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ABSTRACT 
 

 

This thesis examines the water use, ecophysiology and hydraulic architecture of 

Eucalyptus marginata (jarrah) growing on bauxite mine rehabilitation sites in the jarrah 

forest of south-western Australia.  The principal objective was to characterise the key 

environment and plant-based influences on tree water use, and to better understand the 

dynamics of water use over a range of spatial and temporal scales in this drought-prone 

ecosystem. 

 

A novel sap flow measurement system (based on the use of the ‘heat pulse’ method) 

was developed so that a large number of trees could be monitored concurrently in the 

field.  A validation experiment using potted jarrah saplings showed that rates of sap 

flow (transpiration) obtained using this system agreed with those obtained 

gravimetrically.  Notably, diurnal patterns of transpiration were measured accurately 

and with precision using the newly developed ‘heat ratio method’.    

 

Field studies showed that water stress and water use by jarrah saplings on rehabilitation 

sites were strongly seasonal: being greatest in summer when it was warm and dry, and 

least in winter when it was cool and wet.  At different times, water use was influenced 

by soil water availability, vapour pressure deficit (VPD) and plant hydraulic 

conductance.  In some areas, there was evidence of a rapid decline in transpiration in 

response to dry soil conditions.  At the end of summer, most saplings on rehabilitation 

sites were not water stressed, whereas water status in the forest was poor for small 

saplings but improved with increasing size.  It has been recognised that mature jarrah 

trees avoid drought by having deep root systems, however, it appears that saplings on 

rehabilitation sites may have not yet developed functional deep roots, and as such, they 

may be heavily reliant on moisture stored in surface soil horizons.  Simple predictive 

models of tree water use revealed that stand water use was 74 % of annual rainfall at a 

high density (leaf area index, LAI = 3.1), high rainfall (1200 mm yr-1) site, and 12 % of 

rainfall at a low density (LAI = 0.4), low rainfall (600 mm yr-1) site, and that water use 

increased with stand growth. 
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A controlled field experiment confirmed that: (1) sapling transpiration was restricted as 

root-zone water availability declined, irrespective of VPD; (2) transpiration was 

correlated with VPD when water was abundant; and (3) transpiration was limited by 

soil-to-leaf hydraulic conductance when water was abundant and VPD was high (> 2 

kPa).  Specifically, transpiration was regulated by stomatal conductance.  Large 

stomatal apertures could sustain high transpiration rates, but stomata were sensitive to 

hydraulic perturbations caused by soil water deficits and/or high evaporative demand.  

No other physiological mechanisms conferred immediate resistance to drought.  

Empirical observations were agreeably linked with a current theory suggesting that 

stomata regulate transpiration and plant water potential in order to prevent hydraulic 

dysfunction following a reduction in soil-to-leaf hydraulic conductance.  Moreover, it 

was clear that plant hydraulic capacity determined the pattern and extent of stomatal 

regulation. 

 

Differences in hydraulic capacity across a gradient in water availability were a 

reflection of differences in root-to-leaf hydraulic conductance, and were possibly related 

to differences in xylem structure.  Saplings on rehabilitation sites had greater hydraulic 

conductance (by 50 %) and greater leaf-specific rates of transpiration at the high rainfall 

site (1.5 kg m-2 day–1) than at the low rainfall site (0.8 kg m-2 day–1) under near optimal 

conditions.  Also, rehabilitation-grown saplings had significantly greater leaf area, leaf 

area to sapwood area ratios and hydraulic conductance (by 30-50 %) compared to 

forest-grown saplings, a strong indication that soils in rehabilitation sites contained 

more water than soils in the forest.  Results suggested that: (1) the hydraulic structure 

and function of saplings growing under the same climatic conditions was determined by 

soil water availability; (2) drought reduced stomatal conductance and transpiration by 

reducing whole-tree hydraulic conductance; and (3) saplings growing on open 

rehabilitation sites utilised more abundant water, light and nutrients than saplings 

growing in the forest understorey.  These findings support a paradigm that trees evolve 

‘hydraulic equipment’ and physiological characteristics suited to the most efficient use 

of water from a particular spatial and temporal niche in the soil environment. 
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This thesis raises the question: is the long-term sustainability of restored jarrah forests 

dependent on them reaching a state of ‘ecohydrological equilibrium’, similar to that of 

the natural forest?  If so, then young trees on rehabilitation sites must change from 

relying solely on moisture in surface horizons of the soil profile (stored water and 

rainfall), to utilising moisture stored in deeper horizons, especially during drought, and 

they must begin to develop hydraulic characteristics that better reflect the natural regime 

of soil water availability. 
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CHAPTER 1. 
 

General Introduction 

 

1.1   Introduction 
 

This thesis provides the first detailed analysis, both spatial and temporal, of water use 

characteristics of young Eucalyptus marginata (jarrah) growing on sites in south-

western Australia that were formerly mined for bauxite.  In undisturbed regions of the 

jarrah forest adjacent to the bauxite-mining areas, evidence suggests that jarrah’s water 

use characteristics are an integral part of a delicate hydrological balance (Ruprecht et al. 

1991; Ruprecht and Stoneman 1993; Silberstein et al. 2001).  The jarrah forest occupies 

much of the Darling Scarp of Western Australia (between 20 and 50 km inland and 

spanning about 300 km north and south of Perth) and has a strongly Mediterranean 

climate with a pronounced summer drought. 

 

The aim of mine rehabilitation in the Darling Scarp is to establish jarrah-based 

ecosystems with similar functional properties to those of the original forest.  Because of 

the close proximity to water catchments for the city of Perth, water use and yield in 

mine rehabilitation areas is of particular interest to mining companies, water utilities 

and government agencies.  Consequently, a subsidiary aim of mine rehabilitation is to 

ensure that rehabilitation areas become viable components of a sustainable jarrah forest 

ecosystem, and that forest water resources are adequately protected, especially in 

salinity prone areas.  The experiments reported in this thesis were undertaken to 

improve our understanding of water use by jarrah and to investigate the dominant plant, 

soil and climatic processes that regulate the water balance in rehabilitation areas. 

 

The general introduction to this thesis is divided into five sections.  The first two 

sections briefly introduce two recurring themes: (1) the usefulness of sap flow 

measurements for the study of water use by trees, and (2) the concept of hydraulic 

architecture as a major determinant of transpiration.  The third section presents a 

summary of the water use dynamics of eucalypt species growing in seasonally dry 
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Australian ecosystems.  This section is not an exhaustive review of the literature, but 

rather a summary that aims to extract broad relationships between environmental 

conditions and water use characteristics in eucalypts.  This is required to give context to 

the case studies in the jarrah forest.  In the fourth section, our current knowledge of 

growth and water use characteristics in jarrah are described in some detail, along with 

issues related to bauxite mine rehabilitation.  The specific objectives of this thesis are 

stated in the fifth and final section. 

 

1.2   The usefulness of measuring sap flow for estimating tree water use 
 

Techniques for measuring water use by trees, across a range of spatial and temporal 

scales, generally fall into one of three categories:  

1. Those that monitor changes in soil moisture (e.g. lysimetry, time-domain 

reflectometry, capacitance probes, heat dissipation probes, neutron probes, 

psychrometers, tensiometers, resistance blocks, bore hydrographs, isotope 

tracing and gravimetric methods). 

2. Those that measure the rate of water transport within a plant (e.g. heat-based 

techniques for measuring sap flow, isotope tracing, thermal imaging and cut-

stem techniques). 

3. Those that measure the release of water from leaves into the atmosphere (e.g. 

porometry, gas exchange, ventilated chambers, Penman-Monteith and other 

micrometeorological techniques, Bowen-ratio energy balance techniques and 

eddy correlation techniques).  

 

An important goal of any study of the soil-plant-atmosphere continuum is to 

successfully link processes operating at small spatial and temporal scales with those 

operating at larger scales.  Typically, the challenge is to relate physiological processes 

operating on a scale of seconds and hours, to larger-scale processes that determine rates 

of water use by whole plants and communities over days, years and generations.  To 

achieve this goal, several techniques must often be used in combination.  For example, 

energy balance techniques that estimate the water vapour content of the atmosphere and 

its change over time can be used to estimate the water use by a whole stand of trees, but 
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provide little information about the water use of individuals.  At the other extreme, 

small-scale, porometer-based measurements of the flux of water vapour through leaves 

have provided valuable insights into the instantaneous response of stomata to 

environmental conditions.  However, these same data are of limited value for estimating 

the water use of a whole plant, let alone for estimating the water use of a whole stand.  

It is almost axiomatic that few techniques provide information at multiple scales, and 

that the use of multiple techniques (such as those listed above) is time consuming and 

expensive.  Techniques that quantify the rate of sap flow within a plant are arguably 

some of the few that provide integrated (and efficient) measurements of water use, and 

that successfully link above and below-ground processes. 

 

The use of sap flow methodology is becoming increasingly popular and widespread 

(Smith and Allen 1996; Wullschleger et al. 1998).  There are numerous examples in the 

literature that illustrate the different types of information that can be derived from sap 

flow measurements.  In addition to elucidating patterns of transpiration by individual 

trees, sap flow measurements have been used to determine: 

• Whole-stand water use, by scaling-up (Hatton et al. 1995). 

• Whole-canopy stomatal behaviour (Ewers and Oren 2000).  

• Whole-tree hydraulic conductance (Hubbard et al. 1999). 

• Water storage in stem and branches (Goldstein et al. 1998). 

• Night-time rates of water use (Benyon 1999).  

• Patterns of water acquisition by woody roots (Burgess et al. 1998).   

 

These studies and others have shown that sap flow measurements are a powerful tool 

for studying the hydraulic properties of plants, particularly the interrelationships among 

environmental conditions, transpiration, stomatal conductance, leaf water relations and 

hydraulic architecture.  Sap flow measurements are often closely associated with 

ecophysiological measurements at the leaf scale (e.g. leaf water potential, stomatal 

conductance and gas exchange), architectural measurements (e.g. leaf area, sapwood 

area and xylem-specific hydraulic conductivity) and climatic data (e.g. rainfall, solar 

radiation, temperature and humidity).   
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Not surprisingly given the above discussions, measurement of sap flow was the 

approach of choice for estimating water use by jarrah in this study.  Specifically, 

thermal techniques were employed, which were based on the use of heat as a tracer for 

sap movement.  A detailed description of the ‘heat pulse’ method for measuring sap 

flow is provided in Chapter 2 and a validation for its use is presented in Chapter 3. 

 

1.3   The concept of hydraulic architecture 
 

A significant trend to emerge from the past decade of research into patterns of water use 

by trees is the increasing emphasis given to the influence of hydraulic architecture on 

water transport and water loss.  Many aspects of hydraulic architecture are discussed in 

greater detail later in the thesis, and only a simple overview is presented here.  The 

literature dealing with the concepts and components of tree hydraulic architecture, the 

effects of hydraulic architecture on water use, and stomatal behaviour in relation to 

hydraulic functioning, is extensive.  The reader is referred to several excellent reviews 

for more information, specifically Tyree and Ewers (1991), Whitehead (1998), Tyree 

(1999), Comstock and Sperry (2000), Meinzer et al. (2001), Magnani et al. (2002), 

Meinzer (2002), Mencuccini (2002) and Sperry et al. (2002). 

 

For the purpose of this study, hydraulic architecture may be defined as the structure and 

properties of the water transport system in a tree that regulates water movement along 

the root-stem-leaf pathway.  It is well understood that for plants to function 

successfully, they must achieve a balance between the ‘demand’ component of the 

water transport process, which is determined mostly by the surface area of leaves, 

stomatal conductance and the evaporative demand of the atmosphere, and the ‘supply’ 

component, which is determined by the ability of the root system to access soil moisture 

and the hydraulic conductivity of the water transport pathway (Sperry et al. 2002).  In 

particular, there is a growing understanding of how a homeostasis in water transport is 

achieved through a combination of a structural limitation and physiological regulation 

of the rate of transpiration (Magnani et al. 2002).  It follows that the hydraulic capacity 

of the water transport system under given environmental conditions is a function of 

these properties. 
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Xylem tissue provides both the conduit and the major structural limitation to water 

transport (Tyree and Ewers 1991).  According to the cohesion-tension explanation of 

the ascent of sap, the driving force for water movement is generated by the transpiration 

of water from leaves.  The force is then transmitted as tension through continuous 

columns of water (held together cohesively), which run from the evaporating surface in 

leaves to the roots (Meinzer et al. 2001).  The degree of tension is directly proportional 

to both the demand (transpiration) and the magnitude of physical resistances in the 

xylem against which water is transported (Tyree and Ewers 1991).  These resistances 

are associated with the diameter and length of xylem conduits, inter-conduit pits, pit 

structure and also gravity (which is of significance in tall trees).  Xylem structure is a 

prime determinant of the maximum hydraulic conductance of the water transport 

system, its capacitance, the threshold tension above which cavitation and runaway 

embolism is likely, and the degree of hydraulic dysfunction likely as a result of 

cavitation (Tyree and Ewers 1991; Tyree and Sperry 1988; Comstock and Sperry 2000).  

In addition to xylem porosity, the optimal allocation of carbon between transpiring 

foliage, conducting sapwood and absorbing roots is critical to ensuring that ‘supply’ can 

satisfy ‘demand’ (Magnani et al. 2002). 

 

Structural elements of the water transport system are relatively inflexible and can only 

be modified over long time scales (seasons to generations).  The structure of xylem in a 

given environment usually reflects a trade-off among three factors; construction and 

maintenance costs to the plant, water transport efficiency and vulnerability to cavitation 

under large water potential gradients.  Larger diameter and longer xylem vessels can 

transport water efficiently, but are susceptible to cavitation and embolism, which may 

ultimately lead to a loss of transport capacity (Tyree and Ewers 1991).  In comparison, 

smaller diameter and shorter xylem vessels are less efficient at transporting water, but 

less prone to cavitation and embolism (Tyree and Ewers 1991). 

 

At the species level, physical structures evolve to match long-term environmental 

conditions and possibly help to optimise the efficiency of their water transport system in 

relation to photosynthetic capacity (Hubbard et al. 2001; Mencuccini 2002; 

Wullschleger et al. 2002).  However, many species display phenotypic ‘plasticity’.  
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Architectural characteristics of individuals vary in response to varying conditions on a 

spatial and/or temporal scale.  For example, changes in evaporative demand can result 

in changes in the relative allocation of carbon to leaves and sapwood (Mencuccini and 

Grace 1995; White et al. 1998; Ewers et al. 2000; Maherali et al. 2002). 

 

Once the structure of a plant is established, the plant must rely on physiological 

mechanisms to maintain homeostasis in water transport in the short-term (seconds to 

days) under prevailing environmental conditions.  For trees under significant water 

stress from inadequate soil moisture, or very high evaporative demand, or both, 

regulation of stomatal conductance is the principal mechanism for preventing xylem 

tensions from increasing to a point where cavitation and embolism are inevitable 

(Sperry et al. 1993; Sperry and Pockman 1993).  As a result, hydraulic architecture and 

hydraulic perturbations have a major effect on leaf water relations and the actual rates of 

transpiration, carbon fixation and growth in trees (Ryan and Yoder 1997; Bond and 

Kavanagh 1999; Hubbard et al. 1999). 

 

1.4   The dynamics of tree water use in southern Australian ecosystems 
 

This section provides a summary of the dynamics of tree water use in seasonally dry 

environments, with emphasis on eucalypt-dominated ecosystems in southern Australia.  

First, the climate and geology of southern Australia must be understood to fully 

appreciate the structural and functional significance of eucalypt ecosystems in the 

landscape.  Much of southern Australia experiences a strongly Mediterranean-type 

climate, characterised by hot dry summers and cool wet winters (Gentilli 1989).  

Rainfall is strongly seasonal, ranging between 200 and 1300 mm annually, and 

evaporative demand is high; most often exceeding rainfall on a monthly basis.  Drought, 

either seasonal or sporadic, is a critical feature of many ecosystems.  The length and 

severity of the annual dry season varies between years and major droughts may build up 

through several consecutive years of below-average rainfall.  The timing of major 

droughts is unpredictable, but over longer time scales, droughts are regular phenomena.  

McWilliam (1986) estimates that much of Australia is unlikely to be free from major 

drought in more than 20 out of every 100 years. 
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Geologically, the Australian landscape is ancient and relatively stable.  The regolith is 

deeply weathered and there is little renewal of surface material.  Australian soils are old 

and nutrient-poor by world standards, and typically contain large amounts of salt, 

principally of marine origin.  Climatic patterns ensure that salts are carried inland and 

deposited.  Over time, salts have accumulated in large quantities in the soil profile.  In 

undisturbed areas, most of this salt remains largely immobile below the rooting zone of 

plants (Hatton and Nulsen 1999).  Both surface water and groundwater move slowly 

through the landscape of southern Australia along the small hydraulic gradients that 

result from the largely flat terrain (Hatton and Nulsen 1999). 

 

Eucalypt ecosystems have adapted to these harsh climatic and geological conditions 

over millions of years of isolated evolution.  Two important adaptations, not specifically 

related to water use, are worthy of a mention here.  First, sclerophylly is common in 

eucalypt species and is defined as the increased production of cellulose and lignin in 

leaves and woody tissue relative to the production of protein (Specht and Rundel 1990).  

Sclerophylly is widely regarded as an adaptation to poor availability of both water and 

nutrients.  Sclerophylly is of benefit to water conservation principally because leaves 

with greater amounts of structural tissue are more resistant to evaporative water loss.  

Nutrient cycling is a second adaptation worthy of mention, as it plays a critical role in 

the functioning of eucalypt ecosystems.  In general, geochemical processes play a 

smaller role in the nutrition of eucalypt communities than the biological processes 

involved in nutrient cycling (Adams 1996).  Most of the phosphorus, nitrogen and other 

nutrients required for growth in nutrient-poor soils are ‘recycled’ via the decomposition 

of litter.  In this way, nutrients are readily and consistently available to plants in soils 

with an inherently low nutrient content.  Many eucalypt species have evolved 

sophisticated nutrient conservation strategies that include (Attiwill and Adams 1996):  

• withdrawal of nutrients from senescing foliage, 

• the trapping of soluble nutrients by fine roots and mycorrhizae,  

• low absolute requirements for some nutrients, 

• strong spatial and temporal linkages between nutrient mineralization and 

nutrient uptake. 
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While nutrient availability and other environmental factors are important, water is 

generally the most limiting resource in southern Australia.  It is water availability that 

has most strongly influenced ecophysiological adaptations in eucalypts and climate (and 

its related phenomena such as wildfire) that most strongly limits the distribution of 

eucalypt species (Adams 1996).  It may be argued convincingly that the most critical 

ecosystem processes are those related to water use. 

  

Water use characteristics of eucalypts 

 

The genus Eucalyptus is large and diverse.  Eucalypts grow over a large geographic 

range and inhabit a broad array of habitats differing in climate, landform and soil type 

over the entire continent of Australia (Williams and Brooker 1997).  Individual species 

vary markedly in their water use, ecophysiological characteristics and architecture 

according to water availability, ranging from mesic to extremely xeric.  There are 

numerous studies showing that natural eucalypt communities, and other vegetation 

types, in water-limited environments in Australia have evolved a number of different 

evapotranspiration regimes (e.g. White et al. 2003; Dunin 2002; Dunin et al. 1999; 

Hatton and Nulsen 1999).  Some species are highly adapted to specific environments 

and have specialised characteristics suited to a narrow spatial and temporal niche, while 

others are widespread and have more generalised characteristics suited to a broader 

range of environmental conditions.  However, there is such a large number of eucalypts 

(approximately 500 species, Boland et al. 1992) that, as a whole, the genus comprises a 

wide continuum of hydraulic structure and function.   

 

For the reasons stated above, it is difficult to categorise eucalypts in terms of their water 

use characteristics.  Instead of defining specific functional groups, it is more useful to 

state that transpiration losses from Eucalyptus spp., as for most other trees, are largely 

regulated by: 

• Soil water availability in the root zone; including soil water content, storage 

capacity, hydraulic conductivity, osmotic and matric potential. 

• Climatic demand; related to the prevailing temperature, humidity, wind speed 

and incident solar radiation. 
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• Physiological response mechanisms; primarily those regulating stomatal 

behaviour in response to increasing soil water deficits and atmospheric 

evaporative demand (leaf-to-air vapour pressure deficit). 

• Hydraulic architecture; including leaf area, sapwood area, canopy structure, root 

system size and depth, and hydraulic conductivity of the water transport system. 

It follows that a complex interplay among these factors determines the ultimate water 

use behaviour of an individual species, both in the short term (seconds to days), and 

over the longer-term (years to generations) during the course of evolution. 

 

Although eucalypts are difficult to categorise, it is evident from the extensive literature 

on eucalypt physiology that there are some similarities amongst those species growing 

in high rainfall, mild summer environments, and likewise, there are similarities amongst 

those species growing in low rainfall, dry summer environments.  Of these, hydraulic 

architecture and physiological response mechanisms are considered in greater detail. 

 

Water use in relation to hydraulic architecture 

 

It is widely recognised, although poorly documented, that water availability is a prime 

determinant of the architecture of eucalypts, as reflected by canopy and stem structure.  

Most obviously, water availability has a profound influence on leaf area.  It is axiomatic 

that for individuals and communities, a natural balance between leaf area, climate and 

water availability will be achieved over time such that the ‘demand’ for water will not 

exceed the long-term ‘supply’.  It is well understood that the close relationship between 

stand leaf area and site water balance is a critical feature of Australian ecosystems, and 

one that helps prevent excessive water abstraction and environmental degradation, 

particularly salinity (Hatton et al. 1998; Hatton and Nulsen 1999; Dunin 2002).   

 

As stated previously, stem hydraulic conductance is directly related to the capacity of 

xylem tissue to conduct water.  In general, eucalypts native to mesic sites tend to have 

xylem vessels that are larger in diameter and longer than vessels in species from more 

xeric sites, hence their stems and branches often have greater hydraulic conductance.  

For example, Vander Willigen and Pammenter (1998) showed that xylem-specific 
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hydraulic conductivities in branches from closely related E. grandis clones were greater 

in trees from wetter sites than in trees from drier sites, and there was a positive 

correlation between growth efficiency and maximum xylem specific conductivity.  In 

another example, Ridge et al. (1984) found that E. wandoo (wandoo), a species from the 

drier eastern portion of south-western Australia, had small (but numerous) xylem 

vessels compared to species from a higher rainfall area, such as marri (Corymbia 

calophylla, a species closely related to Eucalyptus) and jarrah (E. marginata).  In a 

companion study, (Colquhoun et al. 1984) showed that xylem characteristics were 

associated with different water use characteristics in these species; wandoo showed 

relatively low rates of transpiration, effective stomatal regulation and very negative 

water potentials throughout summer, compared to marri and jarrah, which showed high 

rates of transpiration, little stomatal regulation and less negative water potentials.  

Threshold water potentials below which embolisms are initiated are frequently lower in 

trees at more xeric sites than in trees at more mesic sites (Franks et al. 1995). 

 

Another critical hydraulic attribute is the relationship between leaf area and sapwood 

area.  In general, trees at more mesic sites tend to have higher ratios of leaf area to 

sapwood area than trees at more xeric sites.  For example, White et al. (1998) compared 

rainfed and irrigated plantations of E. globulus and E. nitens at a low rainfall site in 

Tasmania, and found that the ratio of leaf area to sapwood area in 6 year old trees was 

significantly greater in well-watered treatments than in drought stressed treatment.  In 

the same study, White et al. (1998) presented these results as evidence for a positive 

correlation between stem hydraulic conductance and water availability. 

 

Overall, there is evidence that water availability is a dominant determinant of hydraulic 

architecture in eucalypts compared to other factors such as nutrient availability 

(assuming a constant evaporative demand).  A study by Clearwater and Meinzer (2001) 

showed no differences in branch hydraulic conductivity or the ratio of leaf area to 

sapwood area between fertilised and non-fertilised trees in the absence of differences in 

water availability.  Furthermore, temporal variation in water availability also plays a 

critical role in the development of hydraulic architectural properties.  As shown by the 

study by Eamus et al. (2000), transpiration rates of eucalypts growing in the wet-dry 
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tropical savannas of northern Australia did not vary between seasons.  This finding led 

to a proposal that dry season conditions exert control on tree water use during the wet 

season, most likely through an effect on xylem structure. 

 

Physiological responses to drought 

 

For any tree to survive in a dry environment, it must be drought resistant to some 

degree.  This is conferred by escaping, avoiding or tolerating drought (Turner 1986).  

Some eucalypts (often those from extremely xeric environments) have the ability to 

tolerate drought via mechanisms that allow physiological activity to continue in spite of 

water stress.  Drought tolerant species achieve this through maintaining positive turgor.  

In turn, this allows continued gas exchange, transpiration and growth during drought, 

albeit often at low rates.  In general, some species from more xeric, drought-prone 

environments tend to lose turgor at lower leaf water potentials and relative leaf water 

contents than species from more mesic environments.  For example, White et al. 

(2000b) showed that on a farm in the 480 mm rainfall zone in south-western Australia, 

E. camaldulensis (a wide-spread riparian species) and E. saligna (from a sub-tropical 

zone in New South Wales) lost turgor at leaf water potential values between –2.4 and    

–2.9 MPa and relative leaf water contents between 0.84 and 0.86 g g-1.  In contrast, E. 

leucoxylon (from a low-rainfall zone in central Victoria) and E. platypus (from a low-

rainfall zone in south-western Australia) lost turgor at –3.9 MPa and relative leaf water 

contents between 0.73 and 0.82 g g-1. 

 

The principal mechanisms by which more drought tolerant eucalypts maintain positive 

turgor are osmotic adjustment, through increased solute concentration (which decreases 

leaf water potential), and changes in cell wall elasticity.  For example, in the same study 

by White et al. (2000b), it was shown that the ‘drought tolerant’ species displayed 

different mechanisms of turgor maintenance.  In E. leucoxylon, turgor maintenance was 

attributed to an inherently low osmotic potential, whereas in E. platypus, the principal 

mechanism was elastic adjustment (as indicated by a low bulk elastic modulus).   
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Generally, drought tolerant species have leaf tissue that is more elastic than in less 

drought tolerant species.  For example, Prior and Eamus (1999) reported bulk elastic 

modulus values of 2 MPa for E. tetradonta, a highly drought tolerant species, whereas 

White et al. (2000b) reported values between 17 and 22.5 MPa for drought intolerant 

species, E. saligna and E. camaldulensis. 

 

Other eucalypts, often those with poor drought tolerance, have evolved mechanisms for 

either: (1) escaping drought by retaining access to water (e.g. via a deep root system) or 

(2) avoiding drought by actively reducing the amount of water used following the onset 

of water stress (e.g. via stomatal closure).  The former strategy is reviewed in some 

detail later in the chapter (jarrah is a prime example of one species with this ability), 

whereas the latter strategy is reviewed below. 

 

Stomatal closure is the principal mechanism for regulating transpiration and reducing 

water stress at the leaf level in eucalypts, preventing turgor loss and/or (as mentioned 

previously) hydraulic failure of the water transport system.  Furthermore, by permitting 

transpiration, stomata also play a role in preventing leaves from experiencing high 

temperature stress (see review by White et al. 2003).   

 

Eucalypts that show little regulation of leaf turgor, or those that have a highly 

conductive water transport system (susceptible to cavitation) commonly show strong 

regulation of stomatal function under conditions of water stress.  Often, these are 

species from more mesic sites that are able to maintain relatively high stomatal 

conductance when water is readily available.  In contrast, more drought tolerant 

eucalypts or those with more robust hydraulic structures tend to exert weaker stomatal 

control when water is limiting.  For example, White et al. (1999) found that stomatal 

responses to a soil water deficit (at a study site in Tasmania) differed markedly between 

E. globulus (a moderate rainfall zone species from Tasmania) and E. nitens (a high 

rainfall zone species from alpine regions in Victoria and New South Wales).  The 

stomatal conductance of both species was significantly reduced when pre-dawn water 

potentials reached a critical value (–0.55 MPa), however below this value, stomatal 

conductance was reduced more in E. nitens than E. globulus.  These results were 
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consistent with previous work on these species showing that E. globulus was more 

drought-tolerant through its capacity to maintain positive turgor across a wider range of 

leaf water potentials and relative leaf water contents than E. nitens (White et al. 1996).   

 

Some examples of species that exhibit stomatal sensitivity in response to stress include 

E. pauciflora growing in high rainfall alpine areas of New South Wales (Körner and 

Cochrane 1985), E. grandis growing in a plantation irrigated with saline effluent in 

central New South Wales (Myers et al. 1998), E. obliqua growing in a moderate rainfall 

area near Adelaide (Sinclair 1980), and E. camaldulensis growing in a low rainfall 

agricultural area of south-western Australia (White et al. 2000b).  Some examples of 

species that tend to have large stomatal apertures and maintain physiological activity 

throughout the dry season include E. miniata and E. tetradonta growing in wet-dry 

northern Australian savannas (O'Grady et al. 1999; Prior et al. 1997; Thomas et al. 

1999), E. wandoo growing in dry sclerophyll forest areas of south-western Australia 

(Colquhoun et al. 1984; White et al. 2003), E. behriana growing in a low rainfall mallee 

woodland in Victoria (Myers and Neales 1984), and E. platypus growing in a low 

rainfall agricultural area of south-western Australia (White et al. 2000b). 

 

Water use capacity along a gradient in water availability 

 

It is clear that the overall water use capacity of a eucalypt species (its maximum rate of 

water use and ability to maintain its maximum rate over long time periods) is related to 

its hydraulic architecture and its physiology in combination.  The trends in water use 

characteristics across a gradient in water availability (as reviewed above) are 

summarised in Figure 1.1.   

 

Not surprisingly, eucalypts from more mesic sites tend to have a larger capacity for 

water use than species from more xeric sites.  In very broad terms, species with access 

to perennial supplies of water and those that experience mild drought tend to have 

hydraulic structures and water use characteristics that allow for better utilisation of other 

resources such as light, CO2 and nutrients.  Commonly, these species have a larger 

capacity for assimilation under ideal conditions (higher leaf area, higher stomatal 
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conductance, greater photosynthetic capacity etc.) and, in turn, faster growth.  The 

opposite tends to be the case for species reliant on more ephemeral supplies of water 

and those that experience severe drought. 

 

The above generalities can be supported by examples in the literature.  Quantitative 

estimates of whole-tree water use and descriptive data for several Eucalyptus species are 

presented in Table 1 to illustrate the differences in water use capacity according to 

climate and habitat.  Four representative studies are highlighted, chosen for their use of 

the heat pulse technique to measure transpiration and their comparative nature.  The 

water use data included in this table are for single representative trees from each study.  

Some descriptive data is also presented, showing differences in age, height, trunk 

diameter, leaf area and sapwood area between species, and their environment of origin.   

 

The most important feature to note from this table is that when compared on a sapwood 

area basis, maximum daily rates of water use decrease with decreasing rainfall.  Forest-

grown E. regnans growing in a very high rainfall region of south-eastern Victoria 

(Vertessy et al. 1997) has by far the greatest relative size, growth rate and water using 

capacity, followed by commercially planted E. nitens growing in a high rainfall zone in 

north-eastern Tasmania (Hunt and Beadle 1998), then E. camaldulensis growing in a 

medium rainfall agricultural zone in central New South Wales (Benyon et al. 1999) and 

finally E. salmonophloia growing in a low rainfall zone in the wheat-belt of Western 

Australia (Farrington et al. 1994). 
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Figure 1.1  
 
A schematic summary of the broad trends in water use behaviour of Eucalyptus species 
growing across a gradient in water availability in seasonally dry regions of southern 
Australia.  Four behavioural trends are shown: hydraulic conductivity of the water 
transport system; the ability to maintain turgor under water stress (increasingly negative 
leaf water potential); the ability to regulate transpiration via stomata; and overall water 
use capacity (amount of water transpired) [After White et al. 2003]. 
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Table 1.1   
 
Maximum daily rates of water use as reported for several Eucalyptus species across a 
range of climates and habitats.  All studies used the heat pulse method to measure 
transpiration, and measurements were made during spring under well-watered, sunny 
conditions.  Descriptive data is included to allow comparisons between studies.  Data 
are for single representative trees from each study.  
 

 E. regnans 
(mountain ash) 

E. nitens 
(shining gum) 

E. camaldulensis 
(river red gum) 

E. salmonophloia 
(salmon gum) 

     
Natural distribution  
in Australia 

South eastern 
Victoria and 
Tasmaniai 

Great Dividing 
range in New 

South Wales and 
Victorian alpsi 

Riparian locations 
throughout 
mainland 
Australiai 

Wheatbelt and 
eastern goldfields 
areas of Western 

Australiai 
     
Habitat Tall foresti Tall open foresti Woodlandi Woodlandi 

Mature height (m) 60-100i 40-70i 20-45i 15-20i 

     
     
Study site National Park 

near Melbourne 
in Victoria 

Commercial 
eucalypt 

plantation in 
north-eastern 

Tasmania 

Shallow 
groundwater site 
in central New 
South Wales 

Agricultural land 
in the wheatbelt 
area of Western 

Australia 

     
Annual rainfall (mm) 1660 1000 660 340 

Annual pan  
evaporation (mm) 
 

1320ii 1610ii 1720 2300 

Age (yrs) 56 8 6 ∼ 200 

Height (m) 58 - 7 16 

Trunk diameter (cm) 89 21 12 29 

Mean annual growth rate 
of trunk cross-sectional 
area (cm2 yr-1) 
 

111* 43* 19* 3* 

Leaf area (m2) 330 - 26 - 

Sapwood area (cm2) 618 183 82 167 

Water use (kg day-1) 553 104 39* 60 

Sapwood-specific water 
use (kg cm-2 day-1) 0.89* 0.57* 0.48* 0.36* 

     
Reference Vertessy et al. 

(1997) 
Hunt and Beadle 

(1998) 
Benyon et al. 

(1999) 
Farrington et al. 

(1994) 
     
 

iInformation sourced from Boland et al. (1992).  
iiData sourced from The Australian Bureau of Meteorology.  
*Values interpolated from given data.   
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1.5   The case of the jarrah forest in south-western Australia 
 

Jarrah is probably unique on a global scale for its ability to grow as tall forest in a 

strongly Mediterranean climate and on some of the poorest, most highly weathered soils 

in the world (Dell and Havel 1989).  While the annual rainfall in much of the jarrah 

forest in south-western Australia (see Figure 2.1) is similar to that supporting other 

eucalypt forests in Australia and other forests elsewhere (up to 1300 mm yr-1), the 

distribution of rainfall is characterised by a summer drought that may last for up to 7 

months.  Consequently, traditional bioclimatic classifications of functional vegetation 

types are unreliable predictors of the growth of forests in this region (Silberstein et al. 

2001).  On a global scale, a number of eucalypts, including jarrah, are unusual in 

forming almost mono-specific overstoreys.  Jarrah grows to 30 to 40 m in height 

(Abbott and Loneragan 1983) above an understorey renowned for its species-richness 

and diversity.  A more detailed description of the jarrah forest is provided in Chapter 2. 

 

The jarrah plant 

 

Jarrah is superbly adapted to growth in its seasonally dry environment.  Jarrah’s growth 

cycle and morphology are highly specialised to deal with long periods of drought, harsh 

climatic conditions in summer, strong competition for soil moisture, nutrient 

impoverished soils and physical barriers to root growth.  Jarrah’s most important 

adaptations include: (1) a slow transition from the seedling to the mature tree, during 

which physical structures adapt gradually to environmental conditions; (2) a prominent 

lignotuber; (3) a three-tiered, deep root system; and (4) a distinctive above-ground 

architecture.  Each of these adaptations and their significance is considered. 

 

First, jarrah has evolved a life cycle that is characterised by slow growth and 

conservative development.  Following germination, seedlings exist in a cotyledonous 

form for up to one year before developing a lignotuber (woody swelling) at or just 

below ground level (lignotuberous seedling).  The next growth stage, (also known as 

‘ground coppice’), is the size of a small bush, often with a well-defined leader among 

multiple shoots.  At this time, competition for soil moisture (and possibly light) from 
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larger trees is intense and an impediment to growth (Stoneman and Dell 1993; 

Stoneman et al. 1995).  Consequently, juveniles remain semi-dormant until they develop 

the necessary structures for accessing and competing for scarce resources.  Individuals 

may require the death of larger trees (due to old age, fire or other disturbance) to release 

resources and allow the resumption of growth (Abbott and Loneragan 1984).  Once root 

systems are sufficiently developed, ground coppice grows into a sapling stage (> 1.5 m 

in height but < 15 cm diameter at breast height, DBH), followed by a pole stage (DBH 

15-45 cm).  It may take 15-20 years to reach the sapling stage of growth and a further 

10 years to reach the pole stage (Abbott and Loneragan 1984; Abbott et al. 1989).  

Subsequent growth is relatively slow, even in high-quality forest.  A final height of 

around 40 m may require around 80-100 years (1-2 m DBH) of growth, but diameter 

continues to increase for the remainder of its life cycle (1-2 cm per decade, Abbott and 

Loneragan 1983), which is thought to be 300-400 years on average but possibly as 

much as 500-1000 years (Abbott et al. 1989).   

 

The annual growth cycle of jarrah is also well adapted to the Mediterranean climate 

(Abbott et al. 1989).  Wood production and leaf growth are asynchronous.  Leaves 

expand in spring and thicken and harden during the long, hot dry summer.  Stem 

cambium grows mainly in autumn and early winter following break-of-season rains 

with little growth during summer.  Root growth in the surface soil is initiated principally 

during spring and following autumn rains, but fine roots can grow rapidly (within 24 

hrs) to utilise summer rainfall (Abbott et al. 1989). 

 

Secondly, the presence of a lignotuber is critical for the survival and development of 

jarrah.  Primarily, it provides a large, water-rich root stock for the development of an 

extensive root system.  Also, the lignotuber provides the plant with a regenerative 

capacity.  If the shoots and stem are damaged or removed, the lignotuber produces rapid 

new growth from dormant buds and nutrient reserves (Abbott et al. 1989). 

 

Thirdly, adult jarrah has a distinctive 3-tiered root system that enables trees to access 

moisture and nutrients in the surface soil and perennial water sources in much deeper 

soil.  Development of the root system appears to be under strong genetic control (Abbott 
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et al. 1989).  Trees are supported by an extensive system of lateral roots, extending 

horizontally up to 20 m from the lignotuber and to a depth of around 1 m (Abbott et al. 

