglia &
Williams, 1996; Anderson & Hodgkinson, 1997), which can be related to a species’
tolerance of decline in its tissue water status. To maintain their leaf water status, the
eucalypts of the greenstone hills need access to a larger volume of soil water than do
other species and so are excluded from the skeletal soils of the slopes. They are also not
found on soils with a mobilized clay fraction, which prevents adequate infiltration of
water down through the soil profile. Soil depth has also been shown to affect the
distribution of other eucalypt species in more mesic environments. Although the
distributions of the Tasmanian species E. obliqua and E. tenuiramis were known to be
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climatically determined, differences in soil water requirements are also the main
environmental influence on distribution at a local scale (Battaglia & Williams, 1996).
Similarly, drought tolerance on shallower soils is also responsible for the distribution of
E. pulchella (the most drought tolerant), E. coccifera and E. delegatensis (the least
drought tolerant of the three; Davidson & Reid, 1989)
Acacias of the arid zone show more xeromorphic features than eucalypts and acacias of
other zones (Broughton, 1990). Acacia quadrimarginea is predominantly an Eremaean
species, often found on breakaways and therefore it was expected that the species would
have a high tolerance of very low moisture conditions. The species is able to achieve
this by tolerating high levels of desiccation of its leaf tissue, a response also displayed
by A. campestris and the understorey shrubs. In contrast, E. griffithsii and E. torquata
maintain their tissue water status throughout the year and therefore probably have good
stomatal control. In this way, A. quadrimarginea is able to occupy soils with little plant
available moisture during the dry season.
The correlation found between surface soil moisture during the dry season and the
distribution of A. quadrimarginea indicates that it is largely conditions during periods of
moisture stress that determines a species’ distribution. At other times of the year, when
the soil profile is more evenly wetted, there would be adequate water available for most
plants growing on the hills. As the soil profiles dries during the summer, it is the
species’ strategy of coping with those conditions – i.e. restricting transpiration for the
eucalypts and access to sufficient soil water or allowing tissue desiccation for the other
shrubs – that will determine its competitiveness on the alternative soil structures.
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Dispersive soils may be having a significant local effect on species distribution in
Australia. It is estimated that nearly 28% of the continent is affected by sodicity or about
five times that affected by salinity (Rengasamy & Olsson, 1991). A dispersed soil will
reduce the recharge of the subsoil, making conditions unsuitable for species such as
many eucalypts that require access to large soil reserves of water over the dry season. It
can be expected therefore that soils that behave sodically will be colonized by species
with a high drought tolerance. Future studies of plant community distribution, especially
in the arid interior, should consider not only the impact of the clay percentage has on the
water relations of the subject communities, but also that of the disposition of the clay
fraction within the soil. Additionally, where environmental factors act as continua, such
as that of electrolyte and sodium concentrations, comparison of mean values between
communities may not reveal the key environmental influences on community
distribution.
The soil moisture regime is the dominant environmental factor discriminating between
the acacia and eucalypt communities on the greenstone hills. However, the strong
floristic dissimilarity of the two communities is likely to be due to more than a single
environmental factor. Not only must shrubs associated with the Acacia-Prostanthera
Alliance be tolerant of dry soil conditions, they are likely to have a greater amount of
root competition in the shallow soils from the overstorey species than those growing
under eucalypts. Many herbaceous species may be able to avoid significant root
competition during the summer by adopting an annual lifestyle or remaining dormant
throughout this period.
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The other major influence suggested from the interpretation of the PCA is that of
calcium. In addition to modifying physical soil structure, calcium has other effects on
plant nutrition. It may modify the uptake of other nutrients such as phosphate by
rendering phosphoric acid unavailable and modifies the competitive abilities for certain
nutrients such as iron (Crawley, 1997) as well as increasing the pH. Plants growing on
soils with very high calcium concentrations are not ones that require a lot of calcium
directly but may be sensitive to environmental factors influenced by it (Crawley, 1997).
It is therefore difficult to ascertain which of the effects, physical or chemical, is most
strongly controlling the distribution of individual species on the greenstone hills. For
example, three sites classified as Acacia-Prostanthera Alliance contained little or no A.
quadrimarginea but were dominated instead by A. acuminata. These sites were
associated with higher values of calcium in the PCA, which may suggest that A.
quadrimarginea is excluded from sites with high concentrations of calcium and not just
out-competed for dominance on those sites by the eucalypts. The occurrence of that
community on soils with higher calcium concentrations indicates, however, that the
associated understorey plants of the Acacia-Prostanthera Alliance are out-competed for
resources by the eucalypts.
