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ABSTRACT
On-going climate change through the 21st century projects increasingly warmer and
drier conditions for Mediterranean-type ecosystems (MTEs), creating threats to species
persistence in these biodiversity hotspots.

For the highly biodiverse kwongan of

southwest Australia, this means a climate shifting towards semi-arid conditions, yet how
this unique vegetation type will respond to a novel hotter and drier climate is largely
unknown. Therefore, this study examined the effects of altered rainfall and temperature
on demographic processes of woody kwongan in post-fire (0 - 3 years since last fire)
and mature (12 - 15 years since last fire) stands across a soil depth gradient in the
northern sandplains of southwestern Australia, seeking to identify the consequences for
plant species and functional trait composition. To achieve this, a selection of commonly
occurring species (Banksia attenuata, Banksia hookeriana, Melaleuca leuropoma and
Beaufortia elegans as primary focal species) were used to form a plant functional trait
scheme, with fire-response strategy (resprouter, non-resprouter) as a trait of key interest
due to the fire prone nature of MTEs, and leaf type (broad, needle, small), growth form
(shrub, subshrub) and seed size (large, medium, small) as traits of interest due to their
potential roles in drought and temperature responses. Passive rainout shelters were used
to reduce rainfall, and drip irrigation to increase rainfall, by ~ 30 %.

Open top

chambers were used to increase temperature, with daytime temperature increased by an
average of 2.9˚C.
Seedling germination, survival and growth, and adult survival, health, flowering and
fruiting were reduced by drought and warming, with increased rainfall producing little
change. Greater magnitude of reduction was observed under experimental warming,
however experimental drought resulted in greater level of change in functional trait
composition. Despite the general higher resistance of adult resprouters, it was nonresprouters that showed potential to become the dominant fire-response strategy in a
drier environment, through higher seedling resilience and similar resistance as adults to
resprouters. With a decline in survival for both post-fire resprouts and seedlings,
resprouters could be at risk of population decline in the long term. Subshrub and small
leaf traits were the most successful in drought conditions due to their drought tolerant
nature, while broad leaf and shrub traits will likely suffer population decline. In warmer
conditions, significant decline in resprouter seedling survival was matched by equally
large decline in non-resprouter adult survival, indicating little change in dominance of
non-resprouters at the seedling stage and resprouters at the adult stage, and thus little

change in their relative abundances. The needle leaf trait was most competitive in
warmed conditions performing well relative to other traits both in seedlings and adults.
Shallow soil profiles, reflecting lower water availability, negatively affected
demographic rates, suggesting decreases in diversity and density on shallow soils as less
drought tolerant species retreat to deeper soil profiles with greater water stores.
Results here show potential for large scale change in MTEs in projected warmer and
drier climates, through decline in vulnerable functional traits, and thus reduced density
of woody species and losses to biodiversity. Further investigation is needed into the
combined effect of warming and drought, in addition to impact of altered fire regime,
with changes in fire behaviour projected for MTEs as a result of warmer and drier
conditions. Investigation that encompasses a broader range of Mediterranean species is
also necessary to provide greater accuracy to conclusions drawn here on functional trait
responses.

CONTENTS

Chapter 1: Introduction

1-8

1.1 Aims and outline of thesis …………………………………………………… 6
1.2 Thesis structure ………………………………………………………………. 7

Chapter 2: Literature review
2.1 Introduction

9-38
9

2.2 Climate change factors: [CO2], rainfall and temperature

10

2.3 Kwongan

13

2.3.1 Climate, soil and topography of northern kwongan ……………… 13
2.3.2 The role of fire ………………………………………………......... 14
2.3.3 Vegetation phenology …………………………………………….. 15
2.3.4 Floristics and vegetation types ……………………………………. 15
2.3.5 Fire-response strategy …………………………………………….. 17
2.3.6 Mode of seed storage …………………………………………....... 20
2.3.7 Rooting pattern …………………………………………………… 21
2.3.8 Growth from ……………………………………………………… 22
2.3.9 Seed size ………………………………………………………….. 23
2.3.10 Leaf type ………………………………………………………… 23
2.3.11 Plant niches ……………………………………………………… 24
2.4 Environmental effects

25

2.4.1 Altered rainfall ……………………………………………………. 25
2.4.2 Altered temperature ………………………………………………. 30
2.4.3 Fire behaviour …………………………………………………….. 34
2.5 Conclusions