1989).  Lateral roots give rise to two other classes of roots for nutrient and water 

acquisition.  ‘Riser’ roots ascend and branch profusely close to the soil surface (Carbon 

et al. 1980).  They form thick clusters of perennial woody roots and annual fine roots, 

many of which are ectomycorrhizal.  These clusters, or ‘root pads’ are commonly 

enveloped in mycelial strands.  Fine roots and mycorrhizae play an important role in 

nutrient acquisition in the organic topsoil (Grierson and Adams 2000).  Vertically 

descending ‘sinker’ roots are also produced from the laterals.  These roots are produced 

in abundance and a small proportion of these are successful in locating vertical root 

channels or preferred pathways through caprock and into deep clay layers (Dell et al. 

1983).  Sinker roots give rise to a secondary system of fine roots that may exploit the 

soil immediately adjacent to the root channels.  The majority of root channels are 

permanent features of the soil profile, having been created and occupied by previous 

generations of trees (Dell et al. 1983).  It is estimated that each forest tree has access to 

100-200 channels, which may extend to depths of up to 40 m into the regolith (Dell et 

al. 1983).   

 

Finally, jarrah has a distinctive above-ground architecture.  Similar to other eucalypts, 

jarrah saplings and poles have juvenile crowns that are typically deeper than they are 

wide, consisting of persistent primary branches, semi-persistent branches and short-

lived branchlets.  Crowns generally divide when a tree height of around 20 m is reached 

(Abbott et al. 1989).  Crowns of neighbouring trees do not interlock and the position of 

the crown in relation to the forest canopy has been used to class individuals in terms of 

‘dominance’ (Abbott et al. 1989).  Following crown division, the architecture of larger 

jarrah trees reflects a large allocation of carbon to stem and branch tissue relative to the 

leaves.  On high rainfall sites, adult jarrah grow with a long, straight bole and a crown 

dominated by large limbs carrying relatively few leaves (Plate 1.1).  The large stems 

and branches are an important component of the hydraulic architecture of this species, 

in their contribution to resistance and capacitance of the water transport pathway (Doley 

1967; Waring and Running 1978). 

    



 

 20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Plate 1.1 
 
A mature jarrah [Photo supplied by Alcoa World Alumina Australia]. 
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Water relations of jarrah   

 

Jarrah displays remarkable capacity to cope with drought.  The primary mechanism for 

coping with summer conditions is a form of drought-avoidance.  Relative to other 

eucalypts and indeed many other tree species, jarrah does not appear to have any 

specific or specialised mechanisms for tolerating drought.  In general, physiological 

activity is curtailed under severe water stress.  In younger trees, drought avoidance is 

achieved via conservative water behaviour and semi-dormancy.  Above-ground 

development is restricted in younger growth stages, and supporting only a small leaf 

area conserves water, but below-ground development is continued, allowing access to 

an ever-increasing volume of soil to gain water.  In older trees, extensive root systems 

confer an ability to tap perennial water sources deep in the regolith.  As a result, water 

stress is not evident during the arid summer in spite of low water content in surface soil.  

Overall, it is clear that the water status of jarrah is strongly linked to development of a 

root system capable of accessing sources of water not available to understorey species 

or to other less specialized tree species.  Assumptions about the root system remain 

central components of nearly all analyses of jarrah water relations and hydrological 

budgets in the field. 

 

There has been a number of studies of the water relations of jarrah, owing largely to its 

dominance in the water catchments of Perth and surrounding areas.  Early work 

suggested that larger trees maintained a high rate of stomatal conductance and water use 

in summer (Grieve 1956; Doley 1967).  Subsequent studies concentrated on the 

processes regulating transpiration (Colquhoun et al. 1984; Crombie et al. 1987; 

Silberstein et al. 2001; Greenwood et al. 1985), the seasonal pattern of water relations 

(Carbon et al. 1981a; Crombie et al. 1988), the capacity of jarrah to exploit water stored 

deep in the soil profile (Crombie 1992; Crombie et al. 1987; Crombie et al. 1988; 

Farrington et al. 1996), and differences in water use and water stress in relation to age 

and site (Carbon et al. 1981a; Crombie 1997; Stoneman et al. 1996).  Some of the more 

important findings from this body of work are reviewed below. 
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During drought, jarrah seedlings and younger trees display characteristics more akin to 

mesophytic plants rather than xerophytes or halophytes.  In a greenhouse study of jarrah 

seedlings, Stoneman et al. (1994) showed that rates of leaf growth and photosynthesis 

were sensitive to water deficits.  It was also shown that parameters such as leaf water 

potential (ψ), relative leaf water content and osmotic potential changed significantly as 

soil dried, but recovered completely after re-watering.  Furthermore, there was evidence 

of osmotic adjustment at leaf ψ below –1.5 MPa, however this capacity was not 

considered sufficient to enhance seedling growth in the field, although it was thought to 

facilitate seedling survival.  The sensitivity of jarrah seedlings to water deficits in the 

field was confirmed by Stoneman et al. (1995) who showed that photosynthesis 

decreased in forest understorey seedlings in association with decreasing ψ over the dry 

season.  It was concluded from this study that a major effect of overstorey removal 

(predominantly larger jarrah) would be a reduction in some of the limitations that water 

deficits impose on seedling growth.   

 

In the presence of an overstorey, young jarrah trees display significant water stress and 

‘tight’ stomatal control in summer, further contributing to their classification as 

mesophytes.  For example, pre-dawn leaf ψ commonly drops below –2.5 MPa in 

summer and this is accompanied by stomatal closure (Crombie et al. 1988; Carbon et al. 

1981a; Crombie et al. 1987; Colquhoun et al. 1984; Crombie 1992; T. Bleby, 

unpublished data).  As another example, Crombie et al. (1987) showed that stomata 

regulated transpiration effectively and prevented damaging water potentials in root-

pruned saplings.  Crombie (1997) showed that growth from the seedling to the mature 

tree is accompanied by a general increase in pre-dawn leaf ψ and stomatal conductance, 

consistent with expansion of the root system into deeper soil as the tree grows, and 

access to perennial water sources.  Stomatal sensitivity has been recommended as a 

useful tool for monitoring short-term changes in the vigour of trees suffering from 

dieback caused by the soil-borne pathogen Phytopthera cinnamomi (Crombie and 

Tippett 1990).   
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In general, rooting depth (and thus access to sources of water) is closely related to water 

status (Crombie 1992; Crombie et al. 1988; Crombie 1997).  The relationship was 

sufficiently strong for Crombie et al. (1988) to propose that jarrah might be used as a 

natural soil tensiometer, whereby measurements of pre-dawn leaf ψ of plants could be 

used to monitor the drying of soils as an alternative to more expensive methods.  

Studies have also indicated that there appears to be a relationship between the number 

of surface roots and water availability in the surface soil during summer.  While there 

may be an apparent ‘oversupply’ of root capacity in spring, there is little or no excess 

capacity when surface soils are dry (Crombie et al. 1987). 

 

Jarrah’s mesophytic characteristics become less obvious with increasing tree size.  A 

range of studies has illustrated how mature jarrah can exploit varying sources of water 

such that they are effectively isohydric.  A recent study employing stable isotopes 

showed that during winter and spring, the main contributor to the water uptake of jarrah 

was stored water in the surface layers of the soil.  This water was replenished mainly by 

winter rainfall.  In summer, trees were more reliant on water from deeper in the profile 

(Farrington et al. 1996).  As a result of access to water deep in the regolith, mature 

jarrah can maintain fast rates of transpiration and experience relatively little water stress 

over summer.  This translates into little stomatal regulation of water loss during summer 

in the high rainfall zone and little seasonal variation in leaf water potentials (Colquhoun 

et al. 1984).  Distinctive diurnal patterns of water potential and stomatal conductance 

during summer are further evidence of active transpiration (Crombie 1992).   

 

In what was probably the first comprehensive study of jarrah ecophysiology, Doley 

(1967) found that transpiration was linearly related to leaf water deficit and that the 

diurnal course of transpiration followed that of evaporation.  Furthermore, using an 

early version of the compensation heat pulse method, Doley (1967) showed that patterns 

of sap flux were indicative of the extent of stem capacitance.  For this work, Doley 

(1967) should be widely recognised as a pioneer in obtaining and analysing sap flux 

measurements.  Hatton et al. (1998) confirmed Doley's (1967) main finding from thirty 

years earlier and expanded it to include the influence of tree size.  Hatton et al. (1998) 

demonstrated there was a strong linear relationship between mean daily water use and 
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leaf area, and the same relationship applied under wet (spring) and dry (summer) 

conditions.  The constant ‘leaf efficiency’ (water use per unit leaf area) in jarrah again 

suggests that both leaf area and water use are well-matched to soil water availability.  

This data from the jarrah forest has been central to the promotion of the 

‘ecohydrological equilibrium’ hypothesis (Hatton et al. 1998). 

 

Other processes that may help regulate transpiration in jarrah have been little studied.  

Preliminary experiments using ventilated chambers indicated that whole-tree 

conductance decreased during periods of high evaporative demand (Schofield et al. 

1989), suggesting that conductivity of the water transport system may be an important 

factor.  There is only one published study of sapwood hydraulic conductivity in jarrah.  

In a study of the conductivity of roots infected by P. cinnamomi, Davison and Tay 

(1995) concluded that naturally occurring, narrow xylem vessels within the root collar 

region are potentially restrictive to water flow. 

 

The importance of jarrah for maintaining a regional water balance  

 

Silberstein et al. (2001) recently completed a study of the energy balance of a natural 

stand of jarrah forest during spring and summer.  The detailed analysis included the use 

of multiple techniques for estimating total forest evapotranspiration (Etot).  Both a mass 

balance approach (where Etot was defined as the sum of tree water use and evaporation 

from the forest floor) and an energy balance approach (where Etot was defined as the 

‘residual’ component in the equation: Etot = Rn – H – G – J, where Rn is net radiation, H 

is the flux of sensible heat above the canopy, G is soil heat and J is canopy heat storage) 

produced very similar results.  Rates of evapotranspiration were the same in summer as 

they were in spring, despite reductions in soil moisture and leaf area index (LAI) of 

around 30 %.  Reference evapotranspiration (calculated using the Penman equation) was 

4.3 mm day-1 in spring and 5.5 mm day-1 in summer, and rates of Etot were close to 60 % 

of these values.  Actual tree water use was 2.5 mm day-1 in spring when LAI was 1.32 

and 2.8 mm per day in summer when LAI was 0.88.  Tree water use (measured using 

the compensation heat pulse method) was the average of several species: jarrah and 

Corymbia calophylla (marri), and a mid-storey species, Banksia grandis.  Tree trunks 
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and branches also intercepted a large amount of short-wave radiation and canopy heat 

storage was a significant component of the total daily energy budget.  The conclusions 

from this study built on those from previous work.  A deep soil profile is clearly 

important to providing the forest with an adequate supply of water year-round, and a 

deep root system is vital for maintaining a vigorous water-using overstorey.   

 

Vegetation is a critical component of the hydrological cycle in jarrah forests.  Typical 

jarrah-dominated catchments have a ground cover of around 70 % (Silberstein et al. 

2001).  They are also characterised by low rates of run-off, and stream flow is 

commonly only 1-10 % of annual rainfall (Ruprecht and Stoneman 1993).  Simple water 

balance models (evapotranspiration = rainfall – streamflow – soil water change – 

groundwater change) suggest evapotranspiration accounts for around 90 % of annual 

rainfall (Sharma 1984).  It is apparent that rainfall inputs and evapotranspiration losses 

are in a delicate balance.  Groundwater has seemingly little influence on local or 

regional hydrological cycles.  Rates of groundwater recharge are slow and rates of deep 

soil water and groundwater movement are even slower (Schofield et al. 1989).  Low 

water yields are attributed to the capacity of the deep soil profile (20-50 m) to store 

winter rainfall coupled with the depletion of stored water by vegetation throughout the 

year, predominantly by jarrah.  In addition to facilitating transpiration, the forest plays a 

less obvious role in water input through canopy interception and stemflow (Stoneman 

and Schofield 1989) and by maintaining preferred pathways for the deep percolation of 

water (Johnston 1987; Dell et al. 1983).  Organic topsoils and surface litter also play 

roles in reducing direct evaporation (Todd et al. 2000b). 

 

Not only does vegetation regulate the quantity of water released into catchments 

(Stoneman 1993; Ruprecht and Stoneman 1993), it plays a critical role in maintaining 

water quality.  In south-western Australia, the hydrological cycle is intimately 

associated with the cycling of minerals, especially simple salts.  Over millions of years, 

salt has accumulated in soil profiles throughout south-western Australia through 

atmospheric deposition of marine salt and chemical weathering of rocks (Schofield et al. 

1989).  Accumulation is pronounced in the eastern, low rainfall areas of the jarrah forest 

where there is little excess water to carry salt from the soil into streams (Schofield et al. 
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1989).  Even though many of the mechanisms associated with salt movement are 

unclear and not easily predicted, water use by jarrah and other vegetation regulates soil 

salinity.   

 

Heavy usage of water by forests contributes to the accumulation of salt.  In high rainfall 

zones, salt may accumulate rapidly beneath dense re-growth following logging as a 

result of increased water use and a reduction in salt-carrying runoff (Schofield et al. 

1989).  In low rainfall zones, salt can be deposited in the surface soil via processes akin 

to dryland salinisation in agricultural zones (Loh and Stokes 1980).  The term ‘dryland 

salinity’ is widely used to describe the rise of groundwater after the clearing of 

perennial vegetation and establishment of annual crops and pastures.  Dissolution and 

mobilisation of soil-stored salt and its deposition at the soil surface through evaporation 

has marked deleterious effects on agricultural productivity, soil structure and quality, 

and eventually on water quality in dams and reservoirs.   

 

At present, the jarrah forest is composed of a mosaic of post-logging coupes of various 

ages, stemming from previous and current demand for high-quality jarrah timber 

(Stoneman et al. 1989).  In light of the strong relationship between water use by the 

vegetation and the regional water balance, forest areas are now carefully managed for 

‘water production’ to ensure that reservoirs are supplied with good quality drinking 

water for metropolitan areas (Stoneman and Schofield 1989). 

 

On a broader scale, water use by the jarrah forest also influences regional climate.  As 

shown by the work of Silberstein et al. 2001), sensible heat fluxes and latent heat 

storage in the canopy of the jarrah forest and at the land surface influence patterns of 

convection in the atmosphere (Dale 1997) and, potentially, patterns of rainfall and 

evaporation. 
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Bauxite mining in the jarrah forest 

 

In addition to its forest and water resources, the landscape of the jarrah forest is richly 

endowed with minerals (Bartle and Slessar 1989) and mining is an economically 

important land use.  In particular, the highly weathered lateritic soil profiles of the jarrah 

forest are rich in bauxite (aluminium oxides), which has been mined since 1963.  

Current mining leases cover nearly the entire area of the northern jarrah forest region.  

At present, an area of around 450 hectares is mined annually, producing more than 20 % 

of the western world’s alumina (Bartle and Slessar 1989).  Mining in the drier eastern 

zone of the jarrah forest requires extra care, because the presence of salt is ‘unwritten 

insurance’ against disturbance (Dell and Havel 1989).  Open-cut mining is clearly a 

major disturbance.  A brief outline of the mining and subsequent rehabilitation 

procedures is provided here, a more detailed description is given in Chapter 2.   

 

Single mine pits are relatively small (10-20 ha).  The extant forest is totally cleared and 

the soil profile is extensively modified to a depth of 5-8 m. Topsoil (A horizon) and 

underlying ‘overburden’ (B horizon) is removed and stockpiled.  The lower, bauxite ore 

body is removed and the pit is then rehabilitated by rebuilding of the upper soil profile 

using stockpiled ‘overburden’ and topsoil (that is largely taken from an adjacent new 

pit, Nichols et al. 1985).  Finally, sites are sown with a seed mix of jarrah and 

understorey species, including nitrogen-fixing Acacia, and nutrients are applied.  A 

typical rehabilitation site is shown in Plate 1.2. 

 

The objective of mine rehabilitation is “to establish a stable, self-regenerating forest 

ecosystem, planned to enhance or maintain water, timber, recreation, conservation 

and/or other nominated forest values defined by the Western Australian Government 

Department of Conservation and Land Management (CALM)”, and the ultimate goal of 

rehabilitation is the restoration of a complete jarrah forest habitat (Ward et al. 1993).



 

 28 

 

 

 

 
 
 
 
 

 
 
 
 
Plate 1.2 
 
A 6-year old mine rehabilitation site at the Worlsey Alumina Pty. Ltd. bauxite mine (see 
Fig. 2.1 for location map).  
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Most of the plant species seeded in rehabilitation areas germinate readily.  Similarly, 

mortality is rare and growth rates are high in response to abundant light, water and 

nutrients.  As a result, young jarrah growing on rehabilitation sites are visibly superior 

to jarrah of the same size growing in the surrounding forest (Ward and Pickersgill 1985; 

Ward and Koch 1993; Koch and Ward 1994; Ward 2000).  In 1990, the United Nations 

Environment Programme (UNEP) listed Alcoa World Alumina Australia on its Global 

500 Roll of Honour for Environmental Achievement.  This was in recognition of the 

quality of Alcoa’s environmental management program for its bauxite mining 

operations. 

 

Good early growth of jarrah stands (to at least 10-20 years of age) is now readily 

achieved on rehabilitation sites.  The research focus has switched instead to the longer 

term (decades).  There is a clear need to better understand the effects of mining and 

rehabilitation on ecosystem functions, and primarily determine the impact of mining in 

the low rainfall zone of the jarrah forest.  Mining companies are mindful that permission 

for full-scale mining operations will only be granted if it can be shown that mining will 

not significantly affect the salinity of water resources (Nichols et al. 1985).  Not 

surprisingly, understanding the water use behaviour of jarrah in disturbed forest areas is 

of great interest to managers and scientific researchers alike.   

 

What is the likely impact of bauxite mining on the water use characteristics of jarrah? 

 

The significance of jarrah in the hydrological cycle is abundantly clear, but the impact 

of mining and rehabilitation on this cycle is less so.  There have been no published 

studies of the water use or water relations of jarrah in rehabilitation areas.  In an early 

study, other eucalypt species growing on rehabilitation sites showed no difference in 

water stress or transpiration to the surrounding native jarrah forest (Carbon et al. 

1981b).  In contrast to the surrounding forest, homogenous stands of trees on 

rehabilitation sites grow rapidly on heavily modified soils in an open environment (i.e. 

without a protective overstorey).  Consequently, stands on rehabilitation sites are more 

similar in nature to plantations than to natural forest and it is not unreasonable to 

suggest that jarrah growing on rehabilitation sites are likely to have water use dynamics 
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that are different to those in the surrounding forest.  Furthermore, it is not known if, or 

when, restored jarrah forest systems might display water use properties similar to those 

of the original forest, thus mimicking the traditional water balance, or alternatively, 

attaining some new equilibrium.  There can be little doubt that the long-term 

sustainability of stands on rehabilitation sites is dependent upon this factor, and it may 

ultimately be important criteria by which the success of rehabilitation is judged. 

 

At the tree level and over short time scales (hours to days to seasons), little is known of 

the key physiological processes and mechanisms that regulate water use by jarrah trees 

growing on rehabilitation sites.  At present, many important questions remain 

unanswered.  First, there are issues arising from a need to quantify water use by jarrah 

growing on rehabilitation sites, such as: 

• What is the status of soil water availability? 

• Does water use vary seasonally? 

• What is the amount of water used, and is this different to the amount used by 

forest-grown jarrah? 

• What is the relationship between water use and leaf area? 

• Does water use vary in relation to site and age? 

 

Second, there are questions related to the ecophysiology of jarrah growing on 

rehabilitation sites and the processes regulating transpiration, including: 

• What is the degree of water stress? 

• What is the relationship between soil water availability and transpiration?   

• What is the relationship between evaporative demand and transpiration? 

• What are the major factors regulating stomatal behaviour? 

 

Third, there is some indication that the architectural characteristics of jarrah growing on 

rehabilitation sites might also be an important factor to consider.  Therefore, it is useful 

to ask: 

• What are the major architectural differences between trees on rehabilitation 

sites and those in the forest? 

• What role does hydraulic conductivity play in water use? 
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Finally, there are many questions regarding below-ground processes in the rehabilitation 

environment.  While questions of this nature are worthy of as much attention as those 

related to water use, they are largely beyond the scope of this thesis.  However, it is 

recognised that many below-ground processes are strongly linked to water use.  Many 

of the above questions could not be answered without making inferences about the root 

system, particularly in relation to lignotuber development, the distribution of lateral and 

sinker roots, the ability of sinker roots to penetrate compacted subsoil, and the hydraulic 

conductivity of both the roots and surrounding soil.   

 

Answers to these and other questions will be critical for understanding the dynamics of 

jarrah ecosystems on rehabilitation sites over long time scales (seasons, years and 

decades).    

 

1.6   Thesis objectives 
 

The primary objective of this thesis was to characterise the key plant-based processes 

and environmental factors that regulate water use by young jarrah growing on mine 

rehabilitation sites, and to elucidate the relationships between and among them with a 

view to developing a predictive understanding.  In broad terms, this study was aimed at 

contributing information that would be useful to mine managers, forest managers and 

land use planners in their efforts to develop management strategies for rehabilitation, 

particularly so that stands could be managed in a sustainable manner in relation to water 

use.  

 

The specific objectives of this thesis, explored in five experimental chapters, were: 

1. To validate the use of heat pulse methodology for measuring sap flow 

(transpiration) in the stems of jarrah saplings (Chapter 3). 

2. To obtain a set of basic data on the seasonal patterns of transpiration and water 

relations of jarrah saplings growing on rehabilitation sites in high and low rainfall 

areas, and to develop simple predictive models of sapling water use that could be 

scaled to the stand level (Chapter 4).   
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3. To understand the roles played by soil water availability, atmospheric evaporative 

demand and whole-tree hydraulic conductance in the regulation of transpiration 

(via stomata) in the rehabilitation environment (Chapter 5).   

4. To compare the above-ground architecture of jarrah saplings growing on 

rehabilitation sites to that of saplings growing in the forest, and use architecture as 

an indicator to evaluate soil water availability in each environment (Chapter 6). 

5. To compare jarrah saplings growing on rehabilitation sites with those growing in 

the forest in relation to water use, water relations and whole-tree hydraulic 

conductivity  (Chapter 7). 



 

 33

CHAPTER 2. 
 

The study region and general methodology 

 

2.1   The jarrah forest 
 

Location 

 

Jarrah is widespread in the south-west of Western Australia (Fig. 2.1), within an almost 

contiguous block that may be considered as a single forest.  The northern region of the 

jarrah forest extends in a band parallel to the coast from just north of Perth to just south 

of Collie (~ 200 km), delimited by the Darling escarpment to the west and the 600 mm 

annual rainfall isohyet to the east (~ 80 km). 

 

Climate 

 

The climate of the jarrah forest is conventionally described as Mediterranean, consisting 

of hot, dry summers and cool, wet winters.  Mean monthly rainfall, daily maximum 

temperatures and daily minimum temperatures are shown in Figure 2.2.  The following 

description of climate is sourced from Gentilli (1989).   

 

The most significant feature of the climate of the jarrah forest is the intensity and 

duration of summer drought.  Rainfall is strongly seasonal; approximately 80 % of 

annual rainfall is recorded between May and October.  Mean annual rainfall is greatest 

near the western edge of the Darling scarp (1300 mm) and least at the eastern edge of 

the forest (650 mm).  Rainfall intensities are generally moderate to low, averaging 16 

mm day-1 in winter.  Evaporative demand during the dry season (November-April) is 

high (5-7 mm day-1) due to high temperatures and low humidities.  Annual pan 

evaporation is ∼1500 mm.   
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Figure 2.1  
 
A map of south-western Australia showing the location of study sites in the northern 
jarrah forest (Jarrahdale, Huntly and Worsley bauxite mines) [After Bartle and Slessar 
1989].  The latitude and longitude of Perth is 31°57′ S, 115°52′ E.  The Darling Range 
extends parallel with the coastline for approximately 80 km, beginning from just north 
(10 km) and to the east of perth (20-50 km), rising to approximately 580 m height above 
sea level. The Darling Range forms the westen border of the northern jarrah forest.  
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Figure 2.2  

 
Long-term monthly rainfall averages (columns) for the high rainfall zone (dark shading) 
and the low rainfall zone (light shading) of the northern jarrah forest, and mean monthly 
maximum (circles) and minimum (triangles) temperatures in the high rainfall zone.  
Average annual rainfall is given in parentheses in the legend.  Data were collected from 
weather stations at Dwellingup (Australian Bureau of Meteorology) in the high rainfall 
zone and Boddington (Worsley Alumina Pty. Ltd.) in the low rainfall zone.   
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In the high rainfall zone of the jarrah forest, mean daily maximum temperatures are 

15°C in winter and 30°C in summer.  Very hot days (> 40°C) are common in summer.  

Temperatures in the low rainfall zone are slightly greater, by about 1-2°C.  Minimum 

(night-time) temperatures in winter occasionally fall below 5°C and frosts are irregular 

events in low-lying areas.  The climate is also characterised by the high intensity of 

solar radiation.  On clear days, direct solar irradiance ranges from 470 W m-2 at the 

winter solstice to 970 W m-2 at the summer solstice, and remains above 600 W m-2 for 

7-8 hours each day from October to February.  Cloudiness is moderate, reducing 

radiation intake by around 16 % in January and 36 % in July.    

 

Geology and soils  

 

The landscape of Western Australia is one of the most ancient on earth.  The western 

third of the Australian continent is dominated by an ancient ‘great plateau’ of Pre-

Cambrian (Archean) crystalline rocks, of which the Darling Range is a constituent 

(Churchward and Dimmock 1989).  The western edge of the Darling Range rises 

sharply above a sandy coastal plain to an elevation of 200-300 m, and the topography 

inland of this range is classified as broadly undulating.  

 

The jarrah forest lies on deep, lateritic soil profiles within the Darling Range.  These 

profiles are typically coarse-textured at the surface but become fine-textured with depth 

(Fig. 2.3).  Shallow topsoil (0.1 m) lies above a layer of sandy gravel to a depth of 0.5-

1.0 m.  Below this is a soil horizon rich in aluminium-bearing minerals such as gibbsite 

and kaolinite, known as ‘bauxite’.  Bauxite has two distinct physical layers.  The upper 

layer is a prominent caprock or ‘duricrust’ of red-brown, breccia-like material cemented 

in a light-brown quartz-rich matrix (~1 m in thickness).  This caprock grades into friable 

lower layer (of a further 3-4 metres depth) of irregularly shaped brown nodules in an 

earthy yellow matrix.  Below the bauxite horizon are deep layers of (mottled and pallid) 

kaolinitic clays, known as saprolite.  The soil profile lies on a mantle of igneous and 

metamorphic bedrock at a depth of around 50 m, principally crystalline granites and 

granitic gneisses. 
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Figure 2.3  
 
Soil profiles of the jarrah forest before and after bauxite mining (not drawn to scale).  
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These soil profiles have been weathered and leached in situ for millions of years 

(Churchward and Dimmock 1989).  Consequently, surface soils are nutrient poor and 

laden with salt of marine origin (carried inland by prevailing winds).  Surface soils vary 

in type depending on a range of factors, especially the parent material and the extent of 

weathering, depending in turn on topography.  Sandy gravels are formed on upper 

slopes, earths and duplex soils on mid-slope, and loams and sandy loams in valleys.  

Reviews by Sadleir and Gilkes (1976) and Churchward and Dimmock (1989) provide 

further information. 

  

Vegetation 

 

The jarrah forest is dominated by broad-leaved, evergreen, dry sclerophylls.  Jarrah is 

the dominant tree.  In the high rainfall zone (900-1200 mm), jarrah grows as tall forest, 

containing trees that are 30-40 m in height and 1-2 m in diameter at 1.3 m above the 

ground.  Tall forest grades to open forest and woodland to the east and north.  Individual 

trees gradually decrease in stature to a mallee-type form (tall shrub) with decreasing 

rainfall.  Jarrah shares co-dominance with Corymbia calophylla (marri) on more fertile 

sites, and E. patens (blackbutt) and E. rudis (flooded gum) on wetter sites such as valley 

floors and waterways.  At the forest boundaries, jarrah is replaced by neighbouring tree 

species, including E. wandoo (wandoo) and E. accedens (powderbark wandoo) in the 

drier east, marri and E. diversicolor (karri) in the wetter south, and E. gomphocephala 

(tuart) on the sandy plains to the west.  The jarrah forest understorey is typically 

comprised of small trees (4-7 m) including Banksia, Casuarina, Melaleuca and 

Persoonia species, and ground cover of woody shrubs (1-2 m) including Acacia, 

Xanthorrhoea, Grevillea, Dryandra, Hakea and Macrozamia species.  Numerous 

species of shrubs and herbs inhabit the forest floor, and the region is particularly noted 

for its orchids and other wildflowers such as Hibbertia, Boronia, and Patersonia.  An 

example of mature jarrah forest vegetation is shown in Plate 2.1.   
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Plate 2.1 
 
Mature jarrah forest vegetation [Photo supplied by Alcoa World Alumina Australia]. 
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On a global scale, the jarrah forest is unusual in that other regions with Mediterranean 

climates support ecosystems no more productive than sclerophyll shrublands (Dell and 

Havel 1989), whilst the Darling Range is dominated by tall jarrah forest growing on 

nutrient poor soils.  The flora of the jarrah forest has evolved in isolation from other 

continents and from the rest of Australia by oceans and deserts.  This has given rise to 

exceptional diversity.  There are more than 700 species of plant in the northern parts of 

jarrah forest, many of them rare and native only to this ecosystem (Bell and Heddle 

1989).   

 

Plants in the jarrah forest “have the capacity to cope” with drought, low nutrient 

availability and fire.  The periods of growth are early spring (Sep/Oct) and late autumn 

(late April/May) when conditions are near optimal (Abbott et al. 1989), i.e. when soil 

water is readily available, the soil is warm and atmospheric conditions are favourable 

(temperature, humidity and solar radiation).  Nutrient cycling is a critical feature of this 

ecosystem, whereby a large proportion of the nutrients taken up from the soil are 

returned to the forest floor in litter (Hingston et al. 1989).  Litter decomposition is 

generally slow and nutrient mineralisation processes are strongly related to soil moisture 

availability (Todd 2000; Todd et al. 2000a).  The re-cycling of nutrients provides a 

supply to plants growing in nutrient impoverished soils that would otherwise have been 

exhausted thousands of years ago.  Nitrogen-fixing species and those with mycorrhizal 

roots are important for increasing the availability of nutrients and efficiency of capture 

and uptake (Grierson and Adams 1999; Grierson and Adams 2000).  Fires create 

nutrient-rich patches and open spaces for the growth of new vegetation (Hingston et al. 

1989) and the jarrah forest is strongly adapted to periodic fire events (Bell et al. 1989).  

Numerous plant species are ‘fire-ephemerals’ and others, including jarrah, have evolved 

a range of adaptive characteristics to survive fire (e.g. protective layers of thick, stringy 

bark) or to re-establish quickly following fire (e.g. large, below-ground lignotubers). 
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Hydrology  

 

The hydrological cycle of the jarrah forest is highly dynamic, and is based on a 

sequence of heavy winter rainfalls followed by high rates of evapotranspiration in 

summer.  On an annual basis, evaporation equals or exceeds rainfall throughout the 

forest.  The infiltration capacity of jarrah forest soils is high; they can store up to 40 % 

of winter rainfall (Schofield et al. 1989).  Permanent groundwater systems are present in 

the freshly weathered material above bedrock and occasionally in the pallid clay layer 

(Schofield et al. 1989), but the magnitude of groundwater recharge is generally low (1-9 

% of rainfall depending on groundwater depth, topography and forest density).  Water 

that is not stored in the soil is released to streams via through-flow in the upper gravely 

horizons (Ruprecht and Stoneman 1993).  Stream-flow and runoff rates from mature 

jarrah forest are low, only 1-10 % of annual rainfall (Ruprecht and Stoneman 1993).  As 

mentioned in Chapter 1, water storage is critical for providing the forest with an 

adequate supply of water through the long dry summer, and water use by vegetation 

(predominantly that transpired by jarrah) maintains the ‘delicate’ hydrological balance.   

  

The jarrah forest is the primary catchment for the water supply of the city of Perth (1.5 

million people), a city with a limited water supply and increasing demand.  Reducing 

the volume of water used by forest vegetation (via thinning) has been identified as a 

means to manipulate streamflow and increase water production (Stoneman and 

Schofield 1989; Stoneman 1993).  However, it is clearly understood that any change in 

the water balance of the jarrah forest carries a risk of increasing salinity.  Soil surveys 

have shown that salinity increases rapidly with decreasing rainfall (Schofield et al. 

1989) and in low rainfall areas there is insufficient rainfall, infiltration and groundwater 

recharge to export salt from the soil profile.  In high rainfall regions, salts are gradually 

discharged into streams via groundwater and runoff.  Disturbance to the water balance 

in areas of high salt storage, especially the broad-scale clearance of native vegetation, 

has resulted in widespread land and stream salinisation (Schofield et al. 1989).  Hence, 

the potential impact of bauxite mining on the quantity and quality of water resources is 

a significant issue, particularly in the drier, eastern region of the jarrah forest. 
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Land uses 

 

European settlement has resulted in a complex pattern of land uses in the jarrah forest.  

Present uses include: forestry, mining (bauxite, gold, coal and quarrying), water 

conservation (dams, streams etc.), horticulture, infrastructure (roads, pipelines, power 

lines, railways etc) and recreation (parks, camps, walking trails etc.).  The jarrah forest 

has been readily exploited because of its close proximity to the coast and major 

population centres, its favourable climate and moderate terrain.  The rich timber, water 

and mineral resources have been heavily exploited for much of the past 150 years and 

markedly so in the past 40 years. 

 

Logging was the first major anthropogenic disturbance to the jarrah forest (see the 

review of Stoneman et al. 1989).  Briefly, logging from the 1860’s to the 1920’s was 

intensive, such that few stands of ‘old-growth’ forest now remain.  Logging since has 

been more selective in an effort to protect regeneration and to accord with modern 

practices of sustainable forest management.  At present, most of the jarrah forest is 

comprised of a mosaic of post-logging coupes of various ages and densities.  Wood 

production is still a primary objective, and when seasoned, jarrah is a dense, high 

quality timber suitable for many uses (construction timber, furniture, poles etc.).  

Importantly, management practices are also designed to balance wood production with 

other objectives such as fire management, conservation (for protecting flora and fauna) 

and water production. 

 

Bauxite mining 

 

Bauxite has been mined in the jarrah forest since 1963 and current mining leases cover 

nearly the entire area of the northern jarrah forest.  At present, Alcoa World Alumina 

Australia operates mines at Huntly (32°43´S, 116°04´E) and Willowdale in the high 

rainfall zone of the Darling Range (110 and 130 km south-east of Perth respectively).  

Two other Alcoa mines at Jarrahdale and Del Park were recently closed (55 and 115 km 

south-east of Perth respectively).  Worsley Alumina Pty. Ltd. operates one mine near 

Boddington (33°55´S, 116°27´E) in the low rainfall zone (130 km south-east of Perth).  



 

 43

A brief description of the mining and rehabilitation procedure is provided below, based 

on full descriptions from Nichols et al. (1985), Bartle and Slessar (1989), Ward et al. 

(1993) and Ward (2000). 

 

High-quality bauxite deposits within the forest are identified from aerial photographs, 

geological reconnaissance and drilling programmes.  ‘Mineable’ areas of the forest (< 5 

%) are surveyed in detail to assess the likely impact of mining on the flora, fauna, water 

resources (such as the proximity to dams and streams) and other land uses (recreation, 

conservation, agriculture etc.).  The state government of Western Australia (land-owner) 

must approve all mining and rehabilitation plans.  On a landscape scale, each bauxite 

mine (of which there area several in the jarrah forest) is comprised of a patchwork of 

individually mined areas of varying size.  The ore bodies occur as irregularly shaped, 

discontinuous pods, ranging in size from 1-100 ha and averaging 10-20 ha.  On average, 

between 400 and 600 hectares of forest are cleared each year for the purpose of mining. 

 

Prior to mining, all vegetation growing above the bauxite is cleared.  Commercial-grade 

timber is harvested, some waste timber is stockpiled for future use in the rehabilitation 

process, and the remaining waste timber is burnt.  Next, the surface layer of topsoil is 

stripped using scrapers and bulldozers (0-0.15 m depth).  The topsoil is either 

transferred directly to another mine pit awaiting rehabilitation or stockpiled for future 

return.  Immediate return maximises the contribution of the seed store to plant 

germination (Ward et al. 1997).  Beneath the topsoil lies a layer of gravely loam 

material, termed ‘overburden’, which is also removed and stockpiled (up to 1 m depth). 

 

Bauxite is removed using open-cut mining methods (Plate 2.2 A).  Most often, the 

bauxite ore body is present in two distinct layers, a cemented caprock (up to 1 m in 

thickness) and friable material below (1-4 m).  Caprock is fragmented by drilling and 

blasting, and then bauxite is removed using front-end loaders.  The actual amount of 

bauxite mined from a pit is dependent on ore quality (> 27 % aluminium oxides).  Large 

trucks are used to transport the bauxite along haul roads to crushers.  Crushed ore is 

subsequently transported to a refinery by conveyor belts.  Mined pits have a vertical 

face of 2-5 m depth, and a floor that has been highly compacted by heavy machinery.
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Plate 2.2 
 
Bauxite mine rehabilitation: ore removal from a bauxite mine pit (A), and an area of 
rehabilitation at Worsley (B) showing from top to bottom, a patch of natural forest on 
the horizon, a 3-year old rehabilitation site, an active mine pit, more natural forest, a 
haul road and overburden stockpile and a 6-year old rehabilitation site [Photo A was 
supplied by Alcoa World Alumina Australia]. 
 

 

B 

A 



 

 45

The rehabilitation process 

 

Earthworks commence as soon as possible after mining.  Pit floors are ripped, pit walls 

are battered down and pits are reshaped to blend in with the surrounding landscape.  

Next, a layer of overburden material is returned, followed by topsoil.  The result is an 

artificially constructed soil profile with homogenised A and B-horizons (Fig. 2.3).  

