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Summary 
 

Mining is the most important economic activity in the Australian arid region, and mine-

site rehabilitation is a fundamental part of mining operations. The duration and intensity 

of water deficit in these regions make water availability the principal limiting factor for 

plant growth and survival in both natural and rehabilitated systems. Post-mining 

landforms represent a novel ecosystem where substrates used in construction may differ 

in material properties from those in the surrounding natural environment. Yet, if an 

understanding of the material properties of available substrates coupled with an 

understanding of the physiological requirements of prospective plant species is assessed 

early in mine-site development, appropriate stockpiling of materials may aid in the 

success of post-mining land rehabilitation. Woody shrubs from the Acacia genus and 

perennial hummock grasses of the Triodia genus are dominant components of plant 

communities across the Australian arid zone. Acacia species are frequently used in 

rehabilitated ecosystems, because native legume species are often good colonisers and 

allow efficient water and nutrient cycling. Triodia species are also important, but their 

establishment in rehabilitation settings has so far met with limited success. This PhD 

project aimed to study the physiological functioning of Acacia- and Triodia-dominated 

communities and their associated hydrology in the Telfer region of the Great Sandy 

Desert in north-western Australia, in the context of mine-site rehabilitation. 

 

First, a community-level field study was carried out to determine the influence of 

seasonally available water on the composition and abundance of plant species along a 

catenary sequence representing differences in hydrology. Sites from rocky slopes high 

in the landscape, gravelly sandplains at the foot of slopes, sandplains low in the 

landscape, and aeolian sand dunes that are interspersed with the sandplains, were 

selected as the four major landforms of the region. Species diversity and abundance 

were monitored over two wet and dry cycles to ascertain the significance of seasonality 

in species composition and stability of leaf area within a site. Three plant traits (specific 

leaf area, leaf size and plant height) were chosen to explore meaningful differences in 

the ecohydrological strategies between plant species, and communities were compared 

on the basis of these traits, with reference to site hydrological properties. The results 

showed that the total leaf area and leaf area of dominant species was fairly constant 

within a site, with the majority of leaf area contributed by the co-dominant Acacia and 
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Triodia species. Site leaf area index was positively correlated with plant-available 

water, and site abundance-weighted trait values were significantly correlated with soil 

hydrological properties, chiefly plant height with soil hydraulic conductivity, and 

specific leaf area with dry season soil water content (Chapter 2). 

 

The results presented in Chapter 2 indicated that plant responses to seasonal changes in 

water availability were predominantly physiological, rather than phenological, and that 

soil hydrology was significant in the distribution of plant species along the catenary 

sequence. The two dominant plant species at each landscape position (eight species in 

total) were selected to further investigate how species differences in drought resistance 

determine plant distribution, with reference to site hydrological factors. A suite of plant 

traits relevant to the hydraulic functioning of plant species were selected, and trait by 

trait and trait by environment comparisons were made. Plants exposed to greater 

intensity of drought were found to maintain turgor at lower soil water potentials than 

species exposed to less severe drought. Woody species (Acacia and Eucalyptus) 

compared to herbaceous species (Triodia) were found to be less exposed to negative 

water potentials and to lose turgor at higher soil moisture content. Leaf density and the 

concentration of leaf osmotic solutes were positively associated with the ability of 

Triodia spp. to survive intense water deficit and maintain turgor at low soil water 

availability. Functional differences within woody and herbaceous groups in terms of 

trait attributes showed similarities to the primary axes in trait differentiation identified 

in other studies. I conclude that dominant woody species in the Great Sandy Desert are 

better at accessing water in the dry season than co-occurring herbaceous species, which 

have a high tolerance to severe drought conditions (Chapter 3). 

 

In Chapter 4 I explore the distribution of fine roots in the soil profile above the bedrock 

in three of the landscape positions studied in Chapters 2 and 3. I quantified root length 

and root biomass distribution in relation to soil hydraulic properties (bulk density, 

saturated hydraulic conductivity, and water content) and the spatial distribution of 

aboveground vegetation. Peak root length and biomass occurred between 0.2 and 0.3 m, 

contrary to many other ecosystems and semi-arid sites where peak root densities occur 

in the upper 0.1 m of the profile. There were no strong relationships between the spatial 

distribution of aboveground vegetation and the horizontal distribution of root density, 

such that variation in root density in the horizontal dimension was large under an even 

vegetation cover at one site, but was relatively small under a spatially variable 
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vegetation cover at the two other locations. Soil beneath vegetation did not have a lower 

bulk density, higher rates of hydraulic conductivity or greater water content than soil 

beneath interpatches, as would be expected under the patch-interpatch or source-sink 

theoretical models. There were, however, significant relationships between the 

distribution of root density and the distribution of soil hydraulic properties in the clay-

rich soil of the sandplain.  

 

Construction of post-mining landforms is often restricted by the quantity of materials 

suitable as plant growth substrate. This may impact the maximum rooting depth, and 

thus the storage volume for plant-available resources, and lead to the use of materials 

with sub-optimal growth properties. At Telfer Gold Mine in the Great Sandy Desert, 

Western Australia, topsoil is routinely harvested and stockpiled for future use in site 

rehabilitation. Siltstone is a common waste product that, after passing through the 

crusher, presents as a fine-textured material with water-holding properties potentially of 

benefit to post-mine rehabilitation. Chapter 5 presents the results of a glasshouse 

experiment using varying quantities of topsoil and siltstone and assessing the effect of 

different soil combinations on the biomass allocation and drought resistance of two 

woody shrub species. I conclude that siltstone poses no chemical or physical 

impediments to root proliferation for the two woody species studied. Additionally, the 

inclusion of siltstone increased the number of days that plants maintained high levels of 

transpiration after the cessation of watering, and that plants grown with siltstone were 

more likely to show some adjustment in biomass allocation, diurnal transpiration 

patterns or leaf physiology that enhanced drought resistance.  

 

In Chapter 6 the findings of Chapters 2 – 5 are synthesised and interpreted from the 

perspective of mine-site rehabilitation. In summary, I conclude that detailed knowledge 

of the physiology of prospective rehabilitation target species and the hydrological 

properties of growth substrates for post-mining landforms will assist in the design and 

planning of post-mining rehabilitation in arid landscapes.  
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Fig. 2-6. Site leaf area index (LAI) against plant-available water content (PAW). 
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season (January, summer), following 80 – 100 mm rainfall from passing Cyclone Lawrence, and (b) the 
end of the dry season (November), following a drier than average wet season, for four soil types near 
Telfer in the Great Sandy Desert, Western Australia.  
 

Figure 3-2. Pre-dawn and mid-day leaf water potential [Ψleaf (MPa); bars, mean ± 1 SE, n = 9] during 
the (a) dry season and (b) the wet season, for eight species near Telfer, Great Sandy Desert, Western 
Australia. The leaf water potential at the turgor loss point [ΨTLP (MPa); lines, mean ± 1 SE, n = 9] 
measured in the dry season, is shown on both leaf water potential charts for comparison. Eo, Eucalyptus 
odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, Acacia 
stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 
Figure 3-3. Stomatal conductance to water vapour [gs (mmol g-1 s-1), mean ± 1 SE, n = 9] during the 
wet and dry season, for eight species near Telfer, Great Sandy Desert, Western Australia. Eo, Eucalyptus 
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stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 
Figure 3-4. Leaf tissue parameters estimated from pressure-volume curves for eight species near Telfer, 
Great Sandy Desert, Western Australia. (a) Maximum bulk modulus of elasticity [εmax (MPa); mean ± 1 
SE, n = 9]. (b) Relative water content at the turgor loss point [RWC tlp; mean ± 1 SE, n = 9]. Species with 
an asterisks (*) above the bar indicates a significant difference to species with no asterisks at P < 0.05. 
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As, Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
  

Figure 3-5. Leaf water potential at the turgor loss point [Ψ tlp (MPa); mean ± 1 SE, n = 9] versus osmotic 
potential at full turgor [Ψπ100 (MPa); mean ± 1 SE, n = 9] during the dry season (y = 0.35x – 1.31; r2 = 
0.87, P < 0.05) for eight species near Telfer, Great Sandy Desert, Western Australia. Inset: maximum 
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bulk modulus of elasticity [εmax (MPa); mean ± 1 SE, n = 9] versus ΨTLP for the same species. Eo, 
Eucalyptus odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, 
Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 

Figure 3-6. First two axes of a principal component (PC) analysis showing (a) species positioning 
(denoted by species abbreviations) for eight species near Telfer, Great Sandy Desert, Western Australia. 
Soil type groupings are represented as (■), Rocky slopes; (∆) Gravelly sandplains; (▼) Sandplains; and 
(□) Sand dunes. Eo, Eucalyptus odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia 
ancistrocarpa; As, Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii. 
(b) Trait vectors describing the relationship between the distribution of plants in (a) and their trait values. 
Length of the line indicates strength of trait, with the highest Pearson’s correlation coefficient of 0.91 
between gs and PC1, and the lowest of 0.27 between εmax and PC1. Leaf solute potential [Ψπ100 (MPa)]; 
Water potential at the turgor loss point [Ψ tlp (MPa)]; Pre-dawn leaf water potential in the dry season [Ψ leaf 
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only vectors with Pearson’s correlation coefficients >0.4 are shown. Extractable phosphorus [Pe, (μg g-

1)]; slope [s (%)]; gravel content [G (%)]; silt content [Si (%)]; salinity [as electrical conductivity, EC (μS 
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Fig. 4-1. Vegetation types (a), soil profiles (b) and aerial photos (c) of gravelly sandplain (left), 
sandplain (centre) and sand dune (right) sites near Telfer in the Great Sandy Desert, Western Australia. 
The gravelly sandplain soil profile photo shows the surface to the underlying siltstone (white) at 1.4 m, 
the sandplain profile photo shows 10 cm diameter root sample cores inserted at 1.6 m immediately above 
the hard underlying siltstone (yellow).  
 
Fig. 4-2. Frequency distributions for root and soil variables. a. root biomass density (kg m-3), b. root 
length density (m m-3), c. fine root (≤ 2 mm diameter) length density (m m-3), d. soil water content (m3 m-

3), e. dry soil bulk density (kg m-3), and f. saturated hydraulic conductivity (m day-1). μ: sample mean, s: 
standard deviation, CV: coefficient of variation. For a – e: gravelly sandplain n = 140, sandplain n = 160, 
sand dune n = 180; f: gravelly sandplain n = 42, sandplain n = 48, sand dune n = 56. Values on the x axis 
represent the mid-point of the category range.  
 
Fig. 4-3. Cumulative root length density (RLDt) with increasing root diameter across all sampled depths 
(Gravelly sandplain 0.05 – 1.0 m; Sandplain 0.05 – 1.4 m; Sand dune 0.05 -1.8 m). 
 
Fig. 4-4. Profiles of mean root length density (a) and root biomass density (b) with depth. Error bars 
represent 1 standard error of the mean, for n = 20 samples per depth for each of the soil types Gravelly 
sandplain, Sandplain and Sand dune in the Great Sandy Desert, Western Australia. The inset table in (a) 
summarises the total root length (RLIt) and fine root length (RLIf) per unit land surface area, for soil 
depths above 0.5 m and below 0.5 m. 
 
Fig. 4-5. Cumulative root length with depth for fine roots (≤ 2 mm diameter, dotted line) and coarse 
roots (> 2 mm diameter, bold line) from the a. gravelly sandplain, b. sandplain and c. sand dune. The grey 
dashed line represent the asymptotic single-parameter global model for fine root density distribution at β 
= 0.975 as found for other deserts globally (Jackson et al., 1996). 
 
Fig. 4-6. Total root length density with dry soil bulk density (a), soil water content (b), and saturated 
hydraulic conductivity (c). Marker size increases with sample depth (from 0.05 m to 1.6 m) in the soil 
types: gravelly sandplain (white symbols) sandplain (grey symbols) and sand dune (black symbols). 
 
Fig. 4-7. Horizontal distribution (x axis, distance along the horizontal profile face) of total root length 
density (RLD) at four depths in the gravelly sandplain (a), sandplain (b) and sand dune (c). Open 
diamonds 10 – 20 cm; closed squares 20 – 30 cm; closed triangles 30 – 40 cm; open squares 40 – 50 cm.  
Background tones indicate the location of vegetation, where the vertical bars are herbaceous (green) 
species intersecting the transect, or woody (brown) species stems within 1 m of the transect, and 
horizontal bars are where projected foliage cover of woody species intersected the transect.  
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Figure 5-1. Volumetric soil water content (m3 m-3) and soil matric potential (MPa) for the three soil 
types sourced from Telfer Gold Mine, Great Sandy Desert, Western Australia. Mean ± 1 SE, asterisks 
between lines indicate significant difference (P < 0.05) between mean water contents at the given suction 
pressure. 
 
Figure 5-2. Average glasshouse conditions measured at 10 minute intervals through the sample period 
(17th January – 23rd February 2011). Glasshouse temperatures were regulated at 40 oC daytime, 25 oC 
night time to simulate Telfer (Great Sandy Desert, Western Australia) summer field conditions. 
 
Figure. 5-3. Mean (± SE) volume of water (L) in each species (Acacia stipuligera and A. robeorum) x 
soil (T1 – T4) treatment combination at each day after the commencement of drought. Measurements are 
shown from when drought treatment pots were last watered to field capacity until the pre-defined 
‘droughted’ condition was reached.  
 
Figure 5-4. Mean (± 1 SE) Pre-dawn water potential (MPa), osmotic potential (MPa) and relative water 
content (%) of leaves from A. stipuligera and A. robeorum control (open symbols) and droughted (closed 
symbols) plants, measured at Day 0 (watered to field capacity, W) and when transpiration had reduced to 
20 % of well-watered conditions (the predefined drought condition, D). Asterisks indicate significant 
differences between sample dates (W and D).  
 
Figure 5-5. Diurnal pattern in stomatal conductance (mmol m2 s-1) measured at day 0 under well-
watered conditions (open symbols), and on the day of reaching the predefined drought condition (closed 
symbols), for the woody shrub species Acacia stipuligera grown from local provenance seed sourced 
from near Telfer, Great Sandy Desert, Western Australia, in four soil types (T1 – T4). Mean ± 1 SE ; 
positive values indicate greater stomatal conductance at day zero. Asterisk (*) indicate times of the day 
where the difference between sample dates was significantly greater than zero (P < 0.05). 
 
Figure 5-6. Diurnal pattern in stomatal conductance (mmol m2 s-1) measured at day 0 under well-
watered conditions (open symbols), and on the day of reaching the predefined drought condition (closed 
symbols), for the woody shrub species Acacia robeorum grown from local provenance seed sourced from 
near Telfer, Great Sandy Desert, Western Australia, in four soil types (T1 – T4). Mean ± 1 SE ; positive 
values indicate greater stomatal conductance at day zero. Asterisk (*) indicate times of the day where the 
difference between sample dates was significantly greater than zero (P < 0.05). 
 
Figure 5-7. Comparison of biomass allocation in Acacia stipuligera and A. robeorum drought treated 
plants grown with soil types T1-T4. Mean ± 1 SE, n = 7.  Different letters indicate significant differences 
between species/treatment combinations at P < 0.05.  
 
 
Figure 5-8. Root length density (m m-3) of species x soil type combinations where sufficient replication 
was present for comparison. Mean ± 1 SE, n = 7.  
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Abbreviations 
A   Photosynthetic rate 

CC  Canopy cover 

δ13C   Leaf carbon-isotopic composition 

EC  Electrical conductivity 

εmax   Maximum bulk modulus of elasticity 

gs   Stomatal conductance to water vapour  

GS  Gravelly sandplain 

H  Plant height 

Kfs  Saturated hydraulic conductivity (field measurement) 

LAI  Leaf area index 

LDMC  Leaf dry matter content 

LS  Leaf size  

N   Leaf nitrogen concentration 

PAW  Plant available water 

Ψπ100   Osmotic potential at full hydration 

Ψtlp   Leaf water potential at the turgor-loss point 

Ψpd(w)  Leaf water potential pre-dawn wet season 

Ψpd(d)  Leaf water potential pre-dawn dry season 

Ψmd(w)  Leaf water potential mid-day wet season 

Ψmd(d)  Leaf water potential mid-day dry season 

RS  Rocky slope 

RWCtlp  Leaf relative water content at the turgor loss point 

SD  Sand dune 

SLA   Specific leaf area 

SMA  Standardised major axis regression 

SP  Sandplain 
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Equations 

PAW = i

n

1i

ASW∑
=
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imin,imax, d)(
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×−∑
=

θθ       Equation 2-1 

where θmax,i is the measured volumetric soil water content in the wet season 

(mm of water per mm of soil depth) at depth increment i, θmin,i is the measured 

volumetric water content in the dry season (mm/mm) at depth increment i, and 

di is the depth of the profile increment i (mm). 

 

RMD = DM / V,        Equation 4-1 

Root biomass density (kg m-3); where DM is root dry mass (kg) and V is the volume of 

the core (m3). 

 

RLDt = Lt / V         Equation 4-2 

Total root length density (m m3); where Lt is the total root length (m) and V is the 

volume of the core (m3). 

 

RLDf = Lf / V         Equation 4-3 

Fine root length density where Lf is the length (m) of the fine root fraction and V is the 

volume of the core (m3). 

 

RLIt =   Σ (RLDti  x di)       

 Equation 4-4 

Roots per ground surface area: total root length index (m2 m-2) 

 

RLIf  =   Σ (RLDfi  x di)       

 Equation 4-5 

Roots per ground surface area: fine-root length index (m2 m-2)  

 

W = (Mw – Md) / V        Equation 4-6 

Volumetric soil water content (m3 m-3); where Mw is soil wet mass (kg), Md is soil dry 

mass (kg), and V is the volume of the soil core (m3). 

 

BD = Md / V         Equation 4-7 
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Dry soil bulk density (kg m-3); where Md is soil dry mass (kg) and V is the volume of 

the soil core (m3). 

 

Ks =   







h

l

Ad
dQs

                                Equation 4-8 

 

Soil saturated hydraulic conductivity (m day-1): where Qs is the water flow rate (m3 day-

1), dl is the thickness of the soil column (m), A is the cross-sectional area of flow (m2) 

and dh is the hydraulic head (m). 

 

π = 2.447 x osmolality       Equation 5-1 
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Chapter 1 

 

General Introduction 

 

Arid and semi-arid lands cover 35-45 % of the terrestrial land surface (Asner et al., 

2003, Reynolds et al., 2007) and store about 15.5 % of the world’s total organic C to 1 

m (Post et al., 1982), approximately twice the amount stored in temperate forest 

ecosystems (Lal, 2004). Triodia hummock grasslands dominate the semi-arid and arid 

portion of the Australian continent and support the world’s greatest diversity in lizard 

fauna (Griffin, 1984). Globally, arid and semi-arid zones contain a number of economic 

resources, with extractive industries targeting hydrocarbons including oil and gas; 

metals and metallic minerals including iron, tin, bauxite, aluminium, borates, titanium, 

cobalt, manganese, nickel, lead, zinc, chromium, uranium and vanadium; non-metallic 

and industrial products such as phosphates, asbestos, coal, oil shales, salt, talc and 

sulfur; precious minerals such as gold, silver, platinum, zircon and diamonds; and 

construction and industrial minerals such as stone, clays, sand and gravel (Gratzfeld, 

2003).  

 

Arid lands are home to over 2 million people (Gratzfeld, 2003), and contain some of the 

fastest-growing cities in the world (Newman et al., 2006). Globally, one of the 

management issues under investigation in semi-arid zones is woody encroachment 

(Huxman et al., 2005b). A shift in composition towards dominance of woody species 

over perennial grasses has been documented in the Sahel zone of Africa (Wickens and 

Whyte, 1979), southern and eastern Africa (Barnes, 1979), the south-western USA 

(Buffington and Herbel, 1965, Clark-Martin, 1975), the drier parts of India (Singh and 

Joshi, 1979) and Australia (Wilson and Graetz, 1979), with ramifications for 

agricultural productivity and carbon sequestration and storage. Desertification, 

groundwater depletion, salinisation and soil erosion are also currently of concern in arid 

lands (De Fries et al., 2004). In addition, rising temperatures and atmospheric CO2 

concentrations may result in climate changes that increase the aridity index over many 

parts of the globe (Solomon et al., 2007), with less than certain outcomes for ecosystem 

stability (Fay et al., 2002, Fay et al., 2008, Miranda et al., 2009, Breshears et al., 

2005a).  

 

 2 



Consequently, there is a pressing need for research in arid environments that may help 

to direct current and future management for both human and ecosystem benefits. Local-

scale studies that link biotic and abiotic factors are of great value, as they can be 

compared at the global scale and patterns and processes that transcend scale can be 

identified (Suding et al., 2008, Newman et al., 2006). Australia is dominated by semi-

arid and arid lands, with many mineral bearing deposits currently being extracted. There 

is a general paucity of local scale studies in the Australian semi-arid and arid zone, 

particularly those relating to ecosystem processes underground. New knowledge is 

essential to support the environmental management required of the resource extraction 

industry.  

 

The desert environment: interactions between climate and soils 

 

Water-limited ecohydrological systems are characterised hydrologically by potential 

rates of evapotranspiration greatly exceeding rainfall input (Allison and Hughes, 1983). 

The United Nations Convention to Combat Desertification defines arid, semi-arid and 

dry sub-humid zones as “areas other than polar and sub-polar regions, in which the ratio 

of annual precipitation to potential evapotranspiration (the aridity index) falls within the 

range from 0.05 to 0.65” (Gratzfeld, 2003). This definition increases the proportion of 

dry lands to 47 %. However, such climatic indices do not account for all factors that 

affect plant growth, such as seasonal variation in the distribution of rainfall, maximum 

and minimum temperatures, or the length of the dry season (Wickens, 1998, D'Odorico 

and Porporato, 2006). Taking these biologically important factors into account, Walter 

and Breckle (1986) made subdivisions based on superimposing climatic and ecological 

zones (zonobiomes), describing tropical zonobiomes with summer rainfall (humid-arid 

ZBII), subtropical arid biomes (desert climate ZBIII), and arid-temperate zonobiomes 

with cold winters (continental ZBVII). The former two predominantly occur in the sub-

tropics, between 20 and 30 degrees north and south latitude associated with the high-

pressure systems of the Hadley pressure cell. Precipitation arises from the summer 

monsoon (Inter-tropical Convergence Zone), often as short, intense showers followed 

by hot dry conditions, resulting in shallow wetting of the soil, susceptible to rapid 

evaporation (Williams and Ehleringer, 2000). Temperate deserts in the mid-latitudes, 

with a predominantly winter-rainfall pattern (often as snow), have more effective 

rainfall, with a higher proportion of precipitation entering the soil and percolating to 

greater depths (Schwinning and Sala, 2004, Schwinning et al., 2005). 
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Biogeographical and ecohydrological definitions or aridity presume that water 

availability is a limiting factor in the potential rates of photosynthesis and thus growth, 

reproduction and nutrient cycling in desert ecosystems (Hellmuth, 1971, Noy-Meir, 

1973, Strain, 1969, Friedel, 1981, He et al., 2011), and therefore has a significant 

influence on vegetation composition and densities (Keddy, 1992, O'Connor et al., 2001, 

Tsialtas et al., 2001, Winkworth, 1967, Muldavin et al., 2008, Knapp et al., 2002). 

Water limitation is so severe in many hot sub-tropical arid biomes, that plant life is 

marginal (e.g., Africa’s Sahara and Namib, the Empty Quarter of the Middle East, the 

Gobi and Taklimakan in central Asia and South America’s Atacama region), whereas 

others have a relatively substantial and diverse vegetation cover (e.g., Australia’s Great 

Sandy, Gibson and Victoria deserts, North America’s Sonoran desert, the Kalahari and 

Sahel of Africa, and the Negev in Israel).  

 

Aridity indices, describing climatic aridity, give an incomplete view of water 

availability, because the redistribution of rainwater within the ecosystem due to 

variation in landform, soils and vegetation creates local variation in edaphic aridity 

(Wickens, 1998, Loik et al., 2004). Water availability to plants is not defined by 

rainfall, but by the amount of rain that is stored in the soil and the ability of the plant to 

access this water (Oliveira, 2013). Landscape heterogeneity affects the distribution of 

water and nutrients, and hence the large-scale pattern, amount, and variation of 

productivity in arid and semi-arid ecosystems (Muldavin et al., 2008). Consequently, 

heterogeneity in hydrological processes influences the distribution, structure, function 

and dynamics of biological communities (McAuliffe 1994). Geology, landscape 

topography, soil texture and structure interact and influence the proportion of total 

precipitation that becomes available to plants. Infiltration rate, the rate at which water 

can enter the soil, is primarily influenced by soil particle size, the presence and size 

distribution of pores, or air-filled pockets within the soil, and the level of soil saturation 

(Cresswell and Hamilton, 2002, McKenzie and Cresswell, 2002). Due to the 

exponential relationship between pore size and flow (McKenzie and Cresswell, 2002), 

coarse-textured soils such as gravelly and sandy soils have high saturated hydraulic 

conductivity (Ks), so water infiltrates quickly to deeper soil layers, compared to the 

situation in finer-textured silty and clay soils, in which Ks is often several orders of 

magnitude lower, requiring longer time to infiltrate to depths. Sloping surfaces are 

susceptible to runoff before infiltration can occur, and water is redistributed to lower 
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parts of the landscape. Saturated hydraulic conductivity is often considered one of the 

most spatially variable of all soil properties (Warrick and Nielsen, 1980, Williams, 

1983) and has been found to increase under vegetation cover (Dunkerly, 1997, 

Dunkerly, 2002, Ludwig et al., 2005) due to macropores and channels created from 

biological activity associated with plants and animals. Soil texture, or the distribution of 

particle sizes within a soil, also influences the matric potential of soils through the 

distribution of pore sizes, with finer-textured soils exerting stronger matric suction on 

water than coarser soils with larger pore sizes, leading to a lower water-holding capacity 

of sandy soils and requiring greater depth to store an equivalent amount of water than in 

finer soils. Very small pores increase capillarity in soils, allowing water to move back to 

the surface where it readily evaporates. These factors interact so that the availability of 

soil water is heterogeneous across the landscape and often within a soil profile (Ludwig 

et al., 2005, Tongway and Ludwig, 1994).  

 

The ability of a plant to access stored water depends on the root distribution in relation 

to the soil water storage, and the soil-root hydraulic gradients (Oliveira, 2013). For 

plants to remove water from soils, they must generate a suction potential more negative 

than the soil water potential which has physiological and morphological implications for 

plants in different soil types (Martre et al., 2002, Minasny and McBratney, 2003). 

Interactions between soils, plant adaptations, and spatial and temporal fluctuations in 

water availability will be discussed in later sections of this chapter. 

 

Water availability and biological processes in deserts 

 

Noy-Meir (1973) defined desert ecosystems as “water controlled ecosystems with 

infrequent, discreet, and largely unpredictable water inputs” where biological activity is 

largely rainfall driven (Griffin, 1984, Zhan et al., 2007, Chesson et al., 2004). At a large 

scale, this can be seen from satellite imagery and normalised difference vegetation 

indices (NDVI) as changes in the ‘greenness’ of desert areas following seasonal or 

inter-annual rainfall (Choudhury and Tucker, 1987, McGrath et al., 2012), with 

magnitude of change linked to rainfall event size. Following from the unpublished 

works of Westoby and Bridges, Noy-Meir (1973) postulated a ‘trigger-pulse-reserve’ 

paradigm, where a rainfall event (‘trigger’) drives a biological ‘pulse’ of activity, 

allowing plants to allocate energy to ‘reserve’ material such as carbohydrates, biomass 

and propagules that allow biota to persist through drier, less-productive periods. 
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Inherent in this concept is a consideration of the size, magnitude and frequency of 

‘trigger’ events required for the successful completion of particular biological 

processes. For example, small precipitation events (~ 2 mm) that barely penetrate the 

soil surface may have important implications for cryptogamic crust organisms and soil 

microbes, but do not affect water uptake by roots of higher plant life forms. Moderate 

rainfall events (5-15 mm) likely improve the water status of shallow-rooted species such 

as grasses (Sala and Lauenroth, 1985), but do not cause increased water use in trees. 

Relatively large showers (> 20 mm) are needed to trigger recruitment in many arid 

species or for water uptake in many woody shrubs and trees (Breshears and Barnes, 

1999, Watson et al., 1997). Even under substantial rainfall, coexisting species will differ 

in the timing and magnitude of response, because of differences in the distribution of 

roots (Jolly and Running, 2004) or the rate at which new roots are produced (Hunt et al., 

1987). Such disparities are addressed by the resource partitioning theory which, in its 

strictest form postulates that roots of grasses are confined to the upper soil layers, whilst 

roots of trees are distributed into deeper layers of the soil profile (Walker and Noy-

Meir, 1982, Walter, 1971). The theory proposes that a separation of niches in terms of 

water uptake reduces competition and permits the coexistence of grass and tree species 

as seen over vast tracts of semi-arid and arid environments globally. Variation in the 

proportions of each life form can be explained because woody plants should dominate 

in areas where the soil and climate interact so that water infiltrates deep into the profile, 

whereas grasses and other shallow-rooted species should dominate areas where soil 

water penetration is shallow (Schwinning and Ehleringer, 2001). Where there is a 

combination of shallow- and deep-wetting pulses, multiple stable states may be 

possible, with the actual balance of shallow- and deep-rooted vegetation determined 

through disturbance regimes and competitive advantage (Bucini and Hanan, 2007, Sala 

et al., 1997, Sankaran et al., 2005, Walker et al., 1981, van der Waal et al., 2011).  

 

Although the ‘trigger-pulse-reserve’ paradigm (Noy-Meir, 1973) and the partitioning 

theory (Walker and Noy-Meir, 1982) both have a sound theoretical basis (Sala et al., 

1997), and have proven applicable in the understanding of the composition and 

dynamics of many semi-arid and arid environments, their application has not been 

general. In investigating the limitations of these theories, more comprehensive models 

that elaborate aspects of both, and consider additional attributes and feedbacks between 

physical aspects have been proposed. The ‘hierarchy of pulse responses’ (Schwinning 

and Sala, 2004) considers the antecedent soil moisture, infiltration depth and pulse 
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duration. The ‘threshold-delay’ model (Ogle and Reynolds, 2004) incorporates 

ecophysiological aspects such as carbon gain, plasticity in rooting habits, various plant 

phenologies and the potential for delayed response to rainfall. The Ludwig et al. (2005) 

‘Trigger Transfer Reserve Pulse’ model considers the importance of redistribution of 

precipitation in the landscape and the effect that has on pulse size, and the allocation of 

growth to ‘reserves’ or growth ‘pulses’. Jenerette et al. (2012) expanded the concept as 

whole community and ecosystem pulses, including processes like nutrient cycling. 

Although all authors agree that pulses of precipitation stimulate biological activity in 

water-limited ecosystems, a diversity of responses have been recorded regarding the 

nature, timing and magnitude of the response. 

 

The effect of soil texture on water availability to plants may explain at least some of the 

inconsistency in measured response to wetting pulses. As mentioned above, to remove 

water from soils, plants must generate a suction potential more negative than the soil 

water potential. Soil texture has a strong effect on how water is held in the soil matrix, 

and determines how negative a pressure potential gradient a plant must generate to 

extract water from the soil (Cresswell, 2002). For two soils of equal volume, but of 

contrasting texture, the finer soil will most often hold a greater quantity of total water, 

but this water will require a greater suction potential to be completely removed. This 

has physiological and morphological implications for plants in different soil types, and 

will be reflected in the measurable responses to wetting pulses. 

  

Ecological and hydrological interactions in desert ecosystems: Ecohydrology 

 

Ecological and hydrological processes are particularly tightly coupled in water-limited 

environments (Wilcox et al., 2003). Although the biota of desert ecosystems are 

constrained by limited precipitation, interactions between abiotic and biotic processes 

increase the efficiency of precipitation through positive feedback mechanisms 

(Cammeraat and Imeson, 1999, Ludwig et al., 2005). Vegetation patches obstruct runoff 

and store runon, runon enhances plant growth pulses, and vegetation patches enhance 

soil infiltrability, such that the distribution of soil water determines vegetation growth 

and establishment, which in turn determines the distribution of soil water. These 

interactions are the focus of the emerging field of ecohydrology (Wilcox et al., 2003). 

Ludwig et al. (1997) provide a conceptual framework proposing the redistribution of 

resources from source areas (bare patches) to sink areas (vegetation patches), such that 
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runoff from bare patches is quickly captured by and concentrated in vegetation patches. 

This process minimises the loss of resources through runoff, and also increases the 

proportion of precipitation available for transpiration, because water will infiltrate to 

deeper soil layers within the vegetation patches, becoming less susceptible to 

evaporation (Newman et al., 1997). This process is characteristic of water-limited 

environments, because of the tendency for them to be overland-flow-dominated systems 

where runoff is controlled by the infiltration characteristics of the soil surface rather 

than the storage capacity of the soil. In other words, runoff occurs, because of the slow 

rate of infiltration, not because the soil is saturated. The result is vegetation patterns 

such as bands (e.g., banded mulga woodland of arid Australia) (Dunkerly, 1997, 

Tongway et al., 2001), stripes (e.g., tiger bush vegetation of Africa), spots (e.g., in semi-

arid western Africa) and rings (e.g., Triodia hummock grasses of arid Australia, 

Achnatherum splendens in inner Mongolia, Carex spp. in California and Bouteloua 

gracilis in New Mexico), interspersed with bare patches (Ludwig et al., 1999). A 

‘patch’ is thought to be resource conserving when no runoff occurs, and non-conserving 

if runoff does occur at the given scale (Wilcox et al., 2003). Loss or change of 

vegetation and changes to the surface of bare patches such as loss of cryptogamic crusts 

constitute significant disturbances in such ecosystems as a resource-conserving system 

can rapidly become non-conserving, leading to erosion and loss of water and nutrient 

resources within a patch (Ludwig et al., 2005). The sensitivity of these ecosystems to 

changes in the hydrological cycle results in passive rehabilitation taking decades to 

achieve, or the need for active rehabilitation to restore the ecohydrological functioning 

(Wilcox et al., 2003).  

 

Plant water-use strategies in desert ecosystems: Plant Functional Groups  

 

In sub-tropical semi-arid environments characterised by stochastic rainfall events of 

variable magnitude, separated by potentially long periods of relative drought, a 

dichotomy of water-related pressures exists – how to utilise soil moisture delivered in 

large and small doses and how to survive long periods of water deficit. It may be 

expected that, through natural selection, communities are composed of species that, 

combined, best utilise the soil moisture regime they are associated with (Schwinning 

and Ehleringer, 2001). Answering important ecological questions at the scale of 

ecosystems, landscapes or biomes is more readily achieved by classifying plants into 

functional groups, rather than taxonomic groups, and can be approached from the dual 
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directions of 1) plant response to environmental variations and changes (Cornelissen et 

al., 2003), and, reciprocally, 2) the impacts of vegetation on large-scale environmental 

parameters (Lavorel and Garnier (2002) review response and effect issues). Plant 

functional types and plant strategies, the units within functional classification schemes, 

can be defined as groups of plant species sharing similar functioning at the organismal 

level, similar responses to environmental factors and/or similar roles in (or effects on) 

ecosystems or biomes.  

 

Many functional group classifications are present in the literature, with each grouping 

system addressing a specific set of common traits that covaries with one or more 

environmental gradients. For example, Raunkiaer’s life form classification (Raunkiaer, 

1934), which places species into groups based on the location of the perennating tissues, 

orders groups from least to most protected from environmental stress, such as water 

deficit or low temperatures. In arid and semi-arid ecosystems, due to the assumed 

divergence in root distributions, woody and herbaceous vegetation are often subdivided 

as functional groups based upon access to water (Walter, 1971). Post-fire regeneration 

division into ‘seeder’ and ‘resprouter’ categories is a widely used functional 

classification in ecology, land management and biogeography, because sprouting is 

especially important where opportunities for seedling establishment are limited or only 

occur in harsh conditions, but may come at the expense of growth rate (Vesk and 

Westoby, 2004). These classifications are wide-spread, relatively fast and easy to 

determine visually, and also have implications for the impact of vegetation on 

environmental parameters. For example, the balance of woody to herbaceous species in 

an ecosystem can influence the fire and grazing regime as well as the likelihood and 

quantity of deep drainage (Huxman et al., 2005a, Seyfried et al., 2005). 