Chapter 3: Site description and experimental design
3.1 Study area

38

39-53
39

3.1.1 General characteristics ……………………………………………. 39
3.1.2 Climate ………………………………………………………….… 40

3.1.3 Geology and soils ………………………………………………… 40
3.1.4 Topography …………………..…………………………………… 41
3.1.5 Vegetation ………………………………………………………… 41
3.1.6 Fire regime ………………………………………………………... 42
3.1.7 Plant functional traits ……………………………………………... 43
3.2 Experimental infrastructure

44

3.2.1 Shelter design (dry treatment) ……...…………………………...... 44
3.2.2 Irrigation design (wet treatment) ..……………………………....... 46
3.2.3 Open top chamber design (temperature treatment) ………………. 46
3.3 Experimental design

49

3.3.1 Study sites ………………………………………………………… 49
3.3.2 Plot design ………………………………………………………... 50
3.3.3 Focal species ……………………………………………………… 51

Chapter 4: Abiotic factors and treatment infrastructure performance

54-89

Abstract
4.1 Introduction

55

4.1.1 Aims ………………………………………………………………. 59
4.1.2 Hypotheses ……………………………………………………....... 59
4.2 Methods

60

4.2.1 Soil moisture ……………………………………………………… 60
4.2.2 Temperature and humidity …….………………………………...... 62
4.2.3 Data analysis ……………………………………………………… 63
4.3 Results

67

4.3.1 Study site climate …………………………………………………. 67
4.3.2 Treatment effects …………………………………………………. 71
4.3.3 Soil moisture ……………………………………………………… 76
4.4 Discussion

81

4.4.1 Rain-out shelter performance …………………………………...... 82
4.4.2 Irrigation performance ……………………………………………. 83
4.4.3 Open top chamber performance ………………………...………… 84
4.4.4 Factors acting on soil moisture …………………………………… 85

4.4.5 Conclusions ………………………………………………………. 88

Chapter 5: Impacts of altered rainfall on demography of mature kwongan

90-121

Abstract
5.1 Introduction

91

5.1.1 Aims ………………………………………………………………. 95
5.1.2 Hypotheses ………………………………………………………... 95
5.2 Methods

96

5.2.1 Demography ……………………………………………………… 96
5.2.2 Data analysis ...……………………………………………………. 99
5.3 Results

101

5.3.1 Survival ………………………………………………………….. 101
5.3.2 Health ……………………………………………………………. 104
5.3.3 Growth …………………………………………………………... 105
5.3.4 Reproduction …………………………………………………….. 107
5.3.5 Community response ……………………………………………. 110
5.4 Discussion

112

5.4.1 Influence of altered rainfall on demographic rates ..…………...... 113
5.4.2 Influence of fire-response strategy under altered rainfall …..…… 115
5.4.3 Influence of growth form and leaf type under altered rainfall …... 117
5.4.4 Community response to altered rainfall …………………………. 119
5.4.5 Influence of topographic position on demographic processes .….. 120
5.4.6 Conclusions ……………………………………………………… 120

Chapter 6: Effects of altered rainfall on post-fire regenerating kwongan

122-155

Abstract
6.1 Introduction

123

6.1.1 Aims ……………………………………………………………... 126
6.1.2 Hypotheses ………………………………………………………. 126
6.2 Methods

128

6.2.1 Seedling experiments ………………………………………...….. 128
6.2.2 Resprouting vegetation ………………………………………….. 130

6.2.3 Data Analysis ……………………………………………………. 132
6.3 Results

134

6.3.1 Seedlings ………………………………………………………… 134
6.3.2 Resprouting vegetation ………………………………………….. 139
6.4 Discussion

146

6.4.1 Seedling response to altered rainfall …………………………….. 146
6.4.2 Response of resprouting vegetation to altered rainfall ………….. 149
6.4.3 Effect of topographic position on regenerating vegetation …….... 152
6.4.4 Conclusions ……………………………………………………… 153

Chapter 7: Impacts of temperature increase on mature and post-fire kwongan 156-187
Abstract
7.1 Introduction