Following construction, soil profiles are deep-ripped to a depth of around 1.5 m using a 

bulldozer fitted with a large, winged ripping tine.  Ripping lines follow the ground 

contour at approximately 2 m spacing and mounds are partly flattened using a ‘drag-

bar’ to produce a smoother surface.  Ripping is undertaken to relieve subsoil 

compaction and to control surface drainage, such that water infiltrates the soil rapidly 

and a large quantity is stored.  Water ponding is undesirable because it pre-disposes 

areas of re-vegetation to fungal dieback disease (Phytopthora cinnamomi).  Where 

necessary, contour banks are constructed to act as a secondary control for surface water 

flow.  Excess runoff is diverted to sumps, which are designed to retain sediment-laden 

water, preventing it from discharging into surrounding forest or streams.  Once 

landscaping is completed, pits are ready for seeding. 

 

A seed mix of indigenous eucalypts and native understorey species is spread by hand 

over the entire pit surface.  Some 90 species are included in the mix with jarrah being 

the major tree species (> 60 %).  Other trees include marri, blackbutt and Eucalyptus 

megacarpa (bullich).  The proportions of individual species in the seed mix are 

dependent on site factors such as position in the landscape, site wetness, soil properties 

and the risk of dieback disease.  Understorey species are dominated by nitrogen-fixing 

leguminous species (to enhance nutrient cycling processes) such as Acacia spp, along 

with other shrubs and herbs.  Seeding occurs in May/June following break-of-season 

rainfall and when winter rains are imminent.  Seed is applied at a rate of 1.3 kg ha-1 for 

understorey species and 1.3-2.6 kg ha-1 for trees.  The sown seed supplements that 

extant in the topsoil.  The objective is to establish a minimum of twenty thousand 

understorey plants and two thousand eucalypt seedlings per hectare.  Broadcast seeding 

is the preferred method because it provides a more natural vegetation structure, and for 

jarrah, this method results in the development of trees with better form.  After seeding, 
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nutrients are applied (usually in early spring) to encourage rapid early growth (500 kg 

ha-1 diammonium phosphate plus micronutrients).  Current management strategies aim 

to establish and maintain nutrient cycling processes at rates comparable with, or 

approaching those of the native forest.  Ward (2000), Todd (2000), Todd et al. (2000a) 

and Todd et al. (2000b) provides recent information on nutrient cycling in rehabilitated 

mine sites.   

 

All rehabilitated sites are carefully monitored following restoration.  Initial monitoring 

(after nine months) is conducted to evaluate the success of seeding.  Sites that fail to 

meet minimum criteria for survival and/or stocking density, or show evidence of soil 

degradation, are re-treated.  Seedling emergence and early growth on rehabilitation sites 

have been comprehensively studied, and further information can be found in 

McChesney et al. (1995), Koch and Ward (1994), Grant et al. (1996), Ward et al. 

(1996), and Ward and Koch (1993).  Following establishment, the general performance 

of rehabilitation is assessed periodically.  The long-term objective of mine rehabilitation 

by mining companies is “to establish a stable, self-regenerating forest ecosystem, 

planned to enhance or maintain water, timber, recreation, conservation and other 

nominated forest values defined by the Western Australian government Department of 

Conservation and Land Management, CALM” (Ward et al. 1993).  An example of the 

landscape in a typical mining area is shown in Plate 2.2 B. 
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2.2   Materials and methods 
 

Materials and methods common to two or more experiments are detailed in this section 

in order to prevent unnecessary repetition throughout this thesis.  The site descriptions, 

experimental designs and sampling regimes of the five experiments reported in this 

thesis are detailed in the chapters to follow (Chapters 3-7) under the heading 

‘Experimental procedure’. 

 

Theory underlying the measurement of sap flow using ‘heat pulse’ techniques 

 

Two heat pulse methods were used to measure sap flow (transpiration) in the studies 

reported in this thesis: the Compensation Heat Pulse Method (CHPM) and the Heat 

Ratio Method (HRM).  Heat pulse methods estimate sap flow from the conduction and 

convection of a short pulse of heat introduced into the sap stream in xylem tissue.  The 

CHPM is the most widely used heat pulse method (Edwards et al. 1997), and a review 

of the development and use of the CHPM is provided by Swanson (1994).  In contrast, 

the HRM is a relatively new method1.  

 

 

 

 

 

                                            

1 The HRM was recently developed based on the ideas of Marshall (1958) and first published in: 
 
Burgess SSO, Adams MA, Turner NC and Ong CK (1998) The redistribution of soil water by tree 

root systems. Oecologia 115: 306-311. 
 
A full description of the theory and methodology of the HRM is outlined in: 
 

Burgess SSO, Adams MA, Turner NC, Beverly CR, Ong CK, Khan AAH and Bleby TM (2001) 
An improved heat pulse method to measure low and reverse rates of sap flow in woody plants. 
Tree Physiology 21: 589-598. 

 
Some details of the application and benefits of the HRM are outlined in: 
 

Burgess SSO, Adams MA and Bleby TM (2000) Measurement of sap flow in roots of woody 
plants: a commentary. Tree Physiology 20: 909-913. 
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The theory of operation of the CHPM is described in detail in Marshall (1958), 

Swanson and Whitfield (1981) and Smith and Allen (1996).  Briefly, two probes 

containing temperature sensors are inserted radially into the xylem to equal depths 

(aligned with the axis of the stem) and located above and below a similarly inserted line 

heater probe (Figure 2.4 A).  The heater probe is located at a fixed distance upstream 

from the mid-point between the temperature probes (except where stated otherwise, in 

this thesis the heater was located 0.7 cm above the upstream temperature probe and 1.2 

cm below the downstream temperature probe, denoted as –0.7, 0, 1.2).  Following the 

release of a heat pulse, heat is convectively transported toward the downstream 

temperature probe.  Movement of the heat pulse to the mid-point between the 

temperature sensors is indicated when both temperature sensors have warmed to the 

same degree (i.e. to a point 0.25 cm downstream from the heater probe for the –0.7, 0, 

1.2 configuration).  The time taken for the heat pulse to move this distance is used to 

calculate heat pulse velocity (Vh): 

 

3600
2 0

ud
h t

xx
V

+
=       (2.1) 

 

where t0 is the time to thermal equilibrium of the downstream and upstream temperature 

sensors, xd and xu are the distances from the heater probe of the downstream and 

upstream temperature sensors respectively.  A negative value is assigned to xu because it 

is located on the opposite side of the heater to xd.  

 

The theory of the HRM is described in Burgess et al. (2001a).  Temperature and heater 

probes are inserted into the xylem similarly to the CHPM, except that the heater probe is 

located at a point equidistant from the upstream and downstream temperature sensors 

(Fig. 2.4 B).  Instead of a ‘distance travelled over time’ approach to measuring Vh, the 

HRM measures the ratio of the increase in temperature at points equidistant upstream 

and downstream from a line heater following the release of a heat pulse.  
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Heat pulse velocity obtained using the HRM is calculated as (Marshall 1958): 

 

( )
3600

ln 21
h x

vvk
V =       (2.2) 

 

where k is thermal diffusivity of wet (fresh) wood, x is the distance from the heater 

probe of either temperature probe, and v1 and v2 are increases in temperature at 

equidistant points (x) downstream and upstream respectively (in relation to initial 

temperatures). 

 

In this study, upstream and downstream temperature probes were located 0.5 cm from 

the heater probe (denoted as –0.5, 0, 0.5), and a nominal value of thermal diffusivity (k 

= 2.5 x 10-3 cm2 s-1) was used initially for bulk measurements.  The true value of k was 

resolved empirically at a later stage using estimates of thermal conductivity, density and 

specific heat capacity of fresh sapwood.  These parameters were derived from simple 

measurements of the water content and density of sapwood (see Burgess et al. 2001a). 

 

Heat pulse methods are highly sensitive to errors arising from the inaccurate spacing of 

temperature sensors, and close attention was paid to spacing as a potential source of 

error.  For the CHPM, sensor alignment was assessed by placing an over-length probe 

into each drill hole and measuring the spacing and angle of the protruding probe 

(Olbrich 1991; Hatton et al. 1995).  The actual location of the temperature sensors was 

then calculated using simple trigonometry.  For the HRM, sensor alignment was 

measured using the method described in Burgess et al. (2001a).  Collected data were 

corrected mathematically from an analysis of measurements at a known sap velocity 

using equations provided by Burgess et al. (2001a).  The simplest means of correcting 

erroneous HRM data is an empirical test of zero bias.  In practice, stems were severed 

while data collection was continued, including during the subsequent period when all 

sap flow had ceased.  In this way, spacing errors were corrected in situ.  A primary 

benefit of the HRM is its ability to resolve Vh ≤ 0, unlike the CHPM (Becker and 

Edwards 1999; Burgess et al. 2001a).  
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Figure 2.4  
 
Schematic diagrams illustrating the configuration of ‘heat pulse probes’ implanted 
radially into a stem.  Diagram A shows the configuration for the compensation heat 
pulse method (CHPM) and diagram B shows the configuration for the heat ratio method 
(HRM).  For the CHPM, the upstream temperature probe is installed at a distance xu 
below the heater and the downstream probe at a distance xd above the heater.  For the 
HRM, temperature probes are installed at the same distance x above and below the 
heater.  For measurements in the stems of jarrah, temperature sensors were usually 
implanted at depths of 0.5 cm and 1.5 cm from the cambium-sapwood boundary.  Under 
this arrangement, the cross-sectional area of sapwood was divided into two concentric 
annuli such that the width of the ‘outer’ annulus was 1 cm, from the cambium-sapwood 
boundary to 1 cm depth, and the width of the ‘inner’ annulus was the distance from 1 
cm depth into the sapwood to the sapwood-heartwood boundary (usually 1-2 cm).  Sap 
velocity measurements from the mid-probe sensor (15 mm from the needle tip) were 
assigned to the ‘outer’ sapwood annulus and the measurements from the sensor nearest 
the tip (5 mm from the needle tip) were assigned to the ‘inner’ sapwood annulus. 
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Heat pulse velocity is sensitive to wounding after probe installation.  Flow pathways are 

interrupted following mechanical damage to xylem tissue and intact xylem vessels may 

become blocked as the plant responds to wounding by forming tyloses.  As a result, 

regions of non-conducting wood around the site of probe insertion affect the pattern of 

sap flow and movement of heat pulses.  Heat pulse velocity measurements are corrected 

for wounding using simple algebraic equations and coefficients generated from 

mathematical models that describe heat pulse velocities for varying wound widths (see 

Swanson and Whitfield 1981).   

 

Heat pulse velocity measurements obtained using the CHPM were corrected according 

to the equation: 
2

hhc cba VVV ++=       (2.3) 

 

and heat pulse velocity measurements obtained using the HRM were corrected 

according to the equation: 
3

h
2

hhc dcb VVVV ++=      (2.4) 

 

where Vc is wound-corrected heat pulse velocity and a, b, c and d are correction 

coefficients (not the same in both equations).  Coefficients for varying wound widths 

(0.17 - 0.30 cm) were generated by Burgess et al. (2001a) or else generated specifically 

for the probes and probe spacings used in the experiments outlined in this thesis. 

 

Following correction for wounding, heat pulse velocity measurements are related to sap 

velocity from knowledge of the physical properties of wood and sap (water) in the 

xylem matrix.  Only a proportion of xylem tissue (the lumen) contains moving sap and 

heat pulse velocity measurements are effectively a weighted average of the velocities of 

moving sap and ‘stationary’ wood (Marshall 1958).  Sap velocity can be determined by 

measuring the fractions of sap and wood in the xylem and accounting for their differing 

densities and specific heat capacities.   
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In this thesis, sap velocity (Vs) was calculated as (Barrett et al. 1995, modified from 

Marshall 1958): 

( )
c

ss

scwb
s ρ

ρ
V

c
cmc

V
+

=       (2.5) 

 

where ρb is the basic density of wood (dry weight / fresh volume), ρs is the density of 

water, cw and is the specific heat capacity of the wood matrix (1200 J kg-1 °C-1 at 20°C, 

from Becker and Edwards 1999), cs and is the specific heat capacity of water (4182 J 

kg-1 °C-1 at 20°C), and mc is the water content of sapwood. 

 

Finally, volumetric estimates of sap flow can be derived as the product of sap velocity 

and the cross-sectional area of conducting wood.  Usually, point estimates of sap 

velocity are weighted according to the amount of conducting sapwood they sample 

(Hatton et al. 1995).  For example, where sap velocity is measured at several radial 

depths in the xylem, total sapwood area is divided into concentric annuli delimited by 

the midpoints between measurement depths.  The volume of sap flow within a single 

annulus is estimated as the product of the annulus area and the point estimate of sap 

velocity associated with that annulus.  The total volume of sap flow is then calculated as 

the sum of estimates obtained from all measured annuli.  Specific details of this 

procedure are presented later in this chapter. 

  

Construction of ‘heat pulse probes’ and a sap flow measurement system 

 

A single heat pulse ‘probe set’ consisted of two ‘temperature probes’ (each with two 

temperature sensors) and one ‘heater probe’. 

 

‘Temperature probes’ were constructed in a workshop by placing two fine-gauge (36 

AWG) type-T (copper-constantan) thermocouple junctions (also referred to as 

temperature sensors) inside a stainless steel 18-gauge hypodermic-type (drawing-up) 

needle (1.25 mm in diameter, 38 mm in length).  The thermocouples were insulated by 
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inserting them inside a glass micro-capillary tube sealed at one end.  The glass tube was 

positioned in the needle such that the thermocouples were located 5 mm and 15 mm 

from the needle tip.  The fine-gauge thermocouple wires were soldered to larger gauge 

extension wires (24 AWG).  The needle tip was sealed with solder and the needle base 

filled with epoxy resin to secure and waterproof the contents of the probe.  The 

extension wires were then soldered to an extension lead (10 m in length), which was 

comprised of a shielded 4-core audio cable and a separate length of copper-constantan 

thermocouple extension wire (solid 24 AWG).  A single extension lead accommodated 

two temperature probes, each with two thermocouple junctions (one thermocouple 

junction for each core of the cable).  All thermocouples were connected to the same 

(common) constantan extension wire. 

 

‘Heater probes’ were constructed by placing a coiled length of high resistance wire 

inside a needle of the same type as used for ‘temperature probes’.  Approximately 20 

cm of high resistance nichrome wire (36 AWG, 79 Ω m-1) was tightly coiled, then 

insulated by insertion inside a glass micro-capillary tube.  One end of the nichrome coil 

was soldered to the needle tip and the other end to the positive lead of a short length of 

power cable.  The negative lead of the power cable was soldered to the needle base 

(completing the circuit once power was applied).  The needle base was filled with epoxy 

resin and the power cable was soldered to the extension lead.  The positive power lead 

was soldered to the copper lead of the thermocouple extension wire and the negative 

power lead was soldered to the shield of the 4-core audio cable (a surrogate fifth wire).  

The shield wire served two functions under this arrangement: first, as a shield against 

transient, random electrical interference for thermocouple measurements (heaters in the 

‘off’ position), and secondly as a power lead for the heaters (heaters in the ‘on’ 

position).  The resultant resistance of the heater was ∼ 18 Ω. 

 

Sap flow measurement systems were assembled using the heat pulse ‘probe sets’ (also 

referred to as sap flow sensors) and commercially available electronic equipment.  

Individual thermocouple circuits were connected to a 64-channel multiplexer (Model 

AM416, Campbell Scientific, Inc., Logan, Utah), which in turn was connected to a data 

logger (Model CR10X, Campbell Scientific, Inc.).  This system accommodated a 
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maximum of 16 probe sets.  Voltage measurements from thermocouples were converted 

to temperature measurements (°C) using a thermocouple reference thermistor (Model 

10TCRT, Campbell Scientific, Inc.).  Heater circuits were connected in parallel to a 12-

V lead-acid car battery by a (logger controlled) relay that allowed a single heat pulse 

(usually 2.5 seconds duration) to be released at the time of sap flow measurement.  A 

16-Watt solar panel was used to maintain battery voltage in the field, and all electrical 

components were housed in a waterproof box.  Data were downloaded from loggers in 

the field using a laptop computer.  An example of the application of the sap flow 

measurement system in the field is illustrated in Plate 2.3. 

 

Protocols for measuring sap flow in jarrah stems 

 

The following section details the procedure used for measuring sap flow in the stems of 

jarrah saplings.  Saplings selected for sap flow measurements generally had a single, 

straight stem and healthy foliage.  Saplings were randomly selected assuming that any 

given sapling would be representative of those of the same age on rehabilitation sites. 

 

Two or three probe sets (depending on availability of equipment and tree size) were 

installed at approximately 0.5 m height (below the first branches and above basal 

swelling) and at equal angles to each other around the main stem (Plate 2.3 D).  This 

placement helped account for circumferential variation in sap flow.  Probes were 

installed in trees by drilling 1.4 mm diameter holes.  Rough, outer bark was shaved to 

create an even surface for drilling, taking care to leave the cambium layer intact (Plate 

2.3 C).  A steel drilling guide was used to ensure that parallel holes were drilled at fixed 

spacings along the plant stem axis.  Petroleum jelly was used to ease probe insertion and 

to maintain thermal contact between the probe and the wood tissue (Barrett et al. 1995).  

Probes were installed such that temperature sensors were located at approximate depths 

of 0.5 cm and 1.5 cm from the outer edge of the sapwood.  Probe sets were protected 

from irradiance and stemflow of water using aluminium foil jackets and plastic covers 

(Plate 2.3 C-E).  Heat pulse velocity measurements were made at half-hourly intervals. 
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Plate 2.3 
 
Heat pulse methodology, including: data retrieval (A), datalogger equipment (B), a 
single ‘heat pulse probe’ set (C), replicate probe sets in a jarrah sapling (D), 
measurements from replicate jarrah saplings (E), and a dye-stained wood disc showing 
the outer annulus of sapwood (F). 

1 

A B

C D

E 
F
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Data gathered over the days immediately following installation was examined to assess 

bias arising from inaccurate probe spacing.  For example, night time rates of heat pulse 

velocity (when rates were typically very low or close to zero) were analysed and probes 

were reinstalled when velocities were obviously in error due to inaccurate probe 

spacing, i.e. when base lines of minimum velocity were > +5 cm hr-1 or < -5 cm hr-1.   

 

Wound development around the point of probe insertion was monitored visually on a 

regular basis (monthly) to check for colour change in the sapwood around drill holes.  

Probes were reinstalled if a colour change visibly exceeded 0.25 cm.  Preliminary work 

showed that colour change was a good indicator of wound width in that following 

examination of wound-affected cores under a light microscope, it was found that a 

colour change diameter of approximately 0.25 cm corresponded to a total wound diamer 

of approximately 0.3 cm; the largest wound that could be corrected with available 

wound correction coefficients.   

 

Wood cores were sampled periodically (every 2-3 months) using a 5.2 mm (core) 

diameter increment borer.  Wood cores were wrapped in plastic and kept cool to 

minimise water loss.  In the laboratory, sapwood portions were weighed using a 

precision electronic balance after heartwood portions were discarded.  Core volumes 

were measured by immersing cores in distilled water and applying Archimedes’ 

principle.  Cores were then oven dried at 60 °C for 24 hours and re-weighed.  Fresh 

weight, dry weight and fresh volume of sapwood were used to calculate moisture 

content, volume fractions of wood and water, density and thermal diffusivity according 

to Burgess et al. (2001a).  Long-term sap flow data were adjusted for changes in 

sapwood properties over time, which proved to be minimal. 

 

At the conclusion of an experiment, the trees were felled and heat pulse measurements 

were continued (for several hours to days) until measured sap flow was zero, for the 

purpose of correcting probe alignment in cases where the HRM was used.  Prior to 

probe removal, the exact insertion depth of each probe was measured to determine the 

exact location of temperature sensors in the sapwood.  Next, wood discs were sampled 

at probe height.  In the laboratory, wound widths were accurately determined by 
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staining wood discs with 0.1 % basic fuschin dye (specific details of this procedure are 

presented later in this chapter).  Wood cross-sections containing drill holes were viewed 

under a dissecting microscope to measure the width of nonconductive xylem either side 

of the drill hole.  In a preliminary study, it was determined that a wound of 1.8 mm 

diameter was immediately created following the drilling of 1.4 mm diameter holes.  

Wounds observed at the end of normal measurements were assumed to have increased 

linearly in width over time, and long-term sap flow data were adjusted accordingly. 

 

Sapwood area was determined using a combination of methods.  Initial estimates were 

obtained from a visual assessment of wood discs on the basis of colour, separating 

yellow sapwood from red heartwood.  Next, thin wood sections were sampled and 

examined under a light microscope to distinguish conducting xylem vessels from those 

with tyloses near the sapwood-heartwood boundary.  Finally, conducting sapwood areas 

were estimated from dye staining (Plate 2.3 F).  Sapwood areas were traced, and a leaf 

area meter was used to measure the area of paper replicas.  In general, the radial width 

of sapwood was rarely > 2-3 cm for saplings over a range of sizes (5-15 cm stem 

diameter), and two temperature sensors (per probe set) at radial depths of 

(approximately) 0.5 cm and 1.5 cm adequately covered the width of sapwood.  

Preliminary studies showed that sap velocities measured at radial depths > 2.5 cm were 

consistently low (< 2 cm hr-1). 

 

Volumetric sap flow (cm3) was estimated using a ‘two-point’ method.  Sap flow at a 

given measurement depth was estimated as the product of sap velocity (cm hr-1) at that 

depth and the area (cm2) of an annulus of wood (mostly sapwood).  Each measurement 

depth (0.5 cm or 1.5 cm) was assigned a 1 cm width annulus, where each measurement 

depth was at the midpoint of its respective annulus (Fig. 2.4).  It was assumed that data 

obtained from temperature sensors were an average measure of heat transport over a 

radial width of 1 cm (Marshall 1958).  In other words, sap velocities measured were 

occasionally an average of moving sap in conducting sapwood and ‘stationary’ 

heartwood or cambium tissue.  For this reason, sap velocity was always ‘integrated’ 

over the entire annulus width.  When necessary, respective sap velocity measurements 

were assigned to inner and/or outer annuli of remaining sapwood when the width of 
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sapwood was known to exceed the area covered by the 1 cm width annuli (usually by no 

more than 1 cm).  The total volumetric sap flow in the stem was obtained from the sum 

of individual estimates obtained at each measurement depth.  Preliminary studies 

revealed that this ‘two-point’ approach adequately accounted for radial variation in sap 

flow, providing near identical results to a more detailed approach based on sap velocity 

measurements at 0.5 cm depth increments across the entire width of conducting 

sapwood. 

 

In all experiments, estimates of transpiration (E) for individual trees were the average of 

sap flow measurements from 2-3 probe sets per tree to account for circumferential 

variation.  Half-hourly measurements were averaged to yield hourly rates (kg H2O hr-1).  

Unless specified otherwise, daily rates of transpiration (kg H2O day-1) were the sum of 

hourly rates over daylight hours (6 AM to 6 PM), and night-time rates (kg H2O night-1) 

were the sum of hourly rates over the hours of darkness (6 PM to 6 AM).  Once tree leaf 

area had been determined (see below), transpiration was routinely expressed on a leaf 

area basis (e.g. hourly, leaf-specific rates of transpiration, kg H2O m-2 hr-1). 

 

Weather measurements 

 

Weather data were obtained from automated weather stations (e.g. Starlog datalogger 

Model 6003A, Unidata, Perth, Western Australia; weather instrument model 6501-

D/TGH, Unidata; Tipping Bucket Rainfall Gauge Model 6506A, Unidata.).  Weather 

stations were installed in an open area, at least 15 m from the nearest tree.  Data for 

some sites were obtained from a weather station at the Boddington bauxite mine 

(Worsley Alumina PTD LTD) and from the Australian Bureau of Meteorology 

(Canberra).  Climatic measurements included ambient air temperature (T), relative 

humidity (H), global solar radiation (Qs) and rainfall.   
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Ambient vapour pressure deficit (VPD) was calculated from T and RH according to 

Jones (1992): 

TT eee −= (s)δ        (2.6) 

 

where δe is vapour pressure deficit, e(s)T is the saturation vapour pressure at a given 

temperature (T) and eT is the actual vapour pressure at that temperature.  Saturation 

vapour pressure is closely approximated by the following relationship (Jones 1992): 
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where T is in °C, e(s)T is in kPa, and the empirical coefficients are: a = 0.614, b = 17.5 

and c = 241.  For relative humidity in %, actual vapour pressure is given by: 

 

TeHe (s)T 100
=        (2.8) 

 

T, VPD, and Qs were commonly expressed as the average of half-hourly measurements 

over daylight hours 6 AM to 6 PM (referred to as the ‘daytime-mean’).  Daily rainfall 

was the sum of rainfall over a 24-hour period. 

 

Jarrah canopies are aerodynamically ‘rough’, thereby promoting turbulent flow and 

good mixing of air.  It was generally assumed that ambient vapour pressure deficit 

closely approximated leaf-to-air vapour pressure deficit.  Other studies have shown that 

canopies of eucalypts of similar age, density and growth form are well coupled to the 

atmosphere (Morris et al. 1998; Mielke et al. 1999; White et al. 2000a). 

 

Physiological measurements 

 

Physiological measurements were made on the youngest fully expanded, healthy, sunlit 

leaves from the mid-canopy position.  Where necessary, access to the canopies of larger 

trees was gained using a ladder.  Leaves were sampled using extension cutters. 
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Leaf water potential (ψ) measurements were made pre-dawn (ψpre-dawn) and at midday 

(ψmidday) on shoots containing 2-3 leaves.  Shoots were severed, immediately sealed in a 

plastic bag and stored on ice prior to measurement (water potential was unaffected by 

storage for 30 minutes).  Water potential was measured using a pressure chamber 

(Model 1003, PMS Instrument Co., Corvallis, Oregon, USA).  Most often, one shoot 

per tree was sampled.  A preliminary study indicated that variation in leaf ψ within trees 

(sampled at the same canopy position) was generally less than the variation between 

trees.  In one example from preliminary work at Huntly, the standard error of ψmidday 

within a tree (obtained from North, South, East and West facing shoots) was estimated 

at 0.10 MPa (mean from 4 trees), whereas the standard error of ψmidday between trees at 

the same point in time and the same relative canopy position was estimated at 0.14 MPa 

(from the same 4 trees).  Similar results were obtained for trees at Worsley. 

 

In several experiments, ψpre-dawn was used for monitoring changes in soil moisture 

availability.  In this way, trees were regarded as natural ‘soil tensiometers’ (Crombie et 

al. 1988).  Several studies have demonstrated that ψpre-dawn is closely related to the water 

availability in the root zone of jarrah (Crombie et al. 1988; Crombie 1992; Crombie 

1997).   Plant-based measurements were the simplest means of obtaining soil moisture 

data for the heterogeneous, gravely soils beneath mine rehabilitation sites (and in the 

jarrah forest generally).  Other methods are severely limited (e.g. soil psychrometers, 

neutron probes, capacitance probes and time-domain reflectometers, I. Colquhoun pers. 

comm.). 

 

Leaf-scale stomatal conductance (gs) was measured using a steady-state porometer 

(Model LI-1600M, LI-COR Inc., Lincoln, Nebraska, USA) and photosynthesis (A) was 

measured using an infrared gas analyser (LCA-4, Analytical Development Co., 

Hoddesdon, UK) attached to a Parkinson leaf chamber (an open system).  For all 

photosynthesis measurements, air-flow through the chamber was 250 µmol s-1, leaf 

temperatures were between 25 and 30ºC and photosynthetically active radiation (PAR) 

incident on leaves was greater than 1000 µmol m-2 s-1.  Gas exchange parameters were 

calculated on the basis of projected leaf area. 
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All porometry and gas exchange measurements were made in the morning between 8 

AM and 11 AM.  Replicate measurements were made on the abaxial surface of 

approximately 10 exposed leaves.  Leaves were measured in situ and kept in their 

natural orientation as far as possible.  Replicate measurements were pooled to obtain 

mean values of gs and A for individual trees.    

 

Tree growth 

 

Where necessary, growth rates were expressed in terms of the current annual increment 

(CAI) of growth.  CAI was calculated using a simple growth model that estimates 

‘average’ growth over a time period (months to years), expressed as an annual rate.   

 

For example, stem basal area (Ab) growth was calculated as: 

 

( )
n

AA
i n

A
b0)b(

b

−
=       (2.9) 

 

where iAb is the current annual increment of basal area growth (m2 yr-1), Ab(n) is basal 

area after n years (m2), Ab0 is basal area at the beginning of the period of n years (m2) 

and n is the number of years between the measurement of Ab0 and Ab(n). 

 

Leaf area 

 

Preliminary studies indicated there was a strong relationship between branch diameter 

(cm) and branch leaf area (m2) for jarrah saplings growing on mine rehabilitation sites.  

Branch-level allometric relationships were a simple, efficient and accurate means to 

estimate the leaf area of individual trees and monitor leaf area growth over time (via in 

situ branch measurements).  Little allometric work has been done on jarrah, but it is 

known there is substantial variation in the leaf area of jarrah saplings on different 

rehabilitation sites (Todd 2000) and in more mature stands in different areas of the 

jarrah forest (Whitford 1991).  Accordingly, separate allometric relationships were 
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developed for individual trees.  These measurements were usually obtained at the end of 

experiments, after trees had been felled.    

 

Separate branch basal area/leaf area relationships were developed for different canopy 

positions to account for visible difference in branch morphology with increasing canopy 

depth.  Tree canopies were divided into three layers by depth (lower, middle and upper 

thirds) and the diameter (over bark) of all branches was measured at a point 30 mm 

from the main stem.  Following diameter measurements, five branches per canopy layer 

were removed from each tree.  The length of branches used in allometric work ranged 

from 0.4 m to 2.0 m.  All leaves were stripped from each branch.  The leaf area (cm2) of 

a sub-sample of 10 leaves (per branch) was measured using a leaf area meter (AAM-7, 

Hayashi Denkoh Co. Ltd, Tokyo, Japan).  Next, the sub-sample was oven dried to a 

constant weight (g) at 60°C.  Mean specific leaf area (cm2 g-1) was then calculated for 

each tree from leaf area and dry weight.  Leaf area was calculated on a projected (single 

sided) basis.  All remaining leaves were oven dried to a constant weight (g) at 60°C.  

The leaf area of each branch was subsequently calculated as the product of specific leaf 

area and total leaf dry weight. 

 

The relationship between branch basal area and branch diameter was described by linear 

regression equations of the form: 

 

b)ln( a)ln( BLB += AA      (2.10) 

 

where ALB is branch leaf area, AB is branch basal area, a is the slope and b is the 

intercept of the relationship.  Regression equations for each canopy layer were derived 

for each tree from the 5 data points.  These equations were then used to calculate the 

total leaf area of individual trees (AL) from the census of branch diameters.  Data were 

often pooled to produce stronger, single relationships for trees in the same experimental 

treatment (e.g. n = 25 data points for each canopy layer, from 5 replicate trees), 

particularly when it was demonstrated that individual regressions were not statistically 

different.  
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Sapwood area 

 

As previously stated, the cross-sectional area of conducting sapwood (AS) was 

determined from wood discs.  Wood discs sampled at sap flow sensor height were 

approximately 3 cm in thickness.  In the laboratory, over bark diameter and bark 

thickness were measured before bark was removed.  Both sides of the disc surface were 

shaved using a wood plane.  Next, a freshly cut surface was prepared using a sharp razor 

blade.  Discs were then partially immersed in 0.1 % basic fuschin dye.  This dye 

distinguished conducting xylem elements (stained) from non-conducting wood 

(unstained).  Also, dye moved through open sapwood vessels via capillary action.  As a 

result, staining was observed on the opposite side to dye application.  Discs were dried 

and fresh surfaces were prepared using a razor blade to determine the sapwood-

heartwood boundary (Plate 2.3 F).   



 

 65

CHAPTER 3. 
 
A validation and comparison of two ‘heat pulse’ methods for measuring 
sap flow in the stems of potted jarrah saplings 
 

3.1   Introduction 
 

A variety of methods are available for the direct measurement of sap flow in the stems 

of plants using heat as a tracer for sap movement (Smith and Allen 1996).  As outlined 

in Chapter 2, ‘heat pulse’ methods measure the velocity of a short pulse of heat in 

xylem tissue when carried by conduction and convection with moving sap.  These 

methods include the commonly employed ‘compensation heat pulse method’ (CHPM) 

(see Marshall 1958, Swanson and Whitfield 1981, and Smith and Allen 1996) and the 

newly developed ‘heat ratio method’ (HRM) (see Burgess et al. 2001a).   

 

Heat pulse methods such as the CHPM and the HRM are valuable tools for studying 

transpiration and measuring whole-tree water use, because:  

• Systems can be custom built and simply applied at a relatively low cost. 

• Systems are easily automated and allow for a high degree of replication. 

• Systems are suitable for use on woody plants of varying size;  

• Measurements are made in situ by sensor probes that are only mildly invasive. 

• Measurements are underpinned by knowledge of the physical properties of water 

and sapwood and a theoretical analysis of heat movement in xylem tissue. 

 

Accuracy, reliability and precision are key issues for all scientific techniques.  The 

CHPM has recently been shown to be unable to resolve low rates of sap velocity (e.g. 

those expected or found at night, likely to be slower than ~ 4 cm hr-1, see Becker 1998).  

In contrast, the HRM provides reliable estimates of fast and slow rates of sap velocity 

and at a resolution an order of magnitude greater than that for the CHPM (Burgess et al. 

2000a; Burgess et al. 2001a).  For this reason, the HRM is potentially a significant 

improvement on the CHPM and holds a great deal of promise for physiological studies, 

particularly those measuring low rates of sap velocity found in the stems and roots of 
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trees and shrubs in arid, semi-arid and seasonally arid climates, including Eucalyptus 

spp. (e.g. Burgess et al. 1998; Burgess et al. 2000b; Burgess et al. 2001b).  Not 

surprisingly, it is important to test the validity of thermal methods before using them to 

quantify transpiration, particularly new methods such as the HRM, which are most 

likely to benefit from further testing before use on a wider scale.  Some thermal 

methodologies rely heavily on experimental validation.  For example, Granier’s thermal 

dissipation method was developed on an empirical basis rather than based on theoretical 

properties of heat movement in sapwood, and must be calibrated before use in different 

species (Granier 1985; Smith and Allen 1996; Clearwater et al. 1999).   

 

While heat-pulse methods such as the CHPM and the HRM generally provide accurate 

measurements and have a sound theoretical basis, there are many potential sources of 

error.  Problems are encountered if sapwood is ring structured (Dye et al. 1996), or 

arranged in vascular bundles (Cohen et al. 1993), or is not thermally homogenous 

(Green and Clothier 1988; Smith and Allen 1996).  In addition, confidence in sap 

velocity measurements decreases if a large proportion of them are made at the limit of 

detection (Becker 1998), or if thermal contact is poor (Barrett et al. 1995), or if velocity 

measurements are not carefully integrated to account for spatial variability in the 

conducting wood (Hatton et al. 1995).  Too often, authors have failed to provide 

evidence of the validity, or of the margin of error, associated with their method, and 

there are very few published verifications of heat-pulse measurements against 

measurements of sap flow gathered independently.   

 

Satisfactory validations of heat-pulse methods can be produced with potometer-style 

experiments using cut trees or branches (Olbrich 1991; Dunn and Connor 1993; Barrett 

et al. 1995; Hatton et al. 1995) or in the laboratory by using pressure to force water 

through excised stem segments (Marshall et al. 1997).  However, these validations are 

invasive, risking damage to xylem vessels and promoting air embolisms.  Alternatively, 

weighing lysimeters have been used successfully to evaluate other heat-based methods 

for measuring transpiration in plants, ranging in size from herbaceous shrubs to small 

trees, including Eucalyptus (Heilman and Ham 1990; Steinberg et al. 1990; Caspari et 

al. 1993; Cohen et al. 1993; Dugas et al. 1993).  Burgess et al. (2000a) and Burgess et 
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al. (2001a) used an in situ lysimeter-based validation method in preliminary testing of 

the HRM in jarrah, and found that the resolution of this system was satisfactory at low 

rates of transpiration.   

 

Heat-pulse methods have not been fully evaluated for jarrah despite their being the 

chosen method for measuring transpiration in this species.  Silberstein et al. (2001) 

relied heavily on CHPM measurements in constructing a mature-forest energy balance, 

as did Hatton et al. (1998) when comparing leaf water efficiency among eucalypts.  

Earlier, Marshall et al. (1989) provided some useful information on the radial profile of 

sap velocity, wounding and some observations regarding long term monitoring.  There 

have been no studies providing the required validation for young, faster-growing jarrah. 

 

In general, eucalypts are accepted as suitable for the application of heat-pulse methods.  

Thanks to the work of Hatton et al. (1990); Hatton et al. (1992); Hatton et al. (1995), 

there are established protocols for calibrating sap velocity to a rate of transpiration and 

measurement errors are generally well understood.  Other workers have provided useful 

information for eucalypts.  For example, Barrett et al. (1995) showed that wounding in 

eucalypts may be elliptical and provided a clear guide to overcoming this limitation.  

Zang et al. (1996) illustrated the use of a coefficient to correct for radial variation in sap 

velocity without the need for a large number of sensors, and Vertessy et al. (1997) 

described strategies for overcoming variability in sap velocity in relation to tree 

symmetry.  Also, an excellent example of how to comprehensively verify the use of the 

CHPM for estimating transpiration in eucalypts is provided by Olbrich (1991), whereby 

all of the major parameters relating to its estimation are examined, such as tree size, 

wounding, formation of tyloses, probe separation and sampling intensity.   

 

The aim of this study was to validate the application of the HRM and the CHPM for 

measuring sap flow in the stems of young jarrah.  The specific objectives were 

threefold: first, to test a hypothesis that the HRM and the CHPM would accurately 

measure transpiration (sap flux); second, to determine the major sources of error in the 

calculation of transpiration using the HRM; and third, to compare and contrast the 

newly developed HRM with the established CHPM when applied concurrently. 
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3.2   Experimental procedure 
 

Potted 8-year old jarrah were used to conduct the following, separate experiments in the 

glasshouse: (1) a validation of the HRM, including a sensitivity analyses for errors in 

the measurement of various parameters used in the calculation of transpiration; (2) a 

validation of the CHPM; and (3) a comparison of both methods employed concurrently.  