 

Plant species within these broad groups may differ greatly in the way they are 

anatomically and physiologically adapted to their environment. These adaptations can 

be expressed as traits. Trait here is used in the context that it is measured at the level of 

the individual organism (Lavorel et al., 2007), with the following definition: “any 

morphological, physiological or phenological feature measurable at the individual level, 

from the cell to the whole organism level, without reference to the environment or any 

other level of organization” (Garnier and Navas, 2012, Violle et al., 2007).  As 

discussed by Violle et al. (2007), the definition above requires further specification: (1) 

the particular value or modality taken by the trait at any place and time is called an 
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’attribute’ (Lavorel et al., 2007); (2) within a species, the trait, either continuous or 

categorical, may show different attributes along environmental gradients or through 

time (seasonal and ontogenic variation); (3) the attribute for a trait is usually assessed 

for one population (average of attributes of a set of individuals) in space and time.    

 

In the context of water-limited environments, traits relevant to the uptake, transport and 

transpiration of water are of particular interest. In the root system, the way fine and 

coarse roots are distributed through the soil profile, any active mycorrhizal associations, 

the conductivity of root tissue and the reversible pressure gradients needed to facilitate 

soil water redistribution are all plant functional traits. Above ground, high hydraulic 

conductivity facilitates good water supply to the leaves, but may be associated with 

greater risk of hydraulic failure, as xylem vessels with greater conductivity tend to be 

more vulnerable to cavitation. 

 

Leaves are the primary site for the exchange of water, carbon and energy between 

terrestrial vegetation and the atmosphere (Hoffmann et al., 2005), and a diverse array of 

traits has evolved to maximise plant fitness under a given set of environmental 

conditions. Stomata, the points of water egress, are also the sites of carbon uptake, so 

that the uptake of carbon (essential to plant maintenance and growth), comes at the cost 

of water losses. In fact, water vapour will pass 1.6 times more readily through a 

stomatal pore than CO2 (Cowan and Farquhar, 1977). Plants have evolved a large array 

of traits involving stomatal anatomy and physiology to better control the loss of water 

per unit carbon gained. These include stomatal control to limit water loss to avoid 

excessive dehydration, and stomatal control to maximise water-use efficiency (e.g., 

midday closure to avoid periods of high atmospheric vapour pressure deficit) (Davies et 

al., 2002). 

 

Leaves also vary in the relative water content at which they pass the permanent wilting 

point – the threshold of water content (relative to full hydration) after which permanent 

tissue damage occurs and leaves may die. Thicker or denser leaves are more resilient 

against permanent damage from water deficit than thinner or less dense leaves (Mitchell 

et al., 2008, Poot and Veneklaas, 2013), but require a larger investment of carbon per 

unit surface area of leaf, which can be balanced by a longer leaf life span (Reich, 1997, 

Wright and Westoby, 2002).  
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As is apparent from the examples above, many plant traits are associated with a trade-

off between productivity and safety. Grime (1977) postulated that low potential growth 

rates are a feature of stress-tolerant species, and Walters and Freeman (1983) found that 

the xeric shrub Larrea tridentata had a very low relative growth rate even under 

conditions where water and nutrients were not limiting. Global-scale analyses of 

multiple plant functional traits consistently show a primary axis of plant differentiation 

reflecting a trade-off between attributes conferring ability for high rates of resource 

acquisition in productive habitats and those responsible for retention of resource capital 

in unproductive conditions (Grime et al., 1997, Diaz et al., 2004, Lambers and Poorter, 

1992, Wright et al., 2004b). In leaf traits of Australian species, the ecological dimension 

has been established by comparing a broad range of climatic and edaphic conditions 

(Wright et al., 2004a). The relationships between leaf mass per unit area (LMA; or its 

inverse leaf area per unit mass: specific leaf area, SLA) and other leaf traits are a key 

feature of the leaf economic spectrum, whereby thick or dense leaves are significantly 

correlated with long leaf life spans, low leaf N and P concentrations, relatively slow 

rates of gas exchange, and relatively slow growth rates.  

 

The Great Sandy Desert and Telfer Gold Mine 

 

Arid environments cover around 75 % of the Australian continent, the greatest 

proportion of any continent (Gratzfeld, 2003), and are among the world’s most nutrient-

poor with the least-reliable rainfall (Morton et al., 2011). The Great Sandy Desert is one 

of the world’s subtropical deserts, which in their general location are associated with the 

descending branch of the Hadley Cell. More specifically, aridity in north-western 

Australia is linked to the interaction of regional-scale circulation patterns prevalent over 

this part of the Australasian region, and is strongly influenced by the precipitation 

regime associated with the northwest Australian monsoon (Wyrwoll et al., 1992). 

Summer precipitation is largely the result of storms associated with the monsoon, but 

tropical cyclones embedded in the monsoon flow also make a significant contribution, 

amounting to some 30% of the mean annual precipitation received (Milton, 1980). The 

degree of aridity in the Great Sandy Desert is closely linked to the summer monsoon 

because of the marginal position to the pole-ward extent of the monsoon regime. 

Although hydrological conditions in northwest Australia have remained relatively stable 

over the last 6,500 years (Wyrwoll et al., 1992), Kirono et al. (2011) predict that under 
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increased atmospheric CO2, the amount of area in the north-west of Australia affected 

by drought every year will increase.  

With a 37-year average annual rainfall of 370 mm and pan evaporation over 4,000 mm 

yr-1, aridity and other classification indices place the Great Sandy Desert amongst the 

driest in the world (Hutchinson et al., 2005, Meigs, 1966). Using daily rainfall data 

(BOM, 2012) to classify precipitation into events (sum of consecutive rain days), 61 % 

of rainfall events are less than 10 mm, but over 4 % are of 100 mm or greater, including 

two of over 300 mm in the past decade, suggesting that the majority of rainfall is 

delivered in small amounts separated by rain-free days, with occasional large events 

associated with cyclones. An average of 29.5 rain days (≥ 1 mm) per year occur in the 

hottest months (mean daily maximum temperature of the hottest month 40.6 oC), 

whereas the relatively cool winter months (mean daily minimum temperature of the 

coolest month 10.7 oC) are almost rain-free. 

The Great Sandy Desert is similar in vegetation, soil and climate to the Australian 

Deserts Simpson, Little Sandy, Great Victoria and Tanami, but also has analogies with 

the Acacia shrublands in Queensland, Northern Territory and further south and west of 

Western Australia (Morton et al., 2011). On a global scale, soils and landforms are more 

comparable to the deeply-weathered Gondwanan landscapes of Africa and South 

America than to most northern hemisphere environments (McKenzie et al., 2004). 

Although the Chihuahuan Desert of Mexico/New Mexico is comparable on a mean 

annual precipitation/season of precipitation basis, the northern Australian deserts are 

matched for rainfall variability only by the Indian Thar, and the African Namib-

Kalahari and Somali (Van Etten, 2009),  

 

The Great Sandy Desert lies within the Canning Basin, where pre-Cambrian sandstones 

and conglomerates have weathered to produce aeolian sand dunes interspersed by 

sandplains. The dunes were formed at the peak of the last glacial maximum 20,000 

years ago and have been largely stationary for the last 13,000 years due to substantial 

vegetation cover viable under moister conditions. The linear and braided dunes form the 

Ayers-Canning soil-landscape province, cover an area of 360,000 km2, and are 

underlain by siltstone. Telfer is located on the western edge of the Great Sandy Desert at 

the northern end of the Paterson Ranges. The ranges are part of the Simpson-Victoria 

soil-landscape province, where the siltstone rises up to create rocky hill outcrops capped 
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with laterite in various stages of decay and earthy sandplains with ironstone gravel 

mantles (Beard, 1969, Northcote and Wright, 1983).  

 

The vegetation of the Great Sandy Desert is dominated by the Hummock grass-Acacia 

alliance that covers almost half of the Australian landmass (Leigh and Noble, 1969). 

Three species of Triodia hummock grass common to this widespread alliance are 

Triodia basedowii, T. schinzii and T. pungens. Throughout their range, dominance of a 

particular species is primarily a function of either predictability or amount of rainfall, 

but where species overlap (around 22o latitude), landform (with the inherent localised 

water availability) determines species distribution (Griffin, 1990). The genus Acacia is 

one of the major flora groups of Australia with 1020 accepted species (CHAH, 2010), 

found across all of the continent’s climatic zones (Gonzales-Orozco et al., 2011). 

Acacia species also appear to be distributed in relation to soil characteristics (Hnatiuk 

and Maslin, 1988). The vegetation was surveyed and mapped by Beard and Webb 

(1974), who described it as semi-arid shrub steppe, with various dominant Triodia and 

Acacia species. A more detailed phytosociological study with reference to soil type was 

conducted at the Telfer locality by Goble-Garratt (1987). In the soil analysis, four main 

sample clusters were identified, deep sands, earthy sands, outcrop soils and stony earths. 

These correspond well with the soil-landscape province descriptions of sand dunes and 

sandplains of Ayers-Canning and rocky hill outcrops and earthy sand-plains with 

ironstone gravel in the Simpson-Victoria. The vegetation also splits into four major 

groups, and these were distributed in accordance with the soil classification.  

 

The major disturbance in the region is lightning-initiated fire in the late dry season. The 

dry, often resinous vegetation lights readily and spreads rapidly, burning hot and fast, 

often for several weeks over tens of thousands of hectares (Griffin, 1984). Historically, 

the Aboriginal people, who colonised the Great Sandy Desert more than 37,000 years 

ago (Veth et al., 2009), practised frequent burning at small scales, creating a fine-

grained mosaic (Burrows et al., 1991). Because of a decline in traditional practices, the 

fire regime is now dominated by lightning ignition with less frequent, but large 

wildfires, compared to the smaller, lower-intensity, higher-frequency regime of the past 

(Burrows et al., 1991). The current return time of fire is 5 – 30 years (Morton et al., 

2011). The major herbivores in the region are the introduced camel (Camelus 

dromaderius), and invertebrate herbivores such as termites, ants, crickets, grasshoppers 

and beetles. Serious and widespread negative impacts have been recorded where camel 
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densities exceed two camels per km2 (Dorges and Heucke, 2003). At densities of 0.1 – 

0.25 camels per km2 in the western Great Sandy Desert (Saalfeld and Edwards, 2010) 

grazing pressure is likely to be minor. Invertebrate numbers are at most times low, but 

can expand rapidly in favourable conditions and large swarms of grasshoppers are 

capable of consuming vast quantities of vegetation after adequate rainfall. 

 

This study was conducted between 5 and 20 km south of Telfer Gold Mine (Telfer). 

Although historically active as a town and gold mine, from 1976, open-cut mining was 

suspended in 2000 due to high operating costs. In 2002, Newcrest Mining announced a 

new redevelopment project worth $1 billion after discovering new mineral areas with 

economically viable gold and copper. Open-cut mining resumed in 2004, and 

underground mining in 2006, so that Telfer is currently the second-largest gold mine in 

Australia. Environmental assessment of the project was undertaken prior to permission 

being received for re-opening of the mine. The risk assessment process identified acid 

mine drainage as a potential environmental risk due to the presence of up to 25 % of the 

planned 1,100 Mt extraction containing potentially acid forming (PAF) pyritic rocks. If 

the pyritic rocks are exposed to weathering, the chemical reactions with oxygen and 

water produce sulfuric acid, which has the potential to leach heavy metals such as 

copper (Cu), lead (Pb), cadmium (Cd), and arsenic (As) into solution. Poor 

environmental practices in mining throughout Australia and the world have resulted in 

acid mine drainage where toxic leachates have escaped and caused pollution of rivers, 

lakes and groundwater systems (e.g. Gore et al., 2007). A prospective solution for 

managing PAF material is encapsulation within inert materials, removing the potential 

for weathering and the generation of sulfuric acid. For successful encapsulation, 

precipitation must be precluded from infiltrating through the inert layers to the PAF 

below, and the use of ‘store and release’ cover systems has been proposed to meet this 

requirement (Campbell, 2004). A ‘store and release’ or evapotranspirative cover system 

comprises inert material and growth medium at a depth sufficient to capture and ‘store’ 

precipitation events. Plants are grown on the cover and through evapotranspiration, the 

stored water is ‘released’ back to the atmosphere between rainfall events so that the net 

gain in stored water is zero, and the risk of deep drainage is reduced to acceptable 

levels. Semi-arid sub-tropical ecosystems are theoretically suitable for ‘store and 

release’ cover systems (Williams, 2008), because vegetation of these regions rapidly 

take up soil water after rainfall and reduce soil water contents to very low levels 

between rainfall events. Drainage of water into deeper soil layers is uncommon in arid 
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ecosystems (Andraski, 1997, Scanlon et al., 1999, Seyfried et al., 2001) because the 

vegetation has been naturally selected over thousands of generations to utilise water 

resources competitively and efficiently (Eamus et al., 2006, Rodriguez-Iturbe and 

Porporato, 2004). Additionally, the vegetation is adapted to long periods of water deficit 

and thus is less susceptible to drought-induced mortality between rainfall events.  

 

At Telfer, encapsulation using a ‘store and release’ cover system has been identified as 

the leading candidate for the management of PAF mine wastes. The practical 

implementation requires detailed knowledge of the local flora and associated soils to 

ensure assumptions about the ability of plants to remove stored soil water and survive 

long periods of water deficit are met (Wilson, 2006). Consequently, a Ministerial 

Requirement for the resumption of mining at Telfer included an obligation to conduct 

research into the surrounding natural ecosystems. The research contained herein forms a 

part of this obligation, in conjunction with research conducted by Dr. Timothy Bleby, 

Dr. Gavin McGrath and Dr. Honghua He of the University of Western Australia and Dr 

Lucy Commander and Dr Peter Golos of Kings Park and Botanic Garden.  

 

Performance of ‘store and release’ cover systems 

 

Store and release cover systems are commonly designed using predictive water balance 

models that minimise the percolation of water through to the encapsulated waste, under 

the site-specific material properties and climatic conditions (O'Kane and Wels, 2003, 

Benson et al., 2004, Scanlon et al., 2005). The performance of cover systems has been 

evaluated using field assessment of prototype cover designs (Albright et al., 2004, 

Bohnhoff et al., 2009, Fayer and Gee, 2006, McGuire et al., 2009). The inconsistency of 

results has been attributed to site-specific material properties and climatic conditions 

(OKC, 2003, Gee et al., 2006), and the age of the cover (Breshears et al., 2005b). 

Studies evaluating the short-term (< 10 years) performance of cover systems found 

them effective in restricting deep drainage (Scanlon et al., 2005, Yunusa et al., 2010), 

whereas older covers had deteriorated and lost integrity (Breshears et al., 2005b, Taylor 

et al., 2003, Kuo et al., 2003). Increased hydraulic conductivity on older, deteriorated 

covers has been caused by ecological (e.g., biointrusion, bioturbation) and pedogenic 

processes (e.g., weathering, freeze-thaw and wet-dry cycles), leading to significant 

drainage below the cover (Albright et al., 2006, Benson et al., 2007, Breshears et al., 

2005b, Gee et al., 2006, Taylor et al., 2003). Collectively, these studies indicate that 
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long-term hydrology of cover systems is influenced by design factors (e.g., material 

properties, slope, thickness) and the interaction with pedogenic and ecological processes 

(e.g., weathering, wet-dry cycling, burrowing, root intrusion) (Breshears et al., 2005b, 

Taylor et al., 2003), with the former having a predominant influence in the early (< 20 

years) life of the cover, and the latter becoming more influential as the cover ages 

(Breshears et al., 2005b). The poor long-term performance of prototype covers over 10 

years old has been attributed to the failure of the predictive models used in the design 

phase to capture the true hydrological evolution of covers (Benson et al., 2004, 

Bohnhoff et al., 2009, Gee et al., 2006, Scanlon et al., 2005). A key component of the 

failure to predict the long-term performance of covers has been attributed to lack of 

understanding of the relationships between vegetation and usage of stored soil water, 

particularly in reference to vegetation phenology and plant functional types (Benson et 

al., 2004, Bohnhoff et al., 2009).  

 

Rationale, aim and thesis outline 

 

Ecology has historical strength in description, but the challenges facing environmental 

managers and decision makers all over the globe require a new set of tools to help 

predict the outcomes of global and local change (Waring et al., 2011, Suding et al., 

2008). In the case of Telfer and many other mine sites, managers and regulators need to 

predict the likelihood of success (or inversely, the risk of failure) of encapsulation of 

PAF mine wastes using a ‘store and release’ cover system, and more broadly in the 

rehabilitation of post-mining landforms. In this and many other cases, the financial and 

environmental costs are too high to rely on descriptive processes (e.g., build it and 

record the outcomes). Quantitative approaches to decision rules are required to aid the 

planning and evaluation of post-mining landscapes. In the Australian arid zone and in 

the Great Sandy Desert in particular, there is an acute paucity of quantitative data on 

ecosystem level processes belowground. The approach of this thesis is to address this 

paucity and provide support to land managers, by investigating the natural environment 

and the inherent variation therein as an indicator for the relationships between plants 

and their environment. In this way, I aim to provide quantitative support for decision 

making in the design and evaluation of post-mining landforms. 

 

In Chapter 2, a community-scale approach is implemented to investigate the way key 

plant traits are distributed relative to seasonal availability of water, and soil hydraulic 
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properties. Specifically, I assessed whether seasonal water availability resulted in a shift 

in species composition and/or abundance to identify whether annual or deciduous 

species constituted a significant proportion of plant cover. I then quantified the 

distribution of three key species traits (plant height, leaf size, and leaf area per unit leaf 

mass) relative to site soil physical and hydrological characteristics. I tested the 

hypotheses that leaf size and leaf area per unit leaf mass decline with decreasing plant-

available water, and that plant height increases with increasing soil hydraulic 

conductivity.  

 

The plant communities in the Telfer area are co-dominated by species from the Acacia 

and Triodia genera. Chapter 3 studies in more detail the traits relevant to the hydraulic 

functioning of these dominant species, relative to the site soil physical and hydrological 

characteristics. I hypothesise that traits are highly co-ordinated, and that the 

combination of traits evolved in a plant species is heavily influenced by access to water. 

I expect the attributes of co-occurring species to differ, and also the attributes of species 

from the same functional group (woody or herbaceous) to differ in reflection of their 

differing access to soil water.  

 

Chapter 4 assesses the distribution of roots relative to soil physical properties. I quantify 

root length and root biomass densities in the soil profile with reference to soil physical 

and hydraulic properties (bulk density, saturated hydraulic conductivity and soil water 

content), and spatial variables (sample depth, and proximity to vegetation). I 

hypothesise that soil beneath vegetation patches will have lower bulk density and higher 

hydraulic conductivity and water content than beneath adjacent bare soil, and 

consequently higher root densities beneath vegetation patches. I expect this effect to be 

more pronounced in finer-textured than in coarser-textured soil. Additionally, I 

hypothesise that peak root densities will be found deeper in the soil profile in coarse-

textured, highly conductive soil than in finer-textured, water-retentive soil.  

 

Chapter 5 focuses on two species of Acacia naturally growing on different soil types, 

with divergent attributes in terms of hydraulic functional traits. Acacia robeorum grows 

on the fine-textured shallow soils of the mesa slopes, and displays highly conservative 

water-use patterns throughout the year. Acacia stipuligera grows on the deep coarse 

sands of the dunes, and displays large amplitude in resource use throughout the year. I 

grew seedlings in four soil combinations sourced from mine-rehabilitation stockpiles, 
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with variation in the proportion of fine- and coarse-textured materials. I exposed 

seedlings to drought, and monitored the decline in transpiration as soils dried. I 

hypothesised that soil treatments with a greater proportion of fine-textured soil would 

provide water for longer after the cessation of watering than coarse-textured soils, and 

that plants growing in finer-textured soils would maintain transpiration for longer, and 

make physiological adjustments to prolong transpiration. I expected that A. robeorum, 

native to fine-textured soils, would acclimate to drought conditions more readily than A. 

stipuligera.  

 

Chapter 6 provides a synthesis of the findings and discusses the implications in terms of 

rehabilitation of post-mining landforms at Telfer. I interpret the recent findings in the 

context of previous work in the region and beyond, and discuss the requirements of 

future research.  
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Chapter 2 

Leaf area index, leaf size, specific leaf area, and plant height vary with soil water 

storage in the Great Sandy Desert, Western Australia. 

 

ABSTRACT 

 

In the Great Sandy Desert, use of summer precipitation pulses does not necessarily lead 

to aboveground growth. Highly unpredictable rainfall frequency appears to favour 

perennial vegetation with low productivity rather than supporting an increase in foliage 

of deciduous species, annuals and forbs. Leaf area indices (LAI) were low by global 

comparisons. Site LAI was positively correlated with plant-available water (PAW), and 

was largely influenced by increases in Triodia hummock grasses. Soils with greater 

sand contents had a higher saturated hydraulic conductivity and supported a greater 

proportion of plants of higher stature than clay soils. These findings are in agreement 

with existing models, where coarse-textured soils with high drainage favour taller, 

deeper-rooted species like woody shrubs and finer-textured soils with greater water 

retention favour shallow-rooted species like grasses. Specific leaf areas were 62% and 

70% lower than average values for the Australian continent and global averages. 

Specific leaf area increased with decreasing leaf size, indicative of the two traits as 

alternative means of reducing thermal stress. Specific leaf area was most strongly 

correlated with soil water content in the dry season, indicating that dry-season 

conditions (rather than favourable wet-season conditions) influence leaf morphology. 

The data suggests that soil hydraulic properties are important in the selection of plant 

species in a Great Sandy Desert environment, Western Australia. 

 

Key words: Leaf area index, leaf size, specific leaf area, plant height, soil water 

storage, soil hydraulics, Great Sandy Desert. 
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INTRODUCTION 

 

Soil physical properties are of primary importance when assessing a plant’s access to 

water (Tromp-van Meerveld and McDonnell, 2006, Rodriguez-Iturbe, 2000). Slope and 

infiltration rate determine the proportion of precipitation that can enter the soil because 

of their effect on runon-runoff dynamics (Dunkerly, 2002). If rainfall intensity exceeds 

infiltration rate, upslope areas will lose excess water to downslope areas (Domingo et 

al., 2001). Infiltration rates are affected by soil texture, which also impacts on the 

maximum amount of water that can be stored over a given depth (field capacity), the 

proportion that can be extracted by plants (the difference between the amount of water 

at field capacity and at the plant specific minimum water potential), and the energy 

required to extract it (Asgarzadeh et al., 2011). Depth of soil above bedrock provides a 

limit to the total quantity of water that can be stored in the profile and interacts with the 

conductivity within the soil profile to influence the depth of soil water storage (Tromp-

van Meerveld and McDonnell, 2006). Most ecosystems comprise a complex array of 

soil physical factors resulting in heterogeneous distribution of plant-available water 

(Wilcox et al., 2003).  

 

The relationships between site water availability and vegetation are multi-directional. 

The quantity of leaf area at a site is primarily a function of water availability (Eamus et 

al., 2006), yet vegetation can influence the infiltration rate by slowing the flow of 

runoff, increasing the porosity of near surface soils, and affecting the distribution of 

precipitation through interception and stemflow. Ecosystems in semi-arid landscapes 

are principally limited by water availability (Noy-Meir, 1973), thus, while other factors 

are also important (e.g., nutrients, fire regime), the prominence of water limitation in 

semi-arid landscapes makes the study of water relations fundamental to understanding 

the relationship between form and function in plant traits (D'Odorico and Porporato, 

2006, Schwinning and Ehleringer, 2001). 

 

A small set of leaf structural traits can indicate key aspects of species and ecosystem 

function due to the high level of trait correlations (Diaz et al., 2004, Grime et al., 1997, 

Wright et al., 2004b, Reich, 1997). Specific leaf area (SLA, the ratio of leaf area to leaf 

dry mass), is often considered an important indicator for a primary axis of trait 

differentiation, because species with high SLA tend to have shorter leaf lifespan (Reich, 

1997, Wright and Westoby, 2002, Wright et al., 2002, Prior et al., 2003), higher 
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photosynthetic capacity per unit leaf mass (Reich, 1997, Wright et al., 2001, Niinemets, 

1999, Prior et al., 2003), higher leaf N concentrations (Reich, 1997, Diemer, 1998, Prior 

et al., 2003) and shorter diffusion paths from stomata to chloroplasts (Parkhurst, 1994), 

so that high SLA tends to correlate with rapid growth (Lambers and Poorter, 1992) and 

low SLA can indicate an adaptation to  situations where productivity is constrained by 

abiotic factors such as low nutrient availability (Reich, 1997). Leaves from water-

limited environments are often thicker or denser (comparatively low SLA) 

(Cunningham et al., 1999, Fonseca et al., 2000, Mooney et al., 1978, Schulze et al., 

1998, Specht and Specht, 1989), due to adaptations such as sclerenchyma and 

hydrenchyma, thicker and/or denser lamina cuticle and mesophyll, waxy coatings or 

dense hairs that assist in the maintenance of water and energy balances, and denser 

xylem structures to resist embolism at high water deficit. Relationships have also been 

found between SLA and plant hydraulic traits such that species with low-SLA leaves 

have co-occurring traits that provide increased resistance to embolism (Mitchell et al., 

2008, Poot and Veneklaas, 2013). Specific leaf area tends to decrease with decreasing 

water and nutrient availability at global (Jose and Gillespie, 1996, Reich, 1997, Reich et 

al., 1999, Niinemets, 2001), Australia wide (Wright et al., 2004a, Cornwell and 

Ackerly, 2009, Wright et al., 2001), regional (Cornwell and Ackerly, 2009) and local 

scales (Fonseca et al., 2000, Lamont et al., 2002, Mitchell et al., 2008, Page et al., 2011, 

Prior et al., 2003, Wright and Westoby, 2002, Wright et al., 2002, Scholes et al., 2004).  

 

Leaf size (LS, m2) tends to decrease towards dry, sunny, or nutrient-poor habitats 

(Raunkiaer, 1934, Givnish, 1987, Page et al., 2011, Cunningham et al., 1999). Larger 

leaves have thicker boundary layers. Consequently, their convective heat loss is slower, 

and they tend to be heated above air temperature by a wider margin. This is a 

disadvantage at higher temperatures and strong radiation, particularly where water is in 

short supply: such large leaves will often experience temperatures that are well above 

optimal temperatures for leaf function, and/or transpire more due to the increased leaf-

to-air vapour pressure deficit (Parkhurst and Loucks, 1972). Transpiration may cool 

larger leaves sufficiently only if there is abundant water available, e.g., due to 

permanent groundwater or a great investment in a deep and extensive root system 

(Givnish, 1978). These costs are traded off against photosynthetic carbon gain in 

assessing optimal leaf size. As rainfall decreases, increasing water-acquisition costs are 

expected to favour smaller leaves (Givnish, 1978, Parkhurst and Loucks, 1972). The 

relationship between SLA and LS is not always consistent. A positive relationship 
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(Niinemets, 1996, Niinemets, 1998, Niinemets and Kull, 1994) has been attributed to a 

common tendency to decline towards lower rainfall and lower soil nutrient availability 

(Ackerly et al., 2002, Fonseca et al., 2000, Wilson et al., 1999). A negative relationship 

(Ackerly and Reich, 1999, Grubb, 1998, Shipley, 1995) may indicate reduced LS and 

reduction in SLA as alternative means of reducing heat stress (Curtis et al., 2012, Leigh 

et al., 2012).  

 

Lower SLA’s incur greater foliar construction costs per unit leaf area, but also 

decreased mass-based leaf photosynthetic rates, and longer leaf lifespans, thus allowing 

enough time to ‘pay back’ construction costs. This is exacerbated by the trend for leaves 

of drier locations to have a lower SLA for a given leaf lifespan, but partly offset by the 

higher leaf photosynthetic rates per unit mass compared to more mesic species (Wright 

et al., 2001). Globally there appears to be an upper limit to the construction cost:leaf 

lifespan ratio, as in most arid regions, woody species with ‘costly’ evergreen leaves are 

replaced by drought-deciduous shrubs and ephemeral life-forms, which are active only 

during short periods of ample water availability (Woodward et al., 1995, Box, 1981). 

The temporal and spatial distribution of water storage in the soil may influence the 

likelihood of success of evergreen versus ephemeral strategies, as the delay time 

required for drought-avoiding species to initiate growth of photosynthetic organs may 

be longer than the residence time of accessible water, giving an advantage to species 

that persist through drier times (Cable, 1969, Schwinning and Ehleringer, 2001). 

 

Although leaf traits have been studied extensively and the relationships with 

environmental gradients is fairly clear at any scale, many of the world’s largest biomes 

are poorly represented in the global data set (Niinemets, 2001) and the relationship 

between traits such as SLA and LS and environmental gradients at the local scale is still 

unclear, due to the high diversity in traits within communities (Westoby et al., 2002). 

The exclusion of non-woody plants from many analyses (Prior et al., 2003, Scholes et 

al., 2004) affects the range of trait variation in a dataset and the trait/trait (Wright et al., 

2004a) and trait/environmental relationships. Additionally, analyses of trait variation in 

relation to water availability have often been inferred (e.g.,  Prior et al., 2003, Mitchell 

et al., 2008), based on indirect data such as mean annual rainfall (Fonseca et al., 2000), 

or wetness indices (Page et al., 2011), ignoring the effect of heterogeneity in soil 

physical properties that so strongly impact plant-available water. In the present study I 

investigated attributes of leaves (SLA and LS) from perennial woody and non-woody 
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species from four contrasting habitats in terms of soil moisture dynamics, experiencing 

the same climate in the Great Sandy Desert, north-western Australia. These habitats 

experience different quantities and patterns of soil water availability, despite receiving 

the same rainfall, temperature and light regime, thereby excluding these as causes of 

variation in leaf attributes. In addition to leaf traits, plant height was included as a trait. 

Although in arid areas competition for light is generally not a driving force, there are 

still points of ecological differentiation in regard to plant height. Species with canopies 

at different heights may be exposed to different heat loads, wind speeds and humidity, 

and different heights have different costs for supporting leaves and transporting water to 

the leaves (Westoby et al., 2002). However, most importantly, height may be seen as a 

proxy for rooting depth (Douma et al., 2011, Schenk and Jackson, 2002) and therefore 

be indicative of access to water in the soil profile (Canadell et al., 1996). In Walter’s 

two-layer hypothesis (Walker and Noy-Meir, 1982, (Walter, 1961), soil hydraulic 

properties act as a filter on species composition by influencing the vertical distribution 

of water in the soil profile, and thus selecting for species with rooting distributions to 

match (Sala et al., 1997, Canadell et al., 1996, Guswa, 2010). Coarse-textured, highly 

conductive soils support deeper-rooted plants, whereas finer-textured soils that retain 

water closer to the surface support shallow-rooted species. The putative relationship 

between plant height and rooting depth allows Walter’s hypothesis to be tested by 

comparing plant height with soil hydraulic properties. 

 

Despite calls for focused ecohydrological study (Rodriguez-Iturbe, 2000), few 

investigations have examined the interactions between soil physical properties and 

ecological properties of ecosystems (Tromp-van Meerveld and McDonnell, 2006). In 

this study, traits have been chosen so as to express meaningful differences in the 

ecological strategy between plant species (Westoby et al., 2002). The three traits reflect 

well-established trade-offs that have substantial consequences for the manner in which a 

species copes with the physical environment or the presence of competitors and other 

biota. In comparing them with soil properties that control the entry, storage and release 

of water in the soil profile, we expect to establish a better understanding of the way soils 

influence the density and composition of plant communities under water-limited 

conditions, in terms of their functional traits. Specifically, we expect:  

 seasonal variation in site leaf area due to the contribution of annual and 

deciduous species; 

 soil properties to influence the total amount of plant-available water (PAW); 
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 greater site PAW will lead to a higher site leaf area index (m2 leaf area per m2 

of ground);  

 lower total PAW will lead to smaller leaves with lower SLA; and 

 highly conductive soils will support taller plants while soils with low 

conductivity will support shorter plants. 

 

 
Fig. 2-1. a) Field site location, b) Climate statistics from the Bureau of Meteorology station at Telfer, 5-20 

km north of the field sites, c) Mean monthly climate statistics for Telfer; solid line is precipitation, with 

error bars one standard error of the mean monthly value. Broken line is mean monthly temperature. 

Where the precipitation line lies above the temperature line, conditions are considered humid. 

 

MATERIALS AND METHODS 

 

Study area 

Study sites were located 5 to 20 km south of Newcrest’s Telfer Gold Mine (21o71’ S, 

122o23’ E) in the Great Sandy Desert of north-western Australia (Fig. 2-1a), at the 

intersection of Ayers-Canning and Simpson-Victoria soil-landscape provinces 

(Northcote and Wright, 1983). Here, siltstone underlying siliceous sands organised into 

regular linear dunes meet laterite-capped mesas and earthy sandplains with ironstone 

gravel mantles. Vegetation in the region is primarily shrub steppe, dominated by 

Triodia hummock grasses and Acacia shrubs (Beard and Webb, 1974). The climate is 

sub-tropical semi-arid with annual pan evaporation exceeding 4,000 mm yr-1 (BOM, 

2012). Precipitation is dominated by cyclonic events in the summer months (the ‘wet’ 

season: November – March) which are unpredictable in magnitude and frequency, 

leading to high variability in mean monthly and annual precipitation (Fig. 2-1b-c). The 
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wet season preceding the survey period was particularly dry, with 116 mm total 

precipitation, in contrast to the 583 mm total of the preceding year, and the 37-year 

annual mean of 366 mm (BOM, 2012). Precipitation over the two years covered in this 

field study was below average with 279 mm and 246 mm falling in 2009 and 2010, 

respectively. 

 

Four landscape positions and associated vegetation communities were selected with 

reference to an extensive local phytosociological study (Goble-Garratt, 1987), 

representing a catenary sequence from rocky slopes (RS) of the emergent mesa 

landforms, through the gravelly sandplains (GS) at the foot of the slopes, the sandplains 

(SP) in the low-lying parts of the landscape and into the undulating sand dunes (SD) 

(Fig. 2-2). Each landscape position was represented by three undisturbed, 

geographically independent 25 m x 25 m sites, unburned for >10 years (Landgate, 

2007).  

 

Plant measurements 

To quantify the relative abundance of annual, semi-deciduous, deciduous or perennial 

foliage to the plant communities, at seven times between November 2008 and October 

2010 (three dry- and four wet-season time points), species richness and abundance were 

documented in each of the 12 sites using a modified Braun-Blanquet index for canopy 

cover (where canopy cover (CC) is the area of ground covered by the vertical projection 

of the aerial parts of plants). Cover class categories used were: 1 = 0.01; 2 = 0.1; 3 = 1; 

4 = 2-5; 5 = 6-10; 6 = 11-25; 7 = 26-50; 8 = 51-75; 9 = 76-100, allowing increased 

accuracy for less-dominant species (Floyd and Anderson, 1987).  Sampling was 

undertaken by the same observer (E.H.) for all sites at all times, minimising the effect of 

observer bias. Because canopy cover was estimated individually for each species (I.e. 

species cover sensu Fehmi (2010) , and because canopy projections for each species can 

overlap, mean percent cover may exceed 100%. Maximum height of individuals in each 

species in each site was also recorded, and average maximum height for each species 

was calculated (H).  
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Fig. 2-2. Sampling sites. These were selected from four landscape positions, along a catenary sequence. 