157

7.1.1 Aims ……………………………………………………………... 161
7.1.2 Hypotheses ………………………………………………………. 161
7.2 Methods

162

7.2.1 Seedling experiments ……………………………………………. 162
7.2.2 Mature vegetation ……………………………………………….. 163
7.2.3 Data Analysis ……………………………………………………. 164
7.3 Results

164

7.3.1 Seedlings ………………………………………………………… 165
7.3.2 Mature vegetation ……………………………………………….. 169
7.4 Discussion

178

7.4.1 Seedling response to increased temperature …………………….. 178
7.4.2 Mature vegetation response to increased temperature …………... 181
7.4.3 Effect of topographic position on seedlings and adults .………… 186
7.4.4 Conclusions …………………………………………………….... 186

Chapter 8: Discussion and conclusions

188-199

8.1 Conclusions regarding drier climates ……………………………………… 188
8.2 Conclusions regarding wetter climates ………………………………….… 193
8.3 Conclusions regarding warmer climates …………………………………... 195

8.4 Overall conclusions ……………………………………………………….. 197

Appendices

200-225

Chapter 4 Appendices …………………………………………………………. 200
Chapter 5 Appendices …………………………………………………………. 204
Chapter 6 Appendices …………………………………………………………. 212
Chapter 7 Appendices …………………………………………………………. 219

References

226-256

ACKNOWLEDGEMENTS

My supervisors Neal Enright, Joe Fontaine and Colin Yates for their guidance, patience
and wisdom.
Department of Parks and Wildlife for project funding, and performing management
burns at the study site.
Andrew Nield for field work, construction of temperature chambers, encouragement and
support.
Willa Veber for field work and data management.
Mark Gerlach for field and laboratory work.
Alexa Tunmer, Emily Panietz, Pawel Waryszak, William Fowler and Lucie Arnaudet
for field work assistance.
Trent Adams for construction of rain-out shelters.
Poly Pipe Traders for assistance in irrigation design.

LIST OF TABLES
Table 4.1 Time structure of data for soil moisture (treatment; profile/PR2 and surface,
natural; TBug) and temperature data (canopy at 30 cm > ground, ground at 5 cm >
ground, and soil at 1 cm < ground) in experimental plots at Eneabba across the study
period. Shaded squares represent months where data were recorded, hatched squares
represent unused data due to technical issues with data recording equipment.
Table 4.2 Rainfall statistics for January 2010 to December 2012 inclusive. Records
from Australian Government Bureau of Meteorology (BOM) station number 008225
(Eneabba).
Table 4.3 Temperature statistics for Eneabba for January 2010 - December 2012.
Records from Australian Government Bureau of Meteorology (BOM) station number
008225 (Eneabba).
Table 4.4 General linear mixed-effect model parameters for mean weekly temperature
and humidity in control, Open top chamber and shelter microenvironments across
topographic position and fire history at Eneabba from 2011 - 2103. Only significant
interactions are shown (in italics). Bolded t-values represent significant effects (p <
0.05).
Table 4.5 General linear mixed-effect model parameters for PR2 profile soil moisture
in experimentally altered rainfall plots across fire history and topographic position at
Eneabba from 2011 - 2013. Only significant interactions are shown (in italics). Bolded
t-values represent significant effects (p < 0.05).
Table 4.6 General linear mixed-effect model parameters for surface soil moisture in
experimentally altered rainfall plots across fire history and topographic position at
Eneabba from 2010 - 2013. Data split by soil moisture conditions in control plots
(above 1% and below 1%). Only significant interactions are shown (in italics). Bolded
t-values represent significant effects (p < 0.05).
Table 5.1 General linear mixed-effect model parameters for final survival (autumn
2013) of mature vegetation across topographic position in experimentally altered
rainfall plots at Eneabba. Only significant interactions are shown (in italics). Bolded zvalues represent significant effects (p < 0.05).
Table 5.2 General linear mixed-effect model parameters for change in percent live
canopy from 2011 - 2013 for mature vegetation across topographic position in
experimentally altered rainfall plots at Eneabba. Only significant interactions are shown
(in italics). Bolded t-values represent significant effects (p < 0.05).