In all experiments, transpiration estimates were compared to a gravimetric standard 

from a weighing lysimeter.  Each experiment was conducted under ambient conditions 

in a glasshouse over a period of 7-10 days. 

 

Tree characteristics 

 

Potted trees were of the following approximate size: basal diameter of 10 cm, height of 

2-3 m, leaf area of 3 m2 and mean canopy diameter of 1.5 m.  Pots (~ 100 L) were filled 

with a sand-based potting mix.  Trees were grown in pots from seed.  From preliminary 

studies, the sapwood characteristics of potted specimens closely approximated young 

jarrah grown on rehabilitated mine-sites.  Briefly, sapwood width of young jarrah is 

typically 2-3 cm (during the sapling stage to the pole stage of tree growth in the field), 

often with a distinct boundary to the heartwood.  Sapwood is diffuse-porous and the size 

of xylem vessels is sometimes delineated by growth rings in the outer band of sapwood. 

 

Lysimeter description 

 

Separate trees were used for each experiment.  Weighing lysimeters consisted of 

individual trees on a 150 kg (± 0.2 kg) digital platform balance connected to a 

computer.  The exposed soil surface of the pot was carefully covered with plastic 

sheeting to minimise evaporative water loss from the soil.  Drainage from the pot was 

prevented throughout the experiment.  Trees were initially well watered to promote 

maximum possible rates of transpiration.  Withholding water towards the end of each 

experiment induced lower rates of transpiration.  Weight loss from the lysimeter was 

logged every 10 minutes.  Measurements were pooled to calculate a transpiration rate 

for each half-hour period (kg hr-1), which were integrated to yield daily rates (kg day-1). 
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Sap flow measurements 

 

The probes, sensors and cables used in this study were identical to those used for 

fieldwork.  A full description of the methodology is documented in Chapter 2.  For each 

experiment, two probe sets were installed on opposite sides of the stem.  For the method 

comparison experiment, modified probe sets were installed so that heat-pulse velocity 

was measured by each method concurrently.  Modified four-probe sets were constructed 

such that temperature probes were located 0.5 cm upstream, 0.5 cm downstream and  

1.0 cm downstream from the heater probe (-0.5, 0, 0.5, 1.0).  A schematic diagram of 

this arrangement is shown in Chapter 2, Figure 2.4.  Heat pulse velocity measurements 

were logged every 10 minutes and averaged for each half-hour period.  At the end of 

each experiment, trunks were severed at the base and measurements were continued for 

a number of hours to determine the base-line heat pulse velocity corresponding to zero 

sap velocity.   

 

Established protocols (outlined in Chapter 2) were followed to estimate transpiration 

from measurements of heat pulse velocity.  Rates of transpiration (kg H20 hr-1) were the 

average of measurements from the two probe sets, and half-hourly rates were integrated 

to yield daily rates (kg H20 day-1) over a 24-hour period. 

 

HRM sensitivity analyses 

 

A sensitivity analysis was conducted by simulating the effect of errors in the 

measurement of variables used to calculate transpiration.  Variables were selected on 

the basis of their likelihood as a source of error.  The variables were: temperature sensor 

spacing; conducting wood area; wound diameter; and weight and volume of fresh-wood 

samples.  Mathematical simulations were performed using a sub-set of data from the 

HRM validation experiment.  Simulations were performed separately for increasing 

errors of each variable (± 5, ± 10, ± 20 and ± 50 %). 
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3.3   Results 
 

Tree characteristics 

 

Probe insertion was not hampered by resin or wood density.  There was no immediate 

biological wound response and wounds due to mechanical disturbance of xylem vessels 

were, on average, 1.8 mm in diameter for 1.4 mm diameter drill holes. 

 

Validation experiments 

 

Rates of transpiration measured using the HRM and CHPM corresponded closely with 

that measured by the lysimeter for rates > 0.1 kg H2O hr-1 (Fig. 3.1).  With the exception 

of a few hot days when transpiration measured by the HRM and the CHPM lagged that 

measured by the lysimeter, by a few minutes (e.g. day 9 on Fig. 3.1 A), rates estimated 

by the HRM, CHPM and the lysimeter were generally synchronous.  The HRM 

remained in close agreement with the lysimeter at low rates transpiration, including 

when transpiration was zero.  However, the CHPM was unable to differentiate 

measurements < 0.1 kg H2O hr-1 because the threshold below which transpiration could 

not be measured consistently corresponded to a heat-pulse velocity of 3-4 cm hr-1 (data 

not shown). 

 

The relationship between transpiration measured by the HRM and CHPM to that 

measured using the lysimeter was described statistically using linear regression, for both 

hourly and daily rates (Fig. 3.2 and Table 3.1).  For the CHPM, measurements at the 0.1 

kg H2O hr-1 threshold were deemed meaningless and excluded from the analysis, and 

daily rates for the CHPM were calculated as daytime rates between the hours of 6 AM 

and 6 PM, as is standard practice for analysing CHPM field data.   
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Figure 3.1     
 
Diurnal patterns of transpiration (sap flux) measured using two heat pulse methods in 
comparison with a weighing lysimeter.  The heat pulse methods were: (A) the heat ratio 
method (HRM) and (B) the compensation heat pulse method (CHPM).  The five-day 
sequences in this figure were selected in order to show variation in maximum hourly 
rates in the middle of the day.  Disturbance to measurements in the late afternoon of day 
4 were the result of irrigation. 
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Figure 3.2    
 
The relationship between transpiration (sap flux) measured using a weighing lysimeter 
(X-axes) and that measured using the heat ratio method (HRM) and the compensation 
heat pulse method (CHPM) (Y-axes).  Data shown in (A) and (B) are the average and 
standard error of hourly rates over the course of the experiment.  Data shown in (C) are 
daily rates of transpiration for each day of the experiment and data shown in (D) are 
daytime rates (6 AM to 6 PM).  Linear regressions (solid lines) are shown along with 
the 1:1 line (dashed lines).  Regression statistics are shown in Table 3.1. 
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Hourly transpiration measurements from both methods were strongly correlated with 

gravimetric measurements (R2 > 0.96, Fig. 3.2 A & B), the regression slopes were not 

significantly different to unity, and regression intercepts were not significantly different 

to zero (95 % confidence intervals, Table 3.1).  Daily totals of transpiration for the 

HRM were also in close agreement with gravimetric measurements (Fig. 3.2 C).  

However, the CHPM consistently overestimated daily rates of transpiration less than 

approximately 2 kg H2O day-1, and although the relationship between the CHPM and 

the gravimetric method was strong (R2 = 0.98), the slope of the regression was 

significantly less than one and the intercept significantly greater than zero.   

 

HRM sensitivity analysis 

 

The sensitivity of the HRM to measurement errors in selected variables is presented in 

Table 3.2.  Errors in transpiration were inversely proportional to probe spacing.  For 

example, the HRM underestimated flow by 23 % when temperature sensors were 5 % 

further apart than predicted (positive spacing error).  The error increased when 

temperature sensors were closer together than predicted (negative spacing error).  Errors 

in transpiration were directly proportional to errors in the estimation of sapwood area 

and wound diameter (Table 3.2).   

 

Variation in fresh weight and volume of wood cores produced non-linear patterns of 

error in transpiration (Table 3.2).  The fresh weight of wood cores is used to estimate 

sapwood moisture content and the fresh volume of cores is used in the calculation of 

wood density, and both variables are used in the calculation of thermal diffusivity of 

wet wood (see Chapter 2).  Errors introduced to transpiration measurements in response 

to small variations in weights and volumes were small (< 2.5 % for errors < 10 %), but 

errors in response to large variations (50 %) were similarly large (∼ 40 %).  Any error in 

fresh weight produced an underestimate in transpiration.  In contrast, errors in 

transpiration were inversely proportional to errors in the estimate of fresh volume, 

except for large underestimates of volume (50 %), which resulted in a proportionally 

large error in transpiration. 
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Table 3.1  
 
Linear regression coefficients for the relationship between transpiration measured using 
a weighing lysimeter (x-values) and that measured using the heat ratio method (HRM) 
or the compensation heat pulse method (CHPM) (y-values).  Confidence intervals (95 
%) are shown in parentheses.  ANOVA F statistics (not shown) were large and highly 
significant for all regressions (P < 0.001).  Regressions are represented graphically in 
Figures 3.2 and 3.3. 
 

 Slope Intercept R2 d.f. 

     

Method validation  
(Hourly measurements, kg H2O hr-1) 
 

    

HRM 0.98 (0.06) 0.02 (0.02) 0.99 12 

CHPM 1.05 (0.20) 0.01 (0.06) 0.96 7 

     

Method validation  
(Daily measurements, kg H2O day-1) 
 

    

HRM 0.95 (0.13) 0.03 (0.34) 0.97 9 

CHPM 0.69* (0.07) 0.76* (0.16) 0.98 9 

     

Method comparison  
(Hourly measurements, kg H2O hr-1) 
 

    

HRM 0.90* (0.06) 0.01 (0.02) 0.98 19 

CHPM 0.60* (0.09) 0.10* (0.03) 0.97 10 

     

 
*Slope significantly different from unity or intercept significantly different from zero. 
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Table 3.2   
 
The magnitude of errors (%) in transpiration measurement in response to simulated 
errors in selected variables used in the heat ratio method (HRM).  A reference daily 
transpiration obtained using the HRM (summed over a 24-hr period) was selected from 
the data set from the HRM validation experiment (not significantly different to that 
measured using the weighing lysimeter).  Transpiration was re-calculated for that day in 
response to a range of simulated errors.  Resultant rates of transpiration were calculated 
in terms of the percentage difference to the original measurement.  Positive spacing 
errors indicate temperature probes are further apart and negative errors indicate probes 
are closer together.  Spacing error errors > 20 % were not considered.  Errors in 
transpiration in response to underestimated wound widths were restricted by a lack of 
published correction coefficients for wounds < 1.7 mm (actual wound diameter was 1.8 
mm). 
 

 
Simulated 
error (%) 
 

-50 -20 -10 -5 +5 +10 +20 +50 

         
Variable Resultant error intranspiration (%) 

         
Wood core 

fresh weight -43.4 -7.8 -2.3 -0.8 -0.04 -0.8 -4.9 -36.2 

         
Wood core 

fresh volume -50.7 +0.9 +1.6 +1.0 -1.2 -2.5 -5.6 -17.5 

         
Sapwood 

area -50 -20 -10 -5 +5 +10 +20 +50 

         
Wound 

diameter 
_ _ _ -3.2 +4.0 +7.6 +15.3 +34.3 

         
Probe 

spacing 
_ +109 +60 +33 -23 -40 -23 _ 
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Method comparison experiment 

 

The two heat pulse methods were compared in light of gravimetric measurements from 

the weighing lysimeter.  Diurnal patterns of transpiration under well-watered conditions 

were examined (Fig. 3.3 A & B), as were the specific relationships between 

measurements obtained using each method (Fig. 3.3 C & D; Table 3.1). 

 

The HRM provided the closest match to a gravimetric analysis of complete diurnal 

patterns of transpiration (Fig. 3.3 A).  Ignoring its obvious ‘low flow’ limitation, the 

CHPM provided reasonably good agreement with gravimetric analysis during daylight 

hours.  For a short period around midday, water loss from the lysimeter was greater than 

measured by heat pulse methods.  This phenomenon was observed repeatedly at high 

temperatures (> 30 °C) and low relative humidities (< 30 %) during the experiment.  

Analysis of transpiration on an hourly basis showed that the slopes of regression lines 

were significantly less than unity for both methods, and the intercept was significantly 

greater than zero for the CHPM but not for the HRM (Fig. 3.3 C & D; Table 3.1).  In 

general, the CHPM was less in agreement with the lysimeter than the HRM. 
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Figure 3.3  
 
A comparison of concurrent transpiration measurements obtained using the heat ratio 
method (HRM) and the compensation heat pulse method (CHPM).  HRM and CHPM 
data are the average and standard error of measurements from 3 modified probe sets 
(see Fig. 2.4).  Transpiration measurements are shown along side measurements 
obtained using a weighing lysimeter.  Diurnal patterns of sap flow are shown in (A) and 
(B).  The relationships between transpiration measured using the lysimeter and the heat 
pulse methods are shown in (C) and (D).  Linear regressions (solid lines) are shown 
along with the 1:1 line (dashed lines).  Regression statistics are shown in Table 3.1. 
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3.4   Discussion 
 

Method validation 

 

Both the HRM and the CHPM provide adequate analysis of transpiration by young 

jarrah under well-watered conditions during daylight hours.  Hourly rates of 

transpiration measured using either method were not statistically different from 

gravimetric measurements (Fig. 3.2 and Table 3.1), and diurnal patterns were described 

accurately and with precision (Fig. 3.1).  When present, small time lags between 

lysimeter measurements and transpiration measurements from heat pulse methods were 

indicative of a small capacitance in the trees.  Capacitance did not appear to vary in 

relation to which heat pulse method was used, but rather in relation to different 

measurement trees and different measurement days.  However, capacitance appeared to 

have little, if any influence on the amount of water transpired in a day.  As was expected 

for the CHPM, there was a minimum ‘threshold’ below which transpiration 

measurements obtained using this method were unreliable.  The minimum heat pulse 

velocity measurable by the CHPM in this study (3-4 cm hr-1) was similar to that 

suggested elsewhere (Swanson and Whitfield 1981; Becker 1998; Burgess et al. 2000a). 

 

On the basis of hourly rates, total daily transpiration measured using the HRM was not 

statistically different from that estimated gravimetrically (Fig. 3.2 C and Table 3.1).  In 

contrast, transpiration measured using the CHPM was only reliably measured for the 

daytime period (6 AM to 6 PM); even early morning and late afternoon rates were 

subject to significant error.  In particular, total daytime transpiration was overestimated 

on cool, cloudy days using the CHPM because a significant proportion of measurements 

were at, or below, the measurable ‘threshold’ (Fig. 3.1 B).  This ‘threshold’ represents 

the point at which the measurement of the rate of transpiration becomes inaccurate (i.e. 

an overestimate).  Errors in the measurement of transpiration using the CHPM declined 

when conditions were more favourable.   

 

Integrations of hourly rates of sap flow obtained using the CHPM (whether over 24 hrs 

or over 12 hrs) that include ‘threshold’ values are likely to overestimate total daily (or 
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daytime) transpiration, whereas integrations that exclude ‘threshold’ values are likely to 

underestimate total daily (or daytime) transpiration.  Either way, the potential limitation 

of the CHPM is clear.   

 

The good resolution and accuracy of both methods within their measurable range 

confirmed good thermal contact between the sensors and sapwood (Barrett et al. 1995).  

Also, wounding in the stem following the insertion of probes was not severe enough to 

corrupt sap velocities beyond correction.  The average wound diameter in this study was 

15-42 % less than wounds reported in other heat pulse studies with eucalypts (Olbrich 

1991; Marshall 1992; Dunn and Connor 1993; Barrett et al. 1995; Hatton et al. 1995; 

Kalma et al. 1998).  Smaller diameter wounds were partly a function of the use of 

smaller diameter probes, which presumably cause less wounding and less disruption to 

sap flow due to mechanical damage and the formation of tyloses. 

 

According to Marshall (1958), temperature sensors effectively measure a weighted 

average of sap velocity over a transverse width of sapwood of around 1 cm, even when 

this region may include moving sap and ‘stationary’ wood.  In this study, single 

temperature sensors (from one probe set) at two depths in the sapwood were assigned a 

corresponding 1 cm width annulus of sapwood, and it was assumed that point 

measurements of sap velocity in the centre of each annulus were essentially the 

‘average’ of velocities throughout this concentric ring of sapwood.  Transpiration 

measured by each sensor was assumed to be the product of sap velocity and the cross-

sectional area of the corresponding annulus, and total transpiration was the sum of 

measurements from the two sensors.  In this way, point estimates of sap velocity were 

also weighted according to the amount of wood sampled.  The results obtained using 

this arrangement confirmed that sap velocity measured by a single sensor was 

representative of that over the assigned annuli (thus validating the protocol outlined in 

Chapter 2).  Furthermore, it is clearly necessary that sap velocity measurements be 

integrated over entire annuli to yield accurate measurements, even when non-sapwood 

is present.  By inference, jarrah sapwood is thermally homogenous and sufficiently 

similar to the idealised structure of sapwood for which the theory of heat-pulse 

techniques was developed (Marshall 1958).  Overall, young jarrah is well suited to the 
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use of heat-pulse methods and joins a list of forest and woodland eucalypts for which 

validation studies have been reported in the literature, including: E. regnans (Vertessy et 

al. 1997), E. grandis (Olbrich 1991), E. populnea (Hatton et al. 1995) and E. 

camaldulensis (Marshall et al. 1997).  

 

Sources of error in the measurement of transpiration must be treated seriously and 

sensitivity analyses are recommended (e.g. Table 3.2).  The greatest source of error in 

this study was the spacing of temperature sensors.  For example when probes were 

closer than expected by 5 %, sap flow was overestimated by 33 %.  While other studies 

have attributed great importance to errors associated with wounding, in most of these 

studies wounds were larger due to larger sensors (Olbrich 1991; Marshall 1992; Hatton 

et al. 1995).  Transpiration quantified using the HRM is robust to errors in the 

measurement of wood core properties (fresh weight and volume) until errors become 

large (> 20 %), owing to the counter-balancing effects of erroneous thermal diffusivity 

estimates and erroneous sapwood moisture content and density estimates determined 

from the same properties.  Spatial variability in sap velocity around stems must also be 

considered (Hatton et al. 1995), and was dealt with in this study by installing several 

probe sets around the circumference of the stem to obtain replicate transpiration 

measurements.  Diurnal change in sapwood water content (Caspari et al. 1993) was a 

minimal source of error because trees were well watered.   

 

Method comparison 

 

This is the first report of a comparison between the CHPM and the HRM.  Clearly, the 

HRM is the more accurate of the two.  The HRM is able to measure rates of 

transpiration of varying magnitude with no symptoms of systematic error (Fig. 3.2 A 

and Table 2).  In contrast, daytime rates of transpiration measured with the CHPM 

regularly underestimated actual flows compared to the HRM (Fig. 3.3.B).  Not 

surprisingly, regression analyses showed that while data derived from the CHPM was 

strongly correlated with gravimetric data, the slope of the regressional relationship was 

significantly different from unity (Fig. 3.3 D and Table 3.1).  Transpiration 

measurements obtained using the HRM and the CHPM were not identical to those 
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obtained from the weighing lysimeter.  This disparity was attributed, in part, to 

evaporation from the soil surface in the pot during the hottest part of the day, resulting 

in greater measurements of total water loss recorded by the lysimeter than those 

measured by the two heat pulse methods.  

 

This experiment serves to directly contrast the two heat pulse methods in three 

important areas.  First, as previously mentioned, the HRM accurately measures low 

rates of transpiration whereas the CHPM is intrinsically limited in this range (Becker 

1998; Benyon 1999; Burgess et al. 2000a).  Hence, the HRM is clearly better suited for 

estimating transpiration on both a diurnal and daily scale.  Second, the HRM has a more 

convincing procedure than the CHPM for correcting sensor placement – most often the 

greatest single source of error when measuring transpiration.  This was illustrated 

indirectly through a known error in the spacing of the common temperature sensor for 

both methods (the upstream sensor, data not shown).  The spacing error was corrected in 

the HRM using mathematical equations (see Chapter 2) but doubt remained in the 

correction method for the CHPM, which used a physical projection plus trigonometry 

approach (see also Chapter 2).   

 

Third, the HRM proved more robust than the CHPM in producing reliable data over the 

course of each experiment; an observation unrelated to the theory underpinning each 

method, but instead to the ability of each method to deal with problems posed by using 

sensitive electronic equipment to obtain measurements.  This claim is conjectural by 

nature, but it can be justified with empirical evidence.  For example, the HRM in this 

study appeared to be less sensitive to unexplained variation than the CHPM, particularly 

in relation to “spikes” of electro-magnetic interference and small random fluctuations 

that were shown to pose a risk to all heat pulse measurements.  Data sets obtained using 

the two methods were compared in some detail in order to evaluate their effectiveness in 

dealing with unexplained variation (Fig. 3.4).   
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Figure 3.4   
 
Sapwood temperature increase measured at one-second intervals by temperature sensors 
following the release of a pulse of heat.  Three temperature sensors were implanted to 
obtain concurrent measurements of transpiration using the heat ratio method (HRM) and 
the compensation heat pulse method (CHPM) (see Fig. 2.4).  The temperature of the 
downstream temperature sensor (in relation to the heat source) is represented by T1 for 
the HRM and T2 for the CHPM.  The temperature of the upstream sensor for both 
methods is represented by T3.  Using the HRM, heat pulse velocity (Vh) was derived 
from the mean ratio of T1 to T3 from measurements obtained between 60 and 100 
seconds after the heat pulse was released (dotted lines).  Using the CHPM, Vh was 
derived from the time required for convection to move the peak of the heat pulse from 
the heater to the mid point between the two sensors via the sap stream, indicated when 
T2 = T3.  In this example, HRM Vh = 9.64 cm hr-1 (the average of 40 measurements, 
with a standard error of 0.17 cm hr-1) and CHPM Vh = 9.38 cm hr-1 (a single point 
measurement, which ranges from 8.52 to 10.42 cm hr-1 for simulated time measurement 
errors of ± 10 %). 
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For the HRM, temperature ratios were sampled many times (n = 40) and averaged 

during the measurement period (from 60 to 100 seconds after the release of the heat 

pulse), resulting in an estimate of heat pulse velocity with a relatively small standard 

error (1.8 %).  In comparison, the CHPM heat pulse velocity was based on a single 

measurement of the time taken for two ‘jagged traces’ of temperature increase to 

intersect (Fig. 3.4).  This produced a value of heat pulse velocity that was nearly 

identical to that obtained using the HRM, however an error analysis showed that if the 

intersection time were underestimated or overestimated by 10%, the resultant heat-pulse 

velocity would have been overestimated by around 10 %.  A simple visual assessment 

of the data revealed that a time range of ± 10 % (of the actual value) for when the 

intersection might conceivably have occurred was quite probable given the magnitude 

of the random fluctuation.  These observations support the HRM as the more robust 

heat-pulse method at moderate and low rates of transpiration (< 20 cm hr-1). 

 

Conclusion 

 

Heat pulse methods are a competent means for describing patterns of transpiration in the 

stems of jarrah on hourly or daily time scales and they have great potential for capturing 

important physiological information.  This empirical validation of the heat ratio method 

(HRM) and the compensation heat-pulse method (CHPM) for measuring transpiration in 

the stems of jarrah saplings suggested the former is the more reliable method.  When 

directly compared, the HRM was viewed more favourably than the traditional CHPM in 

terms of the ability to accurately measure low rates of transpiration, correcting 

temperature sensor spacing errors, and filtering a degree of unexplained, random 

fluctuation.  Certainly however, both methods are valid and very useful tools for 

measuring transpiration within their constraints.  Overall, the results of this study 

provide strong support for the use of these methods in the field, and provide confidence 

in the use of suggested measurement protocols and correction coefficients for obtaining 

quantitative data.  Finally, the use of whole-tree lysimeters to test such methods is 

highly recommended as an accurate, flexible and rigorous approach for validating heat 

pulse methods.  [Note: Subsequent chapters incorporate the findings of this chapter] 
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CHAPTER 4. 
 
Seasonal patterns, processes and scaled estimates of water use by jarrah 
saplings growing on mine rehabilitation sites along a rainfall gradient 
 

4.1   Introduction 

 

Present rehabilitation techniques for bauxite mining in south-western Australia 

encourage rapid early growth of new stands in order to establish a range of ecosystem 

processes, and to mimic characteristics of native forests.  To this end, research has 

focused on issues such as soil development (Ward 2000), plant establishment 

(McChesney et al. 1995), nutrient cycling (Todd et al. 2000b), plant productivity (Ward 

and Pickersgill 1985), and species diversity (Koch and Ward 1994).  While a number of 

early studies attempted to quantify tree water use (e.g. Carbon et al. 1981b; Colquhoun 

et al. 1984; Greenwood et al. 1985), knowledge remains poor of the attributes and 

processes that regulate it. 

 

Transpiration is of major importance in the seasonally dry environment of the jarrah 

forest because water status will most likely become the dominant influence on 

vegetation once appropriate nutrient cycling (and other) processes are established 

(Adams 1996).  It is reasonable to suggest that the key to sustainability and the ultimate 

success of rehabilitation may lie with the ability of restored jarrah stands to attain a 

‘hydrological equilibrium’ in relation to long-term water availability (Hatton et al. 

1998).  A major assumption is that trees will develop a structure and function 

appropriate to their environment. 

 

Water availability, water use, leaf area and hydraulic architecture of eucalypts growing 

in dry sclerophyll forests and woodlands throughout Australia are thought to be closely 

linked (Hatton et al. 1998).  Jarrah is a prime example of where a number of 

morphological, anatomical and physiological features contribute to growth and survival 

in a seasonally variable and often harsh environment.  Jarrah may avoid water stress via 

a specialised, root system of shallow lateral and deep sinker roots that access soil 



 

 86 

moisture near the surface and in deeper sub-soils (Dell et al. 1983; Farrington et al. 

1996).  Water status improves with increasing size from seedling to mature tree as root 

systems develop and become more extensive (Crombie 1997).  As a result, mature trees 

can survive long periods of drought (4-6 months), display little seasonal variation in 

pre-dawn water potential, and maintain fast rates of transpiration and stomatal 

conductance in summer (Grieve 1956; Doley 1967; Carbon et al. 1981a; Colquhoun et 

al. 1984; Crombie et al. 1987; Silberstein et al. 2001).  Mesophytic characteristics are 

observed in seedlings and trees when water is less available (Crombie et al. 1988; 

Crombie 1992; Stoneman et al. 1994).   

 

The sapling stage of growth on rehabilitation sites is particularly critical as it marks the 

transition from almost sole dependence on the artificially prepared surface soil to more 

full exploitation of the soil profile – a situation more akin to the wider forest soil 

environment.  An important question is: “are the current water use characteristics and 

hydraulic structures of jarrah saplings on rehabilitation sites matched to water 

availability in the surface soil or more broadly to the climate and greater soil profile?”  

A further question is: “how might these factors differ in relation to site characteristics, 

stand structure, and rainfall gradients?”   

 

Simple climatic variables are likely to have profound influence on transpiration in 

climates with large seasonal variations in solar radiation, temperature and humidity.  For 

example atmospheric evaporative demand, as indicated by vapour pressure deficit 

(VPD), is an important driver of transpiration in nearly all eucalypt forests with 

structural characteristics similar to rehabilitation stands (e.g. Dye and Olbrich 1993; 

Kallarackal and Somen 1997; Mielke et al. 1999; Eamus et al. 2001).  The effect of 

VPD on canopy conductance in mature jarrah is unclear and is confounded by 

reductions in leaf area and water availability (Silberstein et al. 2001).  However, VPD 

and canopy conductance may well be closely linked in stands on rehabilitation sites.  

Changes in leaf area are influenced more by growth than by litterfall (Todd 2000) and it 

is likely that soil water is not limiting for much of the year owing to the large water 

storage capacity of the surface soil profile.  It is postulated that VPD will be a useful 

variable for predicting water use behaviour in this environment. 
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This study was undertaken with the following aims: (1) to identify the key environment 

and plant-based influences on water use by jarrah saplings on mine rehabilitation sites; 

(2) to explore the mechanisms underpinning tree water use behaviour, testing a 

hypothesis that transpiration was strongly related to vapour pressure deficit; (3) to 

characterise the seasonal patterns of water use and water relations at sites of high and 

low rainfall, testing a null hypothesis that rates of transpiration, normalised in relation to 

leaf area, are not different between sites; (4) to formulate simple, predictive models of 

water use at the tree scale using climatic and growth indices; and (5) to assess a 

procedure for scaling water use to yield estimates of stand water use, and to evaluate the 

outcomes of scaling. 

 

4.2   Experimental procedure 
 

Site locations, tree growth, leaf area and stand structure 

  

Restored mine sites of the same age (established in 1992) were selected for study at the 

Huntly bauxite mine (Alcoa World Alumina Australia) and the Boddington bauxite 

mine (Worsley Alumina Pty. Ltd.) (see Fig. 2.1 for location map).  These sites are 

referred to as ‘Huntly’ and ‘Worsley’ throughout the text.  Mean annual rainfall at 

Huntly is ~ 1200 mm yr-1 and that at Worsley is ~ 600 mm yr-1.  Rehabilitation sites at 

Huntly and Worsley were irregular in shape, around 5 ha in area, positioned mid-slope 

(5-10° gradient) and surrounded by natural jarrah forest. 

 

At each site, a total of thirty jarrah saplings were selected and marked for growth 

measurements.  Ten trees were located in each of three 20 m x 20 m replicate plots 

(plots H1, H2 & H3 at Huntly and plots W1, W2 & W3 at Worsley).  The replicate plots 

at each site were control plots from previous experiments conducted at each site by 

Todd (2000).  Todd’s (2000) design (a fertiliser trial) was comprised of twelve 20 m x 

20 m plots, each separated by a 5 m buffer zone.  Nutrient treatments were allocated 

according to a randomised 3 x 4 block design, of which only the control plots (no added 

nutrients) were used in this study.  Table 4.1 provides descriptive information for each 

site. 
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Table 4.1 
 
Site characteristics (all values are approximate) 
 

Site characteristics Huntly Worsley 

   
Rehabilitation area (ha) 12 5 
*Tree spacing (stems ha-1) 4000 300 
Mean diameter at breast height, outer bark (cm) 8.5 9.0 
Leaf Area Index (tree-based) 3.0 0.3 
Status of understorey vegetation senescent vigorous 
Spacing of woody understorey spp. (plants ha-1) 10000 20000 
   
   
15 most common (non-weed) species over rehabilitation sites managed by Alcoa World Alumina 
Australia (after Koch and Ward 1994) 
 Seeded (S) or  

non-seeded 
Main contribution  
from topsoil (T) 

**Frequency  
(%) 

    
Bossia aquifolium S T 50.9 
Kennedia coccinea S T 40.6 
Platysace tenuissima  T 38.9 
Eucalyptus marginata (jarrah) S  38.8 
Opercularia echinocephala  T 37.6 
Bossia ornate S  33.0 
Acacia lateriticola S  30.6 
Trymalium ledifolium S T 28.3 
Acacia drummondii S  25.7 
Acacia pulchella S  23.6 
Thysanotus multiflorus S  18.9 
Lasiopetalum floribundum  T 18.3 
Xanthosia candida S T 15.4 
Acacia extensa S  14.7 
Boronia fastigata S T 13.9 
    

 
*Jarrah only. 
**Frequency was calculated as the number of 2 m x 2 m quadrats in which a species was recorded 
divided by the total number of quadrats measured (1080) over 4 mine sites and expressed as a percentage. 
 



 

 89

Tree growth over the course of the experiment was measured in terms of the current 

annual increment (CAI) of stem cross-sectional area at breast (1.3 m) height (Ab). Stem 

cross-sectional area, referred to hereafter as stem basal area, was determined from 

measurements of diameter at breast height (DBH) in July 1997 and January 2001.  

During the experiment, a total of 21 trees at Huntly and 17 trees at Worsley were 

harvested for determination of leaf area.  These trees spanned a range of sizes based on 

DBH.  At the end of the experiment, a census of all trees in the control plots at each site 

was taken with respect to Ab, height (h) and stem density.   

 

The daily growth of stand LAI was estimated using linear growth models based on (1) 

the current annual growth increment of stem basal area over the course of the study, (2) 

the distribution of tree size within populations, (3) tree density, and (4) the leaf area-

stem area relationships presented in Fig 4.1.  From these models (not shown), the 95 % 

confidence intervals for estimates of LAI were ± 30 % at Huntly and ± 15 % at 

Worsley.  It is worth noting that although empirical linear growth models do not 

account for seasonal fluctuations in leaf area, they were the best models available given 

the lack of quantitative growth data with sufficient temporal resolution.  Todd (2000) 

showed that litterfall on rehabilitation sites increases linearly with increasing monthly-

mean maximum temperature, however, as a percentage of total LAI at Huntly, Todd’s 

(2000) estimates of maximum overstorey litterfall in summer (5 %) are less than the 

estimated error associated with the calculation of total LAI using linear growth models. 

 

Weather data 

 

Weather data were collected from weather stations at each site (see Chapter 2).  In 

addition to standard measurements, daily reference crop evapotranspiration (ETo) was 

calculated according to the Penman-Monteith method outlined by the Food and 

Agriculture Organisation (FAO) of the United Nation (Allen et al. 1998): 
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where ETo is reference crop evapotranspiration (mm day-1), Rn is net radiation (MJ m-2 

day-1), G is soil heat flux density (MJ m-2 day-1), T is mean daily air temperature (°C), u 

is wind speed at 2 m height (m s-1), VPD is vapour pressure deficit (kPa), ∆ is the slope 

of the relationship between saturation vapour-pressure and temperature (kPa °C-1), and γ 

is the psychrometic constant (kPa °C-1).  FAO ETo is that of a hypothetical reference 

crop with an assumed height of 0.12 m having a surface resistance of 70 s m-1 and an 

albedo of 0.23, closely resembling the evaporation of an extension surface of green 

grass of uniform height, actively growing and unwatered.  This is the international 

standard to which evapotranspiration at different periods of the year or in other regions 

can be compared and evapotransiration of other crops can be related.  Wind speed data 

were long-term monthly averages sourced from the Australian Bureau of Meteorology. 

 

Net radiation was estimated from global solar radiation using an approach outlined by 

Linacre (1992): 

( ) ( )↑↓ −+−= RRQR sn albedo1     (4.2) 

 

where Rn is net radiation (W m-2), albedo is approximately 0.15 for forests (Linacre 

1992), Qs is global solar radiation (W m-2), R↓ is the long-wave radiation (W m-2) from 

atmospheric emission (R↓ = 208 + 6T), R↑ is the long-wave radiation (W m-2) emitted 

from the terrestrial surface (R↑ = eσ(T + 273)4), T is temperature (°C), e is surface 

emittance for most natural surfaces equal to 0.97, and σ is the Stefan-Boltzmann 

constant.  Daily values of ETo were calculated using mean daily values of T, VPD and 

Qs.  Qs at Huntly was used as a proxy for Qs at Worsley.  The temperature at the ground 

surface was assumed to be the same as air temperature.  In reality, ground surface 

temperature differs from air temperature (derived from a sensor behind a screen) at 

dawn, when the ground is typically cooler than air, and at dusk, when the ground is 

typically warmer than air, especially if the ground surface is dry.  The assumption that 

ground surface temperature equals air temperature results in an underestimate of 

radiation emittance in the daytime and an overestimate at night.  This error is about 5 W 

m-2 for each degree by which air and surface temperatures differ (Linacre 1992). 
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Water use 

 

Long-term water use was measured using heat pulse methodology.  At both sites 

(Huntly and Worsley), water use was monitored continuously for one year and then for 

a minimum of 1-3 months per season in the following year(s) according to equipment 

availability.  At Huntly, measurements of water use in the first year (1998) were from 

three trees in plot H1, a second set of measurements (partly replicating measurements 

made in H1) were obtained from 6 trees in plot H2 during the autumn of 1999 (as part 

of another experiment, outlined in Chapter 5), and measurements in the second year 

were from three trees in plot H3.  At Worsley, measurements of water use in the first 

year were from three trees in plot W1 and measurements in the second year were from 

three trees in plot W2.  Actual measurement dates are shown in Table 4.2.  All trees 

used for measurements of water use were of similar size (height, DBH, canopy width 

and length).  Individual trees were located within a plot in a clump that was delimited 

by the cable length of heat pulse equipment (6 m), but otherwise, trees were randomly 

selected.  The positions of temperature sensors within the sapwood were assessed 

monthly.  Probes were re-installed when necessary to ensure that temperature sensors 

adequately covered the width of sapwood.  Stem basal area at probe height was 

calculated from periodic measurements of DBH in order to monitor growth.   

 

Trees used for measurements of water use were harvested at the end of the study to 

obtain variables necessary to determine sap flow, including leaf area (AL) and sapwood 

area (AS).  Tree growth over the course of the experiment was estimated using a simple 

linear growth model based on the current annual increment of stem basal area (Ab) due 

to the lack of quantitative growth data of sufficient temporal resolution to model 

fluctuations in leaf area.  Thus, growth over time of AL and AS were estimated assuming 

constant ratios of AS to Ab and AL to AS. 

 

The compensation heat pulse method (CHPM) was used for measurements of water use 

during the first year at Huntly (on the first set of three trees).  The heat ratio method 

(HRM) was used for all other measurements of water use.  Hourly rates of transpiration 

(kg H2O hr-1) were averaged from half-hourly measurements.  Hourly rates were 
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integrated over daylight hours (6 AM to 6 PM) to yield daytime rates of water use (kg 

H2O day-1).  Where necessary, these rates were normalised by tree leaf area to yield 

leaf-specific rates of water use (kg H2O m-2 day-1). 

 

 
 
 
 
Table 4.2   
 
Measurement dates for long-term monitoring.   
 

Site Water use Leaf water 
potential 

Stomatal 
conductance 

    
  (Plots H1, H2 & H3) 
    
Huntly 8-Apr-98 to 10-Mar-99 (Plot H1) 1-May-98 21-Oct-98 
 18-Feb-99 to 19-May-99 (Plot H2) 14-Aug-98 9-Mar-99 
 12-Nov-99 to17-Dec-99 (Plot H3) 21-Oct-98 31-Mar-99 
 21-Jan-00 to 19-May-00 (Plot H3) 10-Dec-98 18-Aug-00 
 16-Jul-00 to 14-Oct-00 (Plot H3) 24-Feb-99  
 19-Nov-00 to 6-Jan-01 (Plot H3) 17-Mar-99  
  31-Mar-99  
  21-Apr-99  
  20-May-99  
  30-Jun-99  
  24-Nov-99  
  17-Dec-99  
    
    
  (Plots W1, W2 & W3) 
    
Worsley 30-Oct-99 to 29-Sep-00 (Plot W1) 2-May-98 31-Mar-00 
 28-Oct-00 to 22-Dec-00 (Plot W2) 15-Aug-98 9-Jun-00 
 13-Jan-01 to 23-Feb-01 (Plot W2) 22-Oct-98 22-Aug-00 
 14-Apr-01 to 31-May-01 (Plot W2) 11-Dec-98 11-Oct-00 
  11-Dec-99  
  22-Feb-00  
  23-Mar-00  
  11-Apr-00  
  4-May-00  
  9-Jun-00  
  22-Aug-00  
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Leaf water relations 

 

Pre-dawn and midday leaf water potential (ψ) and stomatal conductance (gs) were 

measured on trees at Huntly and Worsley on the days shown in Table 4.2.  Leaf ψ was 

measured on a total of 9 trees at each site (three trees from each control plot, one shoot 

per tree).  The stomatal conductance of leaves at mid-canopy height was measured on a 

total of 6 trees (two trees per control plot, 10 leaves per tree).  Repeated measurements 

of leaf ψ and gs over time were made on the same trees. 