Landscape positions had distinctly different (a) vegetation compositions and (b) soil profiles. The 

white/yellow coloration in (b) is the siltstone bedrock, which underlies all landscape positions at different 

depths. (c) Diagrammatic representation of the catenary sequence with reference to the location of the 

landscape positions.  

 

The fifth sampling time (11th March 2010) occurred after Cyclone Lawrence passed 

near the study area. Between 80 and 120 mm of rainfall was recorded across the study 

area over a four-day period in the last days of 2009, with follow-up rains falling through 

January and February. Plant material required for the measurement of leaf size (LS), 

specific leaf area (SLA) and leaf area index (LAI) was collected, ensuring 

measurements were made on young, fully expanded and undamaged mature leaves 

(Cornelissen et al., 2003). Commonly among Australian Acacia species, true leaves and 

leaflets are suppressed beyond the seedling stage. Instead, leaf stalks become flattened, 

serving as leaves; they are known as phyllodes. For species with pinnate leaves (e.g., 

Senna and Petalostylis spp.) the leaflet was used as the unit for leaf area comparison, 

and for species with photosynthetic stems (e.g., Scaevola and Anthobolus sp.) the leaf 

area was taken as the surface area of each stem section estimated to be less than one 
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year old. For simplicity, herein, the term leaves will be used, but in the case of Acacia, 

this refers to phyllodes, for pinnate leaves to leaflets and for photosynthetic stems to 

young stem sections. For LAI, all species present at each site were measured for canopy 

dimensions (longest axis, perpendicular axis and depth), and canopy cover for each 

species was calculated. The equivalent of at least 10 % of the canopy cover of each 

species was harvested from areas adjacent to sites, except for the dominant Triodia 

species, where 10 plants per site were harvested from adjacent areas. Leaves were 

removed from branches on site, a random subsample of 20 - 50 leaves per species per 

site was refrigerated, and the remainder dried at 60 oC for 72 h and weighed. Leaf area 

of refrigerated leaves was measured using an Epson 1680 scanner (Epson America Inc., 

Long Beach, CA, USA) and WinRhizo image analysis software (WinRhizo V3.0.3 

1995, Regent Instruments Quebec, Canada), dried and weighed. Leaf size was 

calculated from the subsample leaf area divided by the number of leaves in the 

subsample. Specific leaf area was calculated as the ratio of leaf area to dry mass of the 

subsamples, and was scaled up to the total harvested leaf dry mass to generate a species-

level leaf density estimate. This was used to calculate LAI by multiplying leaf density 

by canopy cover and dividing by the total site area (625 m2). For common species, for 

which multiple estimates of canopy area, leaf dry mass and SLA were measured, the 

coefficient of variation in sample leaf area to sample dry mass ranged from 0.08 to 0.21, 

and from 0.38 to 0.47 for leaf dry mass to canopy area. 

 

Soil measurements 

Soil depth (depth to siltstone), texture, electrical conductivity (EC) and pH were 

measured at six randomly selected locations within each site using a hand auger to a 

maximum depth of 2 m. Samples were taken at 10-cm intervals. Electrical conductivity 

and pH were measured in the field with handheld devices in a 1:5 distilled water 

solution. Texture was measured in the laboratory using a combination of sieves and the 

sedimentation method described by Bowman and Hutka (2002) . Texture classes follow 

McDonald and Isbell (2009), where clay particle diameters are < 0.002 mm, silt 

particles 0.002-0.02 mm, sand particles 0.02-2 mm, and gravel is all particles > 2 mm 

diameter. The gravel soil fraction was measured first, then removed before the finer soil 

fractions were calculated as a gravimetrically based percentage. The triangle texture 

diagram based on international fractions (McDonald and Isbell, 2009) was consulted to 

designate soil texture classes. The values used in analyses are the mean across all 

measured depths. The proportion of bare ground was measured with four 50-m transects 
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per site, as the proportion of linear length intercepting patches with no vegetation cover. 

Field-saturated hydraulic conductivity (Kfs) of surface soils was measured in the middle 

of the dry season (May 2010) at thirty randomly selected locations per site, evenly 

covering bare ground and beneath the canopies of Triodia and Acacia. Phillip-Dunne 

permeameters and the falling-head method described by Muñoz-Carpena et al. (2002) 

were used, with the initial and final soil water contents measured in situ with a Theta 

Probe and moisture meter readout device (Delta-T Devices Ltd, Cambridge, England; 

calibrated to air and water). The program PDunne (Muñoz-Carpena and Alvarez-

Benedi, 2002) was used to compute Kfs. On the gravelly sandplain, sandplain and sand 

dune sites, in situ volumetric water content of the soil profile was measured at six 

randomly-placed access tubes per site using a Diviner 2000 portable capacitance probe 

(Sentek Sensor Technologies, Stepney South Australia; calibrated to air and water). 

Measurements were taken at 10-cm intervals down to the siltstone or to a maximum 

depth of 1.6 m, at 12 time points. Site means for the wettest (January 2010, following 

tropical cyclone Lawrence) and the driest (November 2008, at the end of a dry season 

that followed a drier than average wet season) times were used in the analyses herein. 

For the rocky slopes, volumetric soil water content data measured with continuously 

logged in situ capacitance probes (Delta-T Devices Ltd, Cambridge, England; calibrated 

to air and water) from an adjoining study, were taken for the same dates.  

 

An index of plant-available water (PAW) was determined for the soil profile at each site 

by summing the available soil water (ASW) for each depth of the profile above the 

siltstone.  

 

PAW = i

n

1i

ASW∑
=

max

 = i

n

1i

imin,imax, d)(
max

×−∑
=

θθ      Equation 2-1 

 

where θmax,i is the measured volumetric soil water content in the wet season (mm of 

water per mm of soil depth) at depth increment i, θmin,i is the measured volumetric water 

content in the dry season (mm3 mm-3) at depth increment i, and di is the depth of the 

profile increment i (mm). This method assumes the measured θmin is approaching the 

permanent wilting point (the water content at which plants can no longer absorb water 

from soil), considered a reasonable assumption here because of physiological water 

stress observations on plants in an adjoining study at similar and slightly higher soil 

water contents. The upper water content is taken as θmax and, rather than representing 
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the conventional field capacity of the soil, is the actual soil water content following a 

large but fairly typical cyclonic rainfall event. For the sand dunes, where the depth of 

the soil profile exceeded the depth of the soil moisture content measurements, the 

deeper layers were assumed to have the same wetness as the deepest measured layer 

(1.5 - 1.6 m). This method has a number of risks, primarily of underestimating PAW if 

plants can access water from soils drier than the measured θmin, if soils become wetter 

under different climatic circumstances (e.g. different rainfall intensities); or if water 

content in the sand dunes increases with depth. In a later chapter (Chapter 4), soil pits 

were excavated to measure soil and root profiles after a similarly large rainfall event, 

and the wetting front in the sand dune was observed at approximately 2.5 m deep, so it 

is unlikely that water content increases with depth under these rainfall conditions. While 

these estimates of PAW may somewhat underestimate the theoretical maximum amount 

of water stored, they are thought to provide good comparative values for the amount of 

water that can be stored in the different soils and that is available for plants. 

 

Statistical analysis 

The effect of season on canopy cover was tested with one-way ANOSIM (Clarke, 

1993), built on a non-parametric permutation procedure, applied to a Bray Curtis rank 

similarity matrix, using PRIMER software (v6.1.13 Primer-E, Plymouth, UK).  

ANOSIM was performed to test the null hypothesis that within-site species distribution 

did not change seasonally, by allocating each sampling time to either the wet or dry 

season, and performing pairwise comparisons on grouped wet and dry samples within a 

site. Tests were calculated from a series of data sets giving increasing weight to less-

abundant species through the use of untransformed (most weight to dominant species), 

log (x+1) transformed (where x is the mid-point of the cover class category; moderate 

weight to dominant species), and presence/absence (equal weight to all species) data 

sets. The test statistic (R) lies within the range (-1, 1), where R = 1 only if all replicates 

within groups (site x season) are more similar to each other than any replicates from 

different groups, and R is approximately zero if the null hypothesis is true, so that 

similarities between and within groups will be the same on average. Negative values of 

R indicate that similarities across groups are greater than those within groups. The data 

are graphically displayed by ordination of the rank similarities calculated from the Bray-

Curtis resemblance measure. The reported stress is a measure of how well the displayed 

organisation preserves the rank orders, with zero stress indicating exact preservation of 

the rank order, and values exceeding 0.20 indicating a relatively large amount of stress.  
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Relationships among traits were investigated by calculating Pearson’s correlation 

coefficients, and by principal component analysis on log10-transformed species means. 

Bivariate relationships between traits, were investigated with Standardised Major Axis 

regression (SMA) (Warton et al., 2006). SMA slopes are fitted by minimising the sums 

of squares of errors in the X and Y directions simultaneously, and show the proportional 

relationship between variables, i.e. how one variable scales against another. SMA 

regressions were performed using the smatr3 package (Warton et al., 2012) in the R 

statistical environment (R, 2011), on log-transformed data. To study the variation in 

functional traits between sites, we calculated weighted site means of the three measured 

traits: LS, SLA and H. The relative canopy cover and LAI values from the 12 sites were 

used to weight the trait contribution of each species to each site. Site-weighted means 

were calculated for each trait as Σ Pi x Traiti, where Pi is the proportion of canopy cover 

or LAI of the species i in the site, and Traiti is the mean trait value obtained for species i 

(Violle et al., 2007). The site-weighted mean values integrate the information on 

community structure (local abundances of species), as well as on the functional identity 

of species. Unweighted site trait means were also calculated for comparison. Bivariate 

relationships between traits and soil hydraulic variables were also investigated with 

SMA regression. Tukey’s HSD tests were used to determine significance of differences 

between pairs of means. Differences are termed ‘significant’ where P < 0.05. Analyses 

were performed in R. 

 

RESULTS 

 

Vegetation characteristics 

Seventy species were encountered in the 12 plots over all sample times, of which 45 

were present in March 2010 (Appendix 1). Mean species richness per plot (625 m2) was 

9.1 (range 5 – 14) in March 2010, and 8.6 (range 4 – 19) over all sample times. 

Seasonal canopy cover within each site did not vary significantly, using the 

untransformed, square-root transformed or presence/absence transformed data sets (Fig. 

2-3) with R values ranging from -0.25 to 0.167, indicating little difference between wet 

and dry sample times. For all pairwise comparisons, 35 permutations were available for 

significance testing, resulting in P-values ≥ 0.25. Landscape positions were floristically 

distinct (Fig. 2-3). Total canopy cover and LAI in March 2010 were highest at the 

sandplain sites (114 % and 0.14 m2 m-2, respectively; Fig. 2-4), and lowest on a rocky 

slope (49.3 %, 0.05 m2 m-2), with the remaining rocky slopes having similarly low LAI, 
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but higher canopy cover, due mainly to the actual cover of the two or three dominant 

species being at the lower end of the cover class categories, and being inflated by the 

use of cover class midpoint values, and the large quantity of dead leaf material 

accumulated in the perennial grass canopy. A small number of species in each 

community showed a disproportionately high contribution to both canopy cover and 

LAI; these were Triodia pungens (canopy cover 29 %; LAI 0.04 m2 m-2) and Acacia 

robeorum (23 %; 0.01 m2 m-2) on the rocky slopes; Triodia basedowii (46 %; 0.05 m2 

m-2), Acacia stellaticeps (15 %; 0.01 m2 m-2) and Eucalyptus odontocarpa (11.6 %; 0.03 

m2 m-2) on the gravelly sandplains; Triodia basedowii (52 %; 0.10 m2 m-2) and Acacia 

ancistrocarpa (26 %; 0.03 m2 m-2) on the sandplains; and Triodia schinzii (26 %; 0.06 

m2 m-2) and Acacia stipuligera (15 %; 0.02 m2 m-2) on the sand dunes. Species richness 

was positively correlated with canopy cover (R2 = 0.59), but not with LAI (R2 = 0.15) 

(data not shown). 

 

Soil characteristics 

The pH of field soils ranged from slightly acidic (≈ 6) to slightly alkaline (≈ 8), with no 

consistent pattern of increase or decrease with depth or soil type. Mean pH was near 

neutral at all sites (Table 2-1) and coefficients of variation ranged from 6 – 12% of the 

mean. Electrical conductivity was low at all sites, ranging from 0 to 150 μS cm-1, with 

mean values at the lower end of the range and coefficients of variation in the order of 8 

– 9%. As these chemical soil properties were within ranges not considered to be 

detrimental to plant growth, and roughly equivalent in value and variation across soil 

types, they were not considered further. Soil hydraulic properties varied considerably 

with landscape position (Table 2-1). Slope was greatest at the rocky slope sites, 

followed by the sand dunes, with minimal fall at the sandplain sites. Soil depth (the 

depth to siltstone) followed the catenary sequence, with minimal depths on the rocky 

slopes, increasing through the gravelly sandplains, and becoming greatest on the 

sandplains and sand dunes. Gravel content decreased strongly as soil depth increased. 

Clay content was greatest on the rocky slopes and sandplains, declined substantially on 

the gravelly sandplains and was almost negligible on the sand dunes. Sand content 

showed the reverse pattern of clay content. Omitting the gravel component, the triangle 

texture diagram designated the soils of the rocky slopes as silty clay loam, and the sand 

dunes as sand. Gravelly sandplain soils grade from sand at the surface to loam at 100  
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Fig. 2-3. Multidimensional scaling of seasonal species abundance, demonstrating lack of seasonal change 

in species abundance. N = 82 (12 sites x 7 time periods) for all figures, overlapping almost completely in 

a., less in b. and less again in c. Triangles: rocky slopes; squares: gravelly sandplains; circles: sandplains; 

diamonds: sand dunes; open symbols = wet season; closed symbols = dry season. a. No transformation, b. 

log+1 transformed, c. presence/absence transformed. 2D Stress is low in all analyses indicating exact 

preservation of the rank order of species abundance. 
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Fig. 2-4. Canopy cover and leaf area 

index at each site. Triangles: rocky 

slopes; squares: gravelly sandplains; 

circles: sandplains; diamonds: sand 

dunes. 

 

 

 

cm, and the sandplains grade from sandy loam at the surface to sandy clay at 150 cm 

and clay loam at 160 cm. Rates of Kfs were highest where sand content was highest.  

 

Using a paired analysis by site, mean volumetric soil water content was lower in the dry 

season than in the wet season (by 89 % in RS, 47 % in GS, 58 % in SP, 48% in SD), 

and data from the two time points were significantly, but not strongly, correlated (R2 = 

0.56). Soil in the top 30 cm was 17% drier in the dry season compared to the wet season 

in the GS, 60 % drier in the SP, and 8 % wetter at the sand dune. In both seasons at the 

GS and SP, the mean water content in the upper 30 cm of the soil profile was 

significantly drier than the deeper soil (Table 2-1). In the SD, the shallower soil was 

significantly drier in the wet season only. 

 

Water contents in the top 30 cm were significantly correlated with water content over 

the whole profile for the same season (R2 = 0.62 and 0.70, respectively), but are 

reported here due to their hypothesised differential impact on species of different height 

(and putative rooting depth). The PAW scores, taking into account the difference in wet 

and dry season water contents and the depth of soil above the siltstone, ranged from 9 

mm (rocky slope sites) to 175 mm (sandplain). Principal component analysis found the 

two major axes of differentiation among the soil data to be driven by soil texture (PC1 

45%; Table 2-2) and water contents (PC2 36 %). The texture axis identified a strong 

correlation between sand content, soil depth and higher rates of saturated hydraulic 

conductivity. Orthogonally, high PAW was associated with high soil volumetric water 

contents in both the wet and dry season, whereas low PAW was associated with slope, 

the proportion of bare ground and, to a lesser extent hydraulic conductivity.    
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Table 2-1. Soil properties (mean ± SE) measured at three sites per landscape position. Soil depth refers to the depth of soil above the underlying siltstone; all soil measurements take 

the depth of the siltstone as the maximum depth. Soil textural classes, electrical conductivity, pH and water contents were measured in 10-cm increments from six boreholes per site 

(n = 18), except for the water contents at the Rocky slopes which were measured using in-situ probes at two adjacent sites at 0.1 and 0.3 m. Dry season water contents were taken in 

November 2008, at the end of a dry season that followed a drier than average wet season, and wet season water contents were taken in January 2010, following tropical cyclone 

Lawrence. Plant-available water content is the difference between measured wet and dry season soil water contents. Values with different symbols are significantly different at P < 

0.05. 

  
units Rocky slopes 

Gravelly        

sandplains 
Sandplains Sand dunes 

Soil depth m 0.2 - 0.3a 0.5 - 1.2b 1.6 - 1.8c   ≥ 2d 

Slope % 32.54a ± 5.86 1.31b ± 0.60 0.85b ± 0.23 15.33c ± 4.16 

Clay % w/w 26.54a ± 0.83 6.02b ± 1.52 18.39c ± 3.27 1.68d ± 0.03 

Silt % w/w 24.72a ± 8.31 5.37b ± 2.65 3.97b ± 0.34 0.49b ± 0.29 

Sand % w/w 48.74a ± 7.48 88.60b ± 3.89 77.64c ± 3.34 97.82d ± 0.26 

Gravel % w/w 58.70a ± 3.05 11.97b ± 1.35 1.36c ± 0.44 0.39c ± 0.13 

Electrical conductivity (salinity) μS cm-1 40.6 ± 6.2 19.5 ± 3.6 24.2 ± 4.1 22.5 ± 2.8 

pH   6.9 ± 0.1 7.2 ± 0.2 7.2 ± 2.0 6.8 ± 0.2 

Field saturated hydraulic conductivity m day-1 1.36a ± 0.24 2.87b ± 0.26 1.25a ± 0.10 4.34c ± 0.30 

Bare ground % 39.12ab ± 12.4 29.75a ± 4.75 18.62c ± 3.59 45.50b ± 5.84 

Dry season soil water content L L-1 0.011a ±  0.001 0.024b ± 0.003 0.043c ± 0.003 0.013a ± 0.001 

Dry season soil water content 0-30 cm L L-1 0.011a ±  0.001 0.019bc ± 0.002 0.023c ± 0.002 0.014ab ± 0.002 

Wet season soil water content L L-1 0.054a ± 0.021 0.045ab ± 0.004 0.118c ± 0.009 0.038b ± 0.002 

Wet season soil water content 0-30 cm L L-1 0.054a ± 0.021 0.030b ± 0.002 0.060a ± 0.004 0.014c ± 0.001 

Plant available water content mm 9.79a ±   18.31a ± 4.69 114.41b ± 30.30 38.17a ± 9.01 
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Table 2-2. Principal Component (PC) Analysis of soil variables, with the strongest three vectors in each 

component highlighted in bold. % variation is the percent of variation explained by the PC axis, θw30 is 

wet season soil water content in the top 0.3 m, θw is wet season soil water content, θd is dry season soil 

water content, θd30 is dry season soil water content in the top 0.3 m, PAW is plant-available water 

content, Kfs is field saturated hydraulic conductivity. 

Variable  PC1 PC2 

% variation 44.60 35.80 

silt -0.39 0.02 

gravel -0.37 0.15 

clay -0.36 -0.18 

θw30 -0.32 -0.28 

slope -0.19 0.33 

θw -0.14 -0.41 

bare ground 0.02 0.32 

θd 0.07 -0.44 

θd30 0.10 -0.34 

PAW 0.13 -0.36 
Kfs 0.34 0.19 

soil depth 0.35 -0.11 

sand 0.40 -0.01 

 

 

Species traits 

Species mean trait values are listed in Appendix 1. The negative correlation between LS 

and SLA across species was weak, but significant (Fig. 2-5a), whether the two species 

with photosynthetic stems were included or not. A stronger correlation was apparent 

between SLA and plant height (Fig. 2-5b). No correlation was apparent between LS and 

H (Fig. 2-5c). Taken together, across species from all soil types, larger leaves tended to 

be thicker or denser, but while low-SLA leaves were more closely associated with 

taller-statured plants, larger-sized leaves were certainly not restricted to tall-statured 

plants. The principal components analysis (Fig. 2-5d) found similar patterns in the data, 

with the first PC, explaining 59 % of the variation, describing the division of species 

into short-stature plants with small, high-SLA leaves and taller plants with larger, low-

SLA leaves. The second PC axis described a smaller proportion of the variation and 

separated tall plants with small leaves from short plants with large leaves, but with no 

pattern in SLA. The principal component analysis (Fig. 2-5d) also illustrates the relative 

range in trait values from different soil  
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Fig. 2-5. Species level relationship between (a) leaf size and specific leaf area, (b) specific leaf area and 

plant height, and (c) leaf size and plant height, with a fitted standardised major axis for relationships 

where the Pearson’s correlation coefficient was significantly different from zero. (d) Principal component 

analysis for the species level data for species height (H), leaf size (LS) and specific leaf area (SLA): rocky 

slope species (triangles), gravelly sandplain (squares), sandplain (circles) and sand dune (diamonds). 
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Table 2-3. Trait range, unweighted site mean trait values, and site mean trait values weighted by canopy cover (CC) and leaf area index (LAI). For sets of values where the ANOVA 

returned a P-value < 0.05 Tukey’s HSD tests were performed; values with different symbols are significantly different at P < 0.05. Data from three sites per landscape position. 

 

    P-value Rocky slopes Gravelly sandplains Sandplains Sand dunes      

Specific 
Leaf Area 
(m2 kg-1)  

range   3.35 - 10.5 1.38 - 15.1 2.02 - 11.9 2.56 - 13.7 
unweighted 0.264 5.07 ± 0.19 5.06 ± 0.26 5.75 ± 0.46 5.79 ± 0.32 
CC weighted 0 4.19a ± 0.23 6.07a ± 0.07 6.09ab ± 0.21 5.13ab ± 0.11 
LAI weighted 0.002 4.44ab ± 0.42 5.77a ± 0.12 6.52bc ± 0.13 5.01c ± 0.14 

Leaf size 
(mm2) 

range   32 - 818 32 - 1157 48 - 1175 9 - 1260 
unweighted 0.084 167 ± 59 379 ± 47 239 ± 21 249 ± 59 

CC weighted 0.001 161a ± 20 195b ± 6 154c ± 12 272abc ± 2 

LAI weighted 0.005 190abc ± 29 362a ± 6 116b ± 6 301c ± 14 

Plant height 
(m) 

range   0.05 - 1.8 0.1 - 2.4 0.05 - 2.5 0.2 - 2.2 

unweighted 0.855 0.85 ± 0.16 0.75 ± 0.08 0.7 ± 0.17 0.83 ± 0.07 

CC weighted 0.301 0.74 ± 0.15 0.6 ± 0.09 0.84 ± 0.06 0.83 ± 0.03 
LAI weighted 0.001 0.47ab‡ ± 0.1 0.87c ± 0.06 0.65b ± 0.04 0.81c ± 0.08 
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Table 2-4. Pearson’s correlation coefficients between soil variables and site leaf area index (LAI) and 

abundance-weighted mean plot values for plant functional traits (specific leaf area SLA, leaf size LS, and 

plant height H). Bold values are significant at P < 0.1; red bold values are significant at P < 0.05; ns not 

significant. Data from three sites per landscape position. 

 

  LAI SLA LS H 
soil depth ns 0.320 ns 0.297 
clay ns ns -0.579 -0.504 
silt -0.512 ns ns -0.421 
sand 0.332 0.335 ns 0.799 
gravel -0.557 ns ns ns 
θd 0.323 0.748 ns ns 
θd30 ns 0.531 ns ns 
θw ns 0.253 -0.709 ns 
θw30 ns ns -0.595 -0.380 
slope -0.662 -0.722 ns -0.271 
bare ground -0.358 -0.452 ns ns 
PAW 0.373 0.490 ns ns 
Kfs 0.227 ns ns 0.619 
PC1 0.331 ns ns 0.595 
PC2 -0.346 -0.728 ns ns 

 

types with the rocky-slopes species having a slightly more contracted distribution than 

the species from the gravelly sandplains, sandplains and sand dunes which were similar. 

This was apparent in the small differences between unweighted site mean trait values 

(Table 2-3), which did not differentiate between soil types for any trait. By weighting 

the species contribution using canopy cover and LAI, thus giving increased weight to 

the more abundant species, the differences between the soil types became larger and 

significant, with the LAI-weighted trait values showing significant differences between 

pairs of soil types for all traits. Mean site trait values weighted by LAI were thus 

selected for use in comparing traits to soil hydraulic properties. 

 

Plant-soil relationships 

The Pearson’s correlation coefficients for the relationships between soil properties, site 

LAI and abundance-weighted mean traits are presented in Table 2-4. Slope, silt content 

and gravel content were all strongly negatively correlated with LAI, and as they were 

strong vectors in the PC2 axis, LAI was also significantly negatively correlated with the 

PC2 axis. Higher values for LAI were more strongly associated with the coarse, deep 

well-drained soils associated with the PC1 axis, and a greater PAW (Fig. 2-6). 
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Abundance-weighted SLA increased with increasing soil water contents in the dry 

season and PAW, and decreased with slope and the proportion of bare ground  

 
 

 

 

 

 

 

 

 

 

Fig. 2-6. Site leaf area index (LAI) against plant-available water content (PAW), with a fitted 

standardised major axis and the associated correlation coefficient, slope value and P-value for the null 

hypothesis that there is no correlation between variables. Rocky slopes = triangles, gravelly sandplains = 

squares, sandplains = circles, sand dunes = diamonds. Note logged axes. 

 

 
Fig. 2-7. Abundance-weighted specific leaf area against the soil hydraulic variables (a) dry season soil 

water content, (b) proportion of bare ground, (c) plant-available water content (PAW), and (d) slope of 

the ground. Standardised major axis lines are fitted, and the slope value, Pearson’s correlation 

coefficients, and P-values for the null hypothesis that there is no correlation between variables are shown. 

Rocky slopes = triangles, gravelly sandplains = squares, sandplains = circles, sand dunes = diamonds. 

Note logged axes. 
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(Fig. 2-7). Leaf size was negatively correlated with the water content of soils in the wet 

season and clay content, but not with PAW (Fig. 2-8). Plant height was positively 

correlated with sand content and Kfs, and negatively with finer-textured soils (Fig. 2-9) 

and higher water contents in surface soils in the wet season, and thus with PC1, so that 

abundance-weighted mean site height increased with coarser, better-drained soils, as 

predicted by Walter’s two-layer hypothesis (Walter, 1973).  

 

 

 
Fig. 2-8. Site abundance-weighted leaf size and (a) plant-available water content (PAW), (b) water 

content of soil in the wet season, and (c) clay content. Standardised major axis lines are fitted where P < 

0.05; the slope value, Pearson’s correlation coefficients, and P-values for the null hypothesis that there is 

no correlation between variables are shown. Rocky slopes = triangles, gravelly sandplains = squares, 

sandplains = circles, sand dunes = diamonds. Note logged axes. 
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Fig. 2-9. Abundance-weighted site height and soil hydraulic variables with Pearson’s correlation 

coefficients, and fitted standardised major axis lines; the slope value, Pearson’s correlation coefficients, 

and P-values for the null hypothesis that there is no correlation between variables are shown. Rocky 

slopes = triangles, gravelly sandplains = squares, sandplains = circles, sand dunes = diamonds. Note 

logged axes. 

 

DISCUSSION 

 

The data suggests soil hydraulic properties as important correlates/determinants of 

species distribution within a Great Sandy Desert environment, Western Australia. 

The lack of within-site seasonal species turnover and change in canopy cover indicates 

that annual and deciduous species do not contribute significantly to the vegetation cover 

in these mature, long-unburned communities, under the observed (below-average) 

rainfall conditions. This is in agreement with large spatial scale assessment of satellite-

based normalised difference vegetation indices (NDVI, ‘greenness’) over the Great 

Sandy Desert, where low seasonal amplitudes indicated only small to non-significant 

changes in greenness (Choudhury and Tucker, 1987, Lawley et al., 2011). Significant 

responses in NDVI over the north-west of Australia have been correlated with periods 

of high cyclone frequency that resulted in wet-season rainfall totals in the top 10% on 

record (McGrath et al., 2012). The source of these responses, whether from an increase 
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in the leaf area of annual species, deciduous species or perennial species, is not known. 

In theory, the short leaf lifespans of annual and deciduous species is coincidental to 

short-term water availability, as senescence before the onset of severe drought 

conditions reduces the surface area available for transpiration and conserves moisture 

for the perennating tissues (Chabot and Hicks, 1982). With increasing drought, 

deciduousness would improve the carbon balance by reducing respiratory losses during 

the unfavourable period, conserving moisture and allowing for a controlled recovery of 

some materials in the leaves (e.g., nutrient resorption) (Chabot and Hicks, 1982). 

Accordingly, an increase in annual and deciduous species and concurrent reduction in 

evergreen species has been recorded with increasing aridity in a number of biomes 

(Beard, 1955, Mooney and Dunn, 1970). The disadvantage of annual growth habit is the 

time required to grow from seed into the size required for full photosynthetic capacity 

and reproduction, and the risk of soil-moisture depletion before completion of a life 

cycle (Schwinning and Ehleringer, 2001). In the Telfer locality, the vast majority of 

seed germination occurs in the upper 20 mm of the soil profile (Golos, 2013). The co-

occurrence of precipitation and high temperatures in the Great Sandy Desert leads to 

rapidly fluctuating conditions in this shallow soil layer, with extremes of temperature 

and water deficit returning within days of rainfall, particularly in coarse-textured, 

highly-conductive soil (Bleby and McGrath, 2012). Indeed the conditions in the top 10 

cm of the soil profile have been found sub-optimal to root proliferation, even under 

conditions of high water availability (Chapter 4). This may lead to a situation where the 

removal of soil water by evaporation, drainage and neighbouring perennial vegetation 

depletes water stores before annual and ephemeral species establish root systems to 

deeper soil layers. Finer-textured soils retained higher water contents in the dry season 

(Table 2-1), but there was no difference in the abundance of annuals relative to soil 

texture, possibly because the water is held at water potentials that are more negative 

than is suitable for extraction by roots (Eckhart et al., 2010, Miller et al., 2006). It is 

possible that the soil seed bank contains annuals that are triggered to germinate only 

under conditions of high cyclone frequency which were not observed during the current 

study. It is possible that the soil seed bank contains annuals that are triggered to 

germinate only under conditions of high cyclone frequency which were not observed 

during the current study. Moreover in situ germination studies by Golos (2013) in the 

same soil/vegetation natural sites, found that in addition to soil wetting, germination of 

the soil seed bank requires disturbance such as fire or soil perturbation. 
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The lack of deciduous species is consistent with the pattern observed in the seasonally 

dry tropics to the north, where their abundance decreases with increasing latitude due to 

increasing water deficits (Williams et al., 1997, Egan and Williams, 1996). Deciduous 

leaves tend to have high SLA’s and associated high photosynthetic capacity and nutrient 

contents per unit mass, compared to low-SLA leaves of evergreen species (Reich, 

1997). Although these traits facilitate shorter ‘payback’ time on construction costs than 

for evergreen leaves, they lack the physiological traits required to survive periods of 

water deficit, particularly at high temperatures (Orians and Solbrig, 1977). The short 

and unpredictable periods of plant-available water experienced in the Great Sandy 

Desert favour evergreen leaves over more mesophytic deciduous leaves as the low SLA 

combined with the longer lifespan of evergreen leaves facilitates survival of stress 

periods, allowing leaves multiple favourable periods to repay the cost of construction, 

by comparably rapid exploitation of wetting pulses (Bell and Bliss, 1977, Bell and 

Bliss, 1979). Additionally, evergreens should be favoured in nutrient-poor habitats 

(Chabot and Hicks, 1982, Monk, 1966), because fast leaf turnover is inevitably 

associated with higher nutrient losses, as there are physiological limits to nutrient 

resorption upon senescence (Chapin, 1980). Soils of the Great Sandy Desert are 

relatively nutrient-poor (Grigg et al., 2008) and woody vegetation have long leaf 

lifespans (E. Hoy, unpubl.) and show efficient nutrient-resorption strategies (He et al., 

2011) to minimise nutrient loss through litterfall.  

 

Leaf area indices were low by global comparisons, as predicted in global models 

(Woodward et al., 1995), and were dominated by Acacia shrubs and Triodia hummock 

grasses. Site LAI was positively correlated with PAW, and was largely influenced by 

increases in Triodia. Taken in conjunction with the finding that soils with greater sand 

contents had a higher saturated hydraulic conductivity and supported a greater 

proportion of plants of higher stature than clay soils, our results show some agreement 

with the Sala et al. (1997) model, where coarse-textured soils with high drainage favour 

taller, deeper-rooted species like woody shrubs and finer-textured soils with greater 

water retention favour shallow-rooted species like grasses. The relationship between 

vegetation cover and soil properties was also linked through the proportion of bare 

ground. The increase in PAW with decreases in bare ground suggests vegetation cover 

may be assisting the infiltration of water into the soil profile as suggested by the ‘patch-

interpatch’ (Ludwig et al., 2005) and ‘source-sink’ (Puigdefabregas, 2005) models of 

resource re-distribution in arid lands. This would imply a positive feedback mechanism, 
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where an increase in vegetation leads to an increase in soil water storage and, 

consequently, an increase in the amount of vegetation.  

 

The plants in the Great Sandy Desert had values of SLA that were 62% and 70% lower 

than average values for Australia (Wright et al., 2004a) and global averages (Reich, 

1997, Wright et al., 2004b), respectively, but had a similar range and values to those 

found in the seasonally dry tropics to the north (Prior et al., 2003). This is expected, as 

geographically proximal species sets often display convergence in trait values due to 

convergent adaptation to the same climatic stressors (Garnier and Navas, 2012). 

Specific leaf area increased with decreasing leaf size, converse to the large number of  

studies where the two traits decrease in conjunction (Ackerly et al., 2002, Fonseca et al., 

2000, Niinemets and Kull, 1994, Wilson et al., 1999). This is due to a number of 

factors. Large leaves of high SLA are commonly found in comparatively wet and shady 

environments, and studies of large geographic scale incorporate these, where the present 

study was geographically restricted to a dry hot environment. The ‘high-SLA’ species 

reported in this study are not truly of high SLA by global standards, and the entire 

species set fits within the lower ranges of broader geographic studies, agreeing with an 

overall convergence in leaf size and SLA traits (e.g., Ackerly and Reich, 1999). The 

variation within the measured species set, and the trend towards larger leaves with lower 

SLA, may be that larger leaves need more support tissue so everything else being equal 

the larger leaf has lower SLA. It may also be indicative of the two traits as alternative 

means of reducing thermal stress (Curtis et al., 2012, Leigh et al., 2012). 

Using site abundance-weighted mean trait values allowed me to study the effect of soil 

physical properties and soil water contents at the community level. From this analysis, 

the soil water content in the dry season showed the strongest correlation with SLA. This 

indicates that it is dry-season conditions rather than favourable wet-season conditions 

that influence leaf morphology, as found by Niinemets (2001) in a global study of 

climate determinants on leaf structure of woody plants. As soil dries, it exerts an 

increasingly negative water potential. Because the difference in leaf water potential and 

soil water potential is the driving force for water transport in plants, leaves must attain 

the most negative water potential along the transport pathway. As soils dry, the required 

water potential becomes more negative, and leaves become susceptible to damage from 

water deficit. The thicker and/or denser leaves that lead to low SLA have been 

associated with leaf structure that demonstrated a greater resistance to turgor loss 

(Mitchell et al., 2008, Poot and Veneklaas, 2013) and thermal damage (Leigh et al., 
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2012) than that of leaves of higher SLA. The lower site abundance-weighted mean SLA 

found at the sites with the lowest dry season soil water contents may indicate selection 

for species that resist drought-induced damage under very negative water potentials.  