Table 5.3 General linear mixed-effect model parameters for change in canopy volume
(m3) from 2010 - 2013 for mature vegetation in experimentally altered rainfall plots
across topographic position at Eneabba. Bolded t-values represent significant effects (p
< 0.05).
Table 5.4 General linear mixed-effect model parameters for branch tip growth (relative
species mean) across three years for mature focal species across topographic position in
experimentally altered rainfall plots at Eneabba. Only significant interactions are shown
(in italics). Bolded t-values represent significant effects (p < 0.05).
Table 5.5 General linear mixed-effect model parameters (Poisson distribution) for
number of flowers and fruits across 2010 – 2013 for mature focal species in
experimentally altered rainfall plots across topographic position at Eneabba. Only
significant interactions are shown (in italics). Bolded z-values represent significant
effects (p < 0.05).
Table 5.6 Mean number of seedlings in 1 m2 area surrounding the base of adult
individuals (focal species) in mature vegetation by treatment and health category across
2012 and 2013 at Eneabba.
Table 5.7 General linear mixed-effect model parameters for change in plant density (m2
) of mature woody species between 2010 and 2013 in experimentally altered rainfall
plots across topographic position at Eneabba. Significant interactions only are shown
(in italics). Bolded t-values represent significant effects (p < 0.05).
Table 6.1 Species (with family, location and functional traits) used for seedling trials in
2011 - 2012 and 2012 - 2013. X indicates species used at each site.
Table 6.2 General linear mixed-effect model parameters for germination, survival and
biomass of seedlings in experimentally altered rainfall plots across topographic position
at Eneabba for 2011-12 and 2012-13 seedling trials. Only significant interactions are
given (in italics). Bolded z and t-values represent significant effects (p < 0.05).
Table 6.3 General linear mixed-effect model parameters for final survival of
resprouting species three years post-fire in experimentally altered rainfall plots across
topographic position at Eneabba. Bolded z-values represent significant effects (p <
0.05).
Table 6.4 General linear mixed-effect model parameters for change in percent live
canopy from 2011 - 2012 and 2012 - 2013 for resprouting vegetation in experimentally
altered rainfall plots across topographic position at Eneabba. Only significant
interactions shown (in italics). Bolded t-values represent significant effects (p < 0.05).
Table 6.5 General linear mixed-effect model parameters for three components of postfire resprouting growth in experimentally altered rainfall plots across topographic
position at Eneabba over three study years; canopy volume, primary stem growth, and
stem tip/secondary growth. Only significant interactions shown (in italics). Bolded tvalues represent significant effects (p < 0.05).

Table 7.1 General linear mixed-effect model parameters for germination, survival and
biomass of seedlings in experimentally altered temperature plots across topographic
position at Eneabba from 2011-12 and 2012-13. Only significant interactions are shown
(in italics). Bolded z and t-values represent significant effects (p < 0.05).
Table 7.2 General linear mixed-effect model parameters for final survival of mature
woody vegetation in experimentally altered temperature plots across topographic
position at Eneabba. Only significant interactions are shown (in italics). Bolded zvalues represent significant effects (p < 0.05).
Table 7.3 General linear mixed-effect model parameters for canopy (branch tip)
dieback (binomial distribution), canopy (branch tip) growth and change in canopy
volume for mature focus species Beaufortia elegans and Melaleuca leuropoma in
experimentally altered temperature plots across topographic position at Eneabba . Tip
dieback and tip growth was over two growth periods (2011 - 12, 2012 - 13), and canopy
volume was change in volume from 2010 to 2013. Only significant interactions are
shown (in italics). Bolded z and t values represent significant effects (p < 0.05).
Table 7.4 General linear mixed-effect model parameters (Poisson distribution) for
number of flowers and fruits across 2010 – 2013 for mature focal species in
experimentally altered temperature plots across topographic position at Eneabba. Only
significant interactions are shown (in italics). Bolded z-values represent significant
effects (p < 0.05).
Table 7.5 Mean number of seedlings by treatment and health category in 1 m2 area
surrounding base of adult focal species in mature vegetation in control and open top
chamber (OTC) plots at Eneabba across autumn 2012 and 2013.
Table 7.6 General linear mixed-effect model parameters for change in plant density of
mature woody vegetation in experimentally altered temperature plots at Eneabba across
topographic position from 2010 to 2013. Only significant interactions are shown (in
italics). Bolded t-values represent significant effects (p < 0.05).