 

Pressure-volume relationships 

 

Pressure-volume (P-V) analysis of leaf shoots was conducted in late summer at Huntly 

(February 1999) and Worsley (March 2000).  At each site, shoots for P-V analysis were 

sampled from saplings growing on areas of rehabilitation that were rainfed (under 

drought conditions) and well-watered.  Well-watered areas of rehabilitation were 

irrigated over several days with enough water to ensure that drought conditions were 

relieved and saplings were not limited by soil moisture at the time of sampling.  At 

Huntly, areas were irrigated with water transported to the site by truck.  At Worsley, 

areas were irrigated with water from a nearby pipeline.   

 

Leaf shoots were sampled from four rainfed saplings and four well-watered saplings at 

each site, one week following irrigation.  Leaf shoots from the upper third of the canopy 

were sampled from a pruned branch; then immediately re-cut under water, transported 

to the laboratory and left to hydrate in a dark, humid container for approximately 12 

hours.  Once near full turgor, a small shoot containing one pair of youngest fully 

expanded leaves was cut, and a modified pressure-volume curve technique was applied 

to the shoot (Hinckley et al. 1980; Turner 1988).  Balance pressure of the shoot was 

measured using a pressure-chamber, followed by an immediate measurement of shoot 

mass.  New balance pressures and masses were measured at intervals during a drying 

period (3-4 hours) until the water content of the leaf declined to 55-65 % of its initial 

saturated value. The shoot was then oven dried at 70°C to a constant mass.  
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Pressure-volume data were first plotted as moisture release curves, i.e. the relationship 

between balance pressure and fresh weight.  Initial plateaus in moisture release curves 

for some shoots indicated ‘super-saturation’ from a likely accumulation of excess 

apoplastic water.  Shoot weight at full turgor was estimated from linear regressions 

performed on data obtained before turgor loss.  Tissue parameters were then derived 

from pressure-volume curves, i.e. the relationship between inverse balance pressure and 

relative water content (see Turner 1988), including osmotic potential at full turgor (π100) 

and at the turgor loss point (π0). 

 

Gas exchange 

 

Stomatal conductance (gs), rates of photosynthesis (A) and rates of (leaf-scale) 

transpiration (E) were measured on leaves from rainfed and well-watered saplings at 

Huntly and Worsley in late summer.  Mid-morning (between 9 AM and 12 noon) 

measurements were made one week after irrigation.  Measurements were made on ten 

young, fully expanded leaves from six rainfed saplings and six well-watered saplings at 

each site. 

 

4.3   Results 
 

In this chapter, the term ‘water use’ is used throughout.  ‘Water use’ is equivalent to 

‘transpiration’, which is implicit from the rate of sap flow measured in the stems of 

trees.  In general, ‘water use’ is used when referring to results of a quantitative nature, 

whereas ‘transpiration’ is used when results are referred to in a physiological context. 

 

Leaf area 

 

At both sites (Huntly and Worsley), leaf area was strongly correlated with stem basal 

area (P < 0.001, Fig. 4.1).  Basal area explained 84 % of the variation in leaf area at 

Worsley and 70 % at Huntly.  The rate of increase in leaf area with increasing basal area 

(regression slope) was identical at both sites, but leaf area at Worsley was significantly 

greater (regression intercepts) for trees of the same diameter (ANOVA, P < 0.001). 
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Figure 4.1   
 
The relationship between leaf area and stem basal area (at heat pulse probe height) for 
jarrah saplings on rehabilitation sites at Huntly (open symbols) and Worsley (closed 
symbols).  Linear regressions and their equations are shown. 
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The ratio of leaf area to sapwood area 

 

The mean ratio of leaf area to sapwood area was greater for saplings at Huntly (0.43 m2 

cm-2, standard error = 0.04, n = 12 saplings from H1, H2 and H3) than for saplings at 

Worsley (0.34 m2 cm-2, standard error = 0.05, n = 6 saplings from W1 and W3), but the 

difference was not statistically significant. 

 

Stand characteristics 

 

Trees of the same age were on average significantly larger in diameter, taller and faster 

growing at Huntly than at Worsley (t-test P < 0.05, Fig. 4.2 A, B & C).  Overall, the 

population structure was similar at the two sites except for a small proportion of larger 

trees at Huntly (Fig. 4.2 D).  The majority of trees at Huntly (74 %) and Worsley (91 %) 

were within a range of basal areas from 10 cm2 to 100 cm2 (3.9-11.3 cm DBH). 

 

Tree-based LAI at each site (Fig 4.2 F) was estimated using tree spacing (Fig. 4.2 E), 

population structures (Fig. 4.2 D) and linear regressions relating stem basal area to leaf 

area (Fig. 4.1).  Both tree spacing and tree-based LAI at Huntly (3800 stems ha-1, LAI = 

3.1) were an order of magnitude greater than at Worsley (400 stems ha-1, LAI = 0.4) and 

much greater than typically found in mature jarrah forest in the same region (900 stems 

ha-1, LAI = 1.3, from Silberstein et al. 2001). 

 

Transpiration in relation to leaf area  

 

Daily rates of transpiration (kg H2O day-1 per tree) were significantly related to leaf area 

(m2) for jarrah saplings on rehabilitation sites at Huntly and Worsley.  Moderately 

strong correlations between water use and leaf area were observed at both sites across a 

gradient of tree size (Fig. 4.3).  Correlations at all times were significant at the 1 % level 

and on average, leaf area explained 65 % of the variation in water use during periods of 

high sap flow.   
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Figure 4.2  
 
Structural characteristics of jarrah stands on rehabilitation sites at Huntly (dark shading) 
and Worsley (light shading), including: the growth rate of stem basal area of saplings 
(A), the mean diameter at breast height (DBH) of saplings (B), the mean height of 
saplings (C), the size structure of the population based on basal stem area (D), the 
density of saplings (E), and sapling-based leaf area index (LAI) of the stands (F).  Error 
bars represent standard error of the mean (n = 30). 
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Figure 4.3  
 
The relationship between water use (per tree) and leaf area for jarrah saplings on 
rehabilitation sites at Huntly (A) and Worsley (B) during single representative days in 
summer (closed symbols) and winter (open symbols).  Mean vapour pressure deficits 
(daytime, 6 AM to 6 PM) for the representative days were 1.8 kPa for summer and 0.4 
kPa for winter.  Linear regression lines and their equations are shown.  Regression 
ANOVA statistics are shown in Table 4.2. 
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Differences in the leaf area-water use relationship were observed in relation to 

differences in site (between Huntly and Worsley) and season (between summer and 

winter).  These results (Fig 4.3) are summarised as follows: (1) between seasons, the 

increase in water use with increasing leaf area was significantly greater (ANOVA P < 

0.001) in summer (under conditions of high VPD) than in winter (low VPD); and (2) 

between sites, the increase in water use with increasing leaf area was significantly 

greater (ANOVA P < 0.001) at Huntly than at Worsley in summer, but the reverse was 

true in winter.  There were no significant differences between the intercepts of 

regression lines between seasons or sites. 

 

Seasonal patterns of transpiration and water relations 

 

The seasonal patterns of water use (in relation to VPD) and water relations (leaf water 

potential and stomatal conductance) at Huntly and Worsley are shown in Fig. 4.4.  

Measurements of water use from individual trees were normalised by leaf area and 

averaged (to yield leaf-specific rates) based on the linearity of water use-leaf area 

relationships, which held true over a range of summer to winter climatic conditions at 

both sites. 

 

A sigmoidal pattern of daytime-mean VPD was observed at both sites, typical of 

Mediterranean-type climates, fluctuating between a winter minimum (0.1 kPa) and a 

summer maximum (3.0 kPa).  At both sites, the pattern of daytime, leaf-specific rates of 

water use in winter, spring, and early summer was in close agreement with VPD (Fig. 

4.4 A & C).  During this period, minimum rates at both sites in winter were similar (~ 

0.2 kg H2O m-2 day-1).  However, maximum rates attained in summer were much greater 

at Huntly (~ 1.5 kg H2O m-2 day-1) than at Worsley (~ 0.8 kg H2O m2 day-1). 
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Figure 4.4   
 
The seasonal patterns of water use and water relations of jarrah saplings on 
rehabilitation sites at Huntly and Worsley.  Water use (closed circles) is shown in 
relation to vapour pressure deficit (VPD, solid line).  Daytime (6 AM to 6 PM), leaf-
specific rates of water use and daytime-mean VPD are shown on a weekly basis 
(means).  At Huntly (A), water use measurements from April 1998 to March 1999 were 
obtained from plot H1, measurements from February to May 1999 were obtained from 
plot H2 (partially concurrent with those obtained from H1), and measurements from 
November 1999 to January 2001 were obtained from plot H3.  At Worsley, water use 
measurements from October to September 1999 were obtained from plot W1, 
measurements from October 1999 to May 2001 were obtained from plot W2.  The 
standard errors of water use measurement from 3-6 replicate trees was 0.13 kg H2O m-2 
day-1 at Huntly and 0.04 kg H2O m-2 day-1 at Worsley.  The standard error of daytime 
water use for any given day in any given week represented by a data point was 0.04 kg 
H2O m-2 day-1 at Huntly and 0.03 kg H2O m-2 day-1 at Worsley.  On the same weekly 
basis, the standard error daytime-mean VPD for any given day was 0.16 kPa.  Water 
relations measurements at Huntly (B) and Worsley (C) include pre-dawn leaf water 
potential (ψpre-dawn, closed squares), midday leaf water potential (ψmidday, closed 
diamonds) and mid-morning stomatal conductance (gs, open triangles).  Leaf water 
potential data are the mean and standard error of 9 trees.  Stomatal conductance data are 
the mean and standard error of 6 trees, pooled from 10 leaf measurements per tree. 
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Markedly different patterns of water use were observed within and between sites as the 

dry season progressed (late summer to autumn).  First, two contrasting patterns were 

observed at Huntly (Fig. 4.4 A).  Rates of water use measured in plot H1 decoupled 

from VPD and decreased linearly to winter-equivalent values over the course of two 

months (Fig. 4.5).  This pattern was also observed in the following year in plot H3.  In 

contrast, high rates were measured in plot H2 (concurrent to rates measured in H1 in the 

summer of 1999).  Rates of water use measured in H2 did not decouple from VPD until 

much later in the dry season (in late autumn), and this only occurred during a short 

period of hot, dry weather.  Rates of water use in H2 regained agreement with VPD 

following the break of season in late April (rainfall data not shown).  At Worsley, rates 

of water use decoupled from increasing VPD and reached a plateau, only returning to 

agreement when VPD decreased (Fig. 4.4 C).  This pattern was repeated in consecutive 

years. 

 

On average, trees at Huntly experienced increasing water stress over summer, as 

indicated by decreasing leaf ψ and gs (Fig. 4.4 B).  At the point of maximum water 

stress, minimum pre-dawn leaf ψ was –1.9 MPa and midday leaf ψ was –2.7 MPa; mid-

morning gs was 80 mmol m-2 s-1.  Winter rainfall relieved water stress and increased 

pre-dawn leaf ψ to –0.4 MPa and midday leaf ψ to –1.1 MPa.  A maximum stomatal 

conductance of 300 mmol m-2 s-1 was measured in spring under conditions of 

moderately high VPD (daytime-mean VPD ~ 1.5 kPa).  At Worsley (Fig. 4.4 D), pre-

dawn leaf ψ indicated a mild water stress throughout the year with minimal seasonal 

variation (–0.5 to –0.8 MPa).  Variation in midday leaf ψ was indicative of the climatic 

conditions and water use, varying from –1.3 MPa in winter to –2.5 MPa in autumn.  

Stomatal conductance at Worsley was commensurate with water use, and reached a 

maximum during early summer of 360 mmol m-2 s-1.  Unlike Huntly, minimum gs was 

measured in winter (160 mmol m-2 s-1). 
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Figure 4.5  
 
The decline in daytime (6 AM to 6 PM), leaf-specific rates of water use by jarrah 
saplings at Huntly during a period of increasing drought in the summer of 1999.  Water 
use (closed circles) is shown in relation to daytime-mean vapour pressure deficit (VPD, 
solid line).  Water use and VPD data are the daily measurements for the weekly periods 
shown in Fig. 4.4 from January to March 1999. 
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Pressure-volume analysis 

 

Analysis of pressure-volume relationships (Fig. 4.6) revealed that leaf osmotic 

potentials at full turgor (π100) and at the point of turgor loss (π0) were significantly 

lower (more negative) at Worsley than at Huntly, by around 25 % (P < 0.05).  There 

was no evidence of osmotic adjustment at either site in response to irrigation (Fig 4.6. B 

& C). 

 

Gas exchange 

 

Mid-morning measurements of stomatal conductance (gs), photosynthesis (A) and 

instantaneous water use efficiency (A/E) for rainfed and well-watered saplings are 

shown in Figure 4.7.  At Huntly, the stomatal conductance of well-watered saplings 

(320 mmol m-2 s-1) was significantly greater than that of rainfed saplings (110 mmol m-2 

s-1, P < 0.05), whereas there was no difference in stomatal conductance between rainfed 

and well-watered saplings at Worsley (170 mmol m-2 s-1) (Fig. 4.7 A).  However, the 

stomatal conductance of saplings at Worsley (rainfed or well-watered) was significantly 

less than that of well-watered saplings at Huntly (P < 0.05).  A similar trend was 

observed for photosynthesis (Fig. 4.7 B).  At Huntly, rates of assimilation were 

significantly higher in well-watered saplings (10 µmol m-2 s-1) than in rainfed saplings 

(6 µmol m-2 s-1, P < 0.05), whereas there was no difference between rainfed and well-

watered saplings at Worsley (12.5 µmol m-2 s-1).  Rates of photosynthesis, and 

consequently, instantaneous water use efficiency (A/E) was significantly greater at 

Worsley than at Huntly, by around 45 % (P < 0.05, Fig. 4.7 C).  Although A/E was 

slightly higher in well-watered saplings at both sites, differences were not significant. 
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Figure 4.6 
 
Representative pressure-volume curves (A) for well-watered saplings at Huntly and 
Worsley, sampled at the end of summer; and parameters derived from pressure-volume 
relationships for rainfed and well-watered saplings at both sites, including: (B) osmotic 
potential at full turgor (π100), and (C) osmotic potential at the turgor loss point (π0).  
Osmotic potential data are the mean and standard error of 4 trees.  Within captions (B) 
and (C), data labelled by the same lower-case letter (a or b) were not significantly 
different (t-test, P < 0.05). 
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Figure 4.7 
 
Gas exchange characteristics for rainfed and well-watered saplings at the end of summer 
at Huntly and Worsley, including: (A) stomatal conductance (gs), (B) photosynthesis 
(A), and (C) instantaneous water use efficiency (A/E).  Data are the mean and standard 
error of six trees per treatment, comprised of ten pooled measurements per tree.  Data 
followed by the same lower-case letter (a, b or c) were not significantly different (t-test, 
P < 0.05). 
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Predictive models of water use 
 

The relationship between daytime (6 AM to 6 PM), leaf specific rates of water use and 

daytime-mean VPD is presented in Figure 4.8.  At both sites (Huntly and Worsley), 

water use increased with increasing VPD in a curvilinear fashion, and saturated at high 

VPD (maximum rates of water use for VPD > 2 kPa were ~ 1.5 kg H2O m-2 day-1 at 

Huntly and ~ 0.8 kg H2O m-2 day-1 at Worsley).  It is worth noting that summer and 

autumn water use from trees that experienced localised drought at Huntly were scattered 

below maximum rates.  The relationship between water use and VPD for trees 

unaffected by localised drought was modelled mathematically using regression 

equations of the form y = a(1 - bx) + c, describing an exponential increase to a 

maximum (Fig. 4.6).  The parameter ‘a’ describes an asymptotic maximum value, the 

parameter ‘b’ (0 < b < 1) may be viewed as a ‘steepness’ factor related to the rate of 

increase (low values indicate high steepness), and parameter ‘c’ is the intercept.  

Drought-affected data from plots H1 and H3 were excluded from the Huntly analysis 

(i.e. the scattered measurements in Fig. 4.8 A).  At both Huntly and Worsley (Fig. 4.8 

B), the correlation between water use and VPD was highly significant (R2 ~ 0.88, P < 

0.0001), however the ‘a’ value (asymptotic maximum) at Huntly (1.9) was more than 

double that at Worsley (0.7, ANOVA P < 0.001).   
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Figure 4.8  
 
The relationship between daytime (6 AM to 6 PM), leaf-specific rates of water use and 
daytime-mean vapour pressure deficit (VPD) for jarrah saplings on rehabilitation sites at 
Huntly (A) and Worsley (B).  Water use data were obtained from plots H1, H2 and H3 
at Huntly and from plots W1 and W2 at Worsley, and data are the daytime 
measurements used to calculate the weekly means shown in Figure 4.4 (A & C).  Water 
use data is shown in relation to seasons: summer (circles), autumn (triangles), winter 
(squares) and spring (diamonds).  Exponential regressions (solid lines) and their 
equations are shown.  Regressions were fitted to data sets based on mathematical 
models of the form y = a(1 - bx) + c, describing an exponential rate of increase to a 
maximum value.  The regression for the Huntly data excluded data that was obviously 
drought-affected (data is shown).  Regressions were significant (P < 0.0001), and 
coefficient ‘a’ was significantly greater at Huntly than at Worsley (ANOVA, P < 
0.001). 
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Stand water use estimates 

 

Stand water use at each site was modelled assuming that root-zone water was available 

at all times during the measurement period.  Daytime (6 AM to 6 PM) water use (kg 

H2O m-2 day-1) was estimated from daytime-mean VPD using the exponential 

relationships described in Fig. 4.8.  Total daily water use was calculated as the sum of 

daytime water use and mean night-time (6 PM to 6 AM) water use measured over the 

course of the study (0.15 kg H2O m-2 night-1 ± 0.003 at Huntly and 0.10 kg H2O m-2 

night-1 ± 0.001 at Worsley).  Night-time rates of water use did not vary seasonally in 

magnitude to a great degree but did consequently vary as a proportion of total daily sap 

flow from a maximum of 50 % in winter to a minimum of 10 % in summer.  Daily 

water use at the stand scale was calculated as the product of daily water use (leaf-

specific rates) at the tree scale and stand LAI.  

 

Modelled stand water use, in the form of monthly sums of daily estimates, is presented 

in Figure 4.9, along with monthly sums of rainfall and ETo, and annual totals for each 

parameter.  Consistent with the long-term average, annual rainfall at Huntly was 

approximately twice that at Worsley.  The summer and autumn months (from 

November to April) were effectively periods of drought at each site (1-15 % of total 

annual rainfall).  Stand water use followed a sigmoidal seasonal pattern, peaking in late 

summer and dropping to a minimum in mid-winter, similar to ETo and the opposite to 

rainfall (Fig 4.9 A & B).  Annual stand water use at Huntly, as a percentage of annual 

rainfall, increased from 56 % in 1999 to 74 % in 2000 (Fig. 4.9 C).  Stand water use at 

Worsley followed the same pattern as Huntly, but was an order of magnitude less due to 

the lesser tree density and LAI (Fig. 4.7 B), and was 12 % of annual rainfall in 2000 

(Fig. 4.9 C). 
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Figure 4.9  
 
Estimates of stand water use (solid line) in relation to rainfall (shaded bars) and FAO 
reference evapotranspiration (ETo, dashed line) for jarrah stands on rehabilitation sites 
at Huntly (A) and Worsley (B).  Rates of stand water use (mm); rainfall and ETo are 
shown on a monthly basis (the sum of daily rates) over the course of the experiment.  
Annual totals for specific years are shown in caption C.  Water use at the stand scale 
was calculated as the product of stand leaf area index and leaf-specific rates of water 
use at the tree scale.  Note: stand water use is plotted against the secondary Y-axis in 
caption B, which is an order of magnitude less in scale than the primary Y-axis. 
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4.4   Discussion 
 

Jarrah saplings growing on bauxite mine rehabilitation sites at Huntly and Worsley were 

of similar age and were growing on sites that had similar soil profiles and site 

preparation following mining.  Nonetheless, these stands differed in their vegetation 

composition (Fig. 4.2).  The stand at Huntly had a high tree density with little 

understorey while the stand at Worsley had a much lower density of slightly smaller 

saplings but a dense understorey.  The larger saplings at Huntly produced a larger tree-

based leaf area index (LAI) than that at Worsley.  An important aim of this study was to 

explore mechanistic explanations of patterns of sapling water use, which are considered 

first in this discussion, followed by remarks on the seasonal nature of water use and 

other physiological characteristics.  After this, the scaling process and the outcomes of 

scaling are discussed. 

 

The influence of evaporative demand 

 

Transpiration was highly responsive to VPD for much of the year (Figures 4.4 and 4.6), 

and this relationship was used to develop predictive models of water use.  By inference, 

the sapling canopies in this study were well coupled to the atmosphere during these 

periods.  Transpiration was thus strongly driven by the leaf-to-air gradient in vapour 

pressure deficit.  Eucalypt forests and plantations with similar characteristics to these 

‘rehabilitation’ stands exhibit high aerodynamic conductance and low decoupling 

coefficients (Jarvis and McNaughton 1986), generally in the order of 0.1-0.3 (Morris et 

al. 1998; Mielke et al. 1999).  Hence, increases in transpiration with increasing VPD are 

commonly observed in well-watered eucalypts (Myers et al. 1998; O'Grady et al. 1999; 

Eamus et al. 2001).   

 

When evaporation is not greatly modified by boundary layer effects, stomatal 

conductance effectively determines rates of transpiration and sap flow data may be used 

to infer stomatal responses to changing environmental conditions (Hogg and Hurdle 

1997; Ewers and Oren 2000).  At both sites and when water was abundant, transpiration 

was strongly related to the energy available to drive evaporation (light and heat), and 
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there appeared to be little, if any, stomatal regulation.  This situation was typical of 

winter, spring and early summer (Figures 4.4 and 4.8).  However, when evaporative 

demand was very high (daytime-mean VPD > 2 kPa), transpiration rates reached a 

plateau.  Nearly identical curvilinear patterns of transpiration with increasing VPD have 

been reported in a number of other studies including eucalypts (Hogg and Hurdle 1997; 

Myers et al. 1998; Oren et al. 1999a; Eamus et al. 2001).   

 

Constant, maximum rates of transpiration were closely linked to stomatal conductance.  

It is often difficult to determine the exact triggers of stomatal behaviour because of 

complex interactions among many factors, such as light, CO2, temperature, humidity, 

leaf water status and chemical signals (Kramer and Boyer 1995; Monteith 1995; 

Comstock 2002).  However, under conditions where all other factors have little 

influence on stomata, there is strong evidence that stomata respond intrinsically to the 

rate of transpiration (Mott and Parkhurst 1991), and most likely in relation to hydraulic 

perturbations (Jones 1998; Sperry 2000; Comstock 2002).  For example, it is widely 

accepted that as the vapour pressure gradient across the leaf surface increases, stomata 

must close sufficiently to maintain water potential above a critical minimum threshold, 

in order to prevent cavitation from occurring in xylem vessels (Tyree and Sperry 1988; 

Sperry et al. 1998). 

 

Strong links between canopy stomatal conductance and maximal rates of transpiration 

are explicable on the basis that stomatal function serves to maximise photosynthesis 

while at the same time avoid damage related to dehydration and hydraulic dysfunction 

(Sperry and Pockman 1993; Bond and Kavanagh 1999; Hubbard et al. 2001).  We 

postulate that for jarrah saplings growing on these mine rehabilitation sites, stomatal 

behaviour ultimately determined the maximum rates of transpiration attained when 

evaporative demand was high and water was readily available, and that stomatal 

behaviour was almost certainly commensurate with that allowed by the hydraulic 

conductance of the water transport pathway and its risk of failure due to cavitation and 

embolism under negative xylem water potentials.     
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The influence of soil water availability 

 

Water use was regulated by other factors at times when evaporative demand did not 

limit transpiration.  This situation was typical of mid summer to late autumn (Fig. 4.4).  

Arguably, the most significant influence on transpiration at this time was the availability 

of soil water to saplings.  A clear example of this was observed at Huntly (Fig. 4.5), 

where in the early part of summer 1999, rates of transpiration by one group of saplings 

were fast (1.2 kg H2O m-2 day-1), and well-coupled to VPD.  As the dry season 

progressed, rates decoupled from VPD and decreased linearly over a period of 60 days 

to about 0.2 kg H2O m-2 day-1.  These slow rates were maintained despite consistently 

high VPD (daytime-mean > 2 kPa).  At Huntly, water use by these saplings was 

controlled by stomatal conductance, in accordance with decreasing soil water content 

and irrespective of increasing evaporative demand, in order to prevent hydraulic failure. 

 

The influence of soil-to-leaf hydraulic conductivity 

 

Leaf-specific rates of transpiration at Huntly were two-fold greater than rates at Worsley 

when conditions were most ideal for water use (early summer, Figures 4.4 and 4.8), 

forcing a rejection of the null hypothesis that rates would be similar.  This is a critical 

finding, and one that has a substantial impact on the formulation of predictive models of 

water use.  Given that surface soils at Huntly and Worsley are of similar depth, structure 

and water holding capacity, the faster rates at the former are strong evidence of a 

comparably greater conductance of the soil-to-leaf pathway.  It is reasonable to 

speculate that saplings at each site developed such that they were hydraulically 

compatible with their soil environment, and in particular, with the long-term (at least 

year-to-year) availability of soil water (Hatton et al. 1998; Sperry et al. 1998).   

 

Potentially greater conductance of the soil-to-leaf pathway at Huntly than at Worsley 

has significant implications for the regulation of transpiration via stomatal conductance, 

and the response to drought (Meinzer et al. 2001).  Neither daily-scale transpiration data 

nor other parameters (e.g. leaf area to sapwood area ratio) were reliable indices of 
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hydraulic differences between the sites, or the possible causes.  Clearly, there is a need 

to better understand plant-based influences on water use, particularly in relation to 

hydraulic architecture.  

 

Seasonal patterns of water use 

 

Water use by jarrah saplings on rehabilitation sites was highly seasonal and summer 

was the most critical period in the annual cycle of water use.  In this study, despite 

nearly all of the total yearly precipitation falling during winter, the majority of total 

water lost from saplings was lost in summer.  Patterns of sapling water use 

corresponded with those of temperature and solar radiation, and support the long-held 

contention of a strong causal link between water use and available energy.  On average, 

maximum daily rates of water use in summer were up to seven times greater than the 

minimum rate in winter at Huntly and up to four times greater on the same basis at 

Worsley (Fig. 4.4).  Both were very similar to the summer-winter difference in potential 

evapotranspiration at each site (Fig. 4.7). 

 

At Huntly, soil water availability clearly influenced water use over summer.  The 

different data sets presented here (from plots H1 & H2) illustrate two patterns of water 

use (Fig 4.4 A).  In one (H2), fast rates of transpiration were maintained according to 

evaporative demand for most of summer and autumn, with no indication of drought 

until the end of the dry season.  In the other (H1), a steady decrease in transpiration was 

observed from quite early in the dry season in response to increasingly serious drought 

(Fig. 4.5), suggesting that when jarrah saplings are faced with serious soil water deficits, 

they exhibit a response typical of mesophytes, i.e. tight stomatal control over 

transpiration.  This response has been observed in jarrah seedlings in glasshouse studies 

and in the field (Stoneman et al. 1994; Stoneman et al. 1995) but this is the first report 

for larger saplings.  Overall, pre-dawn leaf ψ at Huntly decreased significantly over 

summer in keeping with a general decline in water availability (Fig. 4.4 B).  Stomatal 

conductance progressively declined from spring to the end of the dry season, as did 

midday leaf ψ, thereby maintaining required energy gradients for water movement.  

However, the response of the stand as a whole to progressive drought was unclear.  
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The evidence suggests considerable spatial variation in soil water availability at the 

Huntly site at the end of summer.  Subsequent monitoring has shown significant 

variation in pre-dawn leaf water potential along a nearby transect at the site (-0.3 to -4.0 

MPa, I. J. Colquhoun 2002, unpublished data), confirming such spatial variability.  The 

patchy nature of the underlying regolith (Sadleir and Gilkes 1976) and the increased 

proximity of trees to the regolith as a result of the mining process (Nichols et al. 1985) 

provide a plausible explanation for these observations.  Given the high tree density at 

Huntly, competition for water within the horizontal plane may be intense if root system 

development is limited in the vertical plane, such as might easily be imposed by granite 

outcroppings or impervious clay layers that sometimes result from compaction by heavy 

machinery. 

 

At Worsley, there was no evidence from pre-dawn water potential or stomatal 

conductance measurements of significant water stress during this particular summer 

period (1999/2000, Fig. 4.4 D).  However, transpiration increased in response to VPD 

but reached a plateau where increasing evaporative demand produced no further 

increase in transpiration (Fig. 4.4 C).  Maximum rates of water use under ideal 

conditions were significantly less at Worsley than measured at Huntly, most likely due 

to a hydraulic constraint (as discussed).  However, it was also likely this limitation was 

balanced, at least to a slight degree, by physiological adaptations. 

 

Evidence of physiological adaptations 

 

Physiological, as well as structural, adaptations to drought are features of eucalypts.  

These include osmotic adjustment.  In this study, leaf osmotic potentials at full and zero 

turgor were significantly less (by ∼ 25 %) at Worsley than at Huntly (Fig. 4.6).  While 

some eucalypts display effective short-term (hours to days) regulation of osmotic 

potential (Clayton-Greene 1983; Myers and Neales 1984; Correia et al. 1989; White et 

al. 1996; White et al. 2000b), there was no evidence of such changes in the present 

study.  Indeed, there was no change in osmotic potential in response to seasonal drought 

within sites, which suggests that for jarrah, short-term osmotic adjustment is not a 
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significant expression of drought tolerance.  This finding is consistent with a study of 

jarrah seedlings by Stoneman et al. (1994), which demonstrated osmotic adjustment 

only when seedlings were under great water stress (ψsoil < -1.5 MPa).  Osmotic 

adjustment in jarrah may still be significant for survival in response to damaging water 

deficits but further work is needed to determine whether osmotic differences are due to 

solute accumulation or leaf elastic properties. 

 

A second physiological adaptation observed at the Worsley site was related to 

photosynthetic capacity.  Stomatal conductance at Worsley was significantly less than at 

Huntly under well-watered conditions and high evaporative demand (Fig. 4.7 A), but 

light–saturated rates of photosynthesis were similar (Fig. 4.7 B).  Consequently, 

photosynthetic water use efficiency was significantly greater at Worsley (Fig. 4.7 C).  

The simple conclusion that photosynthetic capacity was greater at Worsley than at 

Huntly is supported in part by differences in nutrient status, particularly of soil N.  

Photosynthetic capacity in eucalypts increases with increasing leaf nitrogen in response 

to N-fertilisation (Kriedemann and Cromer 1996; Clearwater and Meinzer 2001).  The 

site at Worsley contained a vigorous understorey of Acacia that play a critical role in 

improving the distribution and availability of soil N to overstorey tree species in 

rehabilitation (Todd et al. 2000a).  In contrast, the Huntly site was largely devoid of N2-

fixing understorey species and a large amount of N was immobilised in the litter layer 

(Todd et al. 2000b). 

 

The utility of scaling 

 

In order to project tree-scale physiological information to a landscape scale, rates of 

water use by individual jarrah saplings were scaled in space and time to estimate stand 

water use.  This study provides one of the few long-term data sets for water use 

measurements, and thus allows for both a full seasonal examination of water use 

patterns (as discussed) and rigorous assessment of the scaling process. 

 

Parameters functionally related to water use were evaluated in terms of their strength 

and utility for scaling from tree-based measurements to the stand scale.  This included 
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an assessment of the capacity of empirical relationships to predict: (1) water use from 

climatic data, (2) water use from leaf area, (3) leaf area from tree size, and (4) leaf area 

changes over time.  The combined errors of these parameters on estimates of stand 

water use were reflected by the 95 % confidence limits of estimates for the Huntly site 

(approximately ± 30 %) and the Worsley site (± 15 %). 

 

Weather data were used with some confidence to normalise rates of water use owing to 

the strong relationship between transpiration and evaporative demand under well-

watered conditions.  The empirical relationships between daily sap flow and daytime-

mean VPD were curvilinear and described accurately by exponential functions (R2 = 

0.88, Fig. 4.6).  Ignoring severe or prolonged seasonal droughts and the more infrequent 

longer-term drought (e.g. the 1 in 30 year drought), these relationships adequately 

represented seasonal variation. 

 

Leaf area, sapwood area and stem basal area are commonly used to scale tree water use 

from sap flow measurements (Hatton et al. 1995).  In this study, leaf area offered the 

most stringent means to compare sap flow measurements between sample trees because 

it was measured with some precision when trees were harvested.  Leaf area was an 

appropriate linear scalar because sap flow was well correlated with leaf area over a 

range of tree sizes and conditions (Fig. 4.3).  Furthermore, leaf area was strongly related 

to stem basal area (Fig. 4.1), a variable that was easily and accurately measured on a 

large number of trees.  When coupled with knowledge of both stem density and the size 

structure of the stand (Fig. 4.2), this relationship was used to estimate total stand LAI.  

Silberstein et al. (2001) used a similar approach in a recent study on mature jarrah.  

 

The greatest portion of the variance in scaled estimates is attributed to variability on a 

leaf area basis in rates of water use between individual saplings.  Although variation 

between the saplings used for long term monitoring was not large (Fig. 4.4), 

measurements from a larger number of trees (Fig. 4.3) produced a relationship between 

water use and leaf area with an R2 = 0.65.  Variation in water use commonly increases 

with increasing stem density, LAI and canopy closure due to factors such as the effect 

of shading between dominant and sub-dominant individuals in the dense canopy 
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structure, and competition for water (Kelliher et al. 1992; Teskey and Sheriff 1996; 

Hunt and Beadle 1998; White et al. 2000a).  To a lesser extent, tree-to-tree variation in 

leaf area to basal stem area ratio was also a source of uncertainty related to the scaled 

estimates of stand water use (Fig. 4.1). 

 

Simple linear models of tree growth (based on the growth increment of stem basal area) 

provided the best estimate of temporal variation in leaf area.  The use of leaf area as a 

scaling parameter may be criticised if it were to fluctuate seasonally.  There is indirect 

evidence from litterfall data of a decline in leaf area in rehabilitation stands with 

increasing monthly-mean temperature (Todd 2000), and this is a common feature for 

eucalypts in seasonally dry environments (O'Grady et al. 1999; Eamus et al. 2000), 

however, seasonal fluctuations in LAI estimated from litterfall data were less than the 

error associated with its prediction.  Consequently, estimates of stand water use that 

included seasonal variation in leaf area (and its effect on water use) did not alter 

estimates based on the assumption of constant leaf area for a particular season, and as a 

result, the effects of slight changes in leaf area were not considered further. 

 

Stand-scale estimates of water use 

 

Following an evaluation of the scaling process, daily water use of the whole stand of 

trees (on any given day within the measurement period) was calculated using simple 

mathematics.  First, the stem basal area of every tree within a 1-hectare area was 

estimated using knowledge of stem density, the distribution of stem size (basal area) and 

the average growth rate of stem basal area (Figure 4.2).  Second, tree leaf area was 

estimated using the linear relationship between leaf area and stem basal area (Fig. 4.1).  

Third, daily water use per tree was estimated as the product of the leaf area of the tree 

and the average daily leaf-specific rate of transpiration for the stand (a daily rate).  

Transpiration was estimated from knowledge of the daytime-mean VPD (Fig. 4.4) and 

using the empirical relationship between transpiration and VPD (Fig. 4.8).  Finally, the 

total water use (per hectare) of the stand was calculated as the sum water use of all trees 

within a 1 ha area.  Stand water use was ‘modelled’ assuming that soil moisture was 

readily available at all times. 
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At Huntly, the amount of water used by the stand of vegetation as a whole was closely 

approximated by that used by jarrah because tree-based LAI approximated total LAI 

owing to the lack of understorey.  This was not the case at Worsley, where the amount 

of water used by the vigorous understorey was unknown.  Although important for site 

management, it was not possible to develop a complete site water balance at either site 

because resources were not available to accurately measure soil water content, soil 

evaporation and water use by understory species.  Further work is needed in this regard.  

However the estimates of total tree water use presented here, although crude, do provide 

a useful indication of the maximum amount of water required by trees at Huntly and 

Worsley. 

 

Towards the end of the experiment, scaled rates of tree water use at Huntly were on 

average 2.2 mm day-1, varying seasonally from approximately 1.1 mm per day-1 in 

winter to 3.2 mm day-1 in summer, whereas scaled rates at Worsley were an order of 

magnitude less, averaging 0.2 mm day-1 (Fig. 4.9); not surprising given the difference 

between the sites in tree-based LAI (Fig. 4.2). 

 

In general, stand water use at Huntly was within the range of that expected for eucalypts 

in a plantation-type environment with high rainfall (Table 4.3).  Rates at Huntly were 

similar to those recorded by Silberstein et al. (2001) for mature jarrah forest, despite the 

fact that stem density at the rehabilitation sites was approximately four times greater 

than that in the forest and leaf area was three times greater.  This suggests that leaf-

specific rates of transpiration by saplings on rehabilitation sites may be less than those 

by mature trees in the forest.  Rates of stand water use recorded at Huntly were similar 

to those of forest plantations with moderate LAI (2-3) and considerably less than those 

measured in irrigated/high rainfall zone plantations with high LAI (> 3).  These rates are 

however greater than for many natural forests and woodlands with low LAI (< 2).  

Overall, rates of transpiration by eucalypts are commensurate with climate (or water 

availability) and are roughly equable with rates recorded for other tree species 

worldwide (see Wullschleger et al. 1998). 
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Table 4.3 
 
Water use of Eucalyptus spp. over a range of environments (all measurements obtained 
using sap flow methods). 
 