 

In the Great Sandy Desert, use of summer precipitation pulses does not necessarily lead 

to aboveground growth, as has been found in other arid ecosystems dominated by 

perennial vegetation (Gebauer et al., 2002, Hodgkinson et al., 1978, Snyder et al., 2004, 

Reynolds et al., 2004). Highly unpredictable rainfall frequency appears to favour 

perennial vegetation with low productivity rather than supporting an increase in foliage 

of deciduous species, annuals and forbs which is the primary cause of increased 

productivity in the Chihuahuan desert, which has a relatively high probability of 

frequent summer rainfall (Reynolds et al., 2004). As seasonally available water does not 

alter the species composition or the species cover, it is apparent that response to water 

availability is physiological rather than phenological, as was found for perennial shrubs 

in the northern Mojave and Great Basin (Snyder et al., 2004). It is therefore important to 

describe and understand the seasonal water relations of the dominant functional groups 

to define the contrast between dry season versus wet season water use, and this is the 

topic of Chapter 3. The relationships between SLA and soil water content in the dry 

season, and between plant height and soil hydraulic conductivity, in conjunction with 

the very small overlap of species in different soil types suggests that soil hydraulic 

properties are important in the selection of plant species within a site. Understanding 

which functional traits are important in the selection of species within sites may help in 

the selection of species for post-mining rehabilitation of this resource rich area. 
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ABSTRACT 

 The vegetation in the Great Sandy Desert is dominated by the Acacia-Triodia 

alliance that covers the majority of semi-arid and arid Australia, but little attention has 

been paid to the physiological mechanisms of drought resistance in these functionally 

important co-dominant genera. The frequent co-dominance of woody and herbaceous 

species in water-limited environments around the world has led many authors to 

speculate on a partitioning of resources between the two groups. To compare the 

inherent drought-resistance characteristics of eight selected species (five woody species 

and three perennial grasses), we measured seasonal water relations and a suite of 

physiological traits over wet and dry seasonal cycles. We hypothesised that (1) a high 

level of trait co-ordination would be apparent, representing a primary axis in trait 

differentiation representative of species with good to poor access to stored soil water, 

(2) co-occurring species would display divergence in drought-resistance mechanisms 

indicating differentiation in resource use, and (3) species of the same group (woody or 

herbaceous) would be differentiated on the basis of access to stored soil water, 

determined by soil type. 

In particular, there were strong relationships between dry season pre-dawn leaf water 

potential (Ψleaf) and water potential at the turgor loss point (Ψtlp), and between Ψtlp and 

leaf osmotic potential (Ψπ100). Osmolality (Ψπ100) rather than maximum tissue elastic 

modulus (εmax), was the primary mechanism responsible for reducing Ψtlp. Leaf dry 

matter content was negatively correlated with indicators of drought resistance like Ψ leaf , 

Ψtlp and Ψπ100.  

In the dry season, deep coarse-textured sand dunes constituted the most drought-

affected habitat, whereas shallower soils provided a more reliable water source, 

presumably due to water stored in the underlying siltstone. This is contrary to many 
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other desert ecosystems, where coarse sand dunes provide the most reliable access to 

stored water throughout the dry season.  

Co-occurring grass and woody species differed markedly in leaf water relations. Triodia 

hummock grass species had considerably lower pre-dawn and mid-day Ψ leaf values in 

the dry season than the co-occurring Acacia species did, and a correspondingly large 

decrease in stomatal conductance (gs). These findings are supportive of the resource 

partitioning theory for this habitat  

 

Key words: Acacia, Triodia, water use, hydraulic trait, Great Sandy Desert,  

 

INTRODUCTION 

 

Species differences in drought resistance are integral determinants of plant distribution 

(Engelbrecht et al., 2007). Detailed knowledge of the physiology of drought resistance 

may enhance the predictive power of species performance and persistence under altered 

climate regimes and land use (Grierson et al., 2011, Tietjen et al., 2010, Oliveira, 2013). 

The Great Sandy Desert in north-western Australia is a semi-arid to arid region, where 

the incidence and severity of drought is predicted to increase under most current models 

of climate change (Kirono et al., 2011). The region is also rich in mineral resources, 

with large-scale mining operations leading to land-use change and requiring mine-site 

rehabilitation. The vegetation in the Great Sandy Desert is dominated by the Acacia-

Triodia alliance that covers the majority of semi-arid and arid Australia (Griffin, 1990, 

Maslin and Pedley, 1988), but little attention has been paid to the physiological 

mechanisms of drought resistance in these functionally important co-dominant genera. 

 

Cell turgor is arguably the best indicator of plant water stress, as it is essential for cell 

expansion and growth (Cleland, 1971, Frensch and Hsiao, 1994), and to allow the 

transport of photosynthate by maintaining membrane integrity and solute exchange 

(Blackman and Overall, 2001, Roberts and Oparka, 2003). The leaf water potential at 

the turgor-loss point (Ψtlp) has frequently been used to asses physiological drought 

tolerance (Bartlett et al., 2012), because a lower Ψtlp extends the range of leaf water 

potential (Ψleaf) over which the leaf remains turgid and maintains function. Many plant 

functional traits underlie turgor maintenance and tolerance or avoidance of drought, 

including stomatal control, osmotic adjustment, high cavitation resistance, low ratio of 

leaf area to sapwood cross-sectional area, small leaf size, leaf shedding, high biomass 
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allocation to roots, and thicker or denser leaves (Salleo et al., 1997, Westoby, 1998, 

Bartlett et al., 2012).  

 

There is growing evidence that the mechanisms of drought resistance may be 

interdependent (Mitchell et al., 2008b, Poot and Veneklaas, 2013), because of the high 

level of trait integration. For example, roots in contact with dry soil signal to the guard 

cells (Davies et al., 1994), which may decrease turgor pressure (ΨP) (Franks et al., 

1995), thereby reducing stomatal conductance (gs), but turgor pressure may be 

maintained in dehydrated leaf tissue by accumulation of osmotically active compounds 

or reducing cell volume through elasticity of cell walls (Lambers et al., 2008). Plants 

may reduce their transpiration requirements through leaf shedding, or having smaller-

sized leaves, therefore reducing the ratio of leaf area to sapwood, and the risk of turgor 

loss and cavitation. Thicker or denser leaves have a low surface area per unit mass 

(SLA) which has been linked to desiccation tolerance through a negative correlation 

with tissue elasticity (Niinemets, 2001) and an ability to withstand structural damage 

under high water deficit, which alters the ‘trade-off’ between water loss and carbon gain 

through stomatal functioning (Farquhar and Cowan, 1974).  

 

The frequent co-dominance of woody and herbaceous species in water-limited 

environments around the world has led many authors to speculate on a partitioning of 

resources between the two groups, in order to minimise direct competition (Walter, 

1961, Breshears, 1993, Stubbs and Wilson, 2004). The most current work on co-

occurring Acacia and Triodia species deals with the two groups separately (Grigg et al., 

2008b, Grigg et al., 2008a), or focuses only on the influence of disturbance regime 

(Bowman et al., 2008, Nicholas et al., 2009). Many other studies where the species co-

occur have only addressed one group or the other (e.g.,  He et al., 2011, Page et al., 

2011, Pressland, 1976, Winkworth, 1973, Wright and Clarke, 2007, Burbidge, 1953, 

Jacobs, 1982, Rice and Westoby, 1999, Wells, 1999, Wickens, 1998, Winkworth, 

1967). To my knowledge, there are no studies that compare the water-use strategies of 

co-occurring Acacia and Triodia species to confirm or refute the idea of resource 

partitioning for Australian arid systems. 

 

Water availability to plants, and thus the frequency and duration of water deficit, is 

primarily determined by the interaction of climate and soil properties. Under a single 

climatic regime, variation in soil properties can result in heterogeneity in the temporal 
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and spatial distribution of soil water. In the Telfer region of the Great Sandy Desert, 

four major soil types are present (Chapter 2); three co-dominated by a different 

combination of Acacia and Triodia species, and one with two woody dominants, all 

with differing spatial and temporal plant water availabilities (Fig. 3-1). To compare the 

inherent drought-resistance characteristics of eight selected species, we measured 

seasonal water relations and a suite of physiological traits over wet and dry seasonal 

cycles. We hypothesised that (1) a high level of trait co-ordination would be apparent, 

representing a primary axis in trait differentiation representative of species with good to 

poor access to stored soil water, (2) co-occurring species would display divergence in 

drought-resistance mechanisms indicating differentiation in resource use, and (3) 

species of the same group (woody or herbaceous) would be differentiated on the basis of 

access to stored soil water, determined by soil type. 

  

MATERIALS AND METHODS 

 

Study area, species selection and sampling design 

 

The study area is located in the south-western corner of the Great Sandy Desert, 

Western Australia. The climate is of a sub-tropical semi-arid type with rainfall 

predominantly associated with tropical cyclone activity in the Indian Ocean between 

November and April (summer), which is unpredictable in magnitude and frequency, 

leading to high variability in mean monthly and annual precipitation. Situated at the 

intersection of Ayers-Canning and Simpson-Victoria soil-landscape provinces 

(Northcote & Wright 1983), the bedrock is dominated by Pre-Cambrian siltstone, 

underlying siliceous sands organised into regular linear dunes, laterite-capped mesas, 

and earthy sandplains with or without ironstone gravel mantles. Soils are generally 

nutrient poor (Grigg et al., 2008a, He et al., 2011). Vegetation in the region is primarily 

shrub steppe, co-dominated by Triodia hummock grasses and Acacia shrubs (Beard & 

Webb 1974). The study was conducted 5 to 20 km south of Newcrest’s Telfer Gold 

Mine (21o71’ S, 122o23’ E). The 37-year mean annual rainfall is 371 mm yr-1, mean 

annual temperature is 33oC, and annual pan evaporation exceeds 1400 mm yr-1 (BOM, 

2012). The undisturbed native vegetation of the locality contains a range of plant 

communities and over 230 species (Goble-Garratt, 1987). Communities are closely 

associated with a catenary sequence along the landscape, with species replacement 

occurring from the rocky hill slopes, through the upper and lower sandplains and into 
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the sand dunes. The area has undulating topography with a 30 – 50 m change in 

elevation from dune swales to mesa tops. Soils change markedly across the landscape, 

with silty clay loam soils of high gravel content and 0.2- 0.3-m depth at elevated 

positions, and deep coarse homogenous sand (> 2 m depth) in the sand dunes, with the 

upper and lower sandplain positions intermediate in both texture and soil depth, leading 

to a landscape gradient in both soil texture and depth.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1. Average soil moisture (m3 m-3) in the soil above the bedrock, measured in (a) the wet season 
(January, summer), following an 80 – 100 mm rainfall from passing Cyclone Lawrence, and (b) the end 
of the dry season (November), following a drier than average wet season, for four soil types near Telfer in 
the Great Sandy Desert, Western Australia.  
 

 

In total, eight species were selected from across these four contrasting landscape 

positions, including the woody and herbaceous dominants of the rocky slopes (Acacia 

robeorum and Triodia pungens, respectively), sandplain (A. ancistrocarpa and T. 
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basedowii) and sand dune (A. stipuligera and T. schinzii). On the gravelly sandplain the 

co-dominant woody species Eucalyptus odontocarpa (a short multi-stemmed (‘mallee’) 

tree) and A. stellaticeps (a short multi-stemmed shrub) were selected for comparison, 

ignoring T. basedowii, which was also present. Detailed descriptions of the composition 

and density of vegetation communities is found in Chapter 2.  

 

In late spring 2008, during the peak dry season, nine healthy adults of each of the eight 

species were randomly selected for trait measurements. For each individual we selected 

branches with the youngest fully-grown leaves from those parts of the plant with the 

highest light exposure. Measurements representing wet season conditions were 

conducted in January 2010, two weeks after a 100-mm precipitation event associated 

with Cyclone Lawrence. 

 

Soil physical and chemical properties were characterised by analysing soil samples (up 

to 180 cm depth) collected from within the canopies of each of the 72 plants. Soil depth 

was determined with a hand auger, texture was determined by the hydrometer method 

(Bowman and Hutka, 2002) after the clay fraction had been dispersed using sodium 

hexametaphosphate and sodium carbonate and organic matter removed by oxidation 

with hydrogen peroxide; pH and electrical conductivity (EC) were determined on 1:5 

soil: water suspension; soil moisture content was measured at 10-cm intervals using a 

capacitance probe (Diviner 2000, Sentek Sensor Technologies, Stepney SA, Australia, 

calibrated to air and water), except for A. robeorum and T. pungens where two 

permanent MP406 standing wave soil-moisture probes (ICT International, Armidale, 

NSW, Australia, calibrated to field soils) at 10 and 30 cm depths were continuously 

logged. Plant-available water in the soil above the siltstone bedrock 15 days after the 

100-mm rainfall event was calculated in Chapter 2 as 9.8 mm in the rocky slopes, 18.3 

mm in the gravelly sandplains, 114.4 mm in the sandplains and 38.2 mm in the sand 

dunes.  

 

Trait measurement 

 

A number of traits were selected; these related to gas exchange, functional morphology 

and water relations. Traits were chosen based on their relevance to drought-resistance 

strategies. The complete data set of species means, standard errors and sample sizes is 

available in Appendix 2.  
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Morphological traits Leaf morphological traits were measured following Cornelissen et 

al. (2003), in the wet season. A minimum of five sets of 20-50 fully expanded young 

leaves were harvested then rehydrated by placing the cut end of stems in deionised 

water in the dark for 12 hours. Fresh leaves were weighed, scanned (Epson 1680 

scanner, Epson America Inc., Long Beach, CA, USA), leaf area was determined by 

digital analysis of the images using specific software (WinRhizo V3.0.3 1995, Regent 

Instruments Quebec, Canada). Leaves were then dried at 60 oC for 72 hours and 

weighed to the nearest 0.1 mg. The specific leaf area (SLA, m2 kg-1) was calculated as 

the ratio between the area of the leaf and its dry mass. Leaf dry matter content (LDMC 

mg g-1) was calculated as the oven-dry mass of a leaf divided by its water-saturated 

fresh mass. 

 

Chemical traits Additional leaves were collected in the wet season (from the outer part 

of the crown) for chemical analysis. Leaves were harvested from each of the nine 

replicates of the woody species, whereas for Triodia spp., values were used from five 

samples of each species collected from nearby sites as reported in He et al. (2011). Leaf 

N concentrations (mg g-1 dry weight), and carbon-isotopic composition (δ13C) were 

analysed using an Automated Nitrogen Carbon Analyser-Mass Spectrometer consisting 

of a 20/20 mass spectrometer connected with an ANCA-S1 preparation system (Europa 

Scientific Ltd., Crewe, UK) at the West Australian Biogeochemistry Centre, using the 

procedures outlined in Paul et al. (2007).  

 

Leaf water relations Osmotic potential at full hydration (Ψπ100), leaf water potential at 

the turgor loss point (Ψtlp), maximum bulk modulus of elasticity (εmax) and leaf relative 

water content at the turgor loss point (RWCtlp) were derived from pressure-volume 

curves (Schulte and Hinckley, 1985). Measurements were made on leaves harvested in 

the dry season, assuming this represented maximum seasonal acclimation to drought 

conditions. Leafy twigs were collected from nine plants of each species between 03.00 – 

05.00 h, rehydrated in cool conditions, transported to the laboratory and curves 

generated using the bench-drying technique of Turner (1988). Parameters were 

determined from plots of -1/Ψ versus RWC, using a pressure-volume curve-fitting 

routine (Microsoft Excel 2003; K. Tu, University of California, Berkeley) based on the 

template of Schulte and Hinckley (1985).  
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Leaf water potential (Ψleaf) at pre-dawn is assumed to represent the integrated soil water 

status across the root soil interface for the entire root system (Ritchie and Hinckley, 

1975), assuming equilibrium between leaf and soil (see Donovan et al., 2001). Wet-

season pre-dawn Ψleaf (Ψpd(w)) was assumed to be representative of maximum, or close 

to maximum values of leaf water status. Because individuals within a species were 

widely dispersed, Ψpd provides an integrated measure of soil water availability due to 

microsite, soil structure, soil water profiles and root depth distribution. Dry season 

midday values of Ψ leaf (Ψmd(d)) were assumed to represent the most negative values of 

leaf water status, or, minimum water potential. Measurements for Ψpd and Ψmd were 

taken between 03.00 – 05.00 h and 11.30 – 13.30 h, respectively, on clear, dry, 

cloudless days from each of the nine individuals per species in each season. Healthy, 

youngest mature leaves or leafy twigs were cut from the northern (i.e. sun-exposed) side 

of plants, bagged in plastic and placed immediately on ice because of high ambient 

temperatures. Samples were promptly measured using a Scholander PMS-1000 pressure 

chamber (PMS Instruments Corvallis, OR, USA).    

 

Stomatal conductance to water vapour (gs) and photosynthetic rate (A) measured in the 

wet and dry season represent estimates of maximum and minimum values for this study. 

Measurements were made in situ at mid-morning using a Li-Cor 6400 portable gas 

exchange system (Li-COR Inc. Lincoln, NE, USA), between 09.00 h and 11.00 h, as 

this time period represents peak daily transpiration rate (T. Bleby, unpubl. data). 

Photosynthetic photon flux density and leaf chamber carbon dioxide concentration were 

set at 1500 µ mol m-2 s-1 and 380 µ mol CO2 mol-1 air, respectively, whilst chamber 

vapour pressure and temperature were maintained at ambient levels. Measurements 

were taken on the youngest fully expanded mature leaves, with no visible signs of 

damage, in full sunlight. Measured leaf sections were sealed in zip-lock bags, 

refrigerated, scanned using WinRhizo software, dried at 60 oC for 72 hours and 

weighed. Due to leaf rolling in Triodia, all gas exchange variables were expressed on a 

mass basis, which has proven a useful way to examine correlations among leaf traits 

(Wright et al., 2004a, Grigg et al., 2008b). 

 

Data analysis 

 

Data were analysed with R statistical software (R v2.13.0, R Foundation for Statistical 

Computing, R, 2011). Individual mean differences within species between wet and dry 
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season leaf water status traits (Ψleaf and gs) and pressure-volume traits (Ψtlp, Ψπ100, εmax) 

were tested with a Student two-tailed t-test and α = 0.05. Bivariate comparisons among 

traits (Ψtlp, Ψπ100, εmax), and between traits and soil variables (SLA, gs, Ψ leaf , soil water 

content and available phosphorus) independent of sites, were analysed by fitting 

standardised major axis (SMA) slopes, and tested whether the Pearson’s correlation 

coefficient significantly differed from 0 using a 95% confidence interval. Several 

variables needed to be log-transformed to ensure homogeneity of variances. Differences 

among species for traits within a season were analysed with Tukey’s multiple pairwise 

comparison test after one-way ANOVA with species as the fixed factor had identified 

significant differences at α = 0.05.  

 

Principal component analysis (PCA) was used to compare co-variation among leaf 

physiological and structural traits using Primer 6.1.13 (Primer-E, Plymouth, UK). Ψtlp, 

Ψπ100, Ψpd(d), LDMC, RWCtlp, εmax, δ13C, A(w), N, SLA, and gs(w), were used to construct 

a trait by species matrix. Trait values were normalised and Euclidean distance measures 

among species were used as a dissimilarity measure between traits. The distribution of 

soil attributes (soil depth, textural components, wet- and dry-season water content, 

slope, EC, pH, available phosphorus and the proportion of bare ground) was compared 

to the distribution of species trait attributes along the PC axes by vector analysis.   

 

RESULTS 

 

Responses in leaf water status within and between sites 

 

All species showed a significant decline in pre-dawn leaf water potential (Ψpd) between 

the wet and dry season (Fig. 3-2, Appendix 2). Mid-day leaf water potential was 

significantly lower in the dry season than in the wet season for all species, except those 

from the gravelly sandplain (A. stellaticeps and E. odontocarpa) (Fig. 3-2). There were 

considerable differences among co-occurring species in the degree to which water status 

changed with season. Triodia spp. had significantly lower Ψpd than the co-dominant 

woody species in the dry season (-7.8 to -8.7 MPa), but in the wet season Ψpd was as 

high as -0.5 MPa in T. schinzii. In contrast, the range of Ψpd of A. ancistrocarpa, A. 

stipuligera and A. robeorum was much smaller across seasons (1 to 2 MPa). There was 

no seasonal difference in Ψpd or Ψmd between the co-occurring woody species in the 

gravelly sandplains. There were no significant differences in Ψpd or Ψmd between 
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species within the woody or herbaceous groups in the dry season, but in the wet season, 

Ψpd of T. basedowii and A. robeorum remained lower than those of the other grass or 

woody species, respectively. In the dry season, Ψpd values were lower than the Ψtlp in 

all three Triodia spp. and A. stipuligera, suggesting loss of turgor. Ψpd values of A. 

ancistrocarpa were very close to Ψtlp, and Ψ values of all species, except for E. 

odontocarpa, were lower than Ψtlp at mid-day in the dry season. In the wet season, 

values for Ψmd of A. robeorum and A. stipuligera were very close to the dry season Ψtlp 

values.  

 

 
Figure 3-2. Pre-dawn and mid-day leaf water potential [Ψ leaf (MPa); bars, mean ± 1 SE, n = 9] during the 
(a) dry season and (b) the wet season, for eight species near Telfer, Great Sandy Desert, Western 
Australia. The leaf water potential at the turgor loss point [ΨTLP (MPa); lines, mean ± 1 SE, n = 9] 
measured in the dry season, is shown on both leaf water potential charts for comparison. Eo, Eucalyptus 
odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, Acacia 
stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 

All species showed a significant increase in gs between the dry and wet season (Fig. 3-

3). The gs values of all species were low in the dry season, but those of E. odontocarpa 

showed significantly greater gas exchange than the Triodia species, whose gas 

exchange values were approaching zero. Much greater differentiation in gs was 

observed in the wet season, both within and between species. Of the co-occurring 

species, A. stipuligera in the sand dunes had significantly greater gs than the co-
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dominant T. schinzii, whereas no significant difference was observed between the 

remaining co-dominants. Within the woody species, A. stipuligera had a gs nearly four 

times greater than that of A. robeorum on the rocky slopes, whereas among the grasses, 

T. basedowii of the sandplains had a three times greater gs than T. schinzii did.  

 

Figure 3-3. Stomatal conductance to water vapour [gs (mmol g-1 s-1), mean ± 1 SE, n = 9] during the wet 
and dry season, for eight species near Telfer, Great Sandy Desert, Western Australia. Eo, Eucalyptus 
odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, Acacia 
stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 

 

 

Differences among species in pressure-volume traits  

 

There were no apparent differences between species in εmax, but the variation within 

species was relatively large (Fig. 3-4). The RWCtlp showed low variability within 

species, and was similar across all species (0.74 to 0.81), except for T. basedowii, which 

had a considerably lower RWCtlp (0.59). Ψtlp and Ψπ100 were also significantly lower in 

T. basedowii (Fig. 3-5) than those in all other species, and values for T. schinzii were 

significantly lower than those for the woody species.  
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Figure 3-4. Leaf tissue parameters estimated from pressure-volume curves for eight species near Telfer, 
Great Sandy Desert, Western Australia. (a) Maximum bulk modulus of elasticity [εmax (MPa); mean ± 1 
SE, n = 9]. (b) Relative water content at the turgor loss point [RWC tlp; mean ± 1 SE, n = 9]. An asterisks 
(*) above the bar indicates a significant difference with species with no asterisks at P < 0.05. Eo, 
Eucalyptus odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, 
Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 

Interrelations between traits 

 

There was a positive linear relationship between Ψtlp and Ψπ100 (r2 = 0.87, P < 0.05), but 

not between Ψtlp and εmax (Fig. 3-5). The RWCtlp was negatively correlated with both 

Ψtlp and Ψπ100 (r2 = 0.74 and 0.58, respectively). The prevailing patterns in trait co-

variation are shown by the PCA and trait eigenvectors (Fig. 3-6a,b), representing the 

strength (given by the length of the vector) and the direction of the trait correlations 

relative to one another in the first two PCA axes. The first two PCA axes accounted for 

65% of the variation in these traits. On the first axis, Ψtlp and δ13C had the equally 

longest vectors, in opposing directions. Ψtlp was clustered together with Ψπ100 and dry-

season pre-dawn Ψleaf. On the same axis, in the opposite direction was LDMC, 

indicating leaves with lower Ψtlp had a greater leaf dry matter content and a less 

negative value for carbon-isotope fractionation. Orthogonal to these traits N, wet season 

gs and SLA clustered together. Wet season A contributed to both axes. PC1 divided 

woody from herbaceous species, with woody species aligned in the direction of more 

positive Ψtlp and lower leaf dry matter content compared to the Triodia grasses (Fig. 3-

6b). PC2 differentiated between species within each of these groups, with species from 

the rocky slopes and gravelly sandplains displaying values for SLA, gs and N lower than 

those of species from the sandplains and sand dunes. The level of intraspecific 

dispersion (along both the PC1 and PC2 axes) increased as the PC2 score decreased 

(Fig. 3-6a).  
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Figure 3-5. Leaf water potential at the turgor-loss point [Ψ tlp (MPa); mean ± 1 SE, n = 9] versus osmotic 
potential at full turgor [Ψπ100 (MPa); mean ± 1 SE, n = 9] during the dry season (y = 0.35x – 1.31; r2 = 
0.87, P < 0.05) for eight species near Telfer, Great Sandy Desert, Western Australia. Inset: maximum 
bulk modulus of elasticity [εmax (MPa); mean ± 1 SE, n = 9] versus ΨTLP for the same species. Eo, 
Eucalyptus odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia ancistrocarpa; As, 
Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii.  
 

Relationship between leaf traits and environmental variables 

 

None of the environmental variables measured had a strong correlation with the PC1 

axis (Fig. 3-6a,c), with the strongest vector, soil water content in the wet season, having 

a Pearson’s correlation coefficient of 0.18 with the PC1 axis. The PC2 axis had much 

stronger associations, species on the sandplains and sand dunes being associated with 

soils of higher sand content, greater depth, and higher water content in the dry season, 

but lower gravel and silt contents, slope, EC and available phosphorus. As a result, 

deeper soils with higher dry-season water contents supported plants with higher gs(w), 

higher SLA and higher leaf N concentration. 
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Figure 3-6. First two axes of a principal component (PC) analysis showing (a) species positioning 
(denoted by species abbreviations) for eight species near Telfer, Great Sandy Desert, Western Australia. 
Soil type groupings are represented as (■), Rocky slopes; (∆) Gravelly sandplains; (▼) Sandplains; and 
(□) Sand dunes. Eo, Eucalyptus odontocarpa; Ar, Acacia robeorum; At, Acacia stellaticeps; Aa, Acacia 
ancistrocarpa; As, Acacia stipuligera; Tp, Triodia pungens; Tb, Triodia basedowii; Ts, Triodia schinzii. 
(b) Trait vectors describing the relationship between the distribution of plants in (a) and their trait values. 
Length of the line indicates strength of trait, with the highest Pearson’s correlation coefficient of 0.91 
between gs and PC1, and the lowest of 0.27 between εmax and PC1. Leaf solute potential [Ψπ100 (MPa)]; 
Water potential at the turgor loss point [Ψ tlp (MPa)]; Pre-dawn leaf water potential in the dry season [Ψ leaf 
(MPa)]; Leaf nitrogen concentration [N (mg g-1)]; Leaf conductance to water vapour in the wet season 
[gs(w) (mmol g-1 s-1)]; Specific leaf area [SLA (m2 kg-1)]; Photosynthetic rate in the wet season [A(w) (nmol 
g-1 s-1)]; Leaf carbon isotopic composition [δ13C (‰)]; Leaf dry matter content [LDMC (mg g-1)]; Leaf 
relative water content at the turgor loss point [RWCtlp (%)]; Leaf bulk modulus of elasticity [εmax (MPa)]. 
(c) Environmental vectors describing the relationship between the distribution of plants in (a), only 
vectors with Pearson’s correlation coefficients >0.4 are shown. Available phosphorus [Pe, (μg g-1)]; slope 
[s (%)]; gravel content [G (%)]; silt content [Si (%)]; salinity [as electrical conductivity, EC (μS cm-1)]; 
sand content [S (%)]; soil water content in the dry season [VWCd (m3 m-3)]; depth of soil above bedrock 
[d (cm)].  
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DISCUSSION 

 

Relationships between traits 

 

The present results are consistent with the hypothesis that many traits co-vary. In 

particular, there were strong relationships between dry season pre-dawn Ψleaf and Ψtlp 

(r2 = 0.62, P < 0.05), and between Ψtlp and Ψπ100 (Fig. 3-5). This confirms that Ψtlp is a 

good measure of drought tolerance in this environment, as species that experienced the 

greatest seasonal water deficit had the ability to maintain turgor at lower water 

potentials, and thus increase their ‘water envelope’ (sensu Sperry et al., 2002), i.e. 

ability to extract water from drier soils. There were many instances in the dry season 

where Ψleaf was less than Ψtlp, and even in the wet season, mid-day Ψ leaf approached 

Ψtlp in a number of woody species. Many species operate at hydration levels that 

hamper turgor-dependent processes and that are likely to cause significant xylem 

cavitation, but the low Ψleaf maintains a large gradient for water uptake. Presumably the 

species have efficient embolism-repair mechanisms. In the summer-dry south-west of 

Western Australia, Poot and Veneklaas (2013) estimated substantial loss of stem 

conductivity (up to 63%) in native trees, without showing any sign of branch or crown 

mortality, suggesting these species operate close to their hydraulic safety margin.  

 

As for other comparisons of turgor maintenance under decreasing water availability, 

osmolality (Ψπ100) rather than tissue elasticity (εmax), was the primary mechanism 

responsible for reducing Ψtlp (Bartlett et al., 2012, Mitchell et al., 2008a). Ψπ100 and εmax 

are often interdependent, in that species that accumulate solutes (i.e. lower Ψπ100) have 

less elastic cell walls (greater εmax) and vice versa. This is probably essential, as during 

rapid re-hydration of cells with low Ψπ100, greater cell-wall rigidity may protect tissue 

integrity. Also, if cell walls yield in response to water uptake generated by osmotic 

adjustment, then the benefits of osmotic adjustment are lost. Alternatively, plants that 

do not osmotically adjust benefit from elastic walls to maintain turgor as cell water 

content (volume) decreases.  

 

Leaf dry matter content was negatively correlated with indicators of drought resistance 

like Ψleaf (r2 = 0.69, P < 0.05), Ψtlp and Ψπ100. In the principal components analysis (Fig. 

6), SLA was orthogonal to these traits. Reduction in SLA, which has been linked to 

drought tolerance in numerous studies, can be achieved through an increase in leaf 
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thickness or in leaf density or in both (Westoby, 1998, Witkowski and Lamont, 1991). 

Tissue density is dry weight per unit volume, but owing to the very close correlation 

between saturated weight and volume, dry matter content and tissue density are closely 

correlated (Garnier and Laurent, 1994). The direction of trait vectors in this analysis 

suggests that increased tissue density (as inferred through increased LDMC), rather than 

increased leaf thickness, is an important component of drought tolerance. This trend has 

been found in other comparative studies (Mitchell et al., 2008a, Wilson et al., 1999), 

and several authors have shown that more xeric plants have considerable resistance to 

damage at even large negative turgor values (Oertli et al., 1990), because of a reduction 

in cell size, and an increase in cell-wall thickness (Cutler et al., 1977, Zimmermann et 

al., 1976), both resulting in greater tissue density. Triodia species, which had the 

highest LDMC in this analysis, have leaves composed of small cells with small vacuoles 

(Craig and Goodchild, 1977, Grigg et al., 2008b), speculated to confer greater drought 

damage resistance.  

 

The positive correlation between LDMC and δ13C is strongly affected by the contrast in 

both variables when comparing woody to herbaceous species. Triodia species δ13C 

values averaged around -15 ‰, compared to the woody species ranging from -26 to -28 

‰, and are typical of the differences between C3 and C4 photosynthetic pathways 

(Lambers et al., 2008).  

 

Leaf N concentration and gs were positively correlated with SLA, as has been found in 

numerous studies across many biomes (Wright et al., 2004b). As the strongest vectors 

of the second principal component, this axis bears some resemblance to the ‘resource-

use’ axis (Wilson et al., 1999), purported to reflect the inevitable trade-off between 

those traits that are advantageous in resource-rich environments (including rapid rates of 

acquisition and loss, and high rates of tissue turnover), and more conservative strategies 

prevailing in resource-poor environments. Position of species along the axis may be 

indicative of the species’ capacity to exploit resource-rich environments or tolerate 

resource-poor environments.  

 

Differences in water-relations characteristics amongst species 

 

Co-occurring grass and woody species differed markedly in leaf water relations. Triodia 

hummock grass species had considerably lower pre-dawn and mid-day Ψ leaf values in 
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the dry season than the co-occurring Acacia species did, and a correspondingly large 

decrease in gs. The severity of reduction in gs indicated a near-dormant state in terms of 

gas exchange, and pre-dawn Ψleaf values lower than Ψtlp indicated a loss of leaf 

functioning. Yet no mortality was observed, and on the return to wet conditions plants 

resumed function, indicating an extreme tolerance of drought conditions. This may have 

been aided by their C4 photosynthetic pathway (Grigg et al., 2008b, McWilliam and 

Mison, 1974), which allows high CO2-fixation rates and water-use efficiency by virtue 

of the ability to function at low intercellular CO2 concentrations (Lambers et al., 2008). 

The high LDMC in Triodia species, possibly a consequence of small cell size and few 

vacuoles, also likely protects foliage from drought-related damage. This trend agrees 

with that shown in many other studies in arid zones, where woody species that are more 

deeply rooted or have fewer active shallow roots have a lower proportion of their total 

annual transpiration occurring in the summer months than co-occurring annuals or 

shallow-rooted perennials (Schwinning and Ehleringer, 2001, Snyder et al., 2004). 

Despite a large difference in aboveground biomass, co-occurring E. odontocarpa mallee 

trees and A. stellaticeps low shrubs showed no significant differences in leaf water 

status or gas exchange.  

 

Within the woody and herbaceous groups, differences between soil types were more 

apparent. Landscape position and soil type likely influence water availability (i.e. 

increasing with deeper soils lower in the landscape), as shown by soil moisture data 

(Fig. 1), thus influencing the severity of decline in plant water status and stomatal 

conductance over the dry season. If we assume root exploration is constrained by the 

siltstone bedrock, and that plants have access to water stored only in the soil above, we 

would expect to note a soil water availability gradient declining from the shallowest 

profiles highest in the landscape (rocky slopes) to deepest profile (sand dunes) or lowest 

in the landscape (sandplains). A nearby study comparing water relations of sandplain 

and sand dune species confirmed the presence of an inverse texture effect, where the 

sand dunes provided a greater store of plant-available water through the dry season due 

to a combination of greater soil depth and high infiltration rate, despite the greater field 

capacity of the sandplain soils (Grigg et al., 2008a, Grigg et al., 2008b). Within the 

woody species, this assumption is validated by the trend in wet-season pre-dawn Ψ leaf 

and the corresponding gs, yet in the dry season the inverse pattern was noted, where 

woody species on the shallower soils maintained a more positive Ψleaf and higher gs 

values, despite very low water contents in the soil above the bedrock. This may indicate 

 79 



that, although water availability in the shallower soils is important to all woody species 

in the wet season, species growing in soils of limited depth may be accessing water 

stored in the siltstone in the dry season. Where the sand-dune plants in the Grigg et al. 

(2008a) and Grigg et al. (2008b) studies were accessing stored soil water following 

record-wet season rainfalls, the wet seasons between 2008/2009 and 2010/2011 

inclusive were below-average rainfall, and the stores of water in the dunes may have 

already been depleted.  

 

δ13C was not strongly correlated with the PC2 axis, which discriminated within the 

woody and Triodia groups, yet there were significant differences amongst species for 

this trait (Appendix 2). Triodia schinzii had a significantly more positive value for δ13C 

than the congeneric species and E. odontocarpa and A. robeorum showed more positive 

values than A. ancistrocarpa and A. stipuligera did. This implies greater integrated 

water-use efficiency in the species with less negative values, whereby a greater amount 

of carbon is taken up for an equivalent quantity of water lost (McWilliam and Mison, 

1974). As these three species have the lowest stomatal conductance in the wet season, it 

is apparent that efficient use of water is of importance to these species all year round.  