LIST OF FIGURES
Figure 4.1 Schematic illustrating soil moisture devices (surface = hand held theta
probe, profile = PR2 probe, TBug = buried theta probes) and locations used within and
outside experimental plots at Eneabba across the study period, showing depths
measured with each device at deep and shallow sand sites. Grey data point represents
100 cm TBug measure at the burnt shallow sand site only. Data for profile soil moisture
in shallow sand sites were only used for the unburnt site due to technical problems.
Figure 4.2 Schematic illustrating position of iButtons within OTCs at soil, ground and
canopy level for experimental temperature (open top chamber) plots at Eneabba across
the study period.
Figure 4.3 Difference in Eneabba cumulative rainfall from the 1964 - 2012 average
(average represented by dotted grey line). Rainfall for 2013 only shown up to April to
match with final data collection of study. Records from Australian Government Bureau
of Meteorology (BOM) station number 008225 (Eneabba).
Figure 4.4 Difference in Eneabba monthly temperature from 1972 - 2012 average.
Dotted grey line represents 1972 - 2012 average. 2013 temperature only shown up to
April to match with final data collection of study. Records from Australian
Government Bureau of Meteorology (BOM) station number 008225 (Eneabba).
Figure 4.5. Contour maps of soil moisture (sm%) from deep sand profiles across time
and depth for a) unburnt site, and b) burnt site at Eneabba. Measurements from
September 2010 to April 2013.
Figure 4.6. Contour maps of soil moisture (sm%) from shallow sand profiles across
time and depth for a) unburnt site (10 – 50 cm), and b) burnt site (10 – 100 cm) at
Eneabba. Measurements from September 2010 to April 2013.
Figure 4.7 Regression of rainfall event and volume of water in drum collected from 12
rain exclusion shelters at Eneabba across the study period. Unfilled points represent
below average drum volumes from one burnt swale shelter which had a 34% lower
interception of rainfall than the mean rainfall interception of the 12 shelters.
Figure 4.8 Average difference from control for diurnal temperature (˚C) and humidity
(%RH) in OTCs at Eneabba across the study period for: a) autumn, b) winter, c) spring,
d) summer. Grey dotted line represents control.
Figure 4.9 5 day running mean of daily maximum temperature at Eneabba across the
study period in control and OTC plots at canopy (30 cm > ground), ground (5 cm >
ground) and soil (1 cm < below ground)level. Data were not recorded continuously for
all levels across study period.

Figure 4.10 Mean weekly temperature (± 95% CI) of control plots and OTCs at
Eneabba across the study period for each position (soil = 1 cm below soil, ground = 5
cm above ground, canopy = 30 cm above ground) across season; a) autumn, b) winter,
c) spring, d) summer. Note different y axis scale for winter.
Figure 4.11 Deep sand (a) and shallow sand (b) average profile soil moisture
(difference from control) in experimentally altered rainfall plots at Eneabba across the
study period by calendar month, for 10, 20, 30, 40, 60 and 100 cm depth (one depth per
panel). Black line is wet treatment, grey line is dry treatment, and dotted line represents
control.
Figure 4.12 Average percent profile soil moisture (± 95% CI) across the study period
in rain-on, control and rain-off plots for a) deep sand and b) shallow sand sites within
season at Eneabba. Note different y axis scales.
Figure 4.13 Average percent surface soil moisture (± 95% CI) in rain-on, control, rainoff and OTC plots at Eneabba across the study period for a) deep sand and b) shallow
sand sites within season. Note different y axis scales.
Figure 4.14 Average profile soil moisture (± 95% CI) at Eneabba across the study
period for deep sand plots at burnt and unburnt sites by season.
Figure 5.1 Mean percent final survival (± 95% CI) of mature vegetation in rain-on,
control and rain-off plots on deep and shallow sand sites at Eneabba for: a) nonresprouters, b) resprouters, c) growth form, d) broad leaves, e) needle leaves, f) small
leaves.
Figure 5.2 Percent of individuals in each canopy health category for mature vegetation
in rain-on, control and rain-off plots in 2011, 2012 and 2013 at Eneabba for a) deep and
b) shallow sand plots.
Figure 5.3 Mean branch tip growth (± 95% CI) for: a) fire-response strategy (nonresprouters = NS, and resprouters = RS), and b) growth form and leaf type combined
(broad leaved shrubs = BL/S, and small leaved subshrubs = SS/SL) across 2011 - 2012
and 2012 – 2013 for rain-on, control and rain-off plots at Eneabba.
Figure 5.4 Counts of flowers (a - d) and fruits (e - h) in scaled categories of 0, 1 - 10
and > 10 for focal species in rain-on (W), control (C) and rain-off (D) plots over three
years at Eneabba for Banksia attenuata (a and e), Banksia hookeriana (b and f),
Beaufortia elegans (c and g), and Melaleuca leuropoma (d and h)
Figure 5.5 Mean percent cover (± 95% CI) for mature vegetation in rain-on, control
and rain-off plots at deep sand and shallow sand sites at Eneabba for a) final (2013)
whole plot vegetation cover, b) change in vegetation cover from 2010 to 2013.
Figure 5.6 Mean change in density (± 95% CI) of woody plants in rain-on, control and
rain-off plots in deep and shallow sand sites at Eneabba from 2010 to 2013.