The eucalypts occurring on the greenstone hills, especially E. griffithsii and E. torquata,
and their associated understorey species must be able to tolerate high calcium
concentrations. The distribution of the shrubs was not strongly correlated to the surface
soil moisture content, which suggests that the availability of nutrients is more strongly
influencing the shrub layer than the overstorey. In addition, the communities
encountered on the hills of the Kalgoorlie region were floristically very similar to
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Communities 1 and 2 described by Gibson and Lyons (2001) as occurring on hills at
Jaurdi Station, 150 kilometres to the west of Kalgoorlie. This community was also
associated with high mean concentrations of exchangeable calcium (12.7 and 18.3
cmol+/kg-1, respectively). Although both this project and the studies of Gibson and
Lyons (1998a&b; 2001) both found that the soil moisture regime is the dominant
environmental factor influencing community distribution on hills of the Eastern
Goldfields, whatever the local soil conditions that produce that regime, it is apparent
that other factors must be taken into account when considering the distribution of
individual species.
The dominance of E. griffithsii and E. torquata on the calcretes suggests they have a
competitive advantage over other eucalypts common to the flats adjacent to the hills
such as salmon gum (E. salmonophloia). This may be due to chemical factors as these
species are also found in areas lower in the landscape. This study found that E. torquata
dominated on sites with higher nickel and chromium and E. griffithsii on sites of lower
magnesium. The result for E. griffithsii was also found by Fergusson and Graham
(1996) at a site near Kalgoorlie. Although magnesium was a major determinant in that
study, calcium concentrations were also significantly higher in A. acuminata woodland
and E. griffithsii woodland than in salmon gum woodland. It would appear that in the
Eastern Goldfields, high calcium concentrations may be limiting the distribution of
salmon gum.
The distribution of A. quadrimarginea found in this project is consistent with
descriptions of its distribution on other greenstone hills and throughout the Eremaean
(Beard, 1990). However, it is also present on sandy rises around salinas in the
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Kalgoorlie region (personal observation) and therefore is not restricted to skeletal soils
or sodic red earths but, due to its high drought tolerance, may be present wherever it has
a competitive advantage in high stress soil moisture conditions.
Fire occurs at long intervals (decadal) in semi-arid regions due to the discontinuity of
fuels. The germination response to the application of heat indicates that the species
adopt different strategies to regeneration in a post-fire interval. In semi-arid
environments there will be substantial competition for resources from mature and
established plants and so it will be advantageous for species to establish in gaps left
following fire. Such gaps may appear at a small scale due to storm events, but are very
localized and the death of a parent plant due to storms or windthrow will probably be
less common than in a fire event.
The variety of responses found to the application of heat indicated that a species is
adapted to gaining an advantage in different disturbance events or under different
regimes. The dominant species, E. griffithsii, E. torquata, Allocasuarina campestris and
A. quadrimarginea, show responses that suggest they will be stimulated to germinate
after any fire event, but shrub species of the understorey may be more specialized in
their regeneration requirements. For example, the relatively low germinability of D.
lobulata suggests that it is unlikely to commit all of its seed reserves to a single post-fire
regeneration opportunity. This may be because a small fire that affects the shrub layer
may not completely burn the overstorey species and seedlings will have to compete for
soil resources, especially water, with established plants. However, the experiment on
seedling survival on the waste dumps revealed that increased germination does not
necessarily result in higher seedling survivorship as the quality of microsites is
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important to early establishment. Shrub species, therefore, may adapt their regeneration
to enhance seedling survival to times when adult plants have been killed or substantially
damaged and to sites or gaps where there is reduced competition for resources.
8.2 IMPLICATIONS FOR MINESITE REHABILITATION
Waste rock dumps represent new and unique landforms, which are often relatively
inhospitable to plant growth. As such, the surface soils play a particularly crucial role in
plant establishment. The core of a waste dump at Kalgoorlie Consolidated Gold Mines
is composed of sizeable rocks, which form large interstitial spaces between them with a
covering of oxide and retained topsoil as a substrate for vegetation. This is a rather
different structure to that of the greenstone hills, which are generally comprised of
shallow, dispersed red earths or calcrete- derived soils over fresh, compact mafic rock.