Species Environment 
Annual 
rainfall 
(mm) 

LAI Water use 
(mm day-1) 

Time of 
year Reference 

       
E. grandis 3-yr-old 

plantation 
Irrigated 5.7 7.5 Summer Myers et al. 

(1996) 
       
E. grandis 3-yr-old 

plantation 
1500 3.0 5.0 Summer Dye (1996) 

       
E. camaldulensis 9-yr-old 

plantation in a 
groundwater 

discharge zone 

430 2.0 4.5 Summer Marshall et 
al. (1997) 

       
E. globulus 8-yr-old 

plantation 
600 3.2 3.6 Autumn David et al. 

(1997) 
       
E. nitens 8-yr-old 

plantation 
1000 - 2.8 Summer Hunt and 

Beadle 
(1998) 

       
E. regnans 15-yr-old 

forest 
1700 4.0 2.3 Spring Vertessy et 

al. (1995) 
       
E. saligna 
E. camaldulensis 
E. leucoxylon 
E. platypus 

12-yr-old farm 
tree belts 

450 2.0 1.7 Summer White et al. 
(2002) 

       
E. camaldulensis 
E. grandis 

20-yr-old 
plantation 

480 1.5 1.3 Spring Morris et al. 
(1998) 

       
E. miniata 
E. tetradonta 

Mature 
savanna 

woodland 

1600 1.0 1.0 Summer O'Grady et 
al. (1999) 

       
E. wandoo 
E. salmonophloia 

Mature 
woodland 

340 < 1 0.4 Summer Farrington 
et al. (1994) 
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At Huntly in 1999, total tree water use was 56 % of rainfall.  More importantly, it was 

estimated that water use increased to 74 % of total rainfall in 2000 (94 % when the 

upper confidence limit is taken into account).  These values suggest that the risk of 

drought death of trees at this site was low but increasing.  Without either a significant 

reduction in growth rate, increased access to deeper soil moisture, or management 

intervention such as thinning, localised drought effects (like that observed in this study) 

could become more widespread.  As yet, there is no evidence to show that deeper roots 

are developed sufficiently to utilise deeper soil moisture.  Preliminary observations 

suggest that some deeper sinker roots are present and that access to ancestral root 

channels is not restricted (I. Colquhoun, unpublished data), but their significance in 

accessing water is yet to be determined. 

 

At Worsley, trees utilised approximately 12 % of rainfall in 2000 but they were not the 

major contributor to LAI, or, by inference, the dominant users of water.  There was no 

means by which to judge the level of competition for water between the trees and 

understorey in this study, however the situation at Worsley is thought to be relatively 

safe, given that (1) the understorey vegetation is likely to gradually senesce over the 

coming years, (2) tree density is relatively low, and (3) saplings display more 

conservative water use characteristics at this site compared to saplings at Huntly. 

 

Conclusion 

 

This study has shown that water use by jarrah saplings growing on mine rehabilitation 

sites is strongly related to environmental variables, such as evaporative demand and soil 

water availability, and almost certainly plant-based hydraulic mechanisms.  Stomata 

appear to play a dominant role in the regulation of transpiration, and more research is 

clearly necessary to better understand stomatal behaviour and its causal factors.  Some 

key findings were that transpiration was (1) highly responsive to evaporative demand 

for much of the year, (2) most likely delimited by a maximum ‘whole-tree’ hydraulic 

conductance under ideal conditions, and (3) decoupled from evaporative demand under 

drought conditions (a mesophytic response).  Another key finding was that water use 

characteristics varied across a rainfall gradient.  Fast-growing saplings at a high rainfall 
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site displayed a ‘high water use’ strategy based on high leaf area, high stomatal 

conductance and, presumably, high whole-tree hydraulic conductance, whereas slower-

growing saplings at a low rainfall site displayed more ‘conservative’ water use based on 

less leaf area, tighter stomatal control and, presumably, lower whole-tree hydraulic 

conductance.  Other physiological mechanisms (osmotic adjustment and photosynthetic 

capacity) played little or no role in conferring short-term ‘drought-tolerance’; however, 

they may be significant for survival at more arid sites.  Simple, empirical models of 

stand water use (based on the prediction of ‘average’ rates transpiration from climatic 

data) provided some indication of water demand in relation to supply, and thus also the 

risk of drought. 
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CHAPTER 5. 
 

Drought reduces the stomatal conductance and transpiration of jarrah 
saplings by reducing whole-tree hydraulic conductance 
 

5.1   Introduction 
 

The previous study of seasonal patterns of water use by jarrah saplings growing on mine 

rehabilitation sites (Chapter 4) revealed strong relationships between daily water use 

and atmospheric evaporative demand.  That work also suggested a connection between 

water use and soil water availability and between water use and hydraulic conductance, 

with stomatal conductance apparently playing an important regulatory role.  

Consistently lower rates of water use by saplings at the drier site than at the wetter site 

suggests that water use at the drier site was most likely constrained by plant hydraulic 

conductance.  If characteristics of water use and physiology in young jarrah trees are 

strongly influenced by hydraulic architecture, and if that architecture is ‘plastic’, then 

there are substantial implications for stand management, including the density of 

planting and later thinning.   

 

A thorough process-based understanding of transpiration in this environment and 

precise knowledge of tree hydraulics are likely to be key additions to current models of 

catchment hydrology and productivity on rehabilitation sites, particularly for stand-scale 

models based predominantly on tree-scale measurements.  Recent developments in the 

understanding of water transport in trees and the availability of widely accepted 

hydraulic models for describing the transpiration process provide a logical framework 

for gaining this knowledge. 

 

The mechanistic nature of water movement through trees is partially understood.  A 

common approach for describing the responses of transpiration, stomatal conductance 

and water potential to changes in hydraulic conductance is the application of an Ohm’s 

law analogue for water flow across the soil-plant-atmosphere pathway (see review by 

Tyree and Ewers 1991).  Ohm’s law defines the rate of water flow as the product of 
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hydraulic conductance and the driving force for the flow, where the latter is generally 

assumed to equal the pressure gradient across the flow path.  For trees with leaves that 

are well coupled to the atmosphere, such that leaf temperature closely approximates air 

temperature, and boundary layer conductance is large relative to stomatal conductance, 

the leaf-specific rate of transpiration (EL) is expected to equal the product of mean leaf 

stomatal conductance to water vapour (gS) and the vapour pressure defecit between the 

leaf and the surrounding air (VPD).  Furthermore, EL may be reasonably approximated 

as the product of leaf specific hydraulic conductance of the soil-to-leaf pathway (KL) 

and the water potential difference generated between the soil and the leaf (ψsoil - ψleaf).  

Overall, leaf water potential is dependent on both the rate of water loss from the leaf to 

the atmosphere and the rate of supply from the soil to the root and from the root to the 

leaf.  Stomata seemingly respond to the rate of transpiration (Monteith 1995) to 

maintain ψleaf above a critical threshold (ψcrit) that would otherwise cause impairment of 

the vascular system due to cavitation and embolisms (Tyree and Sperry 1988). 

 

Under steady state conditions, it follows that EL estimated at a junction in the soil-to-

leaf pathway (most often in the main stem by measuring sap flow) will equal EL 

estimated at the leaf-to-air interface.  Assuming the simplest case of trees being 

unbranched and lacking internal capacitance, the two Ohm’s law analogues can be 

combined and rearranged to describe the behaviour of individual components.  For 

example, Equation 5.1 is commonly used to describe average leaf stomatal conductance: 

 

( )
VPD

leafsoilL
S

Ψ−Ψ
=

K
g      (5.1) 

 

These relationships are extremely useful for evaluating stomatal activity, transpiration 

and water potential in relation to hydraulic conductance.  Similar formulations have 

been used previously to describe responses to decreasing soil water content (Sperry et 

al. 1998; Kolb and Sperry 1999) and vapour pressure deficit (Oren et al. 2001), 

maximum gS for a given KL (Nardini and Salleo 2000), regulation of ψleaf in relation to 

changes in KL (Bond and Kavanagh 1999), and the influence of nutrient and water 

additions on hydraulic architecture (Ewers et al. 2000).  The important connections 
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between hydraulic architecture, physiology and growth are evident from hydraulic 

principles.  A number of studies highlight the effect of hydraulic constraints on stomatal 

conductance and photosynthesis in trees (Brodribb and Feild 2000; Hubbard et al. 

2001), and others have begun to explore broader issues related to productivity from a 

hydraulic viewpoint, such as in relation to age (Hubbard et al. 1999), height (Schafer et 

al. 2000) and elevated CO2 (Wullschleger et al. 2002).  

 

In this study, hydraulic principles were used to interpret the water use behaviour of 

jarrah saplings on mine rehabilitation sites from a ‘whole-plant’ perspective.  There is a 

growing understanding that studies involving intact, whole plants under natural 

conditions are of great value for yielding insights about how stomata regulate 

transpiration in relation to plant and soil hydraulic properties (Wullschleger et al. 1998; 

Becker et al. 1999; Meinzer et al. 2001; Meinzer 2002).  Meinzer (2002) has even 

proposed that KL is the most versatile hydraulic variable for interpreting stomatal 

activity in regulating water use. 

 

Due to their relative homogeneity, rehabilitated bauxite-mines in the jarrah forest of 

Mediterranean south-western Australia are better locations than most in which to 

differentiate the relative importance of environmental and biological variables on the 

regulation of transpiration.  Fortunately, a range of climatic variables including light, 

evaporative demand and length of summer drought vary little across moderately large 

distances (e.g. at scales of kilometres) in this region of Australia, and conditions are 

regularly non-limiting for transpiration during summer, except for soil water 

availability.  Thus, identifying the response of EL and gS to variables such as light, 

temperature and humidity is relatively straightforward in the field, and links to 

hydraulic architecture can be established with confidence.  Furthermore, rehabilitated 

sites are advantageous because young trees are largely dependent on surface soil 

moisture (Chapter 4).  Surface soils in rehabilitation sites are essentially similar in terms 

of structure, depth, water holding capacity and nutrient status, owing to the 

homogenisation that results from removal and replacement of the overburden.  While 

there can be substantial voids at greater depth owing to random placement of large 

boulders, surface soils are quite uniform.  The most significant difference among these 
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sites is rainfall.  In contrast to the constancy of light, temperature, evaporative demand 

etc., rainfall declines quickly from 1200 mm yr-1 at sites closest to the coast, to 600 mm 

yr-1 at sites 50 km further inland.  Water deficits limit jarrah growth and water relations 

from seedling to tree stages of growth (Stoneman et al. 1994; Crombie 1997), but there 

is no specific information on hydraulic architecture or its development across this 

rainfall gradient.  

 

The focus of this study was to provide a detailed empirical and theoretical analysis of 

water use by jarrah saplings growing on mine rehabilitation sites, and to evaluate the 

architectural, physiological and environmental parameters regulating transpiration.  For 

this, stands were examined at high and low rainfall sites, both under well-watered 

conditions and during progressive drought during late summer and early autumn.  The 

first aim was to substantiate the findings of Chapter 4 under better-replicated, semi-

controlled conditions, and to test a hypothesis that KL (also termed leaf specific whole-

tree hydraulic conductance throughout this study) and maximum daily EL would be 

inherently greater at a mesic site compared to a more xeric site.  The second aim was to 

investigate the influence of KL on diurnal patterns of transpiration in relation to 

environmental conditions.  It was hypothesised that: (1) diurnal patterns of water use 

under ideal conditions might indicate a hydraulic limitation at the more xeric site 

compared to the mesic site; and (2) stomatal conductance would tightly regulate EL in 

coordination with KL in response to increasing evaporative demand (VPD) and/or 

increasing soil drought at both sites, but more so at the more xeric site.   

 

5.2   Experimental procedure 
 

Site location and experimental timing 

 

Duplicate irrigation experiments were conducted on rehabilitation sites at Huntly (H) 

and Worsley (W), the same mine sites as studied in Chapter 4.  Experimental plots at 

Huntly (on a site established in 1992) were adjacent to plots used in Chapter 4.  

Experimental plots at Worsley (on a site established in 1993) were located in a section 

of rehabilitation approximately 3 km from the plots used in Chapter 4.  Experiments 
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began in autumn, and monitoring was continued for a period of approximately 3 

months, encompassing the latter half of the summer drought period and the break of 

season rains.  ‘Day 1’ at Huntly was 17-Feb-1999 and ‘Day 1’ at Worsley was 17-Mar-

2000. 

 

Experimental design 

 

At each site, six replicate experimental plots were randomly located within a nominally 

rectangular area of rehabilitation (sites were irregularly shaped), of the following 

approximate dimensions: 100 x 50 m (0.5 ha).  Buffer zones between plots and from 

edges of the rehabilitation area were at least 15 m in width.  Plots were randomly 

allocated irrigated (I) or rain-fed control (R) experimental treatments.  Actual plot size 

and shape at each site was determined by sapling density, water source and the 

irrigation system.  Plots at Huntly were rectangular (12 x 7 m), contained 32-38 jarrah 

saplings (no other tree species were present and understorey plants were removed).  

Plots at Huntly were irrigated with water transported to the site by truck and pumped 

through multiple rotor sprinklers (15 mm Pope Rotoframe, Model No. 5190).  Plots at 

Worsley were circular and five-fold greater in area than the plots at Huntly in order to 

include a suitable population of saplings (radius 11.5 m, containing 12-17 trees).  These 

plots were irrigated with water pumped directly from a nearby pipeline through large, 

radial-throw sprinklers (K-Rain ProPlus).   

 

The experiment was a nested design based on the following hierarchy: growth 

environment (Huntly or Worsley), experimental treatment (irrigated or rainfed), 

experimental unit (replicate plot) and sampling unit (tree).  The actual number of 

experimental units (up to 3 plots) and sampling units (up to the number of saplings in 

each plot) used was related to the measurement parameter of interest. 

 

A sufficient volume of water was applied to irrigated treatments to ensure that drought 

conditions were immediately relieved and saplings were not limited by soil moisture at 

any time during the experiment.  Water retention curves and bulk density estimates for 

the soils (I. Colquhoun pers. com.) were used to calculate the approximate volume of 
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water required to wet dry soil to 100 % water holding capacity (θ100) to a depth of 0.5 m 

(equivalent to 75 % of θ100 to a depth of 0.7 m, or 50 % of θ100 to depth of 1 m).  

Continuous irrigation over a single block of days (a large ‘pulse’ application) was 

preferred to regular irrigation so that saplings were not exposed to periods of ‘artificial’ 

humidity during the experiment.  Irrigation began on day 8 of the experiment, after a 

week of base-line measurements, and continued over 5 days.  In total, ∼ 350 mm was 

applied at Huntly and ∼ 200 mm at Worsley, approximately 30 % of annual rainfall.  

Following irrigation, it was envisaged that soil gravimetric moisture content would be 

increased to winter-equivalent and that minimum (winter-time) pre-dawn leaf water 

potentials of saplings would be maintained for a lengthy period.  Rainfed treatments 

received no irrigation.  

 

Soil moisture 

 

Root-zone soil water content was measured gravimetrically in each plot prior to 

irrigation (I and R plots), again one week following irrigation (I plots only), and finally, 

4 months later in winter (I and R plots).  Soil samples were taken every 0.2 m to a depth 

of 1 m at Huntly and to 0.8 m at Worsley.  Samples were placed in airtight containers 

and stored in a cool, dark area.  In the laboratory, samples were weighed, oven-dried at 

110°C to a constant weight, and re-weighed.  The soil water content of each sample was 

calculated as the difference between wet mass and dry mass, divided by dry mass (θg, g 

g-1). 

 

Climatic data 

 

Weather data were collected from weather stations at each site (see Chapter 2).  In 

addition to standard measurements, photosynthetically active radiation (Q) was 

estimated from global solar radiation (Qs) based on a strong linear relationship between 

Q (measured directly from the quantum light sensor of a LICOR LI-1600 porometer) 

and Qs (R2 = 0.8, P < 0.0001, data not shown). 
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Leaf water potential 

 

Pre-dawn (ψpre-dawn) and midday (ψmidday) leaf water potentials were monitored regularly 

throughout the experiment.  Beginning in the week prior to irrigation, water potential 

was initially measured each day, reducing in frequency to weekly and then monthly as 

the experiment continued.  Repeated measurements were made on 5 saplings per plot 

(15 saplings per experimental treatment), including (when present) those saplings used 

for sap flow measurement.  Water potential measurements at Huntly were made on days 

3, 7, 11, 16, 17, 19, 21, 29, 43, 64, 93 & 134 after the application of treatments and 

measurements at Worsley were made on days 7, 15, 17, 26, 49, 85 & 159. 

 

The measurement of transpiration 

 

Transpiration was measured using heat pulse methodology.  The heat ratio method 

(HRM) was used for all sap flow measurements.  Transpiration was measured in six 

saplings per experimental treatment (three saplings in each of two replicate plots).  

Within plots, saplings used for the measurement of transpiration were located in a 

clump that was delimited by the cable length of heat pulse equipment (6 m).  Otherwise, 

saplings were randomly selected.  Measurements began on ‘Day 1’ of the experiment at 

each site, and continued for approximately 3 months (until day 98 at Huntly and day 85 

at Worsley).  The positions of temperature sensors within the sapwood were assessed 

monthly.  Probes were re-installed when necessary to ensure that temperature sensors 

adequately covered the width of sapwood.  Stem basal area at probe height was 

measured periodically in order to monitor growth.   

 

Saplings were harvested at the end of the experiment to determine variables necessary 

to process sap flow data, including leaf area (AL) and sapwood area (AS).  Simple linear 

growth models based on the current annual increment (CAI) of stem basal area (Ab) 

were employed to estimate individual sapling growth over the course of the experiment, 

assuming constant ratios of AL to Ab and AL to AS. 
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Whole-tree hydraulic conductance 

 

Transpiration and water potential data were used to calculate leaf-specific hydraulic 

conductance of the soil-to-leaf pathway (KL, kg H20 m-2 MPa-1 hr-1): 

 

( )leafsoil

L
L Ψ−Ψ

=
E

K      (5.2) 

 

where EL is leaf-specific transpiration (kg H20 m-2 hr-1), ψsoil is soil water potential, and 

ψleaf is leaf water potential at time of sampling (MPa).  Measurements were made at 

midday, using ψmidday as a proxy for ψleaf and ψpre-dawn as a proxy for ψsoil.  It was 

assumed that ψleaf was similar throughout the canopy and the effect of gravity was 

ignored considering all saplings were of similar height (4-5 m).  Estimates of whole-tree 

water use obtained from sap flow measurements are commonly used as the basis to 

describe KL (see review of Wullschleger et al. 1998). 

 

Canopy stomatal conductance 

 

Canopy stomatal conductance (GS) is commonly estimated from sap flow 

measurements, and can be calculated using a modified function from Monteith and 

Unsworth (1990) as: 

Dc
EG
p

L
S ρ

γλ
=      (5.3) 

 

where GS is the mean stomatal conductance of the canopy as a whole to water vapour 

(m hr-1), EL is leaf-specific transpiration (kg H20 m-2 hr-1), γ is the psychrometric 

constant (kPa K-1), λ is the latent heat of vaporisation (J kg-1), ρ is the density of air (kg 

m-3), cp is the specific heat of air at constant pressure (J kg-1 K-1), and D is the leaf-to-air 

vapour pressure deficit (kPa).  Ambient vapour pressure deficit (VPD) was used as a 

proxy for D.  Temperature-dependent values of γ, λ and ρ were obtained from Jones 

(1992) and GS was converted to molar units, (mmol m-2 s-1) according to Pearcy et al. 
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(1989).  Similar formulations of Equation 5.3 for the calculation of GS are presented in 

numerous recent studies (Hubbard et al. 1999; Bond and Kavanagh 1999; Ewers et al. 

2001; Whitehead 1998; Oren et al. 2001).  To minimise errors in the estimation of GS at 

low VPD, estimates were limited to when VPD was greater than 0.6 kPa (Ewers and 

Oren 2000).   

 

The important assumptions for using Equation 5.3 to estimate GS in this study are: (1) 

that canopies are well coupled to the atmosphere such that leaf boundary layer 

conductance is large and D is similar to VPD, (2) that VPD is uniform throughout the 

canopy and can be represented from measurement at one point, and (3) that stem 

hydraulic capacitance (or “elasticity”) is negligible, such that EL is directly related to 

sap flow measured in the lower stem; that is there is no temporal lag between sap flux in 

the bole and transpiration from leaves.   

 

Assumption 1 is generally appropriate for eucalypt stands of relatively open structure 

when air can circulate with little obstruction during windy conditions.  Average daytime 

wind speeds during summer are appreciable at both Huntly (4.5 m s-1) and Worsley (3.2 

m s-1).  Eucalypts in a plantation environment can exhibit good coupling, as evidenced 

by low decoupling coefficients (0.1-0.3: Morris et al. 1998, Mielke et al. 1999).  In 

Chapter 4, results clearly showed that EL was tightly related to VPD, further evidence in 

support of this assumption.  Assumption 2 was reasonable considering that VPD was 

measured at mid-canopy height (the height of sensors), that canopies were not large (2-6 

m), and that the atmosphere was most likely well mixed.  Assumption 3 was considered 

appropriate for saplings in this study following careful examination of the diurnal 

relationship between sap flow in the stem (EL) and variables that best described the 

force driving transpiration (VPD and Q) using data from Chapter 3 and Chapter 4.  Stem 

hydraulic capacitance, if significant, was likely to be indicated by counter-clockwise 

hysteresis in these relationships (Doley 1967), but no such trends were observed.  In 

contrast, there was a very close temporal relationship between sap flow and 

transpiration from leaves (Chapter 3). 
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5.3   Results  
 

Site characteristics 

 

Vegetation characteristics at Huntly and Worsley were identical to those described 

previously (Chapters 2 and 4).  Descriptive parameters relevant to this study are shown 

in Table 5.1.  The leaf area index (LAI) and the density of the jarrah overstorey were 

high in experimental plots at Huntly, and plots were largely devoid of understorey.  In 

contrast, the LAI and the stem density of the overstorey in experimental plots at 

Worsley were an order of magnitude less than at Huntly, and plots contained a dense 

understorey.  Trees at each site were similar in diameter (at breast height) and had 

similar ratios of AL to AS.  Similarities in branching characteristics at each site, such as 

density, size, length and ‘Huber value’ (the ratio between stem cross-section area and 

distal leaf area), suggested strong similarities in macro-scale crown hydraulic 

architecture (data not shown). 

 

Soil water content 

 

The moisture contents of soils in rainfed plots and in irrigated plots shortly after 

irrigation were compared with those in winter-time (Table 5.2).  Irrigation clearly 

augmented soil water content (θg) to at least 1 m depth such that it returned to near-

winter values at both sites.  At Huntly, and to 1 m depth, the moisture content of soil in 

rainfed plots was 35 % of winter θg.  With irrigation, soil at Huntly increased on 

average to 75 % of winter θg following the application of approximately 350 mm.  At 

Worsley, the moisture content of soil in rainfed plots was initially 70 % of winter θg, 

except for drier surface soil (45 % of winter θg at 0-0.2 m depth), and soil in irrigated 

plots increased to winter-equivalent θg following the application of approximately 200 

mm.  Winter-time θg at Huntly was similar to that at Worsley (0.13-0.21 g g-1). 
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Table 5.1 

 
Descriptive data for experimental plots and saplings within plots at Huntly and Worsley, 
including: plot area, sapling density within plots, sapling-based LAI within plots, 
diameter at breast height of saplings at the start of the experiment (DBH), and the ratio 
of leaf area (AL) to sapwood area (AS) for irrigated and rainfed saplings at the end of the 
experiment.  Standard errors are showed in parentheses.  nsnot significant (ANOVA). 
 
 

Huntly Worsley 

   
Experimental plots  
   
     Area of one plot (m2) 84 415 
     Tree spacing (saplings ha-1) 3930 290 
     Sapling-based LAI 2.76 0.32 
   

Sapling characteristics   

   

     DBH  (cm2, n = 60) 8.53 (0.26) ns8.99 (0.49) 
     Rainfed sapling AL/AS  (m2 cm-2, n = 6) 0.41 (0.03) ns0.34 (0.04) 
     Irrigated sapling AL/AS  (m2 cm-2, n = 6) 0.44 (0.03) ns0.48 (0.03) 
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Table 5.2 

 
The soil water content (θg) of soils under rainfed and irrigated experimental plots at 
Huntly and Worsley.  Soil water content was measured gravimetrically one week after 
irrigation and during winter (early August).  Winter-time measurements were pooled for 
each site.  Data is shown for three depths (0-0.2 m, 0.4-0.6 m and 0.8-1.0 m).  Standard 
errors are showed in parentheses.  Data within depths followed by the same lower-case 
letter (a-c) were not significantly different (P < 0.05, ANOVA). 
 
 

Site and soil depth (m) Rainfed θg (g g-1) Irrigated θg (g g-1) Winter θg (g g-1) 

    
Huntly    0-0.2 c0.051  (0.005) b0.074  (0.015) a0.132  (0.007) 
               0.4-0.6 b0.055  (0.018) a0.130  (0.013) a0.158  (0.027) 
               0.8-1.0 b0.056  (0.004) a0.153  (0.036) a0.173  (0.039) 
    
Worsley   0-0.2 c0.070  (0.023) b0.192  (0.007) a0.152  (0.025) 
                0.4-0.6 b0.148  (0.018) a0.203  (0.028) a0.211  (0.030) 
                0.8-1.0 b0.157  (0.019) ab0.181  (0.015) a0.207  (0.025) 
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Transpiration 

 

Daily rates of transpiration (EL) at Huntly are shown in Figure 5.1 A.  By comparison 

with rainfed saplings (HR), transpiration by irrigated saplings at Huntly (HI) was 

slightly increased, and, when evaporative demand was not limiting, transpiration in HI 

was maintained at maximum daily rates.  The ‘threshold’ daytime-mean VPD above 

which transpiration rates did not increase further was ~ 2.0 kPa.  Transpiration by 

saplings in HR gradually decreased with decreasing soil water content, and treatment 

differences increased with time.  Treatment differences were most apparent at high 

VPD.  For example, rates were ~ 1.2 kg H20 m-2 day-1 for saplings in the HI treatment 

and ~ 0.7 kg H20 m-2 day-1 for saplings in the HR treatment during days 45-59.  At other 

times, transpiration was closely related to VPD, irrespective of treatment.  Transpiration 

increased slightly in HR plots in response to rainfall events during autumn, but 

substantial improvements were not observed until the onset of substantial and 

continuing rainfall at the break of season (Fig. 5.1 B).  By mid-June, approximately 3 

months after measurements began, rates of transpiration were similar in both treatments. 

 

Daily rates of transpiration (EL) at Worsley are shown in Figure 5.1 C.  The relative 

response of saplings to irrigation at Worsley (WI) was similar to that at Huntly.  Also 

similar was the tight relationship of transpiration to VPD, irrespective of treatment.  

However, ‘threshold’ VPD was around 0.8 kPa, much less than at Huntly.  Maximum 

rates of transpiration under high VPD were 0.85 kg H20 m-2 day-1 in WI and 0.65 kg 

H20 m-2 day-1 in the rainfed plots at Worsley (WR).  The difference in rates between the 

treatments was relatively small compared to that observed at Huntly, and differences 

remained constant over a period of several weeks under conditions of high VPD (days 

15-40).  In contrast to Huntly, relatively small ‘break-of-season’ rainfall events were 

sufficient to increase the rate of transpiration in WR to that in WI (Fig. 5.1 D), 

suggesting that the influence of drought on transpiration at Worsley was less than that at 

Huntly. 
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Figure 5.1 
 
Daily, leaf-specific rates of transpiration (EL) by rainfed and irrigated saplings over a 
three-month experimental period at Huntly (A & B) and Worsley (C & D), shown along 
with leaf water potential data (ψ), rainfall and irrigation.  Transpiration data, the mean 
and standard error of 6 saplings, is presented in relation to daytime (6 AM to 6 PM) 
mean values of ambient vapour pressure deficit (VPD).  Pre-dawn and midday leaf ψ 
are the mean and standard error of 15 saplings.  The volume of irrigation applied, and 
rainfall over the experimental period are shown on the same graphs as leaf ψ.  
Experiments were conducted during autumn 1999 at Huntly and autumn 2000 at 
Worsley.  The experimental day is shown on the upper X-axis and the corresponding 
measurement date is shown on the lower X-axis. 
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Leaf water potential 

 

Pre-dawn and midday leaf water potentials of saplings are shown in Figure 5.1 B & D, 

along with irrigation and rainfall data.  Irrigation at both sites rapidly improved soil 

water status and ψpre-dawn was maintained at minimum values (-0.3 MPa) for the entire 

experiment.  By inference, soil water was readily available to irrigated saplings at all 

times.  In contrast, soils in rainfed plots gradually dried-out and then re-wetted after 

‘break-of-season’ rainfall.  Consequently, soil water availability in rainfed plots 

gradually decreased with time, more so at Huntly (minimum ψpre-dawn was -1.5 MPa) 

than at Worsley (minimum ψpre-dawn was -0.9 MPa).  Water stress was relieved briefly 

by isolated rainfall events, but ‘break-of-season’ rainfall was required to produce a 

consistent increase.  At Huntly, soil water availability at the end of the experimental 

period was similar in both treatments, whereas at Worsley, rainfed plots remained 

significantly drier than irrigated plots.  Temporal patterns in ψmidday were similar to 

those in ψpre-dawn for both treatments.  Midday leaf ψ was more negative in rainfed trees 

(-2.8 MPa at Huntly and -2.5 MPa at Worsley) than in irrigated trees (-1.8 MPa at 

Huntly and -1.5 MPa at Worsley). 

 

Soil-to-leaf leaf-specific hydraulic conductance 

 

Leaf-specific hydraulic conductance of the soil-to-leaf pathway (KL) of saplings in 

irrigated treatments is shown in Figure 5.2.  Throughout the experiment, conductance at 

Huntly (~ 0.12 kg H20 m-2 MPa-1 hr-1) was consistently twice that at Worsley (~ 0.06 kg 

H20 m-2 MPa-1 hr-1; P < 0.0001). 
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Figure 5.2  
 
Leaf specific values of hydraulic conductance (KL) for irrigated saplings at Huntly and 
Worsley, measured on three separate occasions following irrigation.  Repeated 
measurements were made on experimental days 11, 29 and 42 at Huntly, and days 7, 26 
and 49 at Worsley when light and evaporative demand were not limiting.  Data are the 
mean and standard error of 6 saplings.  A repeated-measure ANOVA indicated there 
was a highly significant difference between sites (P < 0.0001). 
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Maximum daily rates of transpiration  

 

For saplings within irrigated treatments at each site, the relationships between 

transpiration (EL) and daytime-mean VPD could (similarly to Chapter 4) be described 

using simple empirical models (Fig. 5.3).  At both sites, transpiration increased with 

increasing VPD in a curvilinear fashion, reaching a plateau at high VPD.  The 

relationship between transpiration and VPD was modelled using exponential regression 

equations of the form y = a(1 - e-bx) + c, describing a gradual rate of increase, b, to an 

asymptote, a, from a given starting point, c.  Using this model, the parameter ‘a + c’ 

describes an empirical maximum value of transpiration, and the parameter ‘b’ describes 

the rate of increase to the asymptotic maximum.  These models were then compared 

with respect to: (1) maximum daily rate, and (2) the rate of increase to the maximum 

under non-limiting conditions of soil water availability and evaporative demand. 

 

Correlations between the rate of transpiration and VPD were highly significant at both 

sites (R2 ≥ 0.8, P < 0.001, Table 5.3).  Analysis of variance showed that regressions 

were significantly different for each site (P < 0.001, Table 5.3), and there were large 

differences between specific parameters.  The modelled maximum rate of transpiration 

(parameter ‘a+c’) was significantly greater at Huntly (1.53 kg H20 m-2 day-1, Fig. 5.3 A) 

than at Worsley (0.88 kg H20 m-2 day-1, Fig. 5.3 B).  Furthermore, parameter ‘b’ was 

greater for Worsley (1.32) than for Huntly (0.74), suggesting a faster rate of increase in 

transpiration with increasing VPD at Worsley than at Huntly. 
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Figure 5.3  
 
The relationship between daily, leaf-specific rates of transpiration (EL) and daytime-
mean values of ambient vapour pressure deficit (VPD) for irrigated saplings at Huntly 
(A) and Worsley (B).  Regression curves (solid lines) and their equations were fitted to 
data based on mathematical models of the form y = a(1 - e-bx) + c, describing a gradual 
increase to an asymptotic maximum.  Dashed lines represent the 95 % confidence 
intervals of regression.  Regressions were highly significant (P < 0.001) and 
significantly different from each other (P < 0.001).  ANOVA tables for regressions are 
presented in Table 5.3. 
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Table 5.3 
 
ANOVA tables for: (1) the exponential relationships between daily, leaf-specific rates 
of transpiration (EL, kg H2O m-2 hr-1) and daytime-mean values of ambient vapour 
pressure deficit (kPa), from Figure 5.3; (2) the negative linear relationships between 
mean canopy stomatal conductance (GS, µmol m-2 s-1) and the natural logarithm of 
ambient vapour pressure deficit (kPa), from Figure 5.7.  ‘H’ denotes Huntly and ‘W’ 
denotes Worsley, and ‘I’ denotes irrigated saplings and ‘R’ denotes rainfed saplings.  
ANOVA was based on a ‘comparison of regression’ procedure (see Mead et al 1993). 
 

Source of variation S.S. d.f. M.S. F P 

      
(1) EL   
   
HI regression 12.79 2 6.395 294 < 0.001 
HI residual 2.20 101 0.022   
WI regression 1.53 2 0.764 154 < 0.001 
WI residual 0.41 82 0.005   
Fitted Single Line residual (FSL) 4.24 185 0.023   
Sum of individual residuals (HI+WI) 2.61 183 0.014   
Line difference between HI & WI [FSL-(HI+WI)] 1.64 2 0.819 58 < 0.001 
      
      
(2) GS at Huntly      
      
HI regression 10822 1 10822 54.8 < 0.001 
HI residual 7112 36 198   
HR regression 11667 1 11667 34.8 < 0.001 
HR residual 12395 37 335   
Fitted Single Line residual (FSL) 36642 75 489   
Fitted Parallel Lines residual (FPL) 19574 74 265   
Sum of individual residuals (HI+HR) 19507 73 267   
Line difference between HI & HR [FSL-(HI+HR)] 17135 2 8567 32.1 < 0.001 
Slope difference between HI & HR [FPL-(HI+HR)] 66 1 66 0.2 ns 

      
(2) GS at Worsley      
      
WI regression 11488 1 11488 125 < 0.001 
WI residual 2398 26 92   
WR regression 7170 1 7170 58 < 0.001 
WR residual 3439 28 123   
Fitted Single Line residual (FSL) 6735 56 120   
Fitted Parallel Lines residual (FPL) 6233 55 113   
Sum of individual residuals (WI+WR) 5837 54 108   
Line difference between HI & HR [FSL-(WI+WR)] 898 2 449 4.2 < 0.05 
Slope difference between HI & HR [FPL-(WI+WR)] 396 1 396 3.7 < 0.1 
      
(2) Gs Huntly-Worsley comparison (irrigation treatment only)     
      
Fitted Parallel Lines residual (FPL) 10316 63 164   
Sum of individual residuals (HI+WI) 9511 62 153   
Slope difference between HI and WI [FPL-(HI+WI)] 805 1 805 5.2 < 0.01 
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Diurnal patterns of transpiration 

 

Typical diurnal patterns of transpiration by saplings at Huntly (HI and HR) and Worsley 

(WI and WR) are shown in Figure 5.4 (hourly, leaf-specific rates of transpiration).  Data 

were selected from four consecutive days when: (1) differences in soil water availability 

between treatments were greatest (refer to Fig. 5.1), and (2) evaporative demand and 

photosynthetically active solar radiation (Q) did not limit transpiration (maximum 

daytime VPD > 2 kPa and Q > 800 µmol m-2 s-1, shown in Fig. 5.4 A & C). 

 

At Huntly (Fig. 5.4 B), maximum rates of transpiration (ELmax) were significantly 

greater in HI (0.15 kg H20 m-2 hr-1) than in HR (0.08 kg H20 m-2 hr-1, P < 0.001).  

Typically, transpiration increased rapidly in the morning as VPD and Q increased, 

reaching a maximum by about midday, and declining again towards sunset.  VPD 

remained high in the late afternoon and early evening after sunset, and the diurnal trend 

of transpiration corresponded more closely to the diurnal trend of solar radiation than 

VPD.   