 

The leaf physiology and morphology of A. stipuligera on the sand dunes and A. 

robeorum on the rocky slopes was as divergent as their seasonal water-use patterns (Fig. 

6). Using two-sample t-tests to compare with A. robeorum, A. stipuligera had larger 

leaves with a higher nitrogen concentration, showed tighter stomatal control (lower 

δ13C), had a higher leaf dry matter content, but higher SLA, indicating thinner and 

denser leaves. Acacia stipuligera had a less negative osmotic potential, a more positive 

turgor-loss point, and higher RWC at the turgor-loss point. This divergence may be 

evidence of adaptation to the water-release patterns of the two soil types these species 

inhabit. Water-retention curves of nearby field soils (Chapter 5) indicate clay and 

siltstone hold 0.07 and 0.19 m3 m-3 (respectively) more water than sand at 10 kPa, and 

0.05 and 0.06 m3 m-3 (respectively) additional water at the ‘permanent wilting point’ (-

1.5 MPa). Consequently, sand-dune plants have access to loosely bound water stored 

over substantial depths, whereas water stored on the rocky slopes is more tightly bound 

over a shallower profile. Although increased access to tightly bound water likely 

enhances survival and growth during seasonal and/or multi-year droughts, it is also 

likely to incur a growth cost under wetter conditions (Bhaskar and Ackerly, 2006). The 

small leaves of A. robeorum may be the result of a need to maintain sub-lethal 
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temperatures at low transpiration rates (Leigh et al., 2012), and the lower SLA required 

to endure the very negative osmotic potentials necessary for extraction of tightly bound 

soil water. Acacia robeorum has been found to accumulate calcium oxalate and calcium 

sulfate crystals in its leaves (He et al., 2012), but what effect this has on water relations 

or construction cost of leaves is as yet unknown. In contrast, A. stipuligera has traits 

necessary for rapid growth which potentially increases competitive ability on a substrate 

that should have large stores of easily accessible water. Reduction of the turgor-loss 

point through decreased osmotic potential would be of less value, because there is little 

water remaining at lower pressures. Acacia stipuligera instead conserved water stores 

through stomatal closure, and in the event of water shortage reduced transpiration rates 

at relatively high leaf water content, so would be protected from damage through 

dehydration (drought avoidance). The heightened drought conditions during the 2008 

dry season measurements (which resulted in the mortality of a small number of sand-

dune shrubs in the area) may have been an unusual circumstance for sand-dune plants, 

which are more adapted to large stores of water from infrequent large rainfall events 

(e.g., Grigg et al., 2008a, Pavlik, 1980, Rosenthal et al., 2005). As sand-dune soils exert 

minimal suction on water between saturation and almost complete drying, plants are 

given weak pressure potential cues as to the rate of soil drying, and it has been 

previously noted that plants growing on coarse-textured soils such as sand dunes display 

little acclimation in terms of water use with drying soils (Ehleringer and Cooper, 1988, 

Rosenthal et al., 2005). Acacia stipuligera appears to be such a species. 

 

Relationship between leaf traits and environmental variables 

 

None of the environmental variables measured had a strong correlation with the axis 

best describing drought resistance (PC1, Fig. 3-6). This is due to the co-occurrence of 

the physiologically highly contrasting Acacia and Triodia growing in the same soils. It 

is likely that the differences in drought exposure between co-occurring species is a 

function of differences in the volume of soil exploited, rather than within-site 

heterogeneity in soil properties. The second PC axis was associated with a number of 

soil parameters. Species that demonstrated a tendency towards high SLA, high leaf N 

and high rates of transpiration in the wet season, and therefore resembled the rapid 

growth end of the comparative plant economic spectrum, were found on soils with 

comparatively high dry season water content. This is expected, as dry-season conditions 

are often most influential in the adaptation of plants to their environment (Niinemets, 
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2001), and greater stores of soil water are often associated with the rapid growth end of 

the resource-use spectrum. More surprisingly was the negative correlation with 

concentration of plant-available phosphorus. Phosphorus is often the most limiting 

nutrient in the growth of Australian plants (Lambers et al., 2010). The incidence of high 

concentrations of this essential nutrient with the most conservative resource-use species 

in this analysis implies that access to water is of far greater importance to the growth of 

plants in this environment, and access to nutrients is secondary.  

 

CONCLUSIONS 

 

Dominant woody and herbaceous species in the Great Sandy Desert are well-adapted to 

their environment, demonstrating specialisation in traits that are consistent with the 

water availability of the soil where they proliferate. Triodia species in particular resist 

extreme water deficit for at least part of the annual or multi-annual seasonal cycle. The 

dry-season measurements taken here are representative of drier than average conditions, 

as they follow a drier than average wet season, and thus stores of soil water were likely 

largely depleted. Under such conditions, deep coarse-textured sand dunes constituted 

the most drought-affected habitat, whereas shallower soils provided a more reliable 

water source, presumably due to water stored in the underlying siltstone. This is 

contrary to the situation in many other desert ecosystems, where coarse sand dunes 

provide the most reliable access to stored water through the dry season. 

  

 82 



REFERENCES 

 

BARTLETT, M. K., SCOFFONI, C. & SACK, L. 2012. The determinants of leaf turgor 
loss point and prediction of drought tollerance of species and biomes: a global 
meta-analysis. Ecology Letters, 15, 393 - 405. 

BHASKAR, R. & ACKERLY, D. D. 2006. Ecological relevance of minimum seasonal 
water potentials. Physiologia Plantarum, 127, 353 - 359. 

BLACKMAN, L. M. & OVERALL, R. L. 2001. Structure and function of 
plasmodesmata. Australian Journal of Plant Physiology, 29, 709 - 727. 

BOM 2012. Climate Statistics for Australian Locations: Telfer. Bureau of Meteorology, 
Australian Government. 

BOWMAN, D. M. J. S., BOGGS, G. S. & PRIOR, L. D. 2008. Fire maintains an Acacia 
aneura shrubland - Triodia grassland mosaic in Central Australia. Journal of 
Arid Environments, 72, 34-47. 

BOWMAN, G. M. & HUTKA, J. 2002. Particle Size Analysis. Soil physical 
measurement and interpretation for land evaluation. Collingwood, Vic.: CSIRO 
Publishing. 

BRESHEARS, D. D. 1993. Spatial partitioning of water use by herbaceous and woody 
lifeforms in semi-arid woodlands. PhD, University of Colorado. 

BURBIDGE, N. 1953. The genus Triodia R. Br.. Australian Journal of Botany, 1, 121-
184. 

CLELAND, R. E. 1971. Cell wall extension. Annual Review of Plant Physiology, 22, 
197 - 222. 

CORNELISSEN, J. H. C., LAVOREL, S., GARNIER, E., DIAZ, S., BUCHMANN, N., 
GURVICH, D. E., REICH, P., TER STEEGE, H., MORGAN, H. D., VAN DER 
HEIJDEN, M. G. A., PAUSAS, J. G. & POORTER, H. 2003. A handbook of 
protocols for standardised and easy measurement of plant functional traits 
worldwide. Australian Journal of Botany, 51, 335-380. 

CRAIG, S. & GOODCHILD, D. J. 1977. Leaf ultrastructure of Triodia irritans: a C4 
grass possessing an unusual arrangement of photosynthetic tissue. Australian 
Journal of Botany, 25, 277 - 290. 

CUTLER, J. M., RAINS, D. W. & LOOMIS, R. S. 1977. The importance of cell size in 
the water relations of plants. Physiologia Plantarum, 40, 255 - 260. 

DAVIES, W. J., TARDIEU, F. & TREJO, C. L. 1994. How do chemical signals work in 
plants that grow in drying soil? Plant Physiology, 104, 309 - 314. 

DONOVAN, L. A., LINTON, M. J. & RICHARDS, J. H. 2001. Predawn plant water 
potential does not necessarily equilibrate with soil water potential under well-
watered conditions. Oecologia, 129, 328-335. 

EHLERINGER, J. R. & COOPER, T. A. 1988. Correlations between carbon isotope 
ratio and microhabitat in desert plants. Oecologia, 76, 562 - 566. 

ENGELBRECHT, B. M. J., COMITA, L. S., CONDIT, R., KURSAR, T. A., TYREE, 
M. T. & TURNER, B. L. 2007. Drought sensitivity shapes species distribution 
patterns in tropical forests. Nature, 447, 80 - U2. 

FARQUHAR, G. D. & COWAN, I. R. 1974. Oscillations in stomatal conductance: the 
influence of environmental gain. Plant Physiology, 54, 769-772. 

FRANKS, P. J., COWAN, I. R., TYERMAN, S. D., CLEARY, A. I., LLOYD, J. & 
FARQUHAR, G. D. 1995. Guard-cell pressure/aperture characteristics measured 
with the pressure probe. Plant, Cell and Environment, 18, 795 - 800. 

FRENSCH, J. & HSIAO, T. C. 1994. Transient responses of cell turgor and growth of 
maize roots as effected by changes in water potential. Plant Physiology, 104, 
247 - 254. 

 83 



GARNIER, E. & LAURENT, G. 1994. Leaf anatomy, specific mass and water content 
in congeneric annual and perennial grasses. New Phytologist, 128, 725-736. 

GOBLE-GARRATT, E. M. 1987. Phytosociology of the Telfer area of the Great Sandy 
Desert, Western Australia. Masters of Science, University of Western Australia. 

GRIERSON, C. S., BARNES, S. R., CHASE, M. W., CLARKE, M., GRIERSON, D. & 
EDWARDS, K. J. 2011. One hundred important questions facing plant science 
research. New Phytologist, 192, 6 - 12. 

GRIFFIN, G. F. 1990. Characteristics of three spinifex alliances in Central Australia. 
Journal of Vegetation Science, 1, 435-444. 

GRIGG, A. M., VENEKLAAS, E. J. & LAMBERS, H. 2008a. Water relations and 
mineral nutrition of closely related woody plant species on desert dunes and 
interdunes. Australian Journal of Botany, 56, 27-43. 

GRIGG, A. M., VENEKLAAS, E. J. & LAMBERS, H. 2008b. Water relations and 
mineral nutrition of Triodia grasses on desert dunes and interdunes. Australian 
Journal of Botany, 56, 408-421. 

HE, H., BLEBY, T. M., VENEKLAAS, E. J. & LAMBERS, H. 2011. Dinitrogen-fixing 
Acacia species from phosphorus-impoverished soils resorb leaf phosphorus 
efficiently. Plant Cell and Environment, 34, 2060-2070. 

HE, H., BLEBY, T. M., VENEKLAAS, E. J., LAMBERS, H. & KUO, J. 2012. 
Morphologies and elemental compositions of calcium crystals in phyllodes and 
branchlets of Acacia robeorum (Leguminosae: Mimosoideae). Annals of Botany, 
109, 887 - 896. 

JACOBS, S. W. L. 1982. Relationships, distribution and evolution of Triodia and 
Plectrachne (Gramineae) In: BARKER, W. & GREENSLADE, P. (eds.) 
Evolution of the Flora and Fauna of Arid Australia. South Australia: Peacock 
Publications. 

KIRONO, D. G. C., KENT, D. M., HENNESSY, K. J. & MPELASOKA, F. 2011. 
Characteristics of Australian droughts under enhanced greenhouse conditions: 
results from 14 global climate models. Journal of Arid Environments, 75, 566-
575. 

LAMBERS, H., BRUNDRETT, M. C., RAVEN, J. A. & HOPPER, S. D. 2010. Plant 
mineral nutrition in ancient landscapes: high plant species diversity on infertile 
soils is linked to functional diversity for nutritional strategies. Plant and Soil, 
334, 11-31. 

LAMBERS, H., CHAPIN, F. S. & PONS, T. L. 2008. Plant Physiological Ecology New 
York, Springer  

LEIGH, A., SEVANTO, S., BALL, M. C., CLOSE, J. D., ELLSWORTH, D. S., 
KNIGHT, C. A., NICOTRA, A. B. & VOGEL, S. 2012. Do thick leaves avoid 
thermal damage in critically low wind speeds? New Phytologist, 194, 477 - 487. 

MASLIN, B. R. & PEDLEY, L. 1988. Patterns of distribution of Acacia in Australia. 
Australian Journal of Botany, 36, 385-393. 

MCWILLIAM, J. R. & MISON, K. 1974. Significance of the C4 pathway in Triodia 
irritans (Spinifex), a grass adapted to arid environments. Australian Journal of 
Plant Physiology, 1, 171 - 175. 

MITCHELL, P. J., VENEKLAAS, E. J., LAMBERS, H. & BURGESS, S. S. O. 2008a. 
Leaf water relations during summer water deficit: differential responses in turgor 
maintenance and variation in leaf structure among different plant communities in 
south-western Australia. Plant Cell and Environment, 31, 1791-1802. 

MITCHELL, P. J., VENEKLAAS, E. J., LAMBERS, H. & BURGESS, S. S. O. 2008b. 
Using multiple trait associations to define hydraulic functional types in plant 
communities of south-western Australia. Oecologia, 158, 385-397. 

 84 



NICHOLAS, A. M. M., FRANKLIN, D. C. & BOWMAN, D. M. J. S. 2009. 
Coexistence of shrubs and grass in a semi-arid landscape: a case study of mulga 
(Acacia aneura, Mimosaceae) shrublands embedded in fire-prone spinifex 
(Triodia pungens, Poacese) hummock grasslands. Australian Journal of Botany, 
57, 396-405. 

NIINEMETS, U. 2001. Global-scale climatic controls of leaf dry mass per area, density 
and thickness in trees and shrubs. Ecology, 82, 453-469. 

OERTLI, J. J., LIPS, S. H. & AGAMI, M. 1990. The strength of sclerophyllous cells to 
resiste collapse due to negative turgor pressure. Acta Oecologia, 11, 281 - 289. 

OLIVEIRA, R. S. 2013. Can hydraulic traits be used to predict sensitivity of drought-
prone forests to crown declie and tree mortality? Plant and Soil, 364, 1 - 3. 

PAGE, G. F. M., CULLEN, L. E., VAN LEEUWEN, S. & GRIERSON, P. F. 2011. 
Inter- and intra- specific variation in phyllode size and growth form among 
closely related Mimosaceae Acacia species across a semiarid landscape gradient. 
Australian Journal of Botany, 59, 426-439. 

PAUL, D., SKRZYPEK, G. & FORIZS, I. 2007. Normalization of measured stable 
isotope composition to isotope reference scale - a review. Rapid 
Communications in Mass Spectrometry, 21, 3006-3014. 

PAVLIK, B. M. 1980. Patterns of water potentials and photosynthesis of desert sand 
dune plants, Eureka Valley, California. Oecologia, 46, 147 - 154. 

POOT, P. & VENEKLAAS, E. J. 2013. Species distribution and crown decline are 
associated with contrasting water relations in four common sympatric eucalypt 
species in southwestern Australia. Plant and Soil, 364, 409-423. 

PRESSLAND, A. J. 1976. Soil moisture redistribution as affected by throughfall and 
stemflow in an arid shrub community Australian Journal of Botany, 24, 641-
649. 

R, D. C. T. 2011. R: a language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. 

RICE, B. & WESTOBY, M. 1999. Regeneration after fire in Triodia R. Br. Australian 
Journal of Ecology, 24, 563-572. 

RITCHIE, G. A. & HINCKLEY, T. M. 1975. The pressure chamber as an instrument 
for ecological research. Advances in Ecological Research, 9, 165-254. 

ROBERTS, A. G. & OPARKA, K. J. 2003. Plasmadesmata and the control of 
symplastic transport. Plant, Cell and Environment, 26, 103 - 124. 

ROSENTHAL, D. M., LUDWIG, F. & DONOVAN, L. A. 2005. Plant responses to an 
edaphic gradient across an active sand dune/desert boundary in the Great Basin 
Desert. International Jornal of Plant Sciences, 166, 247 - 255. 

SALLEO, S., NARDINI, A. & LO GULLO, M. A. 1997. Is sclerophylly in 
Mediterranean evergreens an adaptation to drought? New Phytologist, 135, 603-
612. 

SCHULTE, P. J. & HINCKLEY, A. R. 1985. A comparison of pressure volume curve 
data analysis techniques. Journal of Experimental Botany, 36, 1590 - 1602. 

SCHWINNING, S. & EHLERINGER, J. 2001. Water use trade-offs and optimal 
adaptations to pulse-driven arid ecosystems. Journal of  Ecology, 89, 464-480. 

SNYDER, K. A., DONOVAN, L. A., JAMES, J. J., TILLER, R. L. & RICHARDS, J. 
H. 2004. Extensive summer water pulses do not necessarily lead to canopy 
growth of Great Basin and northern Mojave Desert shrubs. Oecologia, 141, 325 
- 334. 

SPERRY, J. S., HACKE, U. G., OREN, R. & COMSTOCK, J. P. 2002. Water deficits 
and hydraulic limits to leaf water supply. Plant, Cell and Environment, 25, 251 - 
263. 

 85 



STUBBS, W. & WILSON, J. B. 2004. Evidence for limiting similarity in a sand dune 
community. Journal of Ecology, 92, 557-567. 

TIETJEN, B., JELTSCH, F., ZEHE, E., CLASSEN, N., GROENGROEFT, A., 
SCHIFFERS, K. & OLDELAND, J. 2010. Effects of climate change on the 
coupled dynamics of water and vegetation in drylands. Ecohydrology, 3, 226-
237. 

WALTER, H. The water supply of desert plants. In: RUTTER, A. & WHITEHEAD, E., 
eds. The Water Relations of Plants, 1961 London. Blackwell Scientific 
Publications, 199-205. 

WELLS, G. 1999. Biology and restoration ecology of spinifex grasses (Plectrachne and 
Triodia spp.) with special reference to the Argyle Diamond Mines (Western 
Australia). Doctor of Philosophy, University of Western Australia. 

WESTOBY, M. 1998. A leaf-height-seed (LHS) plant ecology strategy scheme. Plant 
and Soil, 199, 213-227. 

WICKENS, G. E. 1998. Ecophysiology of economic plants in arid and semi-arid lands, 
Berlin, Springer-Verlag. 

WILSON, P. J., THOMPSON, K. & HODGSON, J. G. 1999. Specific leaf area and leaf 
dry matter content as alternative predictors of plant strategies. New Phytologist, 
143, 155-162. 

WINKWORTH, R. E. 1967. The composition of several arid spinifex grasslands of 
Central Australia in relation to rainfall, soil water relations and nutrients. 
Australian Journal of Botany, 15, 107-130. 

WINKWORTH, R. E. 1973. Eco-physiology of Mulga. Tropical Grasslands, 7, 43-48. 
WITKOWSKI, E. T. F. & LAMONT, B. B. 1991. Leaf specific mass confounds leaf 

density and thickness. Oecologia, 88, 486-493. 
WRIGHT, B. R. & CLARKE, P. J. 2007. Resprouting responses of Acacia shrubs in the 

Western Desert of Australia - fire severity, interval and season influence 
survival. International Jornal of Wildland Fire, 16, 317-323. 

WRIGHT, I. J., GROOM, P. K., LAMONT, B. B., POOT, P., PRIOR, L. D., REICH, P. 
B., SCHULZE, E. D., VENEKLAAS, E. J. & WESTOBY, M. 2004a. Leaf trait 
relationships in Australian plant species. Functional Plant Biology, 31, 551-558. 

WRIGHT, I. J., REICH, P. B., WESTOBY, M., ACKERLY, D. D., BARUCH, Z., 
BONGERS, F., CAVENDER-BARES, J., CHAIN, T., CORNELISSEN, J. H. 
C., DIEMER, M., FLEXAS, J., GARNIER, E., GROOM, P. K., GULIAS, J., 
HIKOSAKA, K., LAMONT, B. B., LEE, T., LEE, W., LUSK, C., MIDGLEY, 
J. J., NAVAS, M., NIINEMETS, U., OLEKSYN, N., POORTER, H., POOT, P., 
PRIOR, L., PYANKOV, V., ROUMET, C., THOMAS, S., TJOELKER, M. G., 
VENEKLAAS, E. J. & VILLAR, R. 2004b. The worldwide leaf economics 
spectrum. Nature, 428, 821-827. 

ZIMMERMANN, U., STEUDLE, E. & LENKE, P. I. 1976. Turgor pressure regulation 
in Valonia utricularis, effect of cell wall elasticity and auxin. Plant Physiology, 
58, 608 - 613. 

 

 86 



Chapter 4 

Soil hydraulic properties, not proximity to vegetation, influence the distribution of roots 

in Great Sandy Desert communities. 

Eleanor Hoy, Hans Lambers, Timothy M. Bleby, Erik J. Veneklaas 

 

School of Plant Biology, University of Western Australia, 35 Stirling Highway, 

Crawley (Perth) WA 6009. Australia 

 

ABSTRACT 

 

Data on the distribution of root length and biomass are critical to understanding the 

ecophysiology of belowground processes in vegetation communities. This is 

particularly true when models are applied to describe ecohydrology and vegetation 

function. However, there is a paucity of such information across the Australian 

continent, particularly from the semi-arid summer-wet ecosystems. We quantified root 

length and root biomass distribution in three Great Sandy Desert semi-arid shrub steppe 

communities dominated by the Acacia – Triodia alliance that covers over half the 

Australian landmass. Soil types represented a gradient in depth and texture, ranging 

from deep coarse sand through moderately deep clay loam to shallower loamy sand with 

gravel. Root length and root biomass were sampled to between 1.2 m and 2.0 m 

(depending on the depth of the underlying bedrock), and declined through the soil 

profile. Peak root length and biomass occurred between 0.2 and 0.3 m, contrary to many 

other ecosystems and semi-arid sites, where peak root densities occur in the upper 0.1 m 

of the profile. Between 50 and 60% of total root length was in the upper 0.5 m of the 

soil profile. Fine (< 2 mm diameter) and intermediate (2 – 5 mm diameter) roots 

accounted for 50–60% and 30–34% of total root length, respectively. It was found that 

soil hydraulic properties (saturated hydraulic conductivity, Ks, water content, W, and 

bulk density, BD) were most variable in clay-rich soils. There were no strong 

relationships between the spatial distribution of aboveground vegetation and the 

horizontal distribution of root density, indicating that lateral roots grew well beyond the 

foliage projections and may have been more determined by soil conditions. Although 

there was horizontal and vertical variation, soil beneath vegetation was not found to 

have lower BD, higher Ks or greater W than soils beneath interpatches, as would be 

expected under the patch-interpatch or source-sink theoretical models. There were, 
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however, significant relationships between the distribution of root density and the 

distribution of soil hydraulic properties in the clay-rich soil of the sandplain.  

 

Key words: Root length density, fine roots, saturated hydraulic conductivity, bulk 

density, soil water content, Great Sandy Desert. 

 

INTRODUCTION 

 

Belowground plant parts play a primary role in resource acquisition, and thus 

knowledge of root profiles is essential for the understanding and prediction of 

ecosystem dynamics and ecosystem function. Global datasets currently contain sparse 

representation from the Australian continent (Canadell et al., 1996, Jackson et al., 1996, 

Mokany et al., 2006, Schenk and Jackson, 2002a), and most existing Australian studies 

are in the woodlands and forests fringing the continent (Allnutt, 2002, Eamus et al., 

2002, Gwenzi, 2011, Macinnis-Ng et al., 2010). Dry climates with a summer-rainfall 

regime are particularly poorly represented in Australian and global analyses (Mokany et 

al., 2006, Schenk and Jackson, 2002b).  

 

Many previous root studies in dry climates with a summer-rainfall were undertaken 

with the aim of estimating carbon stocks (Eamus et al., 2002, Werner and Murphy, 

2001) and root turnover (Jha and Mohapatra, 2010), with less consideration given to the 

influence of root distribution on the uptake of water. Consequently, the focus has been 

on root/shoot ratios, total belowground biomass (Allnutt, 2002, Macinnis-Ng et al., 

2010, Zerihun et al., 2006) and root turnover rates, rather than the more labour-intensive 

root-length densities associated with potential water uptake (de Willigen et al., 2000). 

Understanding ecohydrological processes requires detailed knowledge on the spatial 

(depth and horizontal) distribution of roots, and the relationship to soil properties, 

because this will influence a plant’s ability to access and extract soil water (Rodriguez-

Iturbe and Porporato, 2004).  

 

The distribution of water in soil depends strongly on soil characteristics such as texture, 

porosity and hydraulic conductivity. Bulk density is an important soil physical property 

that characterises soil structure in general (Cresswell and Hamilton, 2002). As a soil 

quality parameter, it is related to soil water and air storage, and mechanical impedance 

to root growth (Asgarzadeh et al., 2011, Reynolds et al., 2002). Roots grow best in soil 
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with an intermediate density – soft enough to allow root penetration, but sufficiently 

compacted to give good root to soil contact (Stirzaker et al., 1996). Sandy soils are 

generally associated with greater porosity, high hydraulic conductivity and thus better 

drainage, but lower water retention than finer-textured (e.g., clayey) soils. Soil depth 

interacts with hydraulic factors to control the vertical distribution of water storage. In 

deep coarse-textured soils, water infiltrates rapidly and is stored deeper in the profile 

than in finer-textured soils, where water is retained at shallower depths. Higher 

vegetation cover has been associated with higher water content of soils in many arid and 

semiarid regions (Devitt and Smith, 2002, Dunkerly, 2002, Pressland, 1973, Seyfried, 

1991), where increased surface roughness, carbon content, and macropores created by 

root channels and animal burrows increase the infiltrability and conductivity of soils 

allowing greater quantities of water to percolate to deeper soil layers than in adjacent 

bare interpatches. This may lead to vertical and horizontal heterogeneity in the 

distribution of soil water storage (Breshears et al., 2009, Tongway and Ludwig, 1994).   

 

Soil hydraulics have important implications for root distribution, because roots tend to 

proliferate in soil patches with the greatest access to resources (Pregitzer et al., 1993, 

Schenk, 2005). As a result, root system size and morphology is heavily influenced by 

soil texture (Schenk and Jackson, 2002a, Sperry et al., 1998). The ‘patch – interpatch’ 

(Ludwig et al., 2005) or ‘source and sinks’ (Puigdefabregas, 2005) theoretical models, 

where the presence of plants indicates ‘islands of fertility’ (Noy-Meir, 1973), predicts 

that soil beneath vegetated patches has higher porosity, leading to greater stores of water 

than in adjoining bare interpatches. By association, we would predict greater 

proliferation of fine roots beneath vegetation patches than in interpatches, in order to 

exploit the additional water resource. In contrast, Schenk and Jackson (2002b) predict 

that in dry, summer-rainfall climate zones, horizontal spread of roots increases, and 

shrubs have significantly shallower rooting depths, in order to exploit precipitation that 

will rapidly evaporate. The asymptotic single-parameter global model for root density 

distribution developed by Jackson et al. (1996) from empirical studies is a simple 

numerical index of root distribution, where high values of β correspond to a greater 

proportion of roots at greater depth. Their analysis found deserts had the deepest 

profiles, with a β value of 0.975 and only 50 % of their roots in the upper 30 cm of the 

soil profile. It is widely accepted that plants will adopt rooting strategies that maximise 

access to the available water (Schwinning and Ehleringer, 2001). Currently, there is a 
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general paucity of data on root distribution from dry, summer- rainfall climate zones, 

such as the Great Sandy Desert in north-western Western Australia. 

 

The Great Sandy Desert is a semiarid subtropical region where mean annual 

precipitation is low (< 400 mm) and annual pan evaporation is high (> 4,000 mm) 

(BOM, 2012). The shrub steppe vegetation  is dominated by perennial hummock-

forming Triodia grass species and scattered to patchy evergreen Acacia shrubs (Beard 

and Webb, 1974) interspersed by bare patches (Grigg et al., 2008). The organisation of 

the vegetation suggests that ecohydrological feedbacks may determine the distribution 

of vegetation patches and interpatches (Ludwig et al., 2005). Additionally, He et al. 

(2011) showed elevated levels of leaf litter and surface soil nutrients in patches beneath 

shrub canopies compared with those in areas between the patches, and Triodia 

hummocks display soil accretion (Craft and Richardson, 1998) consistent with the 

sediment-transport models suggested by Ludwig et al. (2005) and Ravi et al. (2008). In 

the south-western region of the Great Sandy Desert a variety of soil types are present 

within a small geographical area. These soil types represent gradients in soil depth and 

texture and thus offer contrasting hydrological scenarios under a homogenous climate. 

In this study vegetation associated with three soil types was selected to investigate the 

distribution of fine and coarse roots in relation to soil hydraulic factors and the 

proximity of surface vegetation patches.  

 

The objectives of the study were to identify whether soil physical properties were 

altered beneath vegetation patches compared with interpatch areas, and if greater stores 

of soil water were present, and whether the distribution of roots displayed the same 

patch/interpatch distribution as the aboveground biomass, as expected if 

ecohydrological feedbacks are a dominant force in the distribution of belowground 

resources. I hypothesised also that in the deeper, coarser-textured soil, roots would be 

distributed deeper in the soil profile than in finer-textured soils, as water would infiltrate 

to greater depth, but that the patch/interpatch contrasts would be more pronounced in 

finer-textured compared to coarser-textured soil, due to the greater impact of 

ameliorative effects of biotic activity on soil porosity.  
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MATERIALS AND METHODS 

 

Study sites were located 5 to 20 km south of Newcrest Mining Ltd’s Telfer Gold Mine 

(21o71’ S, 122o23’ E) in the Great Sandy Desert of north-western Australia, 

approximately 450 km east of Port Hedland and 1300 km north-east of Perth. The 

climate is subtropical semiarid with a 37-year mean annual precipitation of 370 mm, 

falling predominantly during the hot summer, and annual pan evaporation exceeding 

4,000 mm (BOM, 2012). Most rainfall events are small (≤ 10 mm), associated with the 

pole-ward end of the tropical monsoon (Wyrwoll et al., 1992), but large infrequent 

rainfall events up to 380 mm have been recorded as a result of passing cyclones (BOM, 

2012).  Most of the 360,000 km2 of the Great Sandy Desert is covered by linear and 

braided dunes interspersed by flat sandplains and underlain by siltstone (Northcote and 

Wright, 1983). On the western edge of the Great Sandy Desert, in the vicinity of Telfer, 

is the northern end of the Paterson Ranges, where siltstone outcrops capped with laterite 

are in various stages of decay, separated by earthy sandplains with ironstone gravel 

mantles (Beard, 1969, Northcote and Wright, 1983). The vegetation is described as 

semi-arid shrub steppe (Beard and Webb, 1974) and is dominated by the hummock 

grass- Acacia alliance that covers almost half of the Australian landmass (Leigh and 

Noble, 1969). Three locations were selected to represent typical sand dune, sandplain 

and earthy sandplains with ironstone gravel mantle (gravelly sandplain) habitats using 

the classifications and descriptions in Goble-Garratt (1987). The dominant species, 

species richness, foliage projective cover and leaf area indices were measured and 

reported in Chapter 2, and are presented in Table 4-1. Soils at the sandplain and gravelly 

sandplain sites are Kandosols, with Rudosols at the sand dune (Isbell, 2002), and differ 

in depth, texture and other physical properties (Table 4-1). At the gravelly sandplain 

site, the vegetation consists of Triodia basedowii hummock grassland with Acacia 

stellaticeps low shrubs and scattered Eucalyptus odontocarpa (Fig. 4-1a). The hard 

siltstone bedrock was encountered between 1.2 m and 1.4 m (Fig. 4-1b), immediately 

above which a layer of gravel approximately 2 cm thick was found. The upper soil 

ranged from loamy sand near the surface to silty loam above the gravel layer. Sandplain 

vegetation consisted of T. basedowii hummock grassland with A. ancistrocarpa shrubs 

where surface soils of sandy loam graded into clay loam before the siltstone bedrock 

was reached at approximately 1.7 m. Sand-dune vegetation consisted of T. schinzii open 

hummock grassland with A. stipuligera and scattered mixed low shrubs. The soil profile 

sampled was homogenous sand down to 2.2 m. After sampling, the depth of the  
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Table 4-1. Vegetation attributes and soil physical properties at three landscape positions and associated soil and vegetation types in the Great Sandy Desert, Western Australia. 
Values are the mean ± standard error.  
* Plant-available water was calculated as the difference in the measured soil water content above the bedrock after substantial wet season rains, and the water content at the end of 
the dry season when plants are displaying water stress.  

  units Gravelly sandplain Sandplain Sand dune 
Vegetation properties 
Dominant species 

 

Eucalyptus odontocarpa       
Acacia stellaticeps 
Triodia basedowii 

Acacia ancistrocarpa 
Triodia basedowii 

Acacia stipuligera  
Triodia schinzii 

Species richness  per 625 m2 13.0 ± 3.2 14.7 ± 4.1 13.0 ± 2.3 
Projective foliage cover  % 73 ± 2 101 ± 2 76 ± 1 
Leaf area index  m2 m-2 0.10 ± 0.01 0.13 ± 0.00 0.10 ± 0.01 
Woody to herbaceous leaf area index  1 : 1.03 1 : 2.50 1 : 1.59 
Soil properties 
Soil depth m 0.5 - 1.2 1.6 - 1.8   ≥ 2 
Slope % 1.31 ± 0.60 0.85 ± 0.23 15.33 ± 4.16 
Clay % w/w 6.02 ± 1.52 18.39 ± 3.27 1.68 ± 0.03 
Silt % w/w 5.37 ± 2.65 3.97 ± 0.34 0.49 ± 0.29 
Sand % w/w 88.60 ± 3.89 77.64 ± 3.34 97.82 ± 0.26 
Gravel % w/w 11.97 ± 1.35 1.36 ± 0.44 0.39 ± 0.13 
Electrical conductivity (salinity) μS cm-1 19.5 ± 3.6 24.2 ± 4.1 22.5 ± 2.8 
pH  7.2 ± 0.2 7.2 ± 2.0 6.8 ± 0.2 
Field-saturated hydraulic conductivity m day-1 2.87 ± 0.26 1.25 ± 0.10 4.34 ± 0.30 
Bare ground % 29.75 ± 4.75 18.62 ± 3.59 45.50 ± 5.84 
Dry season soil water content m3 m-3 0.024 ± 0.003 0.043 ± 0.003 0.013 ± 0.001 
Dry season soil water content 0-30 cm m3 m-3 0.019 ± 0.002 0.023 ± 0.002 0.014 ± 0.002 
Wet season soil water content m3 m-3 0.045 ± 0.004 0.118 ± 0.009 0.038 ± 0.002 
Wet season soil water content 0-30 cm m3 m-3 0.030 ± 0.002 0.060 ± 0.004 0.014 ± 0.001 
Plant-available water content mm 18.31 ± 4.69 114.41 ± 30.30 38.17 ± 9.01 
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underlying siltstone was measured at approximately 6 m using an excavator. No 

obvious changes in the soil texture or structure were observed between 2 and 6 m deep. 

The patchy spatial distribution of the vegetation in the three soil types is displayed in 

Fig. 4-1c. 

 
 

Fig. 4-1. Vegetation types (a), soil profiles (b) and aerial photos (c) of gravelly sandplain (left), sandplain 
(centre) and sand dune (right) sites near Telfer in the Great Sandy Desert, Western Australia. The gravelly 
sandplain soil profile photo shows the surface to the underlying siltstone (white) at 1.4 m, the sandplain 
profile photo shows 10 cm diameter root sample cores inserted at 1.6 m immediately above the hard 
underlying siltstone (yellow).  
 