Due to the poor structure of the soil and large voids deeper in the dumps, the dumps are
likely to be excessively drained in comparison to the hills and will have little water
holding capacity, especially over the summer months.
These soil variables will impose limitations on the species and type of community that
can be established. The hydrological conditions would parallel that experienced in soils
of the Acacia-Prostanthera Alliance and are likely to favour drought tolerant species
such as A. quadrimarginea, Allocasuarina campestris, and associated shrubs. The
shallow soil profile of the dumps would not allow enough soil moisture to be stored to
support the large root volume required by mature eucalypts. Deeper profiles that could
support eucalypts would be cost prohibitive and increase erosional problems
substantially. Although eucalypt seed is readily available and germinable, such trees are
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unlikely to be viable in the long term on the slopes and upper surfaces of the waste
dumps.
Soil moisture is not the only constraint to successful rehabilitation of the waste dumps.
The substrate is also very high in exchangeable cations, especially calcium, a condition
which is more similar to that of the soils of the Eucalyptus-Dodonaea Alliance. In
addition, the EC of the dump soils is much higher than the soils of any site on the
greenstone hills, although they could not be classified as saline. Chenopods establish
well on existing dumps but are not a significant feature of the greenstone hills
communities and, due to the low EC of the hills soils, it is not possible to draw any
conclusions as to the salt tolerance of the other species growing on hills. This may mean
that long-term establishment of some species selected for rehabilitation may be affected
unless salts are leached from the dump profile over time. Further research will be
required on site to determine long-term changes in soil conditions and how that is going
to affect community composition.
The experiment on the effect of soil moisture on seedling establishment at the Mt. Percy
site provides evidence for the need to supply some form of surface mulching, possibly a
rock mulch. A rock mulch will reduce surface evaporation and provide protection for
young seedlings. Increased soil moisture will result in higher germination rates but not
necessarily in increased establishment of seedlings at the end of summer. If protection
can be given to seedlings whilst encouraging root development then establishment
success should be improved. The addition of a surface rock mulch will mean additional
costs to a rehabilitation programme and this will need to be weighed against the benefits
of higher establishment rates.
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The application of dry heat to seeds produced significant increases to germination rates
with no reduced responses from any of the studied species to a moderate exposure. An
exposure of five minutes to a temperature of 80oC was adequate to increase germination
rates in most species and would be a relatively inexpensive method to increase
germination on rehabilitated sites. Further research would be required to ascertain the
responses of other species to this treatment and if it can be successfully applied to whole
seed mixes.
Given the differences between the waste dumps and the greenstone hills, it would be
difficult to choose any of the studied greenstone hills sites as appropriate analogues for
benchmarking the success of rehabilitation efforts. Instead, information on individual
species tolerance to the conditions on the waste dumps from this study and others in the
Eastern Goldfields region such as those of Gibson & Lyons (1998a,b; 2001) could be
used to construct a new community assemblage. For example, if further research were to
find that A. quadrimarginea is intolerant of high calcium concentrations, then the data
from Mt. Carnage indicates that A. acuminata may be an appropriate replacement in the
overstorey even though it is not widespread on the greenstone hills. Investigations into
its drought tolerance would need to occur, however, before it could be considered for
widespread use on waste dumps.
An understorey consisting of species common to both communities would most likely
produce the best chances of establishing a self-sustaining community as these species
aould appear to be both drought- and calcium-tolerant. These should include Dodonaea
microzyga, D. lobulata, Scaevola spinescens, Ptilotus obovatus and Eremophila
oldfieldii ssp. angustifolia. Other species to be considered, such as Olearia muelleri and
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Westringia rigida, may come from the eucalypt communities as these are the most likely
to be tolerant of high calcium levels yet may still have root systems suited to the shallow
waste dump soils.
In summary, the greenstone hills of the Kalgoorlie region do provide valuable
information upon which to base the rehabilitation of rocky waste dumps. The soil
moisture regime of the soils of the Acacia-Prostanthera Alliance can be used as
analogues for the regime that is likely to be experienced by the shallow soils of the
waste dumps. However, the soil types currently used as a substrate on the dumps are
chemically dissimilar to that of the Acacia-Prostanthera Alliance soils and attempts at
replicating that community is unlikely to be successful. Instead, a new community
structure based on a species tolerance to drought and high calcium levels will need to be
assembled.
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