 

Bell-shaped diurnal patterns of transpiration were observed in HI and HR, differing only 

in amplitude and mainly due to variation in maximum rates.  At Worsley (Fig. 5.4 D), 

maximum rates of transpiration in WI and WR were identical (0.11 kg H20 m-2 hr-1), but 

significantly less than in HI and greater than in HR (P < 0.001).  Diurnal patterns of 

transpiration at Worsley were essentially similar to Huntly, but were characterised by a 

sharp decline around midday and a slight recovery mid-afternoon, at rates markedly less 

than the diurnal maximum.  Furthermore, transpiration by trees in WR treatments was 

noticeable for a significantly greater decline at midday than was observed in WI (P < 

0.01). 
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Figure 5.4 
 
The diurnal patterns of hourly, leaf-specific rates of transpiration (EL) by saplings in 
irrigated and rainfed plots, during a period of high vapour pressure deficit (VPD) and 
high photosynthetically active radiation (Q) at Huntly (A & B) and Worsley (C & D).  
Transpiration data are the mean and standard error of 6 trees.  Measurement dates 
correspond to experimental days 46-49 at Huntly and days 15-18 at Worsley (see Fig. 
5.1). 
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Canopy stomatal conductance 

 

Daytime maximum values of mean canopy stomatal conductance (GS), leaf-specific 

transpiration (EL), and leaf stomatal conductance (gs) are shown in Figure 5.5, in 

relation to increasing VPD for days when evaporative demand did not limit transpiration 

(diurnal maximum values of VPD > 1 kPa).  Between treatments at Huntly, maximum 

transpiration was higher in HI (0.09-0.19 kg H2O m-2 hr-1) than in HR (0.06-0.14 kg 

H2O m-2 hr-1), but there was no difference between treatments at Worsley (0.08-0.13 kg 

H2O m-2 hr-1, Fig. 5.5 A & B).  There was a slight increase in maximum transpiration 

with increasing VPD in the irrigated treatment at Huntly (Fig. 5.5 A), but no increase in 

other cases.  Increasing VPD reduced maximum canopy stomatal conductance in all 

cases (Fig. 5.5 C & D).  Maximum canopy stomatal conductance could be linearly and 

significantly related to the natural logarithm of VPD (P < 0.001, Table 5.3).  Analysis of 

variance showed that within sites, linear regressions for maximum stomatal conductance 

were significantly different between treatments (P < 0.05), but that the slopes of each 

regression were not different.  The slope of the regression, and, putatively, stomatal 

sensitivity, was significantly greater for WI than for HI (P < 0.01).  In general, leaf-

scale measurements of stomatal conductance were in agreement with derived estimates 

of canopy-scale stomatal conductance, except for the irrigated treatment at Huntly, 

where there was no decrease in stomatal conductance (Fig. 5.5 E & F). 
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Figure 5.5 
 
Daytime maximum, leaf-specific rates of transpiration (EL), mean canopy stomatal 
conductance (GS) and leaf stomatal conductance (gs), for irrigated and rainfed saplings 
at Huntly (A, C & E) and Worsley (B, D & F), shown in relation to the natural 
logarithm of ambient vapour pressure deficit (VPD).  Mean canopy stomatal 
conductance was estimated directly from transpiration and VPD (Equation 5.3), and 
represent measurements from stomatal response regime A of Monteith (1995).  Data are 
from the experimental period after irrigation and before significant rainfall at the break 
of season.  Measurements for VPD < 1 kPa were excluded.  Data are the mean and 
standard error (EL only) of 6 saplings.  Linear regression equations are shown for GS 
data.  Regressions for GS data were highly significant (P < 0.001).  Within sites, GS 
regressions were significantly different between treatments (P < 0.05), but the slopes of 
the regression lines were not; and between sites, the slopes of the regression lines were 
significantly different for the irrigation treatment (P < 0.01).  ANOVA tables for GS 
regressions are shown in Table 5.3. 
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5.4   Discussion 
 

On a daily scale and irrespective of treatment, the patterns of transpiration reported in 

this experiment were almost identical to those obtained from long-term measurements at 

the same sites (Chapter 4, Fig. 4.8).  From the studies reported in Chapter 4, there was a 

clear hypothesis that markedly different seasonal patterns of transpiration between 

Huntly, a more mesic site, and Worsley, a more xeric site were strongly related to 

differences in KL.  Before addressing this hypothesis, it was necessary to verify the 

assumption that differences in hydraulic conductivity were largely plant-based when 

soil water was not limiting.  In situ measurements confirmed that values of KL were 

significantly greater at Huntly (0.12 kg H2O m-2 MPa-1 hr-1) than at Worsley (0.06 kg 

H2O m-2 MPa-1 hr-1, Fig. 5.2) under well-watered conditions when soil-to-root hydraulic 

conductance was high compared to root-to-leaf hydraulic conductance. 

 

Analysis of daily-scale measurements revealed that at different times, transpiration was 

influenced by three major factors (Fig. 5.1):  

• Soil water availability  

• Evaporative demand 

• Hydraulic conductance   

Leaf area was also recognised as a regulating factor, but considered less deserving of 

attention because leaf area to sapwood area ratios between high and low rainfall sites 

were near identical.  Most obvious was that transpiration was tightly related to ambient 

VPD.  When soil water was not limiting, mathematical functions were used to 

accurately describe the increase in daily volumes of water transpired with increasing 

(daytime-mean) VPD.  These functions showed how, as expected, maximum daily rates 

of transpiration were significantly greater at Huntly than at Worsley (Fig. 5.3, Table 

5.3).  Also, water use appeared to ‘plateau’ under conditions of high VPD (Fig. 5.1), 

suggesting that complex interactions between the above-stated factors can be simplified 

to evaporative demand for much of the year.  The successful replication of these models 

under semi-controlled conditions provided a strong justification of their use for 

predicting water use from VPD in the absence of severe drought in Chapter 4. 
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Integrated, daily-scale measurements of transpiration were useful for predicting water 

use over the longer-term (days to weeks to years) but they were not suitable for 

determining the mechanistic nature of this process over smaller temporal scales 

(minutes to hours).  In contrast, a detailed analysis of diurnal (hourly) patterns of 

transpiration showed that steady-state water transport through the soil-plant-atmosphere 

continuum could be satisfactorily described using established hydraulic principles, such 

as those represented by equations 5.1, 5.2 & 5.3.  These equations describe functional 

linkages among key variables, including: transpiration (EL), KL, canopy (GS) and leaf-

scale (gs) stomatal conductance, leaf water potential (ψleaf), soil water potential (ψsoil), 

and vapour pressure deficit (VPD).  While this is the first detailed analysis of 

transpiration by jarrah from a hydraulic perspective, a review of previous studies of 

jarrah suggests that patterns of transpiration in forest-grown trees of varying age and 

size (Doley 1967; Crombie 1997) agree well with the hydraulic analysis presented here.   

 

Mechanisms regulating transpiration – a diurnal analysis 

 

Under ideal conditions (non-limiting light and evaporative demand), saplings showed a 

common diurnal pattern of transpiration in relation to variables known to ‘drive’ 

transpiration, e.g. solar radiation and VPD (Fig. 5.4).   

 

First, transpiration increased rapidly, commensurate with morning increases in light and 

VPD.  Over this period (7 AM to 11 AM), stomatal apertures were large and facilitated 

photosynthesis at maximum rates, and, stomatal conductance had little, if any, influence 

on the rate of transpiration.  Next, maximum rates of transpiration were attained in the 

middle of the day.  Over this period (11 AM to 3 PM), the rate of transpiration either 

remained steady and insensitive to increasing light and VPD above a certain threshold, 

or the rate was disrupted followed by a slight recovery.  Finally, stomatal conductance 

and the rate of transpiration decreased with decreasing light (and photosynthesis) in the 

late afternoon, irrespective of VPD, which remained high.  Hourly transpiration rates 

(on a given day) plotted against hourly VPD and solar radiation revealed considerable 

‘hysteresis’ in these relationships (Fig. 5.6).   
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Figure 5.6 
 
Examples of the pattern and degree of hysteresis in the relationship between the diurnal 
course of hourly, leaf-specific rates of transpiration (EL) and the diurnal course of 
vapour pressure deficit (VPD) and photosynthetically active radiation (Q), shown for 
irrigated and rainfed trees at Huntly (A & C) and Worsley (B & D).  Data are from 
experimental day 48 (5th April 1999) at Huntly and day 15 (31st March 2000) at Worsley 
(see Fig. 5.4).  VPD and Q data are represented as percentages of their diurnal 
maximum values.  Transpiration data are the mean and standard error of 6 trees.  
Diurnal progressions begin at 6 AM and end at 6 PM.  Arrows indicate the direction of 
hysteresis.  The pattern of the ‘hysteresis loop’ describes the nature of the relationship.  
For example, enclosed loops reflect ‘bell-shaped’ diurnal patterns of transpiration, 
whereas ‘twisted’ loops reflect periods of diurnal fluctuation in one or other of the 
variables.  The degree of hysteresis is a measure of the temporal correspondence 
between the diurnal courses of the variables, reflected by the ‘amplitude’ of the 
hysteresis loop. 
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There were marked differences in both the pattern and degree of hysteresis between 

saplings at Huntly and Worsley and between irrigated and rainfed treatments (see 

caption of Fig. 5.6).  At both sites, the absence of counter-clockwise hysteresis indicated 

that stem hydraulic capacitance was negligible (Doley 1967).  These observations 

further support the use of sap flow as a valid measurement of water loss at the canopy 

surface in jarrah saplings.  At Huntly, the pattern of hysteresis in relation to VPD (Fig. 

5.6 A) was similar between treatments (essentially an enclosed loop), but the degree 

(amplitude) of hysteresis was greater for saplings in HI than in HR.  At Worsley, the 

pattern of hysteresis in relation to VPD (Fig. 5.6 B) was similar between treatments, but 

different to that at Huntly.  This pattern was characterised by a small ‘twist’ in the loop, 

caused by a sharp decline in transpiration in the middle of the day, followed by a 

subsequent recovery, and a slow reduction during the afternoon (see also Fig. 5.4 D).  

Clearly, maximum rates of transpiration by saplings at Worsley were not sustained at 

high VPD, unlike saplings at Huntly.  At both sites, hysteresis was much smaller in 

relation to solar radiation than in relation to VPD.  At Huntly, the degree of hysteresis in 

relation to solar radiation was slightly greater in the irrigated treatment (Fig. 5.6 C), and 

at Worsley, the ‘twist’ in the hysteresis loop was exaggerated (Fig. 5.6 D). 

 

The pattern of transpiration in the middle of the day could be explained in terms of 

‘stomatal responses’ to the typical diurnal gradient in evaporative demand (VPD 

ranging from 0 to 4 kPa) and to changes in soil hydraulic conductivity (water 

availability) and/or root-to-leaf hydraulic conductance.  In a recent theoretical paper, 

Monteith (1995) proposed three different stomatal response regimes to explain 

published measurements of leaf conductance or transpiration rate as a function of VPD.  

In the first, stomatal conductance decreases as VPD and the rate of transpiration 

increases (regime A).  In the second, stomatal conductance decreases as VPD increases, 

but the rate of transpiration remains essentially constant or begins to decrease (regime 

B).  In the third, stomata are almost unresponsive to the rate of transpiration, and also to 

VPD in rare cases (regime C).  This model has been used previously to describe 

stomatal responses in eucalypts (Thomas and Eamus 1999).  In the present study, the 

relationships among (canopy-averaged) stomatal conductance and VPD, stomatal 

conductance and the rate of transpiration, and the rate of transpiration and VPD were 
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used to identify the diurnal transitions between the regimes A, B and C for saplings at 

Huntly and Worsley that were transpiring under near-optimal conditions (Fig. 5.7).   

 

Within each day, it was assumed that soil water availability and root-to-leaf hydraulic 

conductance were sufficient to supply water to the leaves at rates demanded by VPD 

until late morning.  In this period, stomata were unresponsive to the rate of transpiration 

at low VPD (regime C).  In the middle of the day, current theory predicts that stomatal 

action would be co-ordinated with hydraulic capacity to maintain leaf ψ above a 

threshold minimum value (ψcrit), below which xylem vessels and tissues cavitate and 

may even be subject to ‘runaway embolism’ (Tyree 1988; Sperry and Pockman 1993; 

Bond and Kavanagh 1999; Salleo et al. 2000).  Stomatal conductance in the middle of 

the day either: (1) decreased in response to increasing evaporative demand (usually at 

intermediate values of VPD), while the rate of transpiration continued to increase 

(regime A), or (2) decreased in a ‘feed-forward’ manner in response to increasing 

evaporative demand (usually at high values of VPD), while the rate of transpiration was 

maintained, or markedly decreased (regime B).   

 
The mechanism of ‘feed-forward’ stomatal behaviour is not clearly understood.  

Sometimes this response is attributed purely to hydraulic mechanisms (e.g. Thomas and 

Eamus 1999), possibly involving patchy stomatal closure and ‘peristomatal’ 

transpiration at high VPD (Mott and Parkhurst 1991; Monteith 1995).  At other times, 

this response is thought to be more closely linked to photosynthesis, dependent on the 

concentration of CO2 inside the leaf, temperature and chemical signalling via abscisic 

acid (Franks et al. 1997; Wilson and Bunce 1997; Bunce 1998).  Others have speculated 

that a decrease in the rate of transpiration with increasing VPD might only mimic a 

‘feed-forward’ response, and that this response is more likely to involve a complex 

‘feed-back’ mechanism related to the rate of transpiration and water potential at smaller 

spatial and temporal scales than is represented by measurements corresponding to 

(spatial and temporal) average rates of transpiration and bulk leaf water potentials (Oren 

et al. 1999b). 
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Figure 5.7 
 
Representations of the three different regimes of the relationship between stomatal 
conductance, transpiration and vapour pressure deficit for irrigated saplings at Huntly 
(circles) and Worsley (triangles).  The three regimes (A, B and C), as described by 
Monteith (1995), are indicated on each graph.  The regimes are shown in terms of mean 
canopy stomatal conductance (GS) as a function of ambient vapour pressure deficit 
(VPD) in graphs (i) and (ii), GS as a function of leaf-specific transpiration rate (EL) in 
graphs (iii) and (iv), and EL as a function of VPD in graphs (v) and (vi).  Data are from 
experimental day 46 (3rd April 1999) at Huntly and day 18 (3rd April 2000) at Worsley 
(Fig. 5.4).  These data were the mean of measurements from six trees.  The data points 
shown in each graph represent the hourly progression of measurements made during a 
period when transpiration was not limited by light, water availability or evaporative 
demand, from 9 AM to 2 PM. 
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Stomatal responses in the middle of the day varied with site (Huntly or Worsley) and 

treatment (irrigated or rainfed), and in broad terms, in relation to varying ‘rate’ and 

‘supply’ conditions for water transport.  Given that evaporative demand did not limit 

transpiration, the permissible ‘rate’ of transpiration was delimited by KL, and the 

‘supply’ of water for transpiration was delimited by soil water availability.  In the 

discussion that follows, a simple conceptual model was used to classify saplings.  

Irrigated saplings at Huntly (HI) were classed as ‘non-limited’ relative to other saplings 

because of ‘high rate’ potential (high KL) and ‘high supply’ conditions (well-watered).  

It follows that rainfed saplings at Huntly (HR) were ‘supply limited’, irrigated trees at 

Worsley (WI) were ‘rate limited’ (lower KL) and rainfed plots at Worsley (WR) were 

‘rate and supply limited’.   

 

The ‘non-limited’ pattern of transpiration 

 

Irrigated saplings at Huntly supported water transport at high rates for which little, if 

any, stomatal regulation was required, and the data suggested that leaf water potential 

followed a pattern that may be described as ‘anisohydric’.   

 

In general, plants tend to display either ‘isohydric’ regulation of leaf ψ or ‘anisohydric’ 

regulation (Sperry et al. 2002).  During transpiration, ‘isohydric’ plants maintain 

constant leaf ψ, irrespective of soil moisture availability (or evaporative demand), at or 

just above the critical value (ψcrit).  The rate of transpiration corresponding to ψcrit is the 

maximum possible rate under ‘steady-state’ conditions (ELcrit), and any rate of 

transpiration greater than this is likely to drive hydraulic conductance to zero (Sperry et 

al. 2002).  ‘Isohydric’ regulation provides a narrow safety margin between the actual 

rate of transpiration and the ‘water use envelope’ defined by the maximum possible rate.  

Alternatively, as soil moisture declines (or evaporative demand increases, or both), 

plants can progressively decrease leaf ψ until the critical value is reached.  This is 

termed ‘anisohydric’ regulation.  When water is readily available, ‘anisohydric’ plants 

have a larger safety margin between the actual rate of transpiration and the maximum 

possible rate.  
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Irrigated saplings at Huntly clearly displayed ‘anisohydric’ regulation of leaf water 

potential.  Midday water potentials were significantly more positive for irrigated 

saplings (-1.5 MPa, Fig. 5.1 A) than for rainfed saplings under drought conditions (-2.7 

MPa).  Little stomatal action was required to restrict transpiration because of an 

apparently large ‘margin of safety’ between actual rates of transpiration and rates likely 

to induce hydraulic failure.  Maximum rates of transpiration (Fig. 5.5 A) were probably 

limited by the maximum stomatal conductance (Fig. 5.5 B), in turn a function of 

stomatal aperture and density (Sperry et al. 2002).  An alternative or adjunct possibility 

is that maximum rates of transpiration were related to the conductance required to 

maintain leaf turgor by preventing the desiccation of leaf tissue.  Consistent with the 

explanation of ‘anisohydric’ regulation of leaf water potential, there was little evidence 

of stomatal regulation of transpiration with increasing VPD.  At the leaf scale, stomatal 

conductance remained high with increasing VPD (Fig. 5.1 E).  At the canopy scale, 

stomatal conductance decreased with increasing VPD (Fig. 5.5 C), but this had little 

influence on the rate of transpiration (Fig. 5.5 A).  An analysis of the canopy-scale 

stomatal response in relation to Monteith’s (1995) model showed that in general, 

transitions between regimes were sluggish (Fig. 5.7 ii).  However, later in the day when 

evaporative demand was high, it was clear that regime B was enforced and the rate of 

transpiration reduced. 

 

The ‘supply limited’ pattern of transpiration 

 

Rainfed saplings at Huntly were ‘supply limited’.  The diurnal pattern of transpiration in 

the rainfed treatment was similar in shape to that in the irrigated treatment (bell-shaped), 

but reduced in amplitude (Fig. 5.4 B).  Under drought conditions and with increasing 

evaporative demand, stomatal action seemingly played an important role in preserving 

hydraulic contact between the soil and the leaf, by maintaining leaf ψ above ψcrit.  In 

other words, rainfed saplings approached maximum water use (ELcrit) without exceeding 

it.  In agreement with this explanation, the stomatal conductance of rainfed saplings 

progressively decreased with increasing VPD (regime A), maintaining transpiration at a 

constant rate for much of the time (regime B) (see Fig. 5.5 A, C & E). 
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The decreased hydraulic capacity of saplings transpiring under drought conditions is 

principally a reflection of increased hydraulic resistance at the soil-root interface as the 

supply of water in the soil decreases (Sperry et al. 1998).  Soil hydraulic conductance 

declines due to a range of processes (Rowell 1994) and coarse-textured soils, like the 

sandy-gravels under these rehabilitation sites, are more vulnerable to ‘soil cavitation’ 

than clays or loams (Rowell 1994).  A degree of clockwise hysteresis in the relationship 

between transpiration and solar radiation (Fig. 5.6 B) is evidence that soil hydraulic 

resistance fluctuated diurnally as soil around the roots dried out during the day. 

 

The ‘rate-limited’ pattern of transpiration 

 

Irrigated saplings at Worsley were ‘rate-limited’.  Maximum rates of transpiration were 

significantly lower in the WI treatment at Worsley than in the HI treatment at Huntly 

(Fig. 5.4 D).  This was consistent with significantly reduced root-to-leaf hydraulic 

conductance at Worsley than at Huntly (Fig. 5.2).  Importantly, the diurnal pattern of 

transpiration at Worsley was characterised by a marked decrease in transpiration shortly 

after the midday maximum, followed by a slight recovery mid-afternoon.  The stomatal 

response at this time constituted an apparent ‘feed-forward’ phase (regime B, see Fig. 

5.7 iv).  This response indicated that steady-state transpiration had been disrupted.  

Immediate stomatal closure was required to regulate the rate of transpiration, thus 

preventing leaf ψ from decreasing below ψcrit.  These results clearly implicate 

‘hydraulic perturbations’ as having a dominant role in the transpiration process for 

saplings at Worsley, even under well-watered conditions.   

 

One possible explanation for these hydraulic perturbations is related to plant hydraulics.  

The midday depression in sap flow may be evidence that rainfed saplings exceeded a 

cavitation threshold for leaf water potential (and therefore also exceeded ELcrit).  This 

would induce cavitation, reduced KL, and therefore reduced EL (as predicted by 

Equation 5.2).  Indirectly, this supports the proposition that some plants operate at or 

very near to their hydraulic limit (Tyree 1988; Whitehead 1998; Sperry et al. 2002).  

The corollary is that some plants require greater stomatal regulation of transpiration 
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with increasing evaporative demand.  Indeed this was observed for saplings at Worsley 

compared to saplings at Huntly (Fig. 5.5 C & D, Table 5.2).  Stomatal sensitivity to 

hydraulic perturbations is not uncommon in jarrah.  For example, Crombie et al. (1987) 

showed that decreased stomatal conductance regulated water stress in root-pruned trees 

as ψleaf decreased, with a likely dependence on VPD.  Furthermore, Doley (1967) 

reported midday depressions in transpiration and partial stomatal closure under 

conditions of high evaporative demand for well-watered mature jarrah.  For eucalypts 

generally, most reports of ‘feed-forward’ stomatal behaviour relate to the effect of 

drought (White et al. 2000a; O'Grady et al. 1999), but this phenomenon has also been 

reported in the absence of drought (Davidson and Reid 1989; Körner and Cochrane 

1985).  Relatively few studies of eucalypts have linked this behaviour directly to 

hydraulic mechanisms as we have here (see also Thomas and Eamus 1999; Eamus et al. 

2000). 

 

An alternate explanation for the hydraulic perturbations is related to lower soil moisture 

availability in the root zone.  Water in the rhizosphere may have been used more rapidly 

than it could be replenished by diffusion in the soil, resulting in a reduction in soil water 

potential and an “apparent” reduction in KL, and therefore reduced EL (as also predicted 

by Equation 5.2).  From these data, it is not possible to know for sure whether the 

midday decline in transpiration is due to cavitation, which would reduce true plant KL, 

or to soil water depletion, which would reduce the soil-to-root conductance and not 

actual plant conductance, or both. 

 

The ‘Rate and supply limited’ pattern of transpiration 

 

Rainfed saplings at Worsley had a ‘supply’ limitation placed on transpiration in addition 

to an inherent ‘rate’ limitation.  For WR saplings, maximum rates of transpiration and 

stomatal responses were similar to those of WI saplings, indicating that drought 

conditions were not severe (Fig. 5.5 B, D & F).  The diurnal patterns of transpiration 

were also very similar (Fig. 5.4 D), with the major difference being an exaggerated 

midday depression in the rainfed treatment (a more acute feed-forward response in 

regime B), caused by the factors discussed above.   
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Summary of the different water use strategies at high and low rainfall sites 

 

The respective water use strategies of saplings at the high (Huntly) and low (Worsley) 

rainfall sites may be summarised as follows.   

 

Water use at Huntly was profligate because saplings had adapted to a more mesic 

environment, with a moderate seasonal (summer) drought.  The water transport system 

was highly conductive, allowing for fast rates of transpiration and greater stomatal 

conductance for gas exchange over long periods.  The risk of hydraulic failure is low, 

despite high evaporative demand, provided that water remains readily available.  As a 

natural consequence, stomatal sensitivity was high when water became temporarily 

limiting.  This type of behaviour is typical of eucalypts from mesic environments 

(David et al. 1997; Myers et al. 1998; Mielke et al. 1999), and is consistent with a 

general view that eucalypt stomata serve as an efficient point of regulation of water 

fluxes in response to drought, high evaporative demand or a combination of the two 

(Myers and Neales 1984; Körner and Cochrane 1985; Dye and Olbrich 1993; Prior et al. 

1997). 

 

By comparison with Huntly, water use at Worsley was conservative.  Saplings at 

Worsley were adapted to a more xeric environment, in which seasonal drought was 

more severe.  The water transport system was less conductive and inherently limiting, 

so that water use was restricted even under ideal conditions.  In particular, the effect of 

stomatal closure on water use in the middle of the day was highly significant.  

Maximum daytime rates of water use by saplings at Worsley were only 25 % less than 

by saplings at Huntly, but the total volume of water transpired during the day at 

Worsley was 40 % less than at Huntly.  As light intensity was maximal around noon and 

evaporative demand was maximal later in the afternoon, the optimal daily pattern of 

stomatal action at Worsley allowed for photosynthesis during the morning, but the 

prevention of water loss during the afternoon.  These observations are in agreement with 

theoretical models describing the optimal control of gas exchange in drought-prone 

environments (e.g. Jones and Sutherland 1991; Mäkela et al. 1996).  
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Inferred differences in hydraulic architecture 

 

The results of this study clearly show that saplings growing at the more xeric site had a 

plant-based hydraulic limitation, which resulted in a degree of hydraulic dysfunction in 

the middle of the day.  Identifying the exact cause(s) of this hydraulic limitation was 

beyond the scope of this study.  Nonetheless, the literature and the data suggest that the 

specific hydraulic conductance of the vascular system is partly responsible, as is the 

ratio of leaf area to sapwood area.   

 

The structure of the xylem plays a significant role in determining the risk of cavitation 

and the associated need for stomatal regulation of transpiration.  For example, 

increasingly smaller diameter xylem vessels can limit cavitation and the formation of 

embolisms at the water potentials required for water extraction from the soil by the plant 

(Tyree and Ewers 1991).  As a consequence of smaller xylem elements, resistance to 

water flow through xylem tissue is increased, whole-tree hydraulic conductivity is 

reduced and an upper limit on the rate of transpiration is set.  There is good evidence 

that xylem elements in stems (Vander Willigen et al. 2000; Lovisolo and Schubert 

1998), roots (Sperry and Ikeda 1997; Kolb and Sperry 1999) and lignotubers (Myers 

1995) can decrease in size with decreasing water availability (e.g. along climatic 

gradients), which in turn can reduce vulnerability to cavitation in drought-grown plants.  

However, it is often difficult to infer true cause and effect relationships between water 

availability and the apparent need to develop smaller xylem structures to maintain 

hydraulic function because smaller xylem elements can occur in plants grown in any 

conditions that induce slow growth such that reduced vulnerability to cavitation is 

nothing more than a side effect.  

 

In eucalypts, there is direct evidence of ‘phenotypic plasticity’ in the structure of xylem 

tissue in stems and branches, both within and between species in relation to rainfall 

gradients, and differences in soil water availability (Franks et al. 1995; Vander Willigen 

and Pammenter 1998).  Furthermore, lignotubers in some eucalypt species contain small 

and contorted xylem vessels compared to vessels in the stem (Carr et al. 1984), which 
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pose significant resistance to water flow along the root-to-leaf pathway (Myers 1995).  

Jarrah has a prominent lignotuber that varies in size in relation to site and climate 

(Abbott and Loneragan 1983; Abbott et al. 1989).  It is reasonable to suggest that 

sapwood permeability was greater in saplings at Huntly (high rainfall) than in saplings 

at Worsley (low rainfall), particularly if lignotubers are less developed at Huntly.  

Further work to quantify the sapwood permeability of jarrah saplings, along with safety 

limits (i.e. ψcrit) and the vulnerability of xylem to cavitation, is warranted. 

 

At a larger scale, the relationship of leaf area to sapwood area influences whole-tree 

hydraulic conductivity and plant physiological responses at the leaf scale, including the 

stomatal regulation of transpiration (Mencuccini and Grace 1995; White et al. 1996; 

White et al. 1998).  At Worsley, the demand for water was greater than the supply 

capacity of the water transport system, even under well-watered conditions and at times 

when evaporative demand, while not limiting, was not extremely high (2-3 kPa).  A 

possible functional imbalance between leaf area (a surrogate for water demand) and 

sapwood area (the supply component) may have provided significant ‘hydraulic 

perturbations’.   

 

In general, the ratio of leaf area to sapwood area is strongly related to soil water 

availability.  For example, White et al. (1998) showed that leaf area to sapwood area 

ratios were greater in irrigated than in rainfed E. globulus and E. nitens.  In the present 

study, the ratio of leaf area to sapwood area at Worsley was less than, but still similar to, 

that at Huntly (Table 5.1).  This was unexpected, given the large difference in annual 

rainfall between the sites, and suggested that during the period over which this 

experiment was conducted, saplings at Worsley had ‘over-invested’ in leaf area relative 

to the capacity of their vascular system to transport water.  This is a classic response of 

trees well or even over-supplied with nitrogen in a well-watered environment (see also 

Chapter 4).  Further studies are warranted into the relationship between leaf area and 

sapwood area for saplings on rehabilitation sites in areas of high and low rainfall.   
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Differences in hydraulic properties between saplings at Huntly and Worsley are also 

likely to be associated with differences in realised net photosynthesis (related to 

stomatal closure) and subsequent growth (Hubbard et al. 1999; Thomas and Eamus 

1999; Brodribb and Feild 2000), but this remains to be demonstrated. 

 

Conclusion 

 

This is one of a small number of studies to put forward a detailed, process-based 

explanation of diurnal patterns of transpiration under semi-controlled conditions of soil 

water availability and whole-tree hydraulic conductance.  It was clearly shown that 

when soil water availability and evaporative demand were not limiting, transpiration by 

jarrah was limited by hydraulic conductance, and when they were limiting, stomatal 

action was coordinated with hydraulic capacity in order to prevent failure of the water 

transport system.  This finding adds to a growing body of work showing that water use 

behaviour and physiological characteristics at the whole-tree scale are strongly related 

to hydraulic architecture (see reviews by Meinzer et al. 2001; Magnani et al. 2002), and 

more specifically adds to the substantial evidence that transpiration and stomatal 

conductance are positively correlated with hydraulic conductance in many tree species 

(see Wullschleger et al. 1998). 

 

Whole-tree hydraulic conductance was greater at the high rainfall site compared to the 

low rainfall site in agreement with a reasonable expectation that saplings developed 

hydraulic architectures that were compatible with long-term soil water availability 

(Hatton et al. 1998).  This is consistent with studies of eucalypts and other species 

where whole-tree hydraulic conductance has been strongly linked to water availability 

(Mencuccini and Grace 1995; Tognetti et al. 1997; Irvine et al. 1998; White et al. 1998; 

Bond and Kavanagh 1999), and in addition, supports a hypothesis that water availability 

during the driest part of the year dominates the formation of plant hydraulic traits 

(Eamus et al. 2000; Li et al. 2000).  In other words, this study showed that drought 

reduced the transpiration and stomatal conductance of jarrah saplings by reducing 

whole-tree hydraulic conductance.  
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Overall, this study has definitively linked two important concepts in the study of 

eucalypt water use in southern Australia: (1) that hydraulic capacity is not fixed, but is 

strongly related to site and climate (also genotype), and (2) that transpiration is actively 

regulated to facilitate survival and growth in harsh, seasonally dry environments.  For 

jarrah, however, it is still open to question whether saplings growing on mine 

rehabilitation sites display structural and functional characteristics similar to those of 

saplings in the forest nearby, characteristics that may be necessary to guarantee 

sustainability in the longer-term.  It is logical to suggest that differences in structure and 

function, if apparent, will be closely related to differences in the availability of water in 

their respective soil environments, and this is examined further in subsequent chapters. 
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CHAPTER 6. 
 
Differences in above-ground architecture of jarrah indicate that mine 
rehabilitation sites are wetter than adjacent natural forest sites 
 

6.1   Introduction 
 

Tree architecture is a significant determinant of tree function, and at larger scales, of the 

functioning of forest ecosystems.  The architecture of a tree is a classical illustration of 

the “genotype and environment” interaction, and in wild populations of eucalypts, for 

example, it would be difficult to find even two trees that were identical in shape and 

structure owing to that interaction.  Phenotypic ‘plasticity’ is a notable feature of 

eucalypts, on a variety of spatial scales and on a temporal scale throughout ontogeny.  

One of the key hypotheses is that architectural plasticity helps optimise patterns of 

carbon allocation and an arrangement of biomass that is best suited for capturing, 

utilising and competing for resources.  There is, however, growing acceptance that 

hydraulic properties play a dominant role in determining architectural properties and 

that the aforementioned optimisation must take place within the limits imposed by a 

hydraulic constraint. 

 

There is mounting evidence in support of hydraulic properties playing a dominant role 

in determining architectural properties owing to the requirement for maintaining 

homeostasis in water transport (Tyree and Ewers 1991; Magnani et al. 2002).  The 

hydraulic capacity (and likelihood of failure) of the water transport system of a tree acts 

as a mechanism for the regulation of transpiration via stomata (Meinzer et al. 2001).  

Accordingly, carbon is allocated between transpiring foliage, sapwood and absorbing 

roots in a manner that reflects environmental conditions, principally the availability of 

water and evaporative demand.  Across plant communities, leaf area tends to increase 

with increasing water availability (Grier and Running 1977; Specht and Specht 1989), 

and leaf area relative to sapwood area tends to decrease with severe and/or prolonged 

drought (White et al. 1998; DeLucia et al. 2000), increasing VPD (Mencuccini and 

Grace 1995) and decreasing nutrient availability (Ewers et al. 2000).   
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Differences in above-ground architecture are triggered by many factors, including 

shading (O'Connell and Kelty 1994), competition (Marino and Gross 1998), elevated 

CO2 (Gielen et al. 2002) and elevated O3 (Dickson et al. 2001).  In particular, most trees 

display a common response to high and low light environments (Givnish 1988).  Trees 

growing in a forest understorey tend to maximise the capture of light intercepted from 

directly overhead through the development of: (1) shallow but wide crowns, (2) reduced 

apical dominance, (3) horizontally arranged branches and leaves, and (4) leaves of 

higher specific leaf area.  In contrast, open-grown trees tend to have crowns that are 

deeper and more columnar, with more vertically arranged branches and leaves, more 

branches and a greater leaf area.  This arrangement suits the capture of direct and 

reflected light, and light incident at lower inclination angles.  These architectural traits 

are evident across a diverse range of species, including conifers (Abies and Picea in 

Claveau et al. 2002; Pinus in O'Connell and Kelty 1994), maple (Acer in Lei and 

Lechowicz 1998), ash (Fraxinus in Bartlett and Remphrey 1998), oak (Quercus in 

Balaguer et al. 2001), and many rainforest tree species (King 1998). 

 

Not surprisingly, there is considerable uncertainty involved in predicting the overall 

response of tree architecture to environmental variables, particularly where there is a 

complex interplay between environmental conditions and resource availability.  In 

Australia, the distribution of Eucalyptus is determined by a variety of environmental 

factors but mostly by the availability of water (Adams 1996).  Several studies show that 

water availability is the dominant variable in the development of young eucalypts, in 

that other important resources for growth are not fully utilised when water is limiting, 

such as light and nutrients (e.g. Dury and Manjunath 1992).  Bowman and Kirkpatrick 

(1986a; 1986b) showed that suppression of saplings by large adult trees was due to 

drought rather than light availability in a natural stand of E. delegatensis.  Sapling 

growth improved with increasing light availability only when water was readily 

available.  In the same study, the application of nutrients had a positive influence on 

growth but this was subdued in comparison the effect of soil moisture.  Eucalypt 

architecture is also closely related to water availability, particularly leaf area and the 

relationship between leaf area and sapwood area (Specht and Specht 1989; Hatton et al. 
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1998; White et al. 1998).  White et al. (1998) found that leaf area to sapwood area ratios 

increased in E. globulus and E. nitens in response to irrigation, while Clearwater and 

Meinzer (2001) found that the application of nutrients had little impact on the water 

transport capacity and leaf area of E. grandis in the absence of differences in water 

availability.  From these and other studies, it appears likely that leaf area and leaf area to 

sapwood area ratios are good indicators of soil water availability in seasonally dry 

eucalypt forests, and that architectural characteristics will most likely reflect water 

availability in the landscape, and changes in water availability that might arise 

following disturbance. 

 

Following bauxite mining, there is a clear potential for the structure of new trees (and 

stands) growing on mine rehabilitation sites to be significantly different to that of those 

growing beneath a mature jarrah forest overstorey.  There is no doubt that saplings on 

rehabilitation sites have greater access to light and nutrients.  Open-grown trees on 

rehabilitation sites develop in an extensively modified soil profile with a dense 

understorey of nitrogen-fixing species and with nutrients added to initiate nutrient 

cycling processes (Todd et al. 2000a; Ward 2000).  Also, it is most likely (but less 

certain) that water availability in the root zone will be significantly greater beneath 

rehabilitation sites than beneath natural forest sites. 

 

As discussed above, water availability is a key determinant of the pattern of 

architectural development.  Changes in architecture will change patterns of water use, 

which in turn may have implications for the hydrological balance of the jarrah forest 

region and, ultimately, for forest sustainability (Stoneman and Schofield 1989).  Jarrah 

saplings growing on rehabilitation sites have potentially greater access to stored soil 

moisture than saplings growing on dry forest soils owing to the nature of mine 

rehabilitation and the lack of competition for water from larger trees (Stoneman et al. 

1995).  Mine pits are shaped and ripped to reduce surface runoff (Ward et al. 1993) and, 

as a result, have high rates of infiltration and saturate readily, particularly in downslope 

areas (Ruprecht and Stoneman 1993).  Substantial soil water is also accumulated in the 

profile during the years it takes for juvenile vegetation to develop leaf area. 
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The aim of this study was to compare the above-ground architecture of jarrah trees 

growing on mine rehabilitation sites with that of saplings growing in the natural forest.  

Using architecture as an indicator of soil water availability, it was hypothesised that 

trees on rehabilitation sites had access to a greater amount of water in the root zone than 

trees in the forest during the sapling stage of growth (2-10 m in height).  If this were 

true, then saplings on rehabilitation sites were expected to: (1) have greater leaf area, (2) 

have greater leaf area to sapwood area ratios, and (3) have growth and architectural 

characteristics indicative of greater light availability and better nutrient status.  Expected 

differences in crown architecture were: evidence of more vigorous growth (greater 

height for age), greater apical dominance, greater crown depth, higher branch 

frequency, more vertical branch angles, greater leaf area density and lower specific leaf 

area.  Phenotypic plasticity was evaluated over time using a chronosequence-type 

approach to identify if or when the architecture of saplings on rehabilitation sites might 

begin to converge towards that of saplings in the forest. 

 

6.2   Experimental procedure 
 

Study sites and experimental design 

 

The experiment was conducted at the Jarrahdale bauxite mine (32°39′S, 116°01′E, see 

Fig. 2.1) in April 2001 (mid-autumn).  This period was near the end of a prolonged 

summer drought, just prior to break-of-season rainfall.  Climatic records showed that 

rainfall since November 2000 was < 50 mm in the Jarrahdale region.   

 

A chronosequence-type experimental design was employed, in which jarrah saplings 

growing on bauxite mine rehabilitation were compared to those growing beneath the 

overstorey of natural, undisturbed forest on the basis of height, rather than age.  A total 

of 15 saplings were selected for study in each environment (rehabilitation and forest), 

composed of 5 replicate saplings from each of three size classes: 2.5 m (small), 5 m 

(medium) and 10 m (large) in height.  All saplings were single stemmed, straight, free 

from direct crown competition and visibly healthy.  Saplings on rehabilitation sites were 

of a known age, unlike saplings in the forest.  In the forest, growth of jarrah from seed 
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takes 15-20 years to reach sapling heights (Abbot et al. 1989), and growth rates from 

then on are typically 0.3-0.9 m yr-1 (Stoate and Wallace 1938).  While tree age was a 

potential confounding influence on the analysis of architectural patterns, the alternative, 

comparing trees of similar age, was even less appropriate given the obvious effects of 

tree size on target variables.  O’Connell and Kelty (1994) employed a similar 

experimental design to that used here in a study comparing crown architectures of 

understorey and open grown white pine saplings (Pinus strobus). 