Sampling and root analysis 

 

Transects were established in undisturbed, mature, long-unburned (> 10 years, Landgate 

2007) native vegetation. The location of vegetation was mapped, and the spatial 

vegetation parameters Dh (distance to nearest herbaceous plant), Dw (distance to nearest 
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woody stem) and Dc (distance to closest shrub/tree canopy projection) were measured 

as the horizontal distance (m) between transect sample points and plants (in any 

direction). Soil pits were dug along transects with an excavator to expose a soil profile 5 

m long. Profile depth was site-dependent due to the hard underlying siltstone. Sampling 

was conducted in mid April 2011 after an extended and wetter than average summer 

(December 2010 to April 2011: 532 mm). The pit face was subdivided into 10-cm depth 

increments between the surface and 50 cm, then at 40 cm intervals to the maximum 

achievable depth. Soil depths reported here are the midpoint of the depth class, e.g., 0 – 

10 cm is reported as 5 cm depth. Separate samples were collected for root density, soil 

bulk density and water content, and for saturated hydraulic conductivity. Twenty 

samples per depth interval were randomly allocated to horizontal locations along the 

exposed soil profile for root samples using cylindrical metal cores (10-cm diameter and 

10-cm depth). Two cores were taped together and the sharpened edge manually driven 

into the pit face until the lower core was flush with the soil surface. Intact cores were 

carefully extracted and bagged. Samples were stored in air-conditioned containers 

before transport to the lab, where they were stored in a cool room (4 oC) until analysis. 

In the laboratory, each sample was sieved dry at field moisture through a 2-mm sieve to 

remove the largest proportion of roots, with a container at the bottom to retain the soil 

and residual fine roots. Residual soil was re-sieved with 1- and 0.25-mm sieves using a 

wet sieving technique. Dead roots were generally readily recognisable on the basis of 

colour, consistency and smell. In contrast to other root studies in desert ecosystems 

(Jackson et al., 1997), dead roots were almost negligible, presumably due to the 

favourable conditions for decomposition or the locally abundant termites, and they were 

removed from samples without further analysis. Roots were refrigerated, flat in plastic 

zip-lock bags with moist paper to allow complete hydration. As the focus was on stand-

scale root distribution, and due to the scale of the sampling, roots were not separated by 

species. Hydrated roots were spread evenly on a plastic tray filled with de-ionised 

water. Roots were scanned using a flatbed backlit scanner set at 400 dpi resolution to 

determine root length (L, m), and root diameter (Ø, mm). Where a large number of roots 

were present, samples were divided into multiple scans to ensure accurate 

representation. Root images were analysed using calibrated WinRhizo image analysis 

software (Regent Instruments, Quebec, Canada), configured to measure root length in 

diameter classes ≤ 2 mm (fine roots), 2 < Ø ≤ 5 mm (intermediate roots), then in 5 mm 

increments (coarse roots). Samples were then oven dried at 60 oC for 72 h, and weighed 

to a precision of 0.1 mg to determine root dry mass (DM, kg). Root biomass density 
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(RMD, kg m-3), total root length density (RLDt, m m-3) and fine root length density 

(RLDf, m m-3) were calculated as follows: 

 

RMD = DM / V,       Equation 4-1 

 

RLDt = Lt / V        Equation 4-2 

 

RLDf = Lf / V        Equation 4-3 

 

where Lt and Lf are the lengths (m) of the total and fine root fraction, respectively, and 

V is the total volume of the core (m3). Coarse and small root-length density (RLDc) was 

calculated as RLDt - RLDf. 

 

Roots per ground surface area are presented as total- (RLIt, m2 m-2) and fine-root length 

index (RLIf, m2 m-2):  

 

RLIt =  Σ (RLDti  x di)       Equation 4-4 

 

RLIf  =  Σ (RLDfi  x di)       Equation 4-5 

 

where RLDti and RLDfi are the total root length density (m m-3) and fine-root length 

density (m m-3), respectively, of samples in depth interval i; and di is the depth (m) of 

interval i. 

 

Soil analysis 

 

At each of the root sample locations, a 7-cm diameter by 7-cm depth soil core was taken 

for soil water content and bulk density. Dry soil bulk density was used as an indicator of 

soil mechanical resistance to root growth (Stirzaker et al., 1996), due to its ease and 

speed of measurement (Cresswell and Hamilton, 2002), and, unlike penetrometer 

resistance, is not affected by soil moisture. Samples were bagged and weighed on site to 

determine wet mass (Mw, kg), then oven dried at 104 oC for 72 h to determine the dry 

mass (Md, kg). Volumetric soil water content (W, m3 m-3) and dry soil bulk density (BD, 

kg m-3) were computed as:  

 

 95 



W = (Mw – Md) / V        Equation 4-6 

 

BD = Md / V         Equation 4-7 

 

where V (m3) is the volume of the soil core. 

 

Six of the locations for root and bulk density sampling were randomly selected for 

analysis of saturated soil hydraulic conductivity (Ks). Saturated hydraulic conductivity 

was measured in the laboratory using the constant-head method and calculated 

according to the theory and methods outlined in Reynolds et al. (2002). Soil structure 

was carefully preserved during both the collection and measurement procedures, to 

ensure representation of the porous medium in its “natural” condition. Sharpened 

stainless steel soil cores 0.055 m diameter x 0.03 m depth were inserted vertically into 

the soil profile, dug out with hand tools, trimmed flush with the core using a sharp blade 

and sealed using rigid PVC covers, before being transported in their natural orientation 

back to the lab. PVC covers were removed, the samples inspected and any soil smearing 

or compaction was removed prior to covering the bottom end of the core with 200-μm 

pore size woven cloth held in place with a rubber band, and hydrating the samples from 

the bottom up on porous plates partially submerged in deionised water for a minimum 

of four days. Filter paper was placed at the top of the sample to prevent disturbance of 

the soil surface, and a second metal cylinder was attached to the top of the core to act as 

a reservoir for the constant-pressure head. 

 

Estimates of Ks (m day-1) were obtained by applying a constant head of 0.03 m and 

recording water flux through the cores at -s intervals using electronic balances 

connected to a computer, configured to plot change in mass over time, until a steady 

state was observed. Calculations were made using Darcy’s law in the form: 

 

Ks =   







h

l

Ad
dQs

                               Equation 4-8 

 

where Qs is the water flow rate (m3 day-1), dl is the thickness of the soil column (m), A 

is the cross-sectional area of flow (m2) and dh is the hydraulic head (m). 

 

Statistical analysis 
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Data were tested for normality and homogeneity of variances using the Kolmogorov-

Smirnov and Levene tests, respectively. Global summary statistics were computed 

including mean, standard deviation and coefficient of variation (CV). The Kruskal-

Wallis test statistic was used for the analysis of variance for non-normal data, to test for 

soil depth effects on root density. Tests of normality, homogeneity of variances and 

calculation of test statistics, were conducted in the R statistic environment (R, 2011) at 

the 95 % probability level.  

 

Given that RLD was highly skewed, a non-parametric multivariate technique was used 

to investigate the relationship between RLD and hydraulic and spatial variables. A 

Euclidean distance matrix was constructed from fourth-root transformed fine and coarse 

RLD data, for the subset of samples where Ks data were available. Distance-based linear 

models (Legendre and Anderson, 1999) were constructed using RLD as the response 

variable, with explanatory variables selected using the ‘best’ selection procedure, which 

combines forward, backward and step-wise selection procedures, using PERMANOVA 

software (v6.1.13 Primer-E, Plymouth, UK). The correlation coefficient (R2) and 

Akaike’s information criterion (AIC, Akaike 1973) were used as selection criteria for 

model inclusion.  

 

RESULTS 

 

General soil characteristics and root distribution  

 

Mean volumetric soil water content was highest at the sandplain, at 0.128 m3 m-3, and 

lowest at the sand dune, at 0.052 m3 m-3 (Fig. 4-2). All water content values were high 

compared to their previously measured seasonal range (Table 4-1). The coefficients of  

variation (CV) were inversely related to water content, with the highest variability 

found at the sand dune (40%) and the lowest at the sandplain (30%), but with all 

variation in water contents relatively high, indicating heterogeneity in the distribution of 

water within the soil profile. 
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Fig. 4-2. Frequency distributions for root and soil variables. RBD: root biomass density (kg m-3); RLDt: 
total root length density (m m-3); RLDf: fine root (≤ 2 mm diameter) length density (m m-3); W: soil water 
content (m3 m-3); BD: dry soil bulk density (kg m-3), and Ks: saturated hydraulic conductivity (m day-1). 
μ: sample mean, s: standard deviation, CV: coefficient of variation. For a – e: gravelly sandplain n = 140, 
sandplain n = 160, sand dune n = 180; f: gravelly sandplain n = 42, sandplain n = 48, sand dune n = 56. 
Values on the x axis represent the mid-point of the category range.  
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Fig. 4-3. Cumulative root length density (RLDt) with increasing root diameter across all sampled depths 
(Gravelly sandplain 0.05 – 1.0 m; Sandplain 0.05 – 1.4 m; Sand dune 0.05 -1.8 m depths). 
 

 
 
Fig. 4-4. Profiles of mean root length density (a) and root biomass density (b) with depth. Error bars 
represent 1 standard error of the mean, for n = 20 samples per depth for each of the soil types Gravelly 
sandplain, Sandplain and Sand dune in the Great Sandy Desert, Western Australia. The inset table in (a) 
summarises the total root length (RLIt) and fine root length (RLIf) per unit land surface area, for soil 
depths above 0.5 m and below 0.5 m. 
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Mean bulk density was relatively high at the sandplain at 1,680 kg m-3, and lowest, but 

still relatively high, at the sand dune at 1,500 kg m-3. Mean Ks was highest at the sand 

dune (11.8 m day-1) and lowest at the sandplain (1.97 m day-1), but the maximum 

conductivity sampled (38 m day-1) was at the sandplain at 1.6 m deep at the interface 

with the fractured siltstone, and was due to the macropores created by fractures in the 

siltstone. Generally Ks was low at the sandplain, with almost half of all samples below 

0.5 m day-1, but had a high CV (266%).  There was little variation in the sample bulk 

density within a soil type (CV=3-8%). Coefficients of variation were high for all 

measurements of RMD and RLD (64 – 247 %; Fig. 4-2). The range of RMD values was 

greatest at the sand dune, with a maximum of 7.8 kg m-3, whereas RLDt and RLDf 

showed the highest maximum at the sandplains with 1,711 m m-3 and 1,023 m m-3, 

respectively. Frequency distributions (Fig. 4-2) and Kolmogorov-Smirnov normality 

tests showed that RMD and RLD were highly skewed and deviated significantly (P < 

0.01) from normality, even after transformation, as is commonly found in root data 

(Jackson et al., 1996). The raw and the log-transformed W, BD and Ks data also 

deviated significantly (P<0.01) from normality (Fig. 4-2). As a result, the non-

parametric Kruskal-Wallis test was used to evaluate the effects of soil depth on the non-

normal data. 

 

Root diameter distribution 

 

Fine roots (Ø ≤ 2 mm) were the most abundant diameter class, representing 60 % of 

root length in sandplain samples, 58 % in gravelly sandplain samples and 50 % in sand 

dune samples (Fig. 4-3). Intermediate roots (Ø ≤ 5 mm) were the next-most important 

root fraction, representing 30 % of root length in samples at the sandplain, 29 % of 

samples at the gravelly sandplain and 34 % of samples at the sand dune. Thus, coarser 

roots constituted a slightly greater fraction of root length at the sand dune and gravelly 

sandplain than at the sandplain soil type. Root diameter distribution showed no 

systematic depth trend for any soil type (data not shown). 

 

 

 100 



 
Fig. 4-5. Cumulative root length with depth for fine roots (≤ 2 mm diameter, dotted line) and coarse roots 
(> 2 mm diameter, bold line). The grey dashed line represent the asymptotic single-parameter global 
model for fine root density distribution at β = 0.975 as found for other deserts globally (Jackson et al., 
1996). 
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Fig. 4-6. Total root length density with dry soil bulk density (a), soil water content (b), and saturated 
hydraulic conductivity (c). Marker size increases with sample depth (from 0.05 m to 1.6 m) in the soil 
types: gravelly sandplain (white symbols) sandplain (grey symbols) and sand dune (black symbols). 
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Variability in root density with depth 

 

Depth variability in RLD and RMD was significant (P < 0.001) for all soil types. 

Contrary to many other fine root distribution studies, peak RLD values were recorded at 

the 10 – 20 cm depth interval at the gravelly sandplain, and equally at the 10-20 and 20-

30 cm depth intervals at the sand dune (Fig. 4-4a), rather than in the top 10 cm of the 

profile. In the sandplain, the RLD in the 0-10 and 10-20 cm intervals were not 

significantly different. Root biomass density peaked in the top 30 cm (Fig. 4-4b), being 

predominantly fine and small roots. High variability in RMD for a given depth (Fig. 4-

4b) is due to a small number of samples containing large woody roots, as seen by the 

long tails in RMD distribution in Fig. 4-2. At the sandplain 50 % of total and fine RLD 

occurred in the upper 50 cm of the soil profile (Fig. 4-4a, 4-5), at the gravelly sandplain 

and sand dune, this was closer to 60 %. Figure 4-5 compares the asymptotic single-

parameter global model for root density distribution at β = 0.975 (as found for other 

deserts globally; Jackson et al. 1996) with the measured cumulative fine and coarse root 

length density. On the gravelly sandplain and sand dune RLD was distributed more 

deeply than expected by the model in the upper 50 cm of the profile (Fig. 4-5a and c), 

whereas RLD at the sandplain was greater than expected in the upper part of the profile 

(Fig. 4-5b).  

 

Spatial patterns in soil hydraulic variables and relationship with root density 

 

Mean soil water content (W, m3 m-3) and dry soil bulk density (BD, kg m-3) generally 

increased with depth in all soil types (Fig. 4-6a,b). Mean BD was significantly greater at 

the sandplain than at the other sites for all depths, except the top 10 cm and 20 – 30 cm 

(P < 0.05), and W was significantly greater for all depths (P < 0.01).  The sand dune 

showed the lowest mean values and the lowest range in BD (Fig. 4-6). Soil W on the 

sand dune increased with depth down to 100 cm, after which a decline to near surface 

conditions was encountered at 180 cm, coupled with higher variability, indicating 

patches of wet and dry soil at this depth. For mean Ks, the trend was inverse to W and 

BD, where surface soils were more conductive than deeper soils (Fig. 4-7c). For most 

depths, sand dune samples were significantly more conductive than gravelly sandplain 

samples (P < 0.05), which were significantly more conductive than sandplain samples 

(P < 0.05). The exceptions were at 5 cm, where the gravelly sandplain conductivity was 

almost equal to that at the sand dune (due to the high sand content of gravelly sandplain 
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Table 4-2. Pearson’s correlation coefficients for the relationships between soil hydraulic variables (Ks 

saturated hydraulic conductivity, BD bulk density, W water content, sampled from 0 – 50 cm) and spatial 

variables (Dh (distance to nearest herbaceous plant), Dw (distance to nearest woody stem) and Dc 

(distance to closest shrub/tree canopy projection). Correlations significantly different to zero at P < 0.05 

are in bold. 
 
All combined         (n = 90) Gravelly sandplain   (n = 30) 
    Ks BD W       Ks BD W   
  Dh 0.24 -0.18 -0.25     Dh -0.06 0.08 0.00   
  Dw 0.47 -0.30 -0.50     Dw -0.09 -0.09 -0.01   
  Dc 0.18 -0.15 -0.49     Dc -0.03 -0.15 -0.07   
                        
Sandplain              (n = 30) Sand dune              (n = 30) 
    Ks BD W       Ks BD W   
  Dh 0.00 0.00 0.00     Dh 0.15 -0.37 0.41   
  Dw 0.23 -0.14 -0.28     Dw -0.28 0.39 -0.56   
  Dc 0.10 -0.07 0.01     Dc -0.39 0.46 -0.57   
                        

 

 

surface soil), and at 140 cm at the sandplain, at the interface with siltstone, where a 

single sample exceeded the maximum sand dune value due to macropores created by 

fractured siltstone. The relationship between soil hydraulic variables and the proximity 

of surface vegetation was not consistent across sites. Considering soil types 

individually, there were no relationships between soil hydraulic variables and proximity 

to vegetation in the gravelly sandplain (Table 4-2). On the sandplain, no relationship 

was apparent between the proximity of herbaceous vegetation and soil hydraulic 

variables, as there was significant variation in soils under a cover of Triodia hummock 

grasses and gaps between hummocks were less than 10 cm in diameter. Correlations 

between soil hydraulic variables and the distance to woody stems and canopies in the 

sandplain were also weak (Table 4-2). The correlations between soil hydraulic variables 

and vegetation were strongest at the sand dune, where the soil within proximity of 

woody stems and beneath canopies had decreased BD and elevated W contents. The 

inverse trend was observed in proximity to herbaceous vegetation on the sand dune. 

Where data for all three sites were combined, there was a positive relationship between 

Ks and distance to all vegetation variables, and a negative relationship between BD, W 

and vegetation variables. These results indicate that although within site hydraulic 

conductivity increased beneath some vegetation, sites with the densest vegetation did 

not have the highest Ks or the lowest BD, but did have the highest W (Table 4-2).   
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Fig. 4-7. Horizontal distribution (x axis, distance along the horizontal profile face) of total root length 
density (RLD) at four depths in the gravelly sandplain (a), sandplain (b) and sand dune (c). Open 
diamonds 10 – 20 cm; closed squares 20 – 30 cm; closed triangles 30 – 40 cm; open squares 40 – 50 cm.  
Background tones indicate the location of vegetation, where the vertical bars are herbaceous (green) 
species intersecting the transect, or woody (brown) species stems within 1 m of the transect, and 
horizontal bars are where projected foliage cover of woody species intersected the transect.  
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Horizontal variability in RLDt was present for all soil types, but markedly greatest on 

the sandplain (Fig. 4-7). As RLD declined significantly with depth, the effect of spatial 

variables and soil hydraulic properties was investigated using the RLD values from the 

upper 50 cm of the soil profile only, and the subset of six samples per depth where Ks 

was measured, so that n = 30 for all sites. Table 4-3 lists the correlation of the fine and 

coarse RLD data distribution with individual hydraulic and spatial variables. When data 

for all sites were combined, Ks and distance to woody stem were significantly correlated 

with root length density at P < 0.05, but explained only 8 – 10% of the variation in the 

data set. The low correlation of hydraulic and spatial variables across all soil types was 

due to a large variation in soil and vegetation properties across sites, but similar RLD’s 

in many samples (Figs 4-2, 4-7). Separate analysis of each site did not increase the 

power of hydraulic or spatial variables to predict the distribution of RLD at the sand 

dune, where no individual variable explained a significant proportion of the variation  

 (Table 4-3). The lack of correlation at the sand dune is likely caused by the inverse 

trend to the combined sites, where RLD displayed some horizontal variability (Fig. 4-

7c), but there was little variability in bulk density and water content (Figs 4-2, 4-6), and 

in soil texture (Table 4-1). There was a large variability in the saturated hydraulic 

conductivity at all depths (Fig. 4-6); however, minimum values were very high, and not 

expected to be limiting. The combination of all three hydraulic variables with the spatial 

variables, sample depth and distance to woody stem, explained a significant proportion 

of the variability in RLD on the sandplain. On the gravelly sandplain the distance to 

herbaceous vegetation and distance to canopy were most powerful in explaining the 

variation in the RLD data spread (significant at P < 0.05), with distance to woody stem 

less so (significant at P < 0.10), whereas the hydraulic variables explained none of the 

variation in RLD. Table 4-4 lists the models constructed using the hydraulic and spatial 

variables to describe the distribution in RLD.  No two models include the same terms, 

but they all include a combination of both spatial and hydraulic explanatory variables. 

Of the four term models that maximise R2, the sandplain model has the greatest 

strength, explaining 37% of the variation in the distribution of fine and coarse RLD in 

the upper 50 cm of the soil profile (Table 4-3). One- to three-term models were selected 

using AIC, all with low explanatory power.  
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Table 4-3. Marginal tests for the effect of hydraulic and spatial variables on the fourth-root-transformed 
fine and coarse root-length densities. P-values are calculated from 999 random permutations of sample 
labels, and variables significant at P < 0.05 are highlighted in bold. Ks saturated hydraulic conductivity, 
BD bulk density, W water content, Dh distance to herbaceous vegetation, Dw distance to woody stem and 
Dc distance to canopy.  
 
 hydraulic variables spatial variables 

 
Ks BD W sample 

depth Dh Dw Dc 

All sites        
Proportion of variance explained 0.10 0.00 0.04 0.04 0.00 0.08 0.04 
P 0.004 0.746 0.063 0.063 0.924 0.015 0.057 
Sand dune        
Proportion of variance explained 0.03 0.02 0.00 0.01 0.00 0.02 0.06 
P 0.376 0.474 1.000 0.648 0.931 0.466 0.215 
Sandplain        
Proportion of variance explained 0.20 0.19 0.25 0.25 0.00 0.16 0.01 
P 0.019 0.012 0.002 0.007 1.000 0.026 0.662 
Gravelly sandplain        
Proportion of variance explained 0.00 0.00 0.04 0.03 0.14 0.12 0.12 
P 0.965 0.839 0.283 0.321 0.037 0.057 0.045 

 
 
 
 
 
Table 4-4. Distance-based linear models for the distribution of fine and coarse root-length densities. Plus 
(+) symbols indicate inclusion of the terms in the model above. * indicates model selection using 
Akaike’s (1973) model selection criteria. 
 
  Variables  R2 
All saturated hydraulic conductivity 0.102 
 + sample depth * 0.182 
 + bulk density 0.200 
 + distance to woody stem 0.216 
   
Sand dune Distance to canopy  0.057 
 + saturated hydraulic conductivity 0.134 
 + water content * 0.208 
 + bulk density 0.253 
   
Sandplain sample depth 0.249 
 + distance to woody stem 0.338 
 + distance to herbaceous vegetation * 0.347 
 + saturated hydraulic conductivity 0.371 
   
Gravelly 
sandplain distance to herbaceous vegetation * 0.140 
 + distance to canopy 0.190 
 + water content 0.234 
  + sample depth 0.267 
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DISCUSSION 

 

This study is one of very few to quantify fine-root length distribution in relation to the 

distribution of vegetation and soil physical properties in Australia, and the first to do so 

in the semi-arid summer-wet climatic zone dominated by the hummock-grass/ Acacia 

alliance that covers over half of the Australian continent. Following a wetter than 

average wet season, conditions for root growth were considered very good, and we 

assume that soil samples that showed low root length or mass were in some way 

prohibitive or less conducive to root growth than samples with high root length or mass. 

 

Interestingly, there was no indication that vegetation patches increased the conductivity 

of soils, leading to greater stores of water beneath vegetation patches compared to 

interpatches, except in proximity to woody stems on the sand dune. As hydraulic 

conductivity of the sand dune soils was high in all samples, it is possible that water 

contents below woody stems were elevated in water content not as a result of higher  

hydraulic conductivity, but due to stem flow, where the canopy intercepts rainfall, 

which flows down the stem and enters the soil at the base of the stem. Stemflow has 

been found to divert significant quantities of water to the base of woody plants in arid 

and semi-arid shrublands (Domingo et al., 1998, Mauchamp and Janeau, 1993, 

Pressland, 1976). On the sand dune, with rapid infiltration and deep soils, stemflow is 

likely to be an effective mechanism for concentrating rainfall directly below the plant. 

The high hydraulic conductivities and relatively low horizontal variability in root 

densities under a patchy vegetation cover in the gravelly sandplain and sand dune 

suggests feedbacks associated with ‘patch – interpatch’ (Ludwig et al., 2005) resource 

re-distribution do not play an important role in the ecohydrology of these systems. On 

the sandplain, increased root density occurred in patches with lower bulk densities and 

higher hydraulic conductivities, but these patches did not occur directly beneath 

vegetation canopies. It is possible that the decrease in bulk densities and concurrent 

increases in hydraulic conductivity are the product of biological activity, as described 

by Ludwig et al. (2005), but that it extends beyond the canopy. As conditions prior to 

sampling were relatively wet, and there had been ample time for even drainage to 

deeper soil layers even if conductivity was low, the effect of heterogeneous soil porosity 

on soil water entry and storage may not have been as pronounced as under initial 

wetting in drier conditions.  
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Peak root density was deeper in the gravelly sandplain and sand dune soil profiles than 

has been recorded in other biomes (Allnutt, 2002, Midwood et al., 1998, Sims and 

Singh, 1978) and in semi-arid summer-wet communities globally (Briones et al., 1996, 

Montana et al., 1995). A number of ecological factors favour shallow over deep roots 

(Schenk, 2008): resource costs for construction, maintenance and resource uptake are 

lower for shallow roots (Adiku et al., 2000); shallow soil layers are usually less likely to 

be oxygen-deficient (Hillel, 1998); nutrient concentrations are often greater in the upper 

soil layers (Jobbagy and Jackson, 2001), and lateral roots are efficient at anchoring 

plants (Ennos, 1993). Sixty percent of rainfall events recorded at the Telfer Aero 

weather station (5 – 20 km north of the sample sites) between 1974 and 2009 were ≤ 10 

mm (BOM, 2012). Two years of continuous soil water content monitoring in the same 

locality identified rainfall pulses ≤ 10 mm to penetrate to only 10 cm deep (Bleby and 

McGrath, 2012). Thus, from a water-availability perspective, there would be an 

advantage in maintaining shallow roots to have access to these more frequent shallow 

rainfall pulses (Sala and Lauenroth, 1982). The reduced root density in the upper 10 cm 

of the soil profile in the gravelly sandplain and sand dune may be due to the rapid 

decline in water content. Shallow water is susceptible to rapid evaporation in the hot 

summer, and is also subject to drainage to deeper soil layers. Bleby and McGrath (2012) 

suggest soil at 10 cm was unable to retain moisture at levels > 0.05 m3 m-3 for longer 

than 3-4 days, and that water content frequently declined below 0.01 m3 m-3. 

Maintaining roots in shallow soil during dry summer conditions may be a costly 

undertaking due to the high temperatures (which increase maintenance respiration) and 

low water potentials (requiring vessels that can withstand cavitation) (Eissenstat, 1997), 

and thus root density in the upper soil layer may be reduced, because conditions are 

frequently inhospitable.  

 

Root-length density declined with depth in all soil types, but most markedly on the 

sandplain, where densities were significantly greater than on the gravelly sandplain and 

sand dune, particularly in the upper 20 cm of the profile. The asymptotic single-

parameter global model for vertical root distribution (Jackson et al., 1996) is a useful 

tool for comparing the depth distribution of Great Sandy Desert sites with one another 

and with the global dataset. At the sandplain, root density in the upper 40 cm was higher 

than that at the gravelly sandplain and sand dune, and the global mean for deserts, 

whereas root densities at depths were greater than predicted by the model at the  
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gravelly sandplain and sand dune (Fig. 4-5). This may be due to a soil texture effect on 

the vertical distribution of water in the soil profile. The clay content in the sandplain 

soils was significantly greater than that at the gravelly sandplain and sand dune; 

consequently, the saturated hydraulic conductivity was significantly lower. This leads to 

slower rates of drainage to deeper soil layers, and retention of higher water contents at 

shallower depths for longer periods than in coarser-textured sandy soils following the 

same rainfall (Bleby and McGrath, 2012, Reynolds et al., 2004). Assuming, for the 

reasons stated above, that shallow root systems are less costly than deep root systems, 

the effect of soil texture on the vertical distribution of water in the profile may have led 

to a deeper distribution of peak root density in the sandy soils, because of more rapid 

drainage. This indicates that root systems may be responding to soil texture by changes 

in root density, e.g., shifting the zone of maximum root activity downwards in the 

profile, as suggested by Schenk and Jackson (2002).  

 

The density of roots at shallow depths on the sandplain occur in conjunction with a 

vegetation community with a higher total leaf area and greater proportion of herbaceous 

to woody leaf area than found on the gravelly sandplain and sand dune. It is often 

proposed that in arid and semiarid systems the competitive advantage of woody or 

herbaceous species is a function of the vertical distribution of resources in the soil 

profile (Breshears and Barnes, 1999, Walter, 1971). In the theoretical model proposed 

by Sala et al. (1997) soils with high hydraulic conductivity should favour woody species 

through rapid drainage of water to deeper soil layers, inaccessible to shallower-rooted 

herbaceous species. Conversely, finer-textured soils that trap water in the shallower soil 

layers should favour shallower-rooted herbaceous species. Although we cannot assign 

rooting depths to woody or herbaceous species, the sandplain soils contained a greater 

proportion (20 %) of fine roots than the sand dune which may indicate a greater 

contribution of grass roots.  

 

We did not attempt to assess absolute rooting depth, instead assuming it was largely 

constrained by the siltstone bedrock in the gravelly sandplain (at 1.2 m) and sandplain 

(1.6 m). Although the bedrock was not encountered until 6 m in the sand dune, we 

ceased sampling at 2.0 m, due to safety concerns. The root density in the 1.6 to 2.0 m 

depth increment added 3 % and 5 % to the cumulative fine and coarse root lengths, 

respectively, so it is reasonable to expect roots to occur deeper in the profile. A small 

number of roots were observed to be growing in the fractured and weathered interface 
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of the siltstone at the gravelly sandplain and the sandplain. This would lead to an 

underestimation of the depth distribution of roots, particularly on the sand dune. Schenk 

and Jackson (2002) found rooting depth to be shallow where water is limiting and 

rainfall occurs in the summer. Specifically, their model predicts that under a mean 

annual precipitation of 370 mm the mean maximum rooting depth of annual forbs and 

grasses is 0.6 m, that of perennial forbs and grasses 1.1 m and that of woody shrubs and 

sub-shrubs 1.7 m. Yet they also found that shrubs in the Mimosaceae (which includes 

Acacia) and herbs in the Poaceae (which includes Triodia) were significantly deeper-

rooted than the mean for all families within a life form, and many observations have 

been made of considerably deeper roots, particularly in desert climates (Canadell et al., 

1996). There may also be a seasonal change in root-depth distributions, as suggested by 

Nilsen et al. (1984), where during periods of high soil moisture availability, Prosopis 

glandulosa preferentially removed water from upper soil layers and only after moisture 

was depleted in these layers did significant uptake of water occur from lower layers. A 

considerable quantity of water was present in the soil below the peak root lengths in the 

upper 30 cm of the profile, particularly on the sandplain, so it is possible that as the 

water in the upper part of the profile was removed, root proliferation occurred deeper in 

the profile.  Water-use patterns of the vegetation in the dry season suggest some 

partitioning of roots was occurring, as stomatal conductance and pre-dawn water 

potentials of Triodia hummock grasses declined significantly more than for co-

occurring woody species (Chapter 3), so possibly only woody species were accessing 

the water stored at deeper depths. Partitioning of root depths among plant life forms 

may not impact maximum rooting depth, but alter the depth distribution, so that a 

greater proportion of total root length was found deeper in the profile in the dry season 

(Somma et al., 1998). Alternatively, both maximum depth and depth distribution may 

remain the same, and the existing roots took up a greater proportion of the plants’ total 

water requirements (Gregory et al., 1978).    

Our sampling protocol did not adequately capture woody root distribution, so our 

estimates of belowground biomass are not very accurate; however, we were able to 

estimate the distribution of fine and intermediate roots and their variance in relation to 

soil physical parameters, including depth. Fine roots contribute a significant proportion 

of ecosystem production because of their high turnover rates (Gill and Jackson, 2000), 

and thus are an important component of carbon cycling as well as water cycling. Schenk 

and Jackson (2005) used soil and climate data for locations of known maximum rooting 
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depth to predict the maximum rooting depths in locations with no available data. The 

present study area lies near the predicted boundary of deep (> 5% of roots at > 2m 

depth; to the north) versus shallow (< 5% of roots at > 2m depth; to the south) 

maximum rooting depths, based on large-scale (0.5o grid) changes in climate. It is to be 

expected that maximum rooting depths vary as a function of the interaction between 

precipitation regime and soil hydraulic properties. Although the majority of rainfall 

events are of small magnitude, infrequent large events occur when tropical cyclones 

pass. The resulting soil water distribution results in frequent shallow wetting, favouring 

the shallow rooting depths predicted by Schenk and Jackson (2002), but also large 

infrequent wetting pulses that penetrate much deeper into the profile, as demonstrated 

by the soil water contents measured here. Dry-season root distributions would make an 

interesting comparison to the wet conditions sampled here, particularly if additional 

depths were sampled. Sampling for root distribution becomes increasingly difficult with 

depth due to safety considerations and changes in substrate. Different methodologies 

may be more appropriate for the detection of maximum rooting depths, such as 

excavation of woody roots at the expense of finer roots, the use of isotopes for the 

determination of maximum water-extraction depths, or DNA testing of deep roots.  

The observed root distribution patterns at the study site are in agreement with the 

literature in some but not all aspects. Feedbacks associated with ‘patch – interpatch’ 

(Ludwig et al., 2005) resource re-distribution do not play an important role in the 

ecohydrology of these systems. Increased root density occurred in patches with lower 

bulk densities and higher hydraulic conductivities in the finer-textured soil, possibly as 

a result of biological activity, but not limited to vegetation patches. Maximum root 

densities occurred at shallower depths in the finer-textured than in coarser-textured soil, 

in conjunction with the greatest densities of herbaceous vegetation. This agrees with the 

models proposed by Schenk and Jackson (2002) and Sala et al. (1997) for water-limited 

systems globally, and more generally, provides further confirmation of the hypothesis of 

Schwinning and Ehleringer (2001), that plants in arid environments are moisture-pattern 

specialists.  
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Chapter 5 

 

Soil texture affects timing of onset and plant response to drought in two Acacia species 

with potential for use in mine site rehabilitation at Telfer Gold Mine,  

Great Sandy Desert, Western Australia. 

 

ABSTRACT 

 

Establishment of plants onto rehabilitated land in water-limited environments has 

shown that quantity and duration of water availability are major factors in the degree of 

success. Using soil textural properties to increase the quantity of water storage in the 

soil profile is a novel technique in applications where a variety of materials is available. 

I hypothesised that the use of finer-textured soil as a growth substrate in a glasshouse 

experiment, would increase the total quantity of water available to Acacia shrubs, that 

plants grown in finer-textured soil would maintain transpiration for longer than plants 

grown in coarse-textured soil, and that plants grown in finer-textured soil would 

acclimate to drier conditions, further prolonging transpiration. Two species were 

selected, that grow naturally in contrasting soil types; Acacia robeorum is found on 

shallow, fine-textured soils, whereas A. stipuligera grows on deep coarse sands. I 

expected A. stipuligera not to be able to access water bound more tightly in the finer-

textured soil, and thus not demonstrate prolonged transpiration as expected for A. 

robeorum. The results showed substantial differences in the physiological response of 

Acacia seedlings growing in soil that contained siltstone versus sand alone. The 

differences were consistent with expected adjustments to the contrasting hydraulic 

properties of the soil types. This implies considerable phenotypic plasticity, particularly 

in A. stipuligera. As expected, plants grown in finer-textured soil maintained 

transpiration for longer than plants grown in coarse-textured soil. The difference in the 

soil-water-release curve of fine-textured over coarse-textured soil, coupled with the 

longer time period of transpiration maintenance allowed plants grown in finer-textured 

soil to physiologically adjust to drier conditions through osmotic adjustment, reduction 

in stomatal conductance, and increase in root length per unit leaf area. 

 

Key Words: Acacia, drought experiment, soil texture, stomatal conductance, Great 

Sandy Desert. 
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INTRODUCTION 

 

Establishment of plants onto rehabilitated land in water-limited environments has 

shown that quantity and duration of water availability are major factors in the degree of 

rehabilitation success (Benigno et al., In Press, Grantz et al., 1998, Maestre et al., 2006). 