Figure 6.1 Schematic illustrating primary and secondary growth measures for
resprouting vegetation.
Figure 6.2 Percent germination (a) and percent of germinated seeds surviving over
summer (b) in rainfall treatment plots for seedling experiments in 2011 - 2012 (rain-on,
control, rain-off plots) and 2012 - 2013 (rain-on, rain-off plots) across deep and shallow
sand sites at Eneabba.
Figure 6.3 Early summer (December) relative mean height (± 95% CI) of seedlings
that were alive vs. dead post-summer (April) for: a) non-resprouting b) resprouting, c)
large seed, d) medium seed, e) small seed, f) broad leaf, g) needle leaf, h) small leaf
traits in rain-on, control and rain-off plots at Eneabba for across 2011-12 and 2012-13
seedling trials. Note different y axis for (f).
Figure 6.4 Mean percent final survival (± 95% CI) of resprouting species in rain-on,
control and rain-off plots at deep and shallow sand sites at Eneabba for a) growth form,
b) broad leaved, c) needle leaved, d) small leaved species.
Figure 6.5 Percent of individuals in each canopy health category for resprouting
vegetation in rain-on, control and rain-off plots for a) deep sand and b) shallow sand
sites at Eneabba across three years.
Figure 6.6 Mean primary resprout stem growth (± 1 standard error) for the two
resprouting focal species Banksia attenuata (BA) and Melaleuca leuropoma (ML) in
rain-on, control and rain-off plots at Eneabba for a) 2011 - 2012 and b) 2012 - 2013
with stem tip (secondary) growth for M.leuropoma for 2012 - 2013. Note different y
axis scales.
Figure 6.7 Treatment averages (± 95% CI) for a) change in density of woody species
from 2010 to 2013, and b) final whole plot vegetation cover in rain-on, control and rainoff plots at Eneabba.
Figure 6.8 Mean Shannon-Wiener diversity index (± 95% CI) for regenerating
vegetation in rain-on, control and rain-off plots at Eneabba for deep and shallow sand
sites in spring 2012.
Figure 7.1 Percent of seeds germinated, and percent of germinated seedlings that
survived over summer for seedling experiments in 2011 – 2012 and 2012 – 2013.across
deep and shallow sand sites for control and open top chamber (OTC) plots at Eneabba.
Figure 7.2 Early summer (December) relative mean height of seedlings (± 95% CI) that
were alive or dead by the final field survey post-summer in open top chamber (OTC)
and control plots at Eneabba across 2011-12 and 2012-13 seedling trials for a) nonresprouters, b) resprouters, c) large seed, d) medium seed, e) small seed, f) broad leaf, g)
needle leaf, h) small leaf.