Although irrigation of rehabilitated sites increases establishment rates (Xu et al., 2010, 

Banerjee et al., 2006), it is often impractical for large-scale operations. Increasing the 

depth of the soil profile with substrate suitable for root growth also helps buffer plants 

from water stress (Milczarek et al., 2003) due to greater water-storage potential and 

increased rooting volume. However, on many rehabilitated sites it is difficult to provide 

deep profiles, due to the lack of sufficient materials and the high cost of cartage. Use of 

organic and inorganic soil amendments such as mulch or wetting agents to increase the 

water-holding capacity of soils in the root zone has been found effective (Tongway and 

Ludwig, 1996, Larney and Angers, 2012), but often cost or access to materials limits the 

depth to which it can be applied (Benigno et al., In Press). Using soil-textural properties 

to increase the quantity of water storage in the soil profile is a novel technique in 

applications where a variety of materials are available. 

 

Soil texture influences the total quantity of water that can be stored over a given soil 

volume, because of its effect on water-holding capacity (Cresswell and Hamilton, 

2002). In addition to the total quantity of water stored in the soil profile, soil texture 

affects plant water availability in a number of ways. One of the important features of 

soil texture on plant water availability is the effect on the soil water release curve, i.e. 

the change in soil matric potential (the suction pressure of soil) with changes in the 

degree of soil saturation (Cresswell, 2002). Well-structured fine-textured soils have a 

larger range of pore sizes, and a more even distribution of pore sizes than soils of coarse 

texture, which tend to have fewer, larger pores. Consequently the water held in coarse-

textured soil is loosely bound and once the large pores are emptied, very little water 

remains. In well-structured fine-textured soils, a large number of pores may store a 

greater total volume of water than a coarse soil over an equivalent volume, and the 

water may be released more steadily over a greater range of soil suction pressures. The 

divergent physiologies of plants grown on fine-textured compared to coarse-textured 

soils indicate that some plants have adaptive strategies to access the more tightly bound 

water (Grigg et al., 2008, Mitchell et al., 2008, Poot and Veneklaas, 2013). Osmotic 

adjustment and increasing leaf density are among these adaptations, which allow leaves 
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to withstand highly negative pressure potentials without closing stomata or incurring 

significant damage (Bartlett et al., 2012, Wilson et al., 1999, see also Chapter 3).  

 

Another important aspect of soil texture is that wet, fine-textured soils have a high 

resistance to water flow (low diffusivity), whereas coarse-textured soils have lower 

resistance. However, when the soil dries, the diffusivity of the coarse-textured soils 

rapidly decreases, while the diffusivity of the fine-textured soils remains higher than 

that of the coarse-textured soils (McCoy et al., 1984). As a result, a plant growing on 

fine-textured soil will experience water stress during high diurnal evapotranspirative 

water demand (e.g., at midday) but recovers during low water demand (e.g., in the late 

afternoon and overnight). In contrast, coarse-textured soils, which supply water rapidly 

to the plant root when the soil is moist may not trigger an acclimation to water stress 

and the plant may die when the water is suddenly depleted (McCoy et al., 1984). 

Adaptive mechanisms to water stress include change in diurnal pattern of stomatal 

conductance (Hacke et al., 2000, Poot and Veneklaas, 2013) and adjustment of root 

length density or the root mass fraction (Mokany et al., 2006, Schenk and Jackson, 

2002b). Changes in the root mass fraction can be achieved through an increase in root 

mass or a decrease in aboveground biomass such as the shedding of leaves.  

 

The presence of shrubs in water-limited ecosystems creates resource islands, where 

chemical, microclimatic and physical status of the soil is improved (Bochet et al., 1999, 

Callaway et al., 1991, He et al., 2011), and water and sediment are retained through 

interception of runoff and increased infiltration (Dunkerly, 1997, Ludwig et al., 2005, 

Wilcox et al., 2003). The effect of abiotic amelioration may be of greater significance in 

finer-textured than coarser-textured soils (Chapter 4). Provision of these ecosystem 

services make Acacia shrubs a desirable component of rehabilitated sites in Australia 

(Islam et al., 2000). There is also growing interest in the use of evapotranspirative (ET) 

cover systems  in the management of reactive mine-wastes in seasonally water-limited 

environments (Campbell, 2004, Albright et al., 2004). The success of ET covers relies 

on the ability of plants to transpire water from soil layers beyond the reach of 

evaporation, and thus inhibit the drainage of meteoric waters into the underlying waste 

material (Williams, 2008, Wilson, 2006). The deep-rootedness of woody species 

(Schenk and Jackson, 2002a) may be advantageous for this purpose, if the plants extract 

water at sufficient depth to a sufficient dryness over a prolonged time period (Seyfried 

et al., 2005).  
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In the Great Sandy Desert near Telfer Gold Mine in Western Australia, Acacia 

robeorum is commonly found on shallow and fine-textured soils, whereas A. stipuligera 

occurs on deep coarse sand dunes. In the natural setting, these species diverge in 

drought-resistance attributes (Chapter 3). Acacia robeorum avoids drought by accessing 

stored soil water in the dry season. The water is held at low water potentials in the fine-

textured soil, and A. robeorum is able to extract it by a reduced leaf water potential and 

maintaining turgor at low leaf water potentials by osmotic adjustment. In comparison, 

A. stipuligera accesses loosely bound water in the sand dunes, and when it is suddenly 

depleted is affected by acute drought stress. 

 

I hypothesised that the use of finer-textured soil as a growth substrate in a glasshouse 

experiment would increase the total quantity of water available to Acacia shrubs, so 

long as there were no physical or chemical impediments to growth. I expected that the 

increased volume of plant-available water would allow plants grown in finer-textured 

soil to maintain transpiration for longer than plants grown in coarse-textured soil. 

Further, I expect that the difference in the soil-water-release curve of fine-textured over 

coarse-textured soil, coupled with the longer time of transpiration maintenance would 

allow plants grown in finer-textured soil to physiologically adjust to drier conditions 

through osmotic adjustment, decrease in stomatal conductance and adjustment of root-

length density or increase in root length per unit leaf area. Given the difference in 

natural habitats of the two species, I expected A. robeorum to exploit the increased 

water supply from the finer-textured soil more readily than A. stipuligera would.  

 

MATERIALS AND METHODS 

 

Experimental design 

 

The experiment was carried out in a glasshouses at the University of Western Australia, 

Perth (31o59’S, 115o53’E). Plants were grown in 4.5 L free-draining pots (19 cm deep, 

18 cm diameter) which were chosen to be large enough for gradual soil drying, but 

small enough to be lifted and weighed when saturated. Two soil types nominated for use 

in future rehabilitation were collected from Newcrest’s Telfer mine operations (21o25’S, 

122o08’E, elevation 292 m, 450 km east of Port Hedland): freshly harvested sandy 

topsoil, and recently excavated siltstone recovered from 600 m below the surface. Some 

siltstone recovered from such depths at Telfer has in the past been found to contain high 
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levels of sulphides and heavy metals, potentially detrimental to the growth of 

vegetation. Both soils were air dried and sieved to 2 mm. Four soil combinations were 

chosen: (T1) 6 cm of topsoil over 12 cm of siltstone, (T2) 12 cm of topsoil over 6 cm of 

siltstone, (T3) 18 cm of volumetrically half topsoil and half siltstone mixed, and (T4) 18 

cm of topsoil. For treatments T1 and T2, siltstone was added to pots, watered and 

allowed to settle for one week before the application of topsoil. T3 soils were 

volumetrically half siltstone half topsoil mixed in a cement mixer for two minutes, 

added to pots, watered and allowed to settle for one week. T4 topsoil only was added to 

pots, watered and settled for one week. Bulk densities of soils after settling were 1.41 

kg m-3 for topsoil, 1.48 kg m-3 for siltstone and 1.25 kg m-3 for the mixture. The water 

retention characteristics of the soil were determined using the pressure plate technique 

(Cresswell, 2002) for pressures -10, -100, -300 and -1500 kPa. Soil was packed into 

rings at the settled bulk density and the volumetric water content at the corresponding 

pressures was determined (Fig 5-1). Physical and chemical properties of the siltstone 

and topsoil that may contribute to limitation of plant growth were analysed by the 

ChemCentre (Bentley, Perth). Samples were analysed for salinity (as Electrical 

conductivity; mS m-1; 1:5 soil: water extract), pH (1:5 soil: water extract), soil texture 

(classes:  0.02 > sand < 2.0 , 0.002 > silt < 0.02, clay < 0.002 mm; % w/w; combination 

of sieving and sedimentation methods), organic carbon (% w/w; Walkley and Black 

method), nitrogen in the form of ammonia (extracted in 1 M KCl), nitrogen in the form 

of nitrate (extracted in 1 M KCl), total phosphorus, potassium, calcium magnesium, 

arsenic, boron, cadmium, cobalt, copper, iron, magnesium, manganese, molybdenum, 

nickel, lead, sulfur and zinc (all in mg kg-1; extracted using the Mehlich No. 3 test for a 

multi-element analyser) (Table 5-1). 
 

 
Figure 5-1. Volumetric soil water content (m3 m-3) and soil matric potential (MPa) for the three soil types 
sourced from Telfer Gold Mine, Great Sandy Desert, Western Australia. Mean ± 1 SE, asterisks between 
lines indicate significant difference (P < 0.05) between mean water contents at the given suction pressure.  
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Table 5-1. Physical and chemical properties of siltstone and topsoil sourced from Telfer Gold Mine, Great 
Sandy Desert, Western Australia. Samples were analysed by ChemCentre (Bentley, Perth). EC, Electrical 
conductivity as an estimate of salinity (determined in an 1:5 extract, as was pH), Org C, nrganic carbon 
(Walkley and Black method), NH4-N, nitrogen in the form of ammonia and NO3-N, Nitrogen in the form 
of nitrates (extracted in 1 M KCl), P (phosphorus total), K potassium, Ca Calcium, Mg magnesium 
(extracted using the Mehlich No. 3 test for a multi-element analyser). 
 

Analyte Unit Topsoil Siltstone 
EC mS m-1 14 69 
pH  6.7 7.7 
Sand % 94 46 
Silt % 0.5 48 
Clay % 5.5 6 
Org C % 0.12 <0.05 
NH4-N mg kg-1 1 <1 
NO3-N mg kg-1 6 18 
P (total) mg kg-1 51 89 
K mg kg-1 20 64 
Ca mg kg-1 124 150 
Mg mg kg-1 30 120 

 

 

Twenty pots of each soil treatment were sown with four Telfer provenance seeds of 

Acacia stipuligera F. Muell. or A. robeorum Maslin. Seeds were pre-treated by 

immersion in 95 oC water for 2 minutes, immediately before planting. After eight weeks 

the most vigorous seedling was retained and extras removed. An additional seven pots 

of each soil type were left without plants to quantify evaporation. Pots were randomly 

allocated to bench space in the glasshouse and were grown for seven months. Pots were 

watered to field capacity twice per week, and glasshouse air temperatures were 

controlled throughout the growth and experimental period at 40 oC daytime, 25 oC night 

time (Fig. 5-2) to reflect Telfer conditions during the summer (BOM, 2012). Some 

mortality occurred during the well-watered phase, reducing the number of replicates 

available for controls. The number of replicates in each of the ‘drought’ and ‘control’ 

groups for each species and each soil type was n = 7, except for control combinations A. 

stipuligera in T1 (n = 2) and T2 (n = 1) and A. robeorum control group in T3 (n = 0). 

Plants were watered to field capacity on the afternoon of January 17th 2011 (austral 

summer) and watering then ceased for all drought treatment plants, but continued for 

control plants. In the experimental period, all plants had phyllodes rather than leaves, 

and all physiological measurements were done on phyllodes. From here on, phyllodes 

are considered as the functional leaf and the word leaf is used throughout. 
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Figure 5-2. Average glasshouse conditions measured at 10 minute intervals through the sample period 
(17th January – 23rd February 2011). Glasshouse temperatures were regulated at 40 oC daytime, 25 oC 
night time to simulate Telfer (Great Sandy Desert, Western Australia) summer field conditions. 
 
 
 
Physiological measurements 

 

Empty pots and treatment pots were weighed daily, to determine volumetric water 

content and estimate evaporation and evapotranspiration. Transpiration was calculated  

as evapotranspiration (ET, water loss from pots with plants) minus evaporation (E, 

water loss from pots with no plants). Physiological measurements were carried out on 

‘drought’ and ‘control’ plants at day 0 (January 17th 2011), representing well-watered 

conditions, and when the mean daily transpiration (ET –E) was reduced to 20 % of 

mean day 0 values in the ‘drought’ treatment plants (Fig 5-3). Plants were thus sampled 

when experiencing similar degrees of drought stress rather than at a predetermined point 

in time. This sampling point will be referred to from hereon as the drought-stressed 

condition. The number of days for each plant in each treatment to reach the defined 

drought stress condition was recorded. Stomatal conductance (mmol m2 s-1) was 

monitored hourly using two steady state Leaf Porometers (Decagon Devices, Pullman, 

WA, USA) on days zero and when reaching the defined drought stress condition. On the 

same days, for each plant, leaf water potential (MPa) was measured pre-dawn (0300-

0500 h) in a Scholander type Pressure Chamber (PMS Instruments, Oregon USA) on 

stems, as phyllodes are not petiolate. Samples were then immediately placed in a water 

tight vial, snap frozen on dry ice and stored in a freezer at -20 oC. Samples were later 

thawed, sap expressed using a leaf press and sap osmolality measured using a freezing 

point osmometer, which was calibrated against 50 and 850 mOsm kg-1 standard 
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solutions (Fiske Associates, Norwood, MA, USA). Osmotic potential (π) of samples 

was then calculated from osmolality (Eq. 5-1) assuming temperature of 25oC as samples 

were taken before dawn. 

        

   
1000
osmolality4472 ×

=
.

π      Equation 5-1 

 

Osmotic potential at full turgor (πsat i.e. at 100% relative water content) was calculated 

according to the method of Ludlow et al. (1983). 

 

   RWCsat ×= ππ       Equation 5-2 

 

Osmotic adjustment was interpreted as the difference in πsat between the water stressed 

and well-watered conditions. Relative leaf water content (RWC) was determined based 

on the method outlined by Turner (1981). Whole phyllodes were removed adjacent to 

those used for the water potential measurements and their fresh mass (LeafFW) 

measured immediately. Turgid mass (LeafTW) was measured after whole phyllodes had 

been floated on deionised water overnight (approximately 16 h) in a petri dish placed in 

a laboratory with ambient air temperature of 25 oC. Dry mass (LeafDW) was measured 

after samples were dried in a 70 oC oven for 48 h. Leaf dry matter content  

(LDMC mg g1) was calculated as the LeafDW divided by its LeafTW. 

 

   
DWTW

DWFW

LeafLeaf
LeafLeafRWC

−
−

=     Equation 5-3 

 

Biomass measurements 

 

Any dead leaves present at day 0 were removed and subsequent leaf death was 

measured between day 0 and the day the predefined drought stress condition was 

reached by collecting dead leaves present at the second time point. Upon reaching the  

drought stress condition and after the physiological measurements, plants were 

harvested and living and dead leaf area determined using WinRHIZO scanner and 

software (Régent Instruments Inc. Quebec City, QC, Canada). Specific leaf area was 

calculated for live leaves as the leaf area per unit of dry matter (m2 kg-1). Roots were 

wet-sieved from soils in 0 – 6 cm, 6 - 12 cm and 12 – 18 cm depth intervals, allowing 

separation of roots growing in the contrasting soil types. Root nodules were collected 
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from the same depth intervals. Root length density (m m-3) was determined using 

WinRHIZO software. Root mass density (g m-3) and nodule mass density (g m-3) were 

determined after oven drying roots and nodules at 60oC for 72 hours. 

 

 

 

Figure. 5-3. Mean (± SE) volume of water (L) in each species (Acacia stipuligera and A. robeorum) x soil 
(T1 – T4) treatment combination at each day after the commencement of drought. Measurements are 
shown from when drought treatment pots were last watered to field capacity until the pre-defined 
‘droughted’ condition was reached.  
 

 

 125 



Statistical analysis 

 

As there were insufficient replicates in many of the control groups, comparisons could 

not be made between drought and controls for many treatment/species combinations. 

Instead, comparisons are made between time points within the control group to 

demonstrate that there was no systematic change in conditions over the experimental 

period. As a result, comparisons then made between well-watered and drought 

conditions for the drought treatment plants are interpreted as being solely due to the 

drought treatment and not due to changes in extraneous conditions. Australian Acacia 

species from arid areas that replace leaves with phyllodes are known to be slow growing 

(Atkin et al., 1998). No substantial change in plant size was noted over the experimental 

period, and all plants had replaced all true leaves with phyllodes before the start of the 

experimental period. 

 

Data were analysed with R statistical software (R v2.13.0, R Foundation for Statistical 

Computing, R, 2011). Differences among water content of soils at different matric 

suction, and in biomass allocation among drought-treated plants were analysed with 

Tukey’s multiple pairwise comparison test after one-way ANOVA (with matric 

potential and species x soil group as the fixed factor respectively), identified significant 

differences at α = 0.05. Differences in pre-dawn water potential, osmotic potential, leaf 

relative water content and hourly stomatal conductance, within a species treatment 

group, between the well-watered and droughted dates, were tested with a student’s one-

tailed t-tests using α = 0.05. 

 

RESULTS 

 

Physical and chemical analysis of the topsoil and siltstone did not identify any major 

limitations to plant growth (Table 5-1) and plants looked healthy, as in leaves were 

generally green with lack of brown areas and visual signs of turgor loss. The soil water 

release curves (Fig. 5-1) indicate a higher water content in the mixed soil compared to 

the topsoil, and in the siltstone compared to the mixed soil, which was significant at all 

pressures except at 10 kPa, where topsoil and the mixed soil were not significantly 

different. The gradual slopes of the silt and mixed soil represent a larger range of pore 

sizes and an even pore size distribution, indicating water is stored at a range of matric 
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 Figure 5-4. Mean (± 1 SE) Pre-dawn water potential (MPa), osmotic potential (at 100% relative water 
content; MPa) and relative water content (%) of leaves from A. stipuligera and A. robeorum control (open 
symbols) and droughted (closed symbols) plants, measured at Day 0 (watered to field capacity, ‘initial’) 
and when transpiration had reduced to 20 % of well-watered conditions (the predefined drought 
condition, ‘final’). Asterisks indicate significant differences between sample dates (initial and final).  
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potentials, compared to the topsoil where almost all water is loosely held in large pores 

and very little water remains at or above 100 kPa.  

 
Daily monitoring of pot weights indicated that Acacia robeorum in soil T1 reduced 

transpiration by 80 % after 7 days of drought, whilst soil water was still at 70 % of field 

capacity (Fig. 5-3). Both species in soil T4 reached the defined drought condition by 

day 13 at which time mean water content of pots was at 43 % of field capacity for A. 

stipuligera and 35 % for A. robeorum. Both species in soil T3 reached drought by day 

22 when soil water content was 9 % for A. stipuligera and 5 % for A. robeorum. Both 

species in soil T2 and A. stipuligera in soil T1 reached drought by day 33 whilst soil 

water contents were 32 % and 18 % for A. stipuligera and A. robeorum respectively in 

T2 and 33% for A. stipuligera in T1 (Fig. 5-3).  

 

All plants were well hydrated before the onset of drought conditions as demonstrated by 

mean pre-dawn water potential of all plants near zero (Fig. 5-4). Maintenance of pre-

dawn water potential near zero for the control plants indicated no systematic decline in 

water availability under well-watered conditions (Fig. 5-4). Droughted plants of both 

species displayed significant (P < 0.05) declines in pre-dawn water potential from the 

well-watered to the droughted time point in all soil types except A. robeorum in T1, 

which had a much decreased transpiration but a high soil water content. Osmotic 

adjustment occurred in drought treatment plants of A. stipuligera grown in soils T2 and 

T3, and A. robeorum in T3, where the leaf osmotic potential (adjusted to an RWC of 

100%) became significantly more negative in the droughted compared to the well-

watered condition. Control plants of A. stipuligera grown in soils T3 and T4 also 

demonstrated significant osmotic adjustment in the droughted condition. There were 

unexpected significant increases in osmotic potential in both droughted and control 

plants of A. robeorum in T1 and droughted plants only in T2 (Fig. 5-4). Leaf relative 

water content declined significantly only for A. robeorum in soil T2 (Fig. 5-4). No 

significant differences were found in the leaf dry matter content between well-watered 

and drought time points for any species by soil type combination (data not shown).  
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Figure 5-5. Diurnal pattern in stomatal conductance (mmol m2 s-1) measured at day 0 under well-watered 
conditions (open symbols), and on the day of reaching the predefined drought condition (closed symbols), 
for the woody shrub species Acacia stipuligera grown from local provenance seed sourced from near 
Telfer, Great Sandy Desert, Western Australia, in four soil types (T1 – T4). Mean ± 1 SE ; positive values 
indicate greater stomatal conductance at day zero. Asterisks (*) indicate times of the day where the 
difference between well watered and drought conditions was significantly different from zero (P < 0.05). 
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Figure 5-6. Diurnal pattern in stomatal conductance (mmol m2 s-1) measured at day 0 under well-watered 
conditions (open symbols), and on the day of reaching the predefined drought condition (closed symbols), 
for the woody shrub species Acacia robeorum grown from local provenance seed sourced from near 
Telfer, Great Sandy Desert, Western Australia, in four soil types (T1 – T4). Mean ± 1 SE ; positive values 
indicate greater stomatal conductance at day zero. Asterisks (*) indicate times of the day where the 
difference between well watered and drought conditions was significantly different from zero (P < 0.05). 
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The mean stomatal conductance was not significantly different under well-watered 

conditions for plants of the same species growing in different soil treatments (P < 0.05; 

data not shown), Figures 5-5 and 5-6 illustrate the difference between stomatal 

conductance at day zero when all plants were watered to field capacity, and at the point 

when the predefined drought condition was reached. Control plants, which remained 

well-watered throughout the experiment, typically showed no significant difference in 

stomatal conductance between initial and final sample day. The exceptions were for A. 

stipuligera in soil T4, where stomatal conductance increased significantly in both the 

mid-morning and late afternoon (Fig. 5-5), and in A. robeorum in soil type T2 where 

mid morning stomatal conductance was significantly greater in the droughted plants 

(Fig. 5-6). Acacia stipuligera routinely opened stomata earlier than A. robeorum, when 

photon flux density was lower (Fig. 5-2). Plants of both species grown in soil types T1 

and T4 showed no significant changes in stomatal conductance at most time points, 

whereas drought treatment plants of both species grown in soil types T2 and T3 

significantly reduced stomatal conductance from well-watered conditions to the onset of 

drought conditions at most time points (Fig. 5-5 and 5-6). These reductions were made 

through all daylight hours, with peak stomatal conductance under droughted conditions 

occurring in the morning, without a second afternoon peak as was seen under well-

watered conditions.  

 

There were few differences apparent in biomass allocation among species and soil type 

groups (Fig. 5-7). There was no difference in the dry mass density of nodules among 

species or soil types, or in the dry mass of stem or phyllode tissues, and the area of 

living phyllodes when the predefined drought condition was reached. Acacia robeorum 

in soil type T2 had significantly (P<0.05) higher root mass density than A. stipuligera 

grown in soil types T1 and T3. Acacia stipuligera growing in soil type T3 had 

significantly (P<0.05) lower root length density than both species growing in soil type 

T2. Acacia stipuligera growing in all soil types had significantly (P<0.05) greater dead 

phyllode area than all A. robeorum, and A. stipuligera growing in soil type T2 had 

significantly (P<0.05) greater dead phyllode area than the same species of plants 

growing in other soil types. One striking difference in biomass allocation was the ratio 

of live phyllode area to root length in the drought treatment plants, where both species 

growing in T3 supported a significantly higher leaf area per unit of root length than all 

other species and soil type combinations (Fig. 5-7).  
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Figure 5-7. Comparison of biomass allocation in Acacia stipuligera and A. robeorum drought treated 
plants grown with soil types T1-T4. Mean ± 1 SE, n = 7.  Different letters indicate significant differences 
between species/treatment combinations at P < 0.05.  
 

Visually there was no impedance to growth presented by any soil type, and roots were 

distributed throughout the soil substrate and not concentrated at the bottom of the pot or 

around the sides. The general trend in root length density across all species and soil type 

combinations was to increase with depth (Fig. 5-8), with all species – soil type – 

treatment combinations having significantly greater root length density in the 12 – 18 

cm layer than the 0 – 6 cm layer except A. stipuligera control plants in soil T3 (Fig 5-8) 

and droughted plants in soil T2 (data not shown). Within species and soil type 

combinations where there were sufficient replicates available for comparison, the root 

length density of control and drought treatments were compared (Fig. 5-8). There were 
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no significant differences in the root length densities between control and drought 

treatment plants at any soil depth increment.  

 

 

 

 
Figure 5-8. Root length density (m m-3) of species x soil type combinations where sufficient replication 
was present for comparison. Mean ± 1 SE, n = 7.  
 

 

DISCUSSION 

 

Both Acacia species demonstrated an ability to grow well in all four tested soil 

combinations under well watered conditions. Roots grew in both the topsoil and 

siltstone (Fig. 5-8), and increased in density with depth in all treatments. The root-

length density of plants growing in T3 where the two soil types were mixed was lower 

than for the other soil combinations. Despite this, plants growing in T3 displayed high 

morning stomatal conductance, and among the greatest aboveground biomass and leaf 

areas (Fig. 5-7). As such, the mixed soil combination was able to support plants with a 

significantly higher live phyllode area to root length ratio (Fig. 5-7). Plants growing in 
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the mixed soil also continued to transpire until soil volumetric water contents were far 

lower than for other species/soil combinations (Fig. 5-3). There was an equivalent root-

length density among plants in T1, T2 and T4 in the 12 – 18 cm soil layer, but 

significantly greater root length density in the 6 – 12 cm soil layer in T2. In T2, this 

layer was composed of sand above siltstone which, due to the lower hydraulic 

conductivity of the finer-textured material below, may have retained water over a longer 

period. Such layering of materials with differing hydrological properties enhances the 

root density and survival of plants in other rehabilitation settings (Wehr et al., 2005). In 

comparison, the 0 – 6 cm layer in T1 which was also above siltstone but had low root 

densities, was exposed to higher rates of evaporation and thus shorter water-retention 

time. The greater root-length density in the 6 – 12 cm soil layer in T2 increased the 

overall root-length density and also the volume of soil that was in contact with the root 

system. This would allow these plants to take up a comparatively greater volume of 

water more rapidly when it was next supplied. 

 

The soils sourced from the Telfer mine site for potential use in rehabilitation were non-

saline (Bennett et al., 2009), and the pH was close to neutral in the topsoil and the 

siltstone. Textural analysis and interpretation using the soil-texture classification 

triangle of McDonald and Isbell (2009) identified the topsoil as sand and the siltstone as 

silty loam. Organic carbon contents were similar and low, so as to have a negligible 

impact on soil water retention compared to soil textural differences (Rawls et al., 2003). 

Although no systematic information on the effect of heavy metals on plants of the Great 

Sandy Desert is available, measured concentrations in the soil are all well below the 

maximum allowable levels for domestic food production (NEPC, 1999), and there is 

some evidence to suggest that Acacia species of the Great Sandy Desert are reasonably 

tolerant of strontium and barium (He et al., 2012). There was no indication that 

concentrations of micronutrients were at deficient or toxic levels. The concentrations of 

plant-available nitrogen and total phosphorus were low by global comparisons 

(Lambers et al., 2010), but typical for the Great Sandy Desert (He et al., 2011) and by 

Western Australian standards (Lambers et al., 2010). 

 

The results showed substantial differences in the physiological response of Acacia 

seedlings growing in soil that contained siltstone versus sand alone. The differences 

were consistent with expected adjustments to the very different hydraulic properties of 

the soil types. This implies considerable phenotypic plasticity in plant traits. As 
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expected, plants grown in finer-textured soil maintained transpiration for longer than 

plants grown in coarse-textured soil only. The sand-only treatment (T4) plants reduced 

transpiration by 80% of well-watered conditions, and earlier than for all treatments 

containing the finer-textured siltstone, except A. robeorum in T1. For plants in T2 and 

A. stipuligera in T1, transpiration was maintained above 20% of well-watered 

conditions for nearly three times longer than for T4. The mean stomatal conductance 

was not significantly different under well-watered conditions for plants of the same 

species growing in different soil treatments (P < 0.05; data not shown), and nor was the 

total leaf area (Fig 5-7). The prolonged transpiration was presumably due to an overall 

increase in the total amount of water available in pots containing siltstone material (Fig. 

5-3), and a significant reduction in the stomatal conductance at all times of the day in 

T2 plants (Fig. 5-5 and 5-6). The effect of the different soils on the amount of water 

available for uptake is evident from a comparison of soil water content versus soil 

matric potential (Fig 5-1), the soil water contents with time (Fig. 5-3), and the pre-dawn 

shoot water potentials (Fig 5-4). The plants grown in sand (T4) abruptly reduced 

transpiration at soil water contents near 0.1 m3 m-3, when there was little water left to 

extract (Fig. 5-1), whereas significantly more water was available at more negative 

pressures in the finely-textured soils (Fig. 5-1). In a rehabilitation setting, the increased 

duration of a higher stomatal conductance would allow for a reduced risk of mortality 

due to carbon starvation (Flexas and Medrano, 2002). The increase in the range of soil 

water potentials available for water uptake by plants growing in some siltstone increases 

the ‘water envelope’ sensu Sperry and Hacke (2002).  

 

In addition to reducing stomatal conductance, A. stipuligera in T2 also reduced 

transpirational demand by reducing its leaf area (Fig. 5-5), and significantly decreased 

its leaf osmotic potential (Fig 5-4). Plants growing in the sand (T4) did not adjust 

stomatal conductance with the drying soil, or show significant differences in osmotic 

potential from well-watered to droughted time points in A. stipuligera. As only the 

youngest fully expanded leaves were selected for measurement of stomatal 

conductance, it is possible that a reduction in transpiration rate due to reduced stomatal 

conductance occurred in older leaves, whilst a high stomatal conductance was 

maintained in the newest leaves. 

 

Despite growing in contrasting soil types in the undisturbed habitats surrounding the 

Telfer Gold Mine in the Great Sandy Desert, A. stipuligera and A. robeorum both 
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displayed the ability to produce roots in and access water stored in sand, siltstone and 

mixed soil. Acacias display significant plasticity in traits relevant to water use in 

rehabilitation (Grigg et al., 2010), silvicultural (Zegada - Lizarazu et al., 2007) and 

natural settings (Page et al., 2011). Many successful mine-rehabilitation schemes have 

been preceded by detailed analytical studies, by small-scale glasshouse pot trials 

followed by extensive field trial programs. O'Kane and Wels (2003) suggest that impact 

analyses are necessary to determine the appropriateness of rehabilitation design, 

particularly where evapotranspirative covers are intended, to ensure a good match 

between expected and observed outcomes. Major limitations to plant growth should be 

identified and appropriate remedial treatment can be formulated to avoid costly failures 

(Tordoff et al., 2000). Understanding the plasticity in traits of target rehabilitation 

species through glasshouse trials may increase the predictive power required for 

successful rehabilitation design. 

 

The difference in the soil water-release curve of fine-textured over coarse-textured soil, 

coupled with the longer time period of transpiration maintenance allowed plants grown 

in finer-textured soil to physiologically adjust to drier conditions through reduction in 

leaf osmotic potential, reduction in leaf area, and change in diurnal pattern of stomatal 

conductance. No adjustment of root-length density was observed for any species/soil 

combination, perhaps because of the limit to rooting depth caused by pots. Yet, 

reduction in leaf area altered the ratio of leaf area to root length, thus the root mass 

fraction increased in the case of A. stipuligera growing in layered sand/siltstone, 

because a significant fraction of the leaf area was shed. The increased duration of 

positive carbon balance achieved through soil texture in this instance is beneficial in 

rehabilitation settings to reduce the risk of seedling death through carbon starvation. In 

conclusion, both sandy and siltstone soils were suitable growth mediums for the study 

species under well watered conditions, but a soil profile that contains some finer 

textured siltstone was more beneficial to plant water status in dry conditions.” 
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Chapter 6 

 

General Discussion 

 

 

Knowing the natural landscape and its vegetation is an essential prerequisite for the 

design of sustainable man-made landforms and artificial ecosystems. This section is 

presented in two parts; first to outline the gains in understanding of the ecohydrology 

and ecophysiology of vegetation in natural habitats of the Great Sandy Desert 

surrounding the Telfer Gold Mine; and second to interpret these findings in relation to 

the rehabilitation of post-mining landforms at Telfer.  

 

Ecohydrology and ecophysiology of vegetation in natural habitats of the Great Sandy 

Desert 

 

The lack of within-site seasonal species turnover and change in canopy cover indicates 

that annual and deciduous species do not contribute significantly to the vegetation cover 

in these mature, long-unburned communities, under the observed (below-average) 

rainfall conditions. As such, in the Great Sandy Desert, use of summer precipitation 

pulses does not necessarily lead to great increases in aboveground growth, as has been 

found in other arid ecosystems dominated by perennial vegetation (Gebauer et al., 2002, 

Hodgkinson et al., 1978, Snyder et al., 2004, Reynolds et al., 2004). Highly 

unpredictable rainfall frequency appears to favour perennial vegetation with low 

productivity, rather than supporting an increase in foliage of (semi-)deciduous species, 

annuals and forbs. Such very responsive species are the primary cause of increased 

productivity in the Chihuahuan desert, which has a relatively high probability of 

frequent summer rainfall (Reynolds et al., 2004).  

 

Chapter 2 showed less bare ground at sites with larger amounts of plant-available water. 

This suggests vegetation cover may enhance the infiltration of water into the soil 

profile, as suggested by the ‘patch-interpatch’ (Ludwig et al., 2005) and ‘source-sink’ 

(Puigdefabregas, 2005) models of resource re-distribution in arid lands. This would 

imply a positive feedback mechanism, where an increase in vegetation leads to an 

increase in soil water storage and, consequently, an increase in the amount of 

vegetation. Chapter 4 directly addressed whether this was the case by verifying whether 
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the soil beneath vegetation patches was altered in comparison to the interpatches, 

whether it contained a greater quantity of water and a higher density of roots. There was 

no evidence that vegetation patches were increasing soil water infiltration and storage 

compared to interpatches. Thus the most likely explanation for the negative correlation 

between plant-available water content and bare ground is that there is more vegetation 

when plant-available water content is high, and therefore less bare ground. The sand 

dunes did contain greater stores of water in proximity to woody stems. This is likely due 

to stemflow, where the canopy intercepts rainfall, which flows down the stem and enters 

the soil at the base of the stem. Stemflow diverts significant quantities of water to the 

base of woody plants in arid and semi-arid shrublands (Domingo et al., 1998, 

Mauchamp and Janeau, 1993, Pressland, 1976). On the sand dune, with rapid infiltration 

and deep soils, stemflow is likely an effective mechanism for concentrating rainfall 

directly below the plant. 

 

Results in Chapter 2 show agreement with the Sala et al. (1997) model, where coarse-

textured soils with high drainage favour taller, deeper-rooted species like woody shrubs 

and finer-textured soils with greater water retention favour shallow-rooted species like 

grasses. The results of Chapter 4 agree with this, as maximum root densities occurred at 

shallower depths in the finer-textured than in the coarser-textured soil, in conjunction 

with the greatest densities of herbaceous vegetation. In the sand dunes where clay 

content was 2% of the mass of particles < 2 mm diameter, herbaceous species accounted 

for 60 % of the leaf area index, peak root density occurred in the 10 – 30 cm soil depth 

interval and abundance-weighted mean plant height was 0.81 m. In comparison, where 

70% of LAI in the sandplains was herbaceous, the clay content was 18%, peak root 

density occurred between 0 and 20 cm and abundance-weighted mean plant height was 

0.65 m. Although the rooting depth distribution in the rocky slopes was not measured, 

the other parameters follow the same pattern, with clay content at 26%, herbaceous 

species accounting for 84% of LAI and abundance-weighted mean plant height was 

0.47 m. In summer-rainfall-dominated systems, the model of Sala et al. (1997) predicts 

a cover of 77% grasses and 23% shrubs in sandy loam, and 97% grasses 3% shrubs in 

silty clay loam. The greater proportions of shrubs in the Great Sandy Desert may be the 

result of other factors that affect the balance between woody and herbaceous vegetation 

in water-limited environments, such as fire frequency and grazing pressure (Huxman et 

al., 2004, Sankaran et al., 2005). The results presented here are also in agreement with 

the model proposed by Schenk and Jackson (2002) for water-limited systems globally, 

 142 



and confirm the hypothesis that plants in arid environments proliferate roots where 

higher soil water contents are most frequently found (Schwinning and Ehleringer, 

2001).  