Figure 7.3 Mean final survival (± 95% CI) in autumn 2013 of woody vegetation in
open top chamber (OTC) and control plots at Eneabba for a) non-resprouters and b)
resprouters at deep and shallow sand sites.
Figure 7.4 Mean final survival (± 95% CI) in autumn 2013 for woody vegetation in
open top chamber (OTC) and control plots at Eneabba for a) broad leaf (N = 11 in
shallow sand control plots), b) needle leaf (N = 4 in deep sand open top chamber plots,
9 in shallow sand open top chamber plots), and c) small leaf species at deep and shallow
sand sites.
Figure 7.5 Percent of individuals in each canopy health category for mature vegetation
in open top chamber (OTC) and control plots at Eneabba across three years for: nonresprouters at a) deep sand and b) shallow sand sites, and resprouters at c) deep sand
and d) shallow sand sites.
Figure 7.6 Counts of flowers (a - b) and fruits (c - d) in scaled categories of 0, 1 - 4, 5 10 and > 10 for focal subshrub species in control (C) and temperature (T) plots across
deep and shallow sand sites at Eneabba over three reproductive years of the study for
Beaufortia elegans (a and c) and Melaleuca leuropoma (b and d).
Figure 7.7 Mean change in density of woody individuals (± 95% CI) from 2010 to
2013 in control and open top chamber (OTC) plots at Eneabba for a) non-resprouters
and b) resprouters.
Figure 7.8 Mean spring 2012 Shannon-Wiener diversity (± 95% CI) in control and
open top chamber (OTC) plots at Eneabba for deep and shallow sand sites.
Figure 8.1 Schematic diagram showing direction of response of non-resprouter (NS)
and resprouter (RS) life history stages in deep sand (shaded) and shallow sand
(unshaded) to a) 30% rain reduction and b) 2.9˚C mean daytime warming. Bolded fireresponse strategy indicates trait with current higher prevalence at each life history stage.
Size of arrows indicates magnitude of response, black arrows denote significance (p <
0.05). Rain reduction: direction and magnitude of response was similar for seedlings
and adults in deep and shallow sand, but differences between soil depths were evident
for flower and fruit production where response was positive in deep sand, but negative
at shallow sand, suggesting lower seed set and hence recruitment occurring at shallow
soil profiles. Through higher relative recruitment, non-resprouters would likely gain a
competitive advantage over resprouters, gradually gaining space with each disturbance
as resprouting species suffered small losses. Warming: Reductions in demographic
rates were consistent across deep and shallow sand sites for all life history stages except
adults and flowering, where non-resprouter persistence was lower in shallow sand
(suggesting gradual dominance of resprouters) and flowering response was positive for
both fire-response strategy traits in deep sand but negative in shallow sand (although
lower fruiting at deep and shallow soils would mean marginal change in seed set). It
would be unlikely for any shift in competitive balance to occur under warmed

conditions due to higher persistence in resprouters balanced by their lower recruitment,
although a shift to further dominance of resprouters could occur through resources
becoming available from declines in non-resprouter persistence.

LIST OF PLATES
Plate 3.1 Maps of a) Western Australia showing location of Eneabba study area, and b)
southwest Australia with outline of SWAFR (green line) and annual average rainfall
isohyets (white lines) (taken from Hopper and Gioia (2004)).
Plate 3.2 Treatment infrastructure in use at the Eneabba study sites: a) rain-out shelter
with drum at a shallow sand site, b) collecting gutter showing cut out sections that allow
rainfall running down polycarbonate strips to enter gutter, c) rain-off plot with shelter
and paired rain-on plot with irrigation at the unburnt shallow sand site (note downward
slope of shelter towards collecting gutter, d) paired rain-off and rain-on plot at the
unburnt deep sand site (note slope down to drum on right side of photo), e) open top
chamber at burnt deep sand site, f) vegetation inside an open top chamber at the unburnt
shallow sand site.
Plate 3.3 Aerial image showing location of study sites ~ 10 km north of Eneabba, W.A.
in March 2012. Deep sand dune sites are identifiable by taller vegetation with small
trees showing up as spotted areas, compared to the uniform smooth appearance of
vegetation in shallow sand swales. The outline of the 2010 prescribed burns can be
seen, but the 2012 natural fire occurred after this image and was thus not visible here
(Image © 2013 DigitalGlobe, Google Earth).
Plate 3.4 Growth form of focal species: a) Banksia hookeriana b) Banksia attenuata c)
Beaufortia elegans d) Melaleuca leuropoma. Note: single stem of nonsprouters and
multiple stem form of resprouters (reflecting presence of a below-ground lignotuber).
Plate 5.1 Colour tie position for branch growth on a) shrub (Banksia hookeriana), and
b) subshrub (Beaufortia elegans) at Eneabba. Colour tie for the shrub is blue and marks
the branch on which growth initiated at the base of the terminal infructescence
(indicated by arrow) was measured. Yellow colour tie on the subshrub marks the fruit
above which all growth (indicated by circle) was measured.