 

In comparison to leaf traits on a global scale, leaves of the Great Sandy Desert plants 

were small with a low SLA. The low SLA values place them among the lower end of the 

leaf economic spectrum (Wright et al., 2004) suggesting that all species in this 

environment are physiologically adapted to survival in resource poor conditions. Results 

in Chapter 2 agree with an overall convergence in leaf size and SLA traits with climate, 

as the entire species set fits within the lower ranges of broader geographic comparisons 

(Ackerly and Reich, 1999). Yet, locally, SLA increased with decreasing leaf size. The 

trend towards larger leaves with lower SLA may be that larger leaves need more support 

tissue so everything else being equal the larger leaf has a lower SLA (Niinemets et al., 

2006). It may also be indicative of the two traits as alternative means of reducing 

thermal stress (Curtis et al., 2012, Leigh et al., 2012) in this environment. 

 

Soil water content in the dry season showed the strongest correlation with SLA. This 

indicates that it is dry-season conditions rather than favourable wet-season conditions 

that influence leaf morphology. The dominant influence of dry-season conditions on 

plant form and function in seasonally water-limited environments has been identified in 

other ecosystems (Niinemets, 2001, Poot and Veneklaas, 2013, Mitchell et al., 2008b). 

Physiological constraints associated with survival of severe drought impact on traits that 

allow rapid growth and development under favourable growing conditions (Lambers 

and Poorter, 1992). It is thus likely that species success in the studied communities is 

influenced more strongly by their persistence through resource-poor (dry) periods than 

by their competitive ability when resources are less limiting. 

 

In Chapter 3, traits relative to water use were found to co-vary, enabling the 

identification of functional types in terms of water relations. In particular, there were 

strong relationships between dry-season pre-dawn Ψleaf and Ψtlp, and between Ψtlp and 

Ψπ100 . The relationship between Ψ leaf and Ψtlp is consistent with broader geographic 

patterns (Bartlett et al., 2012), where species that experience the greatest seasonal water 

deficit have the ability to maintain turgor at more negative water potentials, and thus 

increase their ‘water envelope’ (sensu Sperry et al., 2002), i.e. their ability to extract 

water from drier soils. Plants with low Ψtlp tend to maintain stomatal conductance, 
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hydraulic conductance, photosynthetic gas exchange and growth at lower soil water 

potentials which is especially important when droughts occur during the growing season 

(Blackman et al., 2010, Sack et al., 2003, Mitchell et al., 2008a). A comparatively lower 

Ψtlp may quantify the ability to ‘tolerate’ drought, rather than to ‘avoid’ drought (e.g., 

by ceasing gas exchange or surviving on stored water) (Chaves et al., 2002, Poot and 

Veneklaas, 2013), and in this case differentiates between drought ‘tolerant’ Triodia 

hummock grass species on the low-Ψtlp end and deep-rooted drought-‘avoiding’ 

perennial species. Low osmotic potential at full turgor (Ψπ100) was the primary 

mechanism responsible for reducing Ψtlp, as has been found in previous studies in 

Australia (Mitchell et al., 2008b) and globally (Bartlett et al., 2012). High tissue density 

(as inferred from high LDMC values) was found to correlate with the turgor-loss point, 

as has been found in other comparative studies (Mitchell et al., 2008a, Wilson et al., 

1999).  

 

Co-occurring grass and woody species differed markedly in their leaf water relations. 

Triodia hummock grass species had considerably lower pre-dawn and mid-day Ψleaf 

values in the dry season than the co-occurring Acacia species did, and a correspondingly 

large decrease in gs. This trend agrees with many other studies that support the 

hypothesis of resource partitioning in arid zones between deep-rooted woody species 

that use a lower proportion of their total annual transpiration in the wetter months, and 

annuals or shallow-rooted perennials that depend more directly on recent rainfall 

(Schwinning and Ehleringer, 2001, Snyder et al., 2004). Despite a large difference in 

aboveground size, co-occurring E. odontocarpa mallee trees and A. stellaticeps low 

shrubs showed no significant differences in leaf water status or gas exchange. 

 

Comparative studies of the water relations of plants growing on desert dunes and 

interdunes in the Australian arid zone (Grigg et al., 2008b, Grigg et al., 2008a) and 

elsewhere (Ehleringer and Cooper, 1988, Pavlik, 1980, Rosenthal et al., 2005) have 

often found dunes to provide greater stores of soil water. In the present study, plants 

growing on shallower, finer-textured soils demonstrated less dry-season water stress 

than those on deeper and coarser soils. This may indicate that, although water 

availability in the shallower soils is important to all woody species in the wet season, 

species growing in soils of limited depth may be accessing water stored in the 

underlying siltstone in the dry season. Where the sand-dune plants studied by Grigg et 

al. (2008a) and Grigg et al. (2008b) were accessing stored soil water following record 
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wet-season rainfalls, the wet seasons between 2008/2009 and 2010/2011 inclusive were 

below-average rainfall, and the stores of water in the dunes may have already been 

depleted.  

 

In Chapter 3, traits normally associated with (comparatively) rapid growth were 

negatively correlated with concentration of plant-available phosphorus. Access to 

phosphorus is often the most limiting nutritional factor in the growth of Australian 

plants (Lambers et al., 2010, Beadle, 1953), so the incidence of high concentrations of 

this essential nutrient with the most conservative resource-use species in this analysis 

implies that access to water is of primary importance to the growth of plants in this 

environment, and access to nutrients is a secondary concern. In a glasshouse study on 

the same Acacia species, He et al. (2012) found increasing plant-available phosphorus 

did not necessarily lead to a growth response under well-watered conditions, 

speculating that the inherent slow growth rates of these species helps plants to conserve 

growth-limiting P and ensure P demand does not exceed P supply (Lambers and 

Poorter, 1992).  

 

Issues for consideration in post-mine rehabilitation 

 

Acid drainage is the largest environmental liability facing the international mining 

industry (MEND, 2013). ‘Store and release’ cover systems potentially offer a long-term 

cost-effective solution to acid drainage in areas where annual evapotranspiration greatly 

exceeds precipitation (Campbell, 2004). The two principal objectives of a ‘store and 

release’ cover system are to control the ingress of oxygen and the infiltration of 

meteoric waters to the underlying reactive mine waste. To achieve these objectives, a 

number of additional goals must be met (MEND, 2004). Erosion must be controlled (to 

ensure the long-term integrity of the cover) and a growth medium for the establishment 

of sustainable vegetation must be provided. A soil layer suitable for supporting 

vegetation must have appropriate physical and chemical characteristics, sufficient 

nutrients, sufficient water-storage capacity, and the hydrology of the site must be such 

that there is no potential for contaminants to migrate into the vegetative layer. Soil 

cover systems can be simple or complex, ranging from a single layer of earthen material 

to several layers of different material types, including native soils, non-reactive tailings 

and/or waste rock, geosynthetic materials, and oxygen-consuming materials.  
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The design of ‘store and release’ cover system technologies requires a multi-stage 

approach (O'Kane and Wels, 2003). The first stage involves material and site 

characterisation and the site-specific climatic conditions. The second stage, the 

preliminary design stage, starts with a conceptual cover design, where the appropriate 

type of cover system is chosen based on the available material, the local climate, and the 

conceptual objectives for the cover system. This stage also involves the analysis of the 

basic cover system design. This analysis often consists of numerical modelling to 

explore different cover-system design options and allows the design parameters (e.g., 

cover thickness) to be related to performance (e.g., net percolation). The third stage is 

an assessment of potential impacts on the receiving environment. The fourth stage 

finalises the design with respect to the outcomes of stage two and three, and involves 

field trials and performance monitoring to validate model assumptions. In general, a few 

alternative cover system designs are identified and multiple field trials are conducted. 

Stage five involves cover construction and long-term monitoring. This approach allows 

for the development of measurable performance criteria, which are tied directly to 

specific design objectives, such as ‘net percolation’, ‘rate of oxygen ingress’ and/or 

‘plant density/mixture’. Monitoring the performance criteria allows prediction of the 

success of the cover system through the numerical modelling, and the sensitivity of 

outcomes (i.e. the generation of acid from waste materials) to changes in, e.g., water 

percolation, oxygen ingress and type and density of vegetation (Ogorzalek et al., 2008, 

Benson et al., 2007, Bohnhoff et al., 2009). The model also provides a tool for 

investigating management options, such as planting denser or more diverse vegetation 

and varying soil depth and texture. Comparison of model predictions and trial cover 

observations has identified vegetation water-use characteristics as an important area for 

further consideration. Specifically, plant phenology, seasonal patterns in transpiration 

rate, water potential at the turgor loss point, rooting depth and the effect of different 

plant functional types have been identified as areas where predictive model accuracy 

could be enhanced (Benson et al., 2007, Bohnhoff et al., 2009, Ogorzalek et al., 2008).  

 

The subjects covered in this thesis were selected to contribute to the second stage of 

cover design by providing some of the information necessary to link design parameters 

to performance criteria. The following sections interpret my findings in this context, and 

identify where site-specific information will benefit the planning process.  
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Which features of the vegetation are likely to be essential properties of ecosystems with 

a balanced water use? The balance referred to here is the balance between rainfall and 

evapotranspiration (Veneklaas and Poot, 2003). Such a balance is necessary to ensure 

that no excess water is accumulated over multi-year time scales that may percolate 

below the root zone and into the underlying reactive mine wastes. It is also required to 

ensure sufficient water is available to meet the transpirational requirements of 

vegetation to avoid drought-induced mortality and allow periodic recruitment. In 

Australian locations where perennial woody vegetation is present and average annual 

rainfall is below 900 mm, the leaf area index of a site reaches a predictable, dynamic 

equilibrium with the amount of water available. The positive correlation between leaf 

area index and the balance between rainfall and evapotranspiration is prevalent across 

the Australian continent, and independent of vegetation type (Eamus et al., 2006). In 

Chapter 2, I quantified a specific relationship between plant-available water (as the 

difference between peak wet-season and end of dry-season soil water contents) and leaf 

area index. A positive relationship was found, whereby an increase in magnitude of 

plant-available water (from 10 to 100 mm) led to a doubling of LAI (from 0.06 to 0.12 

m2 m-2) The relationship indicates that water availability creates an upper limit to the 

LAI that can be supported, independent of species composition. This information 

provides a site-specific link between the design parameters relevant to water storage in 

the ‘store and release’ cover and the measurable performance criteria of LAI. As LAI is 

not biased by plant form (unlike counts or cover estimations of trees and herbs which 

are often incomparable), it provides a robust measure for comparison across different 

species combinations that may be of interest in trials, or in comparing cover systems 

across ecosystems and continents.  

 

Chapter 2 also identified a relationship between specific leaf area and soil water content 

in the driest part of the year where an increase in soil water content from 0.01 to 0.05 m3 

m-3 occurred with an increase in SLA from 4.5 to 6.5 m2 kg-1. Specific leaf area is a 

relatively easily measured trait that is comparable across species and ecosystems, and 

has strong relationships with many other plant traits that are highly relevant to plant 

function. This finding suggests that dry-season conditions impose the strongest selection 

pressure on the local vegetation communities, i.e. survival of water-deficit conditions is 

a stronger selective mechanism than competitive exploitation of resources in the wet 

season. As vegetation is composed of perennial species with a consistent projective 

foliage cover across seasons (Chapter 2), selection of the physiological and water-use 
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attributes of vegetation required to attain a balanced water use will be most successful if 

assessed on the basis of dry season conditions, rather than wet season, or average annual 

conditions.  

 

The requirement for no net accumulation of water below the root zone requires that in 

most years vegetation uses 100% of the stored soil water between wet seasons, and thus 

must be exposed to water deficit conditions on an annual basis. In Chapter 3, I presented 

traits relevant to drought resistance in the dominant plant species. Although all species 

had improved water relations and increased transpiration in the wet season, a large 

disparity existed between hummock grasses and woody shrubs and trees in the dry 

season. Hummock grasses were exposed to extreme water deficit, indicating that the 

soil in the root zone was very dry, whereas woody species continued to transpire at low 

levels throughout the dry season. This observation has a number of implications for 

‘store and release’ cover design parameters and performance criteria. First, woody 

species are not depleting the store of soil water to completely dry conditions between 

wet seasons, as indicated by the continuation of transpiration. Where Triodia species 

appear to tolerate extreme water deficit, woody species avoid the most extreme deficits 

by accessing water stored (presumably) more deeply in the soil profile, and may not be 

capable of surviving the driest conditions. The model and simulations constructed by 

Seyfried et al. (2005), where xeric vegetation is assumed to control deep drainage in the 

water-limited regions of the western United States, requires, at a minimum, that the 

dominant or co-dominant plant species have two characteristics. First, the roots of those 

plants must extend to 2-3 m with sufficient density to efficiently extract all downward 

percolating water within those depths, and, second, those plants must be able to 

generate and maintain relatively low water potentials (< -1 MP) at depths of 2-3 m for 

very long periods. Although the woody species in this study continued transpiring 

through the dry season, the soil water potential (indicated through the pre-dawn leaf 

water potential) was well below -1 MP (Chapter 3) and thus still satisfies the 

requirements of the Seyfried et al. (2005) model. Thus, although deeper soil layers 

contain water accessed by woody plants in the Great Sandy Desert, it is below 

saturation and thus not likely to result in deep drainage. Notably, if only the hummock 

grasses were present, no store of deep soil moisture would have been detected and the 

assumption might have been made that all the water had been removed from the soil. 

Thus, inclusion of woody species in the vegetation of a store and release cover system 

may increase the overall rooting depth and provide information about the quantity of 
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water stored at greater depths in the cover through monitoring of dry-season pre-dawn 

leaf water potentials. 

 

The rate of transpiration after precipitation and in the dry season is a good indication of 

how rapidly a species will remove the water from the profile, and whether it relies on 

stored water during the dry season for survival (Hellmuth, 1971, Nilsen et al., 1984). 

The current study supplies information on a range of dominant plant species indigenous 

to the Telfer region that differ in rates of water use in the wet and dry season. Inclusion 

of different patterns of water use in numerical modelling will allow cover-design 

planning to investigate the impact of such factors on cover performance. This is likely 

to lead to a considerable increase in the accuracy of predictive models at the local scale 

(Benson et al., 2004, Bohnhoff et al., 2009, Yunusa et al., 2010). Appendix 3 contains a 

one page summary of key biological parameters identified in this study, for ease of use 

as cover design model parameters. 

 

The distribution of roots relative to soil physical parameters (Chapter 4) is the first 

study of its kind for the northern Australian arid zone, and one of few in the world in 

summer-wet sub-tropical conditions. As a result, it contributes significantly to the local 

and international knowledge of such natural systems. In the context of cover design, the 

relationship between peak root density and soil hydrology is of vital importance. The 

study identified soils with high conductivity as having peak root densities in the 10 - 20 

and 20 – 30 cm depth intervals, as opposed to a shallower distribution in finer-textured 

soils. Soil depth is of critical importance in cover design and is often determined by 

material availability and cost, rather than optimal design criteria. The limited quantity of 

soil available in most cases, plus the cost of cartage, puts downward pressure on the 

target soil depth in many rehabilitation settings. Understanding the relationship between 

soil physical properties and the expected root distribution may help to better define the 

soil depth required for a successful vegetation cover. Accurate modelling of the 

extraction of water from soils requires an understanding of the distribution of roots in 

soil. Prior to the current study, broad-based models of root depth distribution based on  

climatic and soil texture data was the only tool available to indicate root distribution in 

this part of Australia (Schenk and Jackson, 2005). The current study allows a more 

detailed understanding of the distribution of roots in relation to soil and vegetation 

characteristics.  
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Chapter 5 contributes further, by demonstrating that the two Acacia species that differ 

most strongly in drought-tolerance attributes in the natural setting show trait plasticity 

in an experimental setting. The benefits of increasing the soil water-holding capacity 

using soil texture is demonstrated which increases management options when soil depth 

is a limiting factor. Incorporating fine-textured soils into the rooting zone of plants on 

rehabilitated sites not only increases the total quantity of stored water (over a constant 

soil depth), but increases the window of time available to plants for acclimation to water 

stress by osmotic adjustment, changing diurnal patterns of stomatal conductance, and 

adjusting the ratio of root length to leaf area. Seedlings growing in finer-textured soils 

in a rehabilitation setting may maintain positive carbon balances for longer after 

rainfall, and thus be less susceptible to mortality through carbon starvation (Flexas and 

Medrano, 2002).  

 

Many successful mine-rehabilitation schemes have been preceded by detailed analytical 

studies, by small-scale glasshouse pot trials followed by extensive field trial programs. 

O'Kane and Wels (2003) suggested that impact analyses are necessary to determine the 

appropriateness of rehabilitation design, particularly where evapotranspirative covers 

are intended, to ensure correlation between expected and observed outcomes. Major 

limitations to plant growth should be identified and appropriate remedial treatment can 

be formulated to avoid costly failures (Tordoff et al., 2000). Understanding the 

plasticity in traits of target rehabilitation species through glasshouse trials may increase 

the predictive power required for successful rehabilitation design. Although the two 

species used in the glasshouse trial in this study diverged in traits in the natural setting, 

a high degree of convergence was observed when grown in the same soils. This 

indicates that species may have a broader application in rehabilitation than appears from 

field studies alone, and detailed glasshouse experiments may widen the suite of 

appropriate target rehabilitation species. It also indicates that cover-system modelling 

based on field studies alone may not capture the full breadth of attributes possible for a 

given plant trait which may contribute to inaccurate model predictions. 

 

Different combinations of materials significantly impacted on root density and 

distribution, and the volumetric soil water contents at which plants continued to 

transpire. Mixing the two soil types in a 1:1 ratio volumetrically had a significant 

positive impact on the ratio of live phyllode area to root length, and plants grown in the 

mixed soil maintained transpiration until volumetric water contents were very low. 
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Layering soils with the finer-textured soil beneath a comparatively deep layer of coarse 

sand increased the root density in the mid layer above the siltstone, increasing the total 

root length and the volume of soil in direct contact with the root system. These factors 

are of great significance in cover design, and it is apparent from this analysis that 

critical aspects such as rooting distribution and maintenance of transpiration at a given 

soil water potential are neither species-specific nor soil-specific, but are dynamic and 

dependent on soil/plant combinations.  

 

In conclusion, I find that detailed knowledge of the physiology of prospective 

rehabilitation target species and the hydrological properties of growth substrates for 

post-mining landforms will assist in the design and planning of post-mining 

rehabilitation in arid landscapes.  

 

Limitations 

 

Given the large inter-annual variability in climate that occurs in dryland ecosystems, 

longer-term data sets spanning several years are needed to evaluate water variability 

(Breshears et al., 2009). The current field study did not attempt to define the full breadth 

of vegetation responses to water availability, and acknowledges that multi-annual 

climatic cycles have responses that were not captured by the current study (e.g. 

McGrath et al., 2012). With precipitation data from Telfer available only since the 

1970’s, it is unlikely that the present understanding of the natural variation in rainfall is 

complete. However, the vegetation present in the selected undisturbed ecosystems are 

there as the result of successful establishment and growth under the regime of long-term 

climatic cycles. Evidence within this study indicates that the drier conditions 

(conditions that were well captured over the duration of the present study) select for 

species within an ecosystem, rather than more favourable wet conditions. It is thus my 

opinion that despite the short period of data collection (relative to long-term climate 

cycles), the information captured is a balanced representation of vegetation form and 

function from an ecohydrological perspective.  

 

Evaluation of the use of water in bedrock by plants is normally ignored, but is often of 

significance (Schwinning, 2008). In the current study, water-use characteristics of 

woody plants in the shallower soils indicated use of water stored in the bedrock. The 

methods selected for determining root distribution in Chapter 4 were not appropriate for 
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the detection of roots in bedrock, and as a consequence, the root distribution of plants 

growing on the rocky slopes was omitted, and roots growing within the bedrock in other 

soils types were also not collected. Understanding the importance of water in bedrock in 

these communities would require an approach more compatible with the substrate such 

as isotope analysis or root architectural studies at the expense of accurate root-density 

distribution.  

 

Further research 

 

The information collected within this study is appropriate for the parameterisation of 

numerical models to predict the success of store and release cover designs at Telfer 

Gold Mine in the Great Sandy Desert. Further research will undoubtedly follow the 

pattern outlined earlier in this chapter where cover designs that pass the model criteria 

are selected for trial. Trial covers are then monitored over a period of time, and 

performance is assessed against a number of pre-determined outcomes. Deviations in 

the performance of covers from model predictions can be assessed by comparing 

modelled parameters to trial cover observations.   

 

An important avenue for future research in this region, in the pursuit of refining cover-

system designs, is to define the reliance of woody species on water stored in the 

siltstone bedrock. Knowledge of total rooting depths and quantification of the water 

extracted from siltstone over a range of annual cycles would be beneficial for 

understanding the long-term survival of woody species in the region. Quantification of 

the limits to Triodia drought tolerance would also be of interest from a risk-analysis 

perspective. Triodia tolerates extreme drought conditions as part of regular seasonal 

cycles, yet it is not known at what point mortality of plants occurs. 

 

Further research is required to ensure that waste rock dump and cover system design 

and construction is sustainable under the full range of climatic conditions that it will be 

exposed to over the proposed lifespan. Climate extremes, as outlined by the 

Intergovernmental Panel on Climate Change (IPCC, 2012), may become more frequent, 

or further from the presently understood frequency distributions. From the short period 

of climate data that is available from Telfer, it appears that climate extremes are 

somewhat common. Long hot dry periods interspersed with large and often high 

intensity rainfall events are part of the regular climatic cycle (BOM, 2012). For this 
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reason, research in the region may also be suitable to further the general understanding 

of climate extremes, to help interpret potential risks for other parts of the globe. 
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Appendix 1. Species recorded at the 12 sample sites over seven time points between 
November 2007 and October 2010 (three dry and four wet season time points). Mean 
trait values for the subset of species that had live foliage in March 2010 are included. 
Asterisks (*) denote invasive species. 
 

Family Species 
Specific 

Leaf Area 
m2 kg-1 

Height 
m 

Leaf Area 
mm2 

Amaranthaceae Ptilotus austrolasias 7.57 0.20 150 
 Ptilotus exultatus 4.89 0.10 1175 
 Ptilotus obovatus 5.51 0.36 521 
 Ptilotus polystachyus    
Boraginaceae Heliotropium ovalifolium 4.15 0.23 130 
Chenopodiaceae Dysphania kalpari    
 Maireana luehmannii    
 Sclerolaena bicornis    
Cleomaceae Cleome viscosa 5.33 0.24 85 
Convolvulaceae Evolvulus alsinoides    
Cucurbitaceae *Cucumis melo    

Euphorbiaceae Euphorbia tannensis subsp. 
eremophila    

Fabaceae Acacia adsurgens 2.31 1.50 133 
 Acacia ancistrocarpa 4.44 1.63 258 

 Acacia cuthbertsonii subsp. 
cuthbertsonii 3.35 1.30 647 

 Acacia dictyophleba 4.01 0.80 1260 
 Acacia elachantha    
 Acacia ligulata 2.43 1.15 272 
 Acacia pyrifolia    
 Acacia robeorum 3.62 1.50 41 
 Acacia sibirica     
 Acacia stellaticeps 4.74 0.57 33 
 Acacia stipuligera 4.70 2.10 305 
 Indigofera monophylla 5.31 0.45 199 
 Isotropis atropurpurea    
 Jacksonia aculeata    
 Otion simplicifolium 6.69 0.44 22 
 Petalostylis cassioides 6.85 1.40 51 
 Petalostylis labicheoides 7.94 1.50 79 
 Senna artemisiodes subsp. helmsii 4.36 0.55 200 

 Senna artemisioides subsp. 
oligophylla 5.15 0.88 393 

 Senna glutinosa subsp. glutinosa    

 Senna glutinosa subsp. pruinosa (x 
luersenii) 6.41 1.21 130 

 Senna notabilis     
Goodeniaceae Dampiera cinerea    
 Goodenia hartiana 7.91 0.24 290 
 Goodenia hartiana    
 Scaevola parvifolius 8.00 0.20 188 
Lamiaceae Dicrastylis doranii 6.80 0.33 71 
Malvaceae Abutilon macrum    
 Gossypium australe 8.46 0.45 1029 
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 Sida arenicola    
 Sida cardiophylla    
 Sida platycalyx 7.58 0.19 159 

 Sida sp. B Kimberly Flora AA Mitchell 
2745 6.58 0.16 409 

 Sida sp. Pilbara AA Mitchell 1543 11.14 0.20 88 
Myoporaceae Eremophila tenella 4.22 1.60 124 
Myrtaceae Aluta maissoneuvii 6.12 0.43 27 
 Eucalyptus odontocarpa 3.96 2.13 1041 
 Eucalyptus pachyphylla 2.67 1.93 2555 
Poaceae Aristida contorta    
 Eragrostis eriopoda    
 Eriachne lanata    
 Eriachne mucronata    
 Eulalia aurea 5.05 0.34 312 
 Fimbristylis dichotoma (desert form)    
 Paraneurachne mulleri 5.30 0.20 55 
 Tribulus hirsutus 4.60 1.50 369 
 Tribulus suberosus 10.51 0.08 364 
 Triodia basedowii 7.99 0.12 120 
 Triodia epactia 7.43 0.27 59 
 Triodia pungens 3.92 0.28 244 
 Triodia schinzii 4.89 0.35 312 
Proteaceae Grevillea eriostachya 3.38 0.52 1394 
 Grevillea stenobotrya 3.23 1.43 554 
 Grevillea wickhamii ssp hispidula 6.07 1.64 1389 
Santalaceae Anthobolus leptomerioides 1.38 0.35 769 
 Exocarpos sparteus 4.95 0.97 314 
 Dodonea coriacea    
Surianaceae Stylobasium spathulatum 7.16 0.16 169 
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Appendix 2. Species means, standard errors and sample sizes for the traits measured for analysis in Chapter 3. Different symbols represent significantly 
different values at P < 0.05.  
 

 

Leaf dry 
matter 
content 

Specific leaf 
area 

Leaf N 
concentrati

on 

Carbon 
isotopic 

composition 

Dry season 
mid-day leaf 

water 
potential 

Dry season 
pre-dawn leaf 

water 
potential 

Wet season 
mid-day leaf 

water 
potential 

Wet season 
pre-dawn leaf 

water 
potential 

 LDMC SLA N δ13C  Ψmd(d) Ψpd(d) Ψmd(w) Ψpd(w) 
units mg g-1 m2 kg-1 mg g-1 ‰, VPBD MPa MPa MPa MPa 
n 20 - 50 20 - 50 6 - 9 6 - 9 9 9 9 9 
Species mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE 

Eucalyptus odontocarpa 485.1* 12.1 3.93+# 0.35 10.4^ 0.4 -26.63‡ 0.48 -3.31* 0.23 -2.29* 0.13 -2.89* 0.10 -1.10†‡ 0.03   
Acacia robeorum 331.8# 9.1 3.28# 0.20 12.5#+ 0.4 -25.97‡ 0.11 -4.19* 0.13 -2.90* 0.13 -3.23* 0.08 -1.77* 0.10   
Acacia stellaticeps 443.7* 6.7 5.16†‡+ 0.45 19.3† 0.6 -27.11†‡ 0.15 -3.19* 0.43 -2.17* 0.20 -2.43‡ 0.11 -0.90†‡ 0.09   
Acacia ancistrocarpa 468.8* 9.8 5.66†‡ 0.49 24.1* 0.5 -28.29† 0.35 -3.99* 0.18 -3.26* 0.15 -2.02‡† 0.13 -0.77#† 0.03   
Acacia stipuligera 449.0* 33.0 6.47† 0.44 21.8‡ 0.6 -28.37† 0.30 -4.40* 0.68 -3.23* 0.60 -2.18‡† 0.12 -0.40# 0.04   
Triodia pungens 592.5† 10.2 3.43# 0.31 11.2+^ 0.0 -15.59# 0.07 -9.00# 0.00 -7.86# 0.15 -1.59† 0.28 -0.46# 0.09   
Triodia basedowii 579.0† 6.5 7.45* 0.76 14.0# 0.0 -15.71# 0.06 -9.00# 0.00 -8.76# 0.07 -2.12‡† 0.09 -1.26‡ 0.17   
Triodia schinzii 588.2† 8.2 4.92‡+ 0.17 11.2+^ 0.0 -15.17* 0.13 -8.27# 0.62 -7.62# 0.82 -0.53# 0.24 -0.37# 0.09   
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Appendix 2 continued.  
 

 

Dry season 
stomatal 

conductance 

Wet season 
stomatal 

conductance 

Dry season 
photosynthetic 

rate 

Wet season 
photosynthetic 

rate 

Maximum 
bulk modulus 
of elasticity 

Osmotic 
potential at full 

hydration 

Water potential 
at the turgor 

loss point 

 gs(d) gs(w) A(d) A(w) εmax Ψπ100 Ψtlp 
units mmol g-1 s-1 mmol g-1 s-1 nmol g-1 s-1 nmol g-1 s-1 MPa MPa MPa 
n 9 9 9 9 9 9 9 
Species mean SE mean SE mean SE mean SE mean SE mean SE mean SE 
Eucalyptus odontocarpa 0.21* 0.04 0.94‡+# 0.13 23.92* 5.05 51.71*† 5.61 13.27 2.41 -2.73#†* 0.11 -3.77‡+ 0.18 
Acacia robeorum 0.13*# 0.02 0.59+# 0.07 16.23†* 2.35 41.51* 5.15 16.40 3.19 -2.60#† 0.19 -3.27‡+* 0.18 
Acacia stellaticeps 0.13*# 0.02 1.51*†‡+ 0.28 16.37* 2.04 77.00*† 11.73 14.24 1.29 -2.22†* 0.07 -2.86+* 0.11 
Acacia ancistrocarpa 0.10*# 0.03 1.86*†‡ 0.34 13.34#†* 4.40 71.41*† 13.89 16.03 1.62 -2.50#†* 0.09 -3.32‡+* 0.17 
Acacia stipuligera 0.12*# 0.05 2.10* 0.29 10.56#†* 4.24 122.62†‡ 15.99 12.76 0.59 -1.85* 0.11 -2.38* 0.15 
Triodia pungens 0.02# 0.01 1.09†‡+# 0.15 2.11# 0.55 154.97‡# 23.80 11.30 0.83 -2.84#† 0.08 -4.12†‡ 0.15 
Triodia basedowii 0.06# 0.01 1.88*† 0.18 1.27# 0.33 214.67# 28.71 11.74 1.31 -3.25# 0.40 -6.27# 0.51 
Triodia schinzii 0.04# 0.01 0.54# 0.07 7.03#† 2.85 106.32*†‡ 12.77 10.25 1.14 -3.21# 0.16 -5.16† 0.28 
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Appendix 2 continued.  
 

 

Relative 
water 

content at 
the turgor 
loss point 

Principal 
component 1 

Principal 
component 2 

 RWCtlp PC1 PC2 
units %   

n 9 9 9 
Species mean SE mean SE mean SE 
Eucalyptus odontocarpa 0.77* 0.02 -0.66† 0.16 1.27* 0.28 
Acacia robeorum 0.75* 0.03 -1.46#† 0.14 1.77* 0.14 
Acacia stellaticeps 0.84* 0.01 -1.89# 0.13 -0.38† 0.44 
Acacia ancistrocarpa 0.79* 0.02 -1.59#† 0.20 -1.11# 0.46 
Acacia stipuligera 0.83* 0.02 -1.97# 0.19 -1.85# 0.36 
Triodia pungens 0.81* 0.02 1.73* 0.17 0.83†* 0.22 
Triodia basedowii 0.59# 0.03 3.58* 0.40 -1.58# 0.31 
Triodia schinzii 0.77* 0.02 2.26* 0.24 1.04* 0.09 
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Appendix 3. Summary table of measured parameters for easy use in post-mining landscape rehabilitation in the Australian dry-subtropics. 
Parameter  Eucalyptus 

odontocarpa 
Acacia 

robeorum 
Acacia 

stellaticeps 
Acacia 

ancistrocarpa 
Acacia 

stipuligera 
Triodia 

pungens 
Triodia 

basedowii 
Triodia 
schinzii 

Further 
information 

Leaf dry matter content (mg g-1) 485.1 331.8 443.7 468.8 449.0 592.5 597.0 588.2 P.66 +A.2 
Specific leaf area (m2 kg-1) 3.93 3.28 5.16 5.66 6.47 3.43 7.45 4.92 P.66 +A.2 
Leaf N concentration (mg g-1) 10.4 12.5 19.3 24.1 21.8 11.2 14.0 11.2 P.67 +A.2 
Carbon isotopic composition 
(‰, VPBD) 

-26.63 -25.97 -27.11 -28.29 -28.37 -15.59 -15.71 -15.17 P.67 +A.2 

Dry-season mid-day leaf water potential 
(MPa) 

-3.31 -4.19 -3.19 -3.99 -4.40 -9.00 -9.00 -8.27 P.67 +A.2 

Dry-season pre-dawn leaf water 
potential (MPa) 

-2.29 -2.90 -2.17 -3.26 -3.23 -7.86 -8.76 -7.62 P.67 +A.2 

Wet-season mid-day leaf water 
potential (MPa) 

-2.89 -3.23 -2.43 -2.02 -2.18 -1.59 -2.12 -0.53 P.67 +A.2 

Wet-season pre-dawn leaf water 
potential (MPa) 

-1.10 -1.77 -0.90 -0.77 -0.40 -0.46 -1.26 -0.37 P.67 +A.2 

Dry season stomatal conductance 
(mmol g-1 s-1) 

0.21 0.13 0.13 0.10 0.12 0.02 0.06 0.04 P.68 +A.2 

Wet season stomatal conductance 
(mmol g-1 s-1) 

0.94 0.59 1.51 1.86 2.10 1.09 1.88 0.54 P.68 +A.2 

Dry season photosynthetic rate  
(nmol g-1 s-1) 

23.92 16.23 16.37 13.34 10.56 2.11 1.27 7.03 P.68 +A.2 

Wet season photosynthetic rate  
(nmol g-1 s-1) 

51.71 41.51 77.00 71.41 122.62 154.97 214.67 106.32 P.68 +A.2 

Maximum bulk modulus of elasticity 
(MPa) 

13.27 16.40 14.24 16.03 12.76 11.30 11.74 10.25 P.67 +A.2 

Osmotic potential at full hydration 
(Mpa) 

-2.73 -2.60 -2.22 -2.50 -1.85 -2.84 -3.25 -3.21 P.67 +A.2 

Water potential at the turgor loss point 
(Mpa) 

-3.77 -3.27 -2.86 -3.32 -2.38 -4.12 -6.27 -5.16 P.67 +A.2 

Relative water content at the turgor 
loss point (%) 

77 75 84 79 83 81 59 77 P.67 +A.2 

Dominant species of Gravelly 
sandplain 

Rocky slopes Gravelly 
sandplain 

Sandplain Sand dune Rocky slopes Sandplain and 
Gravelly 

sandplain 

Sand dune P.33 + P. 38 

Soil type Sand to loam Silty clay loam Sand to loam Sandy loam to 
clay loam 

Sand Silty clay loam Sand to clay 
loam 

Sand P.40 + P.42  
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