 

For the rehabilitation experimental treatment, small saplings (RS) were selected from a 

site established in 1998 (AR), medium saplings (RM) were selected from a site 

established in 1996 (BR) and large saplings (RL) were selected from a site established in 

1991 (CR).  The five replicate trees on each rehabilitation site were located in a clump 

delimited by the cable length of sap flow sensors (10 m), as used in a companion study 

for measuring water use.  All rehabilitation sites were within a two-kilometre radius and 

were essentially similar in terms of site preparation, soil structure (see section 2.1 and 

Fig. 2.3), fertiliser application, planting density (∼2000 trees ha-1), understorey species, 

and post-establishment management practices.  Each stand was open-grown and 

homogenous with respect to tree age and height.  These sites were originally sown with 

seed collected from the forest nearby.  Recent surveys have shown that genetic variation 

within rehabilitation and forest populations of jarrah is greater than between populations 

(I. Colquhoun  pers. com.).   

 

For the forest experimental treatment, two sites were selected for study (DF and EF), 

located near to rehabilitation site CR (within 500 m).  At each forest site, jarrah saplings 

of mixed height were growing beneath a shady overstorey of large jarrah and marri 

(Corymbia calophylla) of around 30 m in height.  At both forest sites, a mixture of 

small (FS), medium (FM) and large (FL) saplings were clumped according to cable 

length of sap flow sensors and the presence of individuals suitable for inclusion in each 

height class.  Specifically, there were five large saplings, one medium sapling and one 

small sapling at forest site DF, and there were four medium saplings and four small 

saplings at forest site EF.  The forest sites were previously logged, sometime between 

1930 and 1940.  Tree spacing in the forest was approximately 600 trees ha-1 and the 
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forest soil was typical of that found in the northern jarrah forest region (see section 2.1 

and Fig. 2.3). 

 

Architectural measurements 

 

Primary architectural measurements included height (m), diameter at 0.1 m height, 

diameter at breast height (1.3 m), and diameter at 0.5 m height increments from the base 

to the tip of the crown.  All diameter measurements were over bark.  Total stem volume 

(V) was estimated as the sum of multiple segment volumes, calculated as the product of 

segment length and cross-sectional area at mid-segment.  Tree form was described by a 

form factor (Philip 1994): 

HA
VF
0.9

=       (6.1) 

 

where F is form factor, V is the total stem volume over bark and A0.9 is the cross-

sectional area of the main stem at 0.9 of total height measured from the crown tip, i.e. 

0.1 from ground level. 

 

Crown measurements included crown depth, crown diameter and branch frequency on 

the main stem.  Crown volume was estimated using a model for young hardwoods, 

including Eucalyptus species (Philip 1994), based on the volume of a cone: 
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V =       (6.2) 

 

where VC is crown volume, DC is crown diameter and HC is crown depth.  Other 

variables derived from crown measurements included live crown ratio (crown depth / 

tree height) and crown shape ratio (crown depth / crown diameter).  The degree of 

apical dominance was described as the ratio of lateral crown growth to tree height 

growth (crown diameter / tree height). 
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Branch measurements included diameter, length and angle of every branch.  Branch 

diameter was assigned as basal diameter (mm), measured over bark at a point 3 cm from 

the main stem.  Branch angle was measured at the branch origin using a protractor, 

taking the vertical stem axis as 0°.  Other variables derived from branch measurements 

included branch shape ratio (length / basal diameter), the percentage of branches with 

basal diameter > 10 mm, and the percentage of branches > 1 m in length. 

 

Following crown measurements, several branches per tree were destructively sampled.  

Four branches from the upper two thirds of the crown and two from the lower third of 

the crown were removed per tree and pooled with respect to growth environment, height 

class and crown layer.  Branches sampled covered a range of sizes.  Division of the 

crown into two layers by depth (the upper and lower crown portions) was necessary 

owing to visible differences in branch morphology.  For each branch, leaves were 

stripped and the leaf area of a sub-sample of 10 fresh leaves was measured using a leaf 

area meter.  Next, the sub-sampled leaves and all remaining leaves were oven dried at 

80°C and weighed.  The mean specific leaf area of the sub-sampled leaves was 

calculated from leaf area and dry mass.  The leaf area of individual branches was then 

estimated using specific leaf area and total leaf dry mass.  Leaf thickness to the nearest 

0.01 mm was measured on all sub-sample leaves using digital callipers.  Sub-sample 

leaves were also used to derive mean leaf size.  The total leaf area of individual trees 

was derived from branch basal area-leaf area allometric relationships and the census of 

branch diameters from each tree. 

 

Wood discs were destructively sampled from each tree to estimate the conducting 

sapwood area of the main stem (see Chapter 2).  Also, the wood discs of forest trees 

were examined under a dissecting microscope to determine tree age from the number of 

growth rings.  To further describe branching architecture, a simple ‘pipe-model’ 

variable was derived to evaluate relative ‘branchiness’; the amount of distal branch area 

in the crown fed by sapwood area in the stem.  To calculate this variable, the cross 

sectional areas of all branches in each tree were summed, and ‘branchiness’ was 

expressed as the ratio of total branch basal area to stem sapwood area. 
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Statistical analysis 

 

Differences among size classes and environment-size interactions for selected variables 

were examined using ANOVA.  Differences among environments (forest or 

rehabilitation) within size classes, or between size classes within environments, were 

examined using t-tests where necessary.  The strength of branch allometric relationships 

were examined using linear regression analyses of natural logarithm transformed data.  

Regressions were compared using the ANOVA procedure described by Mead et al. 

(1993). 
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6.3   Results 
 

Where necessary throughout the text and in figures, environments are denoted by ‘R’ 

for rehabilitation and ‘F’ for forest, and sapling sizes are denoted by ‘S’ for small, ‘M’ 

for medium, and ‘L’ for large, and for the purpose of clarity, RS, RM and RL saplings 

are consistently referred to as being ‘on rehabilitation sites’ (sites AR, BR and CR) and 

FS, FM and FL saplings are consistently referred to as being ‘in the forest’ (sites DF and 

EF). 

 

Branch allometry 

 

Linear regressions relating the logarithm of leaf area on individual branches to the 

logarithm of branch basal area were highly significant (R2 > 0.82, P < 0.001, Table 6.1) 

and a satisfactory basis for the estimation of total leaf area of sample trees.  Secondary 

regressions were applied to examine the effect of environment (rehabilitation or forest) 

on branch level allometric relationships, using data pooled by canopy layer (Fig. 6.1, 

Table 6.2).  These regressions were also highly significant (R2 > 0.83, P < 0.001).  

Allometric relationships for saplings on rehabilitation sites were significantly different 

to those for saplings in the forest.  Differences were greater in the lower crown than in 

the upper crown and tree size had little influence.  There were no significant differences 

between regression slopes, suggesting that the rate of increase in leaf area with 

increasing branch size was the same for all trees.  However in the lower crown, the ratio 

of leaf mass, or leaf area, to stem mass was significantly greater for saplings on 

rehabilitation sites compared to that for saplings in the forest (Fig. 6.1 B), as indicated 

by the regression intercept (P < 0.001, Table 6.2).  The opposite was true in the upper 

crown (Fig. 6.1 A) where the regression intercept was more positive for saplings in the 

forest (P < 0.05, Table 6.2), but the difference was small. 
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Table 6.1 
 
A statistical analysis of the relationships between the logarithm of leaf area per branch 
(ALB) and the logarithm of branch basal area (AB).  Separate linear regressions were 
performed for each environment (rehabilitation or forest) x size (small, medium or 
large) combination and for two crown layers by depth: the upper two thirds of the crown 
(Upper), and the lower third of the crown (Lower).  ‘R’ denotes rehabilitation and ‘F’ 
denotes forest.  ‘S’ denotes small (2.5 m), ‘M’ denotes medium (5 m) and ‘L’ denotes 
large (10 m) saplings with respect to height.  The regression parameters include: the 
number of branches (n), slope (a), intercept (b), correlation coefficient (R2) and the level 
of significance (P).  Regression equations were of the form: ln (ALB) = a ln (AB) + b.  
Standard errors are in parentheses. 
 

Tree  
group 

Canopy  
layer 

 
n 

Slope 
(a) 

Intercept 
(b) 

 
R2 

 
P value 

       
RS Upper 20 1.05 (0.11) -0.83 (0.14) 0.83 < 0.0001 
 Lower 10 1.07 (0.08) -0.98 (0.10) 0.95 < 0.0001 
       
RM Upper 20 1.13 (0.09) -0.59 (0.08) 0.90 < 0.0001 
 Lower 10 0.93 (0.09) -0.67 (0.07) 0.94 < 0.0001 
       
RL Upper 20 1.03 (0.08) -0.63 (0.08) 0.88 < 0.0001 
 Lower 10 0.98 (0.15) -1.08 (0.11) 0.86 < 0.001 
       
FS Upper 20 1.09 (0.14) -0.58 (0.23) 0.82 < 0.0001 
 Lower 10 1.09 (0.32) -1.46 (0.22) 0.92 < 0.001 
       
FM Upper 20 1.03 (0.11) -0.35 (0.16) 0.85 < 0.0001 
 Lower 10 0.86 (0.17) -1.14 (0.17) 0.86 < 0.001 
       
FL Upper 20 1.07 (0.09) -0.63 (0.10) 0.87 < 0.0001 
 Lower 10 1.31 (0.17) -1.34 (0.12) 0.94 < 0.0001 
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Figure 6.1   
 
The relationship between the logarithm of leaf area per branch (ALB) and the logarithm 
of branch basal area (AB).  Linear regression were of the form: ln (ALB) = a ln (AB) + b.  
Separate regressions are shown for upper (A) and lower (B) crown layers.  Crown layers 
were classified by depth, where the upper crown contained branches from the upper two 
thirds, and the lower crown contained branches from the lower crown third.  Separate 
regressions were performed for saplings on rehabilitation sites (open symbols, dashed 
line) and in the forest (closed symbols, solid line), using data pooled from three size 
classes with respect to height: small (2 m), medium (5 m) and large (10 m).  Data were 
the same as used for the regressions in Table 6.1.  ANOVA results are shown in Table 
6.2. 
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Table 6.2    
 
A statistical analysis of the regressions shown in Figure 6.1 for the relationship between 
the natural logarithm of branch leaf area (ALB) and the natural logarithm of branch basal 
area (AB).  Linear regressions were of the form: ln (ALB) = a ln (AB) + b.  Regression 
statistics are shown for saplings on rehabilitation sites (R) and in the forest (F), for both 
upper and lower crown layers, using data pooled from three size classes with respect to 
height: small (2 m), medium (5 m) and large (10 m).  Within each crown layer, R and F 
regressions were compared using the ANOVA procedure described by Mead et al. 
(1993).  
 

Source of variation S.S. d.f. M.S. F-value P-value 

      
Upper crown   
   
R regression 34.42 1 34.421 407 < 0.0001 
R residual 4.82 57 0.085   
F regression 34.16 1 34.161 257 < 0.0001 
F residual 7.04 53 0.133   
Fitted Single Line residual (FSL) 12.75 112 0.114   
Fitted Parallel Lines residual (FPL) 11.92 111 0.107   
Sum of residuals  (R+F) 11.86 110 0.108   
Line difference between R & F [FSL–(R+F)] 0.89 2 0.447 4.15 < 0.05 
Slope difference between R & F [FPL-(R+F)] 0.07 1 0.065 0.60 n.s. 
      
Lower crown      

      
R regression 18.13 1 18.13 223 < 0.0001 
R residual 2.19 27 0.081   
F regression 17.55 1 17.55 141 < 0.0001 
F residual 2.87 23 0.125   
Fitted Single Line residual (FSL) 7.17 52 0.138   
Fitted Parallel Lines residual (FPL) 5.06 51 0.099   
Sum of residuals  (R+F) 5.06 50 0.101   
Line difference between R & F [FSL–(R+F)] 2.11 2 1.056 10.45 < 0.001 
Slope difference between R & F [FPL-(R+F)] 0.001 1 0.001 0.001 n.s. 
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Stem architecture 

 

Within each size class, saplings in the forest were older than saplings on rehabilitation 

sites (Fig. 6.2 A).  In the forest, small saplings were 10 years old, medium saplings were 

16 and large saplings were 28 years old (on average), whereas on rehabilitation sites, 

small saplings were 3 years old, medium saplings were 5 and large saplings were 10 

years old exactly.  Saplings within each size class were similar in height (as per the 

experimental design), except that large saplings in the forest were 20 % taller than large 

saplings on rehabilitation site CR (Fig. 6.2 B).  Saplings within each size class were 

similar in diameter, except the mean diameter of small saplings in the forest was greater 

than the mean diameter of small saplings on rehabilitation site AR (P < 0.05, Fig. 6.2 C). 

 

The ‘form factor’ describes stem volume relative to the volume of a reference cylinder 

of the same basal diameter and is a measure of the rate of taper of stems (Fig. 6.2 D).  

The form factor of saplings in the forest remained constant throughout their 

development (0.17) but the form factor of saplings on rehabilitation sites increased with 

increasing tree size.  That is, as saplings on rehabilitation sites developed, their boles 

became less conical and more paraboloid.  The form factors of small saplings (0.14) and 

medium saplings (0.15) on rehabilitation sites were less than the form factor of saplings 

in the forest (P < 0.1), but the form factors of large saplings were not different. 

 

Leaf area increased with increasing size, and saplings on rehabilitation sites bore 

significantly greater leaf area than saplings in the forest in each size class (Fig. 6.2 E).  

Specifically, the leaf area of RS saplings was 34 % greater than that of FS saplings, the 

leaf area of RM saplings was 66 % greater than that of FM saplings and leaf area of RL 

saplings was 26 % greater than that of FL group (P < 0.01).  Leaf area to sapwood area 

ratios are shown in Figure 6.2 F.  The leaf area to sapwood area ratio of RM saplings 

was 24 % greater than that of FM saplings, and the leaf area to sapwood area ratio of 

RL saplings was 32 % greater than that of FL saplings (P < 0.05).  The leaf area to 

sapwood area ratios of small saplings were not significantly different.  In both 

environments (rehabilitation and forest), the leaf area to sapwood area ratio of large 

saplings decreased by 30 % compared to that of small and medium saplings (P < 0.01). 
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Figure 6.2  Stem architecture 
 
Interaction line plots for age (A), height (B), diameter at breast height (C), form factor 
(D), total leaf area (E), and leaf area to sapwood area ratio (F).  Open symbols represent 
saplings on rehabilitation sites and closed symbols represent saplings in the forest.  Data 
is shown for saplings from three size classes with respect to height: small (2 m), 
medium (5 m) and large (10 m).  Data are the mean and standard error of five trees.  
ANOVA results are shown in Table 6.3. 
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Table 6.3   
 
A statistical analysis of the architectural variables shown in Figure 6.2 (main stem), 
Figure 6.3 (crown), Figure 6.4 (branches) and Figure 6.5 (leaves).  ANOVA parameters 
include the effects of environment (rehabilitation or forest), size (small, medium or 
large) and environment x size interactions.  n = 5 trees for all comparisons.  *P < 0.1, 
**P < 0.05, ***P < 0.01, ****P < 0.001, not significant (n.s.). 
 

 Source of variation 

Measured variable Environment Size Environment x Size 

    
Main stem    

    
Height n.s. **** n.s. 
Diameter at breast height n.s. **** * 
Form factor * n.s. n.s. 
Total leaf area *** **** n.s. 
Leaf area / sapwood area ratio ** *** n.s. 

    
Crown    
    

Live crown ratio **** **** ** 
Apical dominance ratio *** **** n.s. 
Crown shape ratio **** **** n.s. 
Crown volume n.s. *** n.s. 
Leaf area density **** ** n.s. 
Branch frequency *** ** n.s. 
Branch angle **** n.s. n.s. 

    
Branches    

    
Mean branch diameter ** **** n.s. 
% Branches > 10 mm diameter n.s. **** n.s. 
Mean branch length *** **** n.s. 
% Branches > 1 m length n.s. **** n.s. 
Branch shape ratio **** ** n.s. 
Apparent branch Huber value ** ** n.s. 
Branch area / stem sapwood area ratio n.s. n.s. n.s. 
    

Leaves    
    

Mean leaf size n.s. *** n.s. 
Specific leaf area **** n.s. n.s. 
Mean leaf thickness **** **** n.s. 
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Crown architecture 

 

The live crown ratio of saplings on rehabilitation sites was significantly greater than the 

live crown ratio of saplings in the forest (P < 0.001) and this parameter tended to 

decrease with increasing size (Fig. 6.3 A).  On rehabilitation sites, the live crown ratio 

decreased from 0.9 in small saplings to 0.6 in large saplings, and in the forest, the live 

crown ratio decreased from 0.5 in small saplings to 0.3 in large saplings.   

 

The apical dominance ratio reflects the lateral extent of the crown relative to height, 

with a lesser ratio indicating greater apical dominance (Fig. 6.3 B).  In both the medium 

and large size classes, the apical dominance ratio of saplings on rehabilitation sites was 

20 % greater than that of saplings in the forest (P < 0.01).  The apical dominance ratios 

of small saplings were not significantly different.  In both environments (rehabilitation 

and forest), the apical dominance ratio of saplings decreased significantly with 

increasing size (P < 0.001), indicating that as saplings developed, height growth was 

greater than lateral growth. 

 

The crown shape of saplings on rehabilitation sites was inherently different from that of 

saplings in the forest, as indicated by the crown shape ratio (Fig. 6.3 C).  The crown 

shape ratio (depth / width) of saplings on rehabilitation sites was significantly greater 

that that of saplings in the forest (P < 0.001) and did not alter with increasing size.  That 

is, the crowns of saplings on rehabilitation sites were much longer than the crowns of 

saplings in the forest, and slightly narrower.  For a given width, the crown of a given 

sapling on a rehabilitation site was approximately 2.5 times greater in length than the 

crown of a sapling in the forest.  
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Figure 6.3  
 
Interaction line plots for live crown ratio (A), apical dominance ratio (B), crown shape 
ratio (C), crown volume (D), leaf area density (E), branch frequency (F), and mean 
branch angle (G).  Open symbols represent saplings on rehabilitation sites and closed 
symbols represent saplings in the forest.  Data are shown for saplings from three size 
classes with respect to height: small (2 m), medium (5 m) and large (10 m).  Data are 
the mean and standard error of five trees.  ANOVA results are shown in Table 6.3. 
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Despite a difference in crown shape, crown volumes were not significantly different 

within each size class, although the crown volume of large saplings in the forest was 56 

% greater than the crown volume of large saplings on rehabilitation site CR (Fig. 6.3 D).  

In the medium and large size classes, the leaf area density (m2 leaf area per m3 crown 

volume) of saplings on rehabilitation sites was significantly greater than that of saplings 

in the forest (P < 0.001) due to greater leaf area.  However, the crown volumes of small 

saplings were not significantly different.  The leaf area density of saplings on 

rehabilitation sites remained constant despite increasing crown volume.  In contrast, the 

leaf area density of saplings in the forest decreased with increasing crown volume, 

approximately halving in magnitude as saplings increased in size from small to large (P 

< 0.05). 

 

The number of branches on the main stem of saplings on rehabilitation sites was 

significantly greater than that of saplings in the forest (P < 0.01, Fig. 6.3 F).  Branch 

frequency tended to decrease with increasing size, more so for saplings in the forest 

compared to saplings on rehabilitation sites.  On rehabilitation sites, the number of 

branches on the main stem (per m crown depth) decreased from 11.3 branches m-1 for 

small saplings to 9.7 branches m-1 for large saplings.  In the forest, the number of 

branches on the main stem decreased from 10.4 branches m-1 for small saplings to 7.0 

branches m-1 for large saplings.  The ‘angle of origin’ of branches on the main stem of 

saplings on rehabilitation sites (29°) was significantly less than that of saplings in the 

forest (46°) (P < 0.001), and there was no relationship between branching angle and size 

(Fig. 6.3 G). 

 

Branch characteristics 

 

In each size class, the mean branch diameter of saplings on rehabilitation sites was 

consistently 10 % less than that of saplings in the forest (P < 0.05, Fig. 6.4 A), and the 

mean branch length of saplings on rehabilitation sites was consistently 5-10 % greater 

than that of saplings in the forest (P < 0.05, Fig. 6.4 C).  Mean branch diameter and 

mean branch length both increased significantly with increasing size (P < 0.001).  The 
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mean branch diameter and length of medium saplings was approximately 20 % greater 

than that of small saplings, and the mean branch diameter and length of large saplings 

was approximately 20 % greater than that of medium saplings.  Mean branch diameter 

and length were in part a reflection of the proportion of relatively large branches (> 10 

mm basal diameter) and the proportion of relatively long branches (> 1 m in length), 

respectively.  The proportion of large branches in the crowns of saplings on 

rehabilitation sites was consistently 10 % less than that of saplings in the forest, and the 

proportion of long branches in the crowns of saplings on rehabilitation sites was 

consistently 5-8 % greater than that of saplings in the forest, although these differences 

were not significant (Fig. 6.4 B & D).  However, increases in the proportion of 

relatively large and long branches with increasing size were significant (P < 0.001). 

 

Differences in the diameter and length of branches in the crowns of saplings on 

rehabilitation sites compared to saplings in the forest were further highlighted by a 

difference in branch shape (Fig. 6.4 E).  The branch shape ratio (length / basal diameter) 

of saplings on rehabilitation sites was significantly greater than that of saplings in the 

forest (P < 0.001).  The branch shape ratio of saplings on rehabilitation sites remained 

constant, whereas there was degree of variation in the branch shape ratio of saplings in 

the forest.  The branch shape ratio of small and medium saplings in the forest was 20 % 

less than the branch shape ratio of saplings on rehabilitation sites, whereas the 

difference was only 10 % less for medium saplings in the forest.  Overall, branch shape 

ratios reinforced the more general view that, relative to each other, branches in the 

crowns of saplings on rehabilitation sites tended to be long and thin, whereas branches 

in the crowns of saplings in the forest tended to be short and thick. 
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Figure 6.4   
 
Interaction line plots for mean branch diameter (A), % branches > 10 mm diameter (B), 
mean branch length (C), % branches > 1 m length (D), branch shape ratio (E), branch 
Huber value (F) and ‘branchiness’ ratio (branch area / stem sapwood area) (G).  Open 
symbols represent saplings on rehabilitation sites and closed symbols represent saplings 
in the forest.  Data is shown for saplings from three size classes with respect to height: 
small (2 m), medium (5 m) and large (10 m).  Data are the mean and standard error of 
five trees.  ANOVA results are shown in Table 6.3.  
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The ratio of the mass of woody tissue to leaf area was generally less in the branches of 

saplings on rehabilitation sites than in the branches of saplings in the forest.  In the 

small and medium size classes, the branch Huber value of saplings in the forest was 

generally greater than that of saplings on rehabilitation sites (P < 0.05) (Fig. 6.4 F).  The 

Huber values of large saplings were not significantly different.  The Huber value of 

small saplings in the forest was 40 % greater than that of small saplings on 

rehabilitation site AR, and the Huber value of medium saplings in the forest was 30 % 

greater than that of medium saplings on rehabilitation site BR.  In the forest, the Huber 

value of small saplings was 40 % greater than that of medium and large saplings, 

whereas in rehabilitation, the Huber value of medium saplings was 20 % less than that 

of small and large saplings.  The ‘branchiness’ ratio (crown branch area / stem sapwood 

area) was unrelated to environment (rehabilitation or forest) or size (Fig. 6.4 G). 

 

Leaf characteristics 

 

The specific leaf area of leaves from saplings on rehabilitation sites was 15 % less than 

that of leaves from saplings in the forest (P < 0.001, Fig. 6.5 A).  There was no 

significant difference in specific leaf area with increasing tree size.  Leaf size was 

unrelated to environment (rehabilitation or forest) (Fig. 6.5 B), however, the leaves of 

small saplings were 20 % larger than the leaves of medium and large saplings (P < 

0.01).  Differences in the specific leaf area of leaves were associated with differences in 

leaf thickness.  Leaves from saplings on rehabilitation sites were 20-25 % thicker than 

leaves from saplings in the forest (P < 0.001, Fig. 6.5 C).  In both environments 

(rehabilitation and forest), leaves from small saplings were 20 % thicker than leaves 

from medium and large saplings (P < 0.001). 
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Figure 6.5   
 
Interaction line plots for specific leaf area (A), mean leaf size (B) and mean leaf 
thickness (C).  Open symbols represent saplings on rehabilitation sites and closed 
symbols represent saplings in the forest.  Data are shown for saplings from three size 
classes with respect to height: small (2 m), medium (5 m) and large (10 m).  Data are 
the mean and standard error of five trees.  ANOVA results are shown in Table 6.3.  
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6.4   Discussion 
 
This study investigated the above-ground architecture of jarrah saplings growing on 

bauxite mine rehabilitation sites and in undisturbed mature forest (a post-logging 

coupe).  Architecture varied greatly as a function of environment (rehabilitation or 

forest) and size (small, medium or large with respect to height), but there were few 

interactions between environment and size.  The results of this study supported the 

major hypothesis that architectural characteristics were consistent with trees growing on 

rehabilitation sites having greater access to soil water than trees growing in the forest 

throughout the sapling stage of growth.  Significantly, there was a consistent pattern of 

higher carbon allocation to leaf mass (and leaf area) and lesser allocation to woody 

tissue in saplings on rehabilitated sites compared to saplings in the forest.  This finding 

is consistent with a general trend in the literature suggesting that architectural 

characteristics are most strongly linked to the history of soil water availability and/or 

climatic conditions (particularly evaporative demand) (Mencuccini and Grace 1995; 

Tognetti et al. 1997; White et al. 1998; Ewers et al. 2000; Maherali et al. 2002).  A 

secondary finding is that differences in crown architecture were consistent with greater 

light and nutrient availability in the rehabilitation environment.   

 

Leaf area in relation to soil water availability 

 

As predicted, jarrah saplings on rehabilitation sites had higher leaf area than saplings in 

the forest (Fig. 6.2 E).  This is compelling evidence in support of a paradigm that leaf 

area is related to site water balance in eucalypt forest ecosystems (Specht and Specht 

1989; Pierce et al. 1993; Hatton et al. 1998) and across plant communities generally 

(Grier and Running 1977; Eagleson 1982).  Possible reasons for differences in water 

availability are discussed with reference to the water budget in each environment. 

 

Prolonged drought over summer and strong competition for water are the likely causes 

of reduced leaf area on saplings growing on forest sites.  Jarrah saplings in the forest are 

part of a vegetation system that is, presumably, in ‘ecohydrological equilibrium’ 

(Eagleson 1982; Hatton et al. 1998).  If the total leaf area of the forest were measured, it 

should reflect ‘full occupation’ of the site in a hydrological sense.  In other words, the 
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leaf area of trees in a mature jarrah forest reflects access to water in the surface soil and 

in deeper soil layers, via a specialised two-tiered system of lateral and deep sinker roots.  

However, in the absence of a mature root system, the leaf area of young saplings in the 

forest (as measured in this study) reflected access to water in the root zone.  This leaf 

area is also a reflection of the degree of competition for surface soil moisture from 

larger trees, neighbouring saplings and other understorey species (Bowman and 

Kirkpatrick 1986a,b).  Previous studies in the jarrah forest have shown that larger jarrah 

trees may suppress the growth of smaller trees through increasing soil moisture deficits 

(Stoneman et al. 1995).  Larger trees also tend to extract soil moisture from the surface 

layers in preference to deeper layers (Ruprecht and Schofield 1990), presumably until 

surface soil moisture becomes limiting.  

 

In contrast to the forest site, rehabilitation sites were possibly not in ‘ecohydrological 

equilibrium’.  In the absence of older trees with access to moisture deeper in the soil 

profile, the total leaf area of rehabilitation sites reflects water available in the surface 

soil.  Most of this leaf area is that of jarrah saplings (Ward and Pickersgill 1985) and 

previous studies of water use have produced little evidence for the use of soil moisture 

from lower horizons during drought, showing instead that transpiration rates decline 

rapidly in drying soils (e.g. Chapters 4 & 5).  Whether or not saplings on rehabilitation 

sites develop deep root systems is a question that remains unanswered. 

 

Leaf area in relation to sapwood area and woody tissue 

 

Leaf area to sapwood area ratios were significantly greater on rehabilitation sites than in 

the forest (Fig. 6.2 F), providing further evidence of greater water availability at the 

former sites.  Under the same conditions of evaporative demand, the sufficiency of the 

stem to supply water to the leaves (or, the inverse risk of hydraulic failure) is a clear 

indicator of soil moisture regime.  It is reasonable to expect that patterns of carbon 

allocation were such that saplings were hydraulically compatible with their environment 

(Sperry et al. 1998; Sperry et al. 2002).  Increased allocation of carbon to leaves without 

a proportionally greater allocation to sapwood may potentially worsen the water 

relations of a tree by increasing the risk of xylem cavitation induced by water stress 
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(Tyree and Ewers 1991).  On the other hand, a greater allocation to sapwood may 

improve water relations by reducing the impact of cavitation induced by water stress, 

and by improving the capacity for water storage that might mitigate losses in 

conductance caused by cavitation (Tyree and Ewers 1991).   

 

In keeping with these hydraulic principles, it seems likely that in saplings growing on 

rehabilitation sites, carbon was allocated to leaves in preference to sapwood in response 

to a favourable soil water environment.  That is, a more ‘water spending’ strategy was 

employed.  In contrast, saplings in the forest allocated carbon to sapwood in preference 

to leaves in response to a more water scarce environment.  That is, a more ‘water 

saving’ strategy was employed.  These results are consistent with previous findings for 

jarrah saplings on rehabilitation sites.  In Chapter 5, leaf area to sapwood area ratios 

were significantly greater at a high rainfall site (1200 mm yr-1) than at a low rainfall site 

(600 mm yr-1) under the same conditions of evaporative demand.  Increases in leaf area 

to sapwood area ratio with increasing water availability have been reported in other 

eucalypts (White et al. 1998), and other tree species (Shumway et al. 1991; Mencuccini 

and Grace 1995; Tognetti et al. 1997; Ewers et al. 2000; Maherali et al. 2002).   

 

Changes in the leaf area to sapwood area ratio may require concomitant changes in 

sapwood permeability to maintain homeostasis in water transport (Magnani et al. 2002; 

Mencuccini 2002).  If the amount of water transpired per unit leaf area were held 

constant, hydraulic principles dictate that an increase in leaf area to sapwood area ratio 

must be accompanied by an increase in sapwood permeability in order to maintain the 

same water potential gradient in the stem during water transport (Tyree and Ewers 

1991).  In this study, greater sapwood permeability was a likely possibility in saplings 

growing on rehabilitation sites compared to saplings in the forest (a topic explored in 

the next chapter).  Differences in ratios of leaf area to sapwood area may also 

accompany differences in the total branch area supported by a stem, or ‘branchiness’ 

(Berninger et al. 1995).  Branching patterns in turn influence hydraulic function 

according to the ‘pipe-model’ theory of water transport (Shinozaki et al. 1964).  In this 

study, saplings on rehabilitation sites had significantly more branches than saplings in 

the forest (Fig. 6.3 F), but there was no significant difference in the branch area to stem 
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sapwood area ratio (Fig. 6.5 G), suggesting that ‘branchiness’ was not a likely source of 

variance in hydraulic function. 

 

Crown architecture 

 

The crown architecture of saplings on rehabilitation sites reflected greater light and 

nutrient availability (and greater water availability) in the rehabilitation environment 

compared to the forest environment.  Compared to saplings in the forest, saplings on 

rehabilitation sites displayed the following characteristics: faster and more vigorous 

growth; greater apical dominance (i.e. greater height relative to lateral extension); 

deeper, narrower crowns with more vertically angled branches; greater leaf density in 

the crown; and thicker leaves of lesser specific leaf area (leaf area per unit dry mass) 

(Figures 6.2, 6.3, 6.4, 6.5 and 6.6).  Although these characteristics were not explicitly 

tested with respect to light and nutrients using this experimental design, it is clear that 

architectural differences between saplings on rehabilitation sites and saplings in the 

forest are consistent with those found in other studies where open-grown trees have 

been compared to forest-grown trees (O'Connell and Kelty 1994; Bartlett and Remphrey 

1998; Claveau et al. 2002), including jarrah (Stoneman and Dell 1993; Stoneman et al. 

1993; Ward and Koch 1993; Stoneman et al. 1995). 

 

Sapling development from an ecological perspective 

 

Jarrah saplings growing in the forest represent the natural mode of regeneration after 

fire or selective logging.  Seedlings germinate and persist beneath the canopy of larger 

trees, developing into saplings when gaps in canopy are created by the subsequent 

removal of single trees or small groups of trees via old age or natural disturbance 

(Abbott et al. 1989).  Gap creation reduces some of the limitations that soil water 

deficits impose on growth, and seedlings may take advantage of improved light 

availability and higher soil temperatures (Stoneman and Dell 1993; Stoneman et al. 

1995).  The growth of jarrah saplings is slow, often taking 15-20 years to reach the 

sapling stage (Abbott and Loneragan 1984; Abbott et al. 1989) and a further 10 years to 

reach the pole stage of growth (> 10 m in height) depending on site quality (Stoate and 
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Wallace 1938).  During this time, soil water availability is often limited and droughts 

are severe.  Importantly, sapling architecture adjusts so that leaf area and hydraulic 

resistance remain in harmony with water availability.  This is reflected in branch 

development and the allocation to sapwood.  Water status improves with increasing size 

as root systems expand to access deeper soil moisture (Crombie et al. 1988; Crombie 

1992; Crombie 1997).  This process occurs gradually as plants age, ending with the 

architecture typically observed in mature trees: a long bole with a large basal area, a 

crown dominated by large limbs that are widely spread but support relatively few 

leaves, and a specialised two-tiered root system (Abbott et al. 1989).  Many forces thus 

combine to shape the architecture of forest saplings throughout their lifetime, including 

strong competition for soil moisture, frequent soil moisture deficits, and cyclical 

drought (White et al. 1998; Eamus et al. 2000), as well as competition for light (Abbot 

and Loneragon 1984; Stoneman et al. 1995).   

 

In complete contrast to forest saplings, jarrah saplings growing on rehabilitation sites 

represent a mode of development that might be expected under near optimal conditions 

for growth in terms of water, light and nutrients.  Jarrah seedlings establish in an open 

environment, in monoculture, and with surplus nutrients via N-fixing species and added 

fertiliser (Ward et al. 1993).  Development is rapid, taking only 1-2 years to grow from 

seedlings to saplings, and only 8-10 years more to reach the pole stage of growth.  As a 

result, saplings on rehabilitation sites develop different architectural characteristics to 

those of forest saplings.  These differences appear from an early age and persist 

throughout the sapling stage of growth, showing few signs of convergence towards the 

architecture of forest saplings.  The architecture of saplings on rehabilitation sites 

reflects plentiful soil moisture, subdued summer drought, less competition for water and 

greater access to light and nutrients.  Hence greater leaf area, lower allocation to 

sapwood, more restricted branch development (likely to promote less hydraulic 

resistance) and a range of characteristics to promote light capture.   

 

Architectural traits developed by saplings on rehabilitation sites will continue to support 

hydraulic functioning as long as water remains readily available, but their ability to cope 

with water deficits remains untested.  Inevitably, competition for water in dense stands 
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on rehabilitation sites (2000 trees ha-1) will increase, and the volume of water (from 

rainfall) stored in the profile to support trees during summer drought will decrease.  

Also, the extent to which sapling roots are restricted to the surface soil is unknown, 

including whether deep clay layers (following the removal of the bauxite layer) pose a 

physical barrier to root systems and water storage.  If this were true, then trees may 

rapidly depelet root-zone water at some point in the future.  For trees to survive, they 

must utilise other water sources.  Hence the important ecological question for stands on 

rehabilitation sites is this: will tree architecture beyond the sapling stage eventually 

reflect long-term water availability at these sites? 

 

Conclusion 

 

The challenge for managing rehabilitation is to successfully shift saplings from relying 

on water stored in the surface soil to utilising water from deeper in the soil profile, and 

to obtain the appropriate hydraulic structures for avoiding cavitation, embolisms and 

drought death under natural forest conditions (Whitehead 1998).  Survival of saplings to 

the pole stage of growth is virtually guaranteed on rehabilitation sites, with little stress, 

little differentiation among individuals and fast rates of growth.  It may be that slower 

development in the presence of selective pressures like those experienced in the forest 

understorey is required to develop the architecture necessary for long-term survival 

(Hubbard et al. 1999; Magnani et al. 2000; Schafer et al. 2000).  Some architectural 

characteristics may adapt to changing soil water status fairly quickly, such as leaf area, 

but others, such as stems and branches, are not easily modified in the short term.  

Further work is needed to explore these uncertainties, including comparisons between 

trees on older rehabilitation sites and trees in the forest, careful monitoring as 

rehabilitation stands age, and perhaps most importantly, studies to improve our 

understanding of root system development in the rehabilitation environment. 
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CHAPTER 7. 
 

The hydraulic structure and function of jarrah saplings growing under the 
same climatic conditions is determined by soil water availability 
 

7.1   Introduction 
 

Successfully establishing sustainable forest ecosystems following bauxite mining is a 

critical management objective in the jarrah forest of south-western Australia.  In 

particular, there is concern that any change in the water use regime of jarrah is likely to 

have a significant impact on the water balance of the region, with implications for water 

resource quantity and quality (Schofield et al. 1989; Stoneman and Schofield 1989; 

Ruprecht and Stoneman 1993).  Understanding water use behaviour of jarrah growing 

on rehabilitation sites is central to predicting if and when stands may reach a stable, 

self-regenerating state with similar water use attributes to the surrounding forest.  For 

this, processes regulating water use must be evaluated along side those processes 

typically occurring in the forest.  In the previous chapter (Chapter 6), it was found that 

jarrah saplings growing on rehabilitation sites differed architecturally from those 

growing in a natural forest understorey, most notably by having greater leaf area and 

greater leaf area to sapwood area ratios, and from this it was concluded that long-term 

water availability was greater in the rehabilitation environment.  However, the 

significance of greater water availability on the hydraulic functioning of jarrah in the 

rehabilitation environment is yet to be determined. 

 

Previous studies of forest-grown jarrah show that hydraulic functioning is tightly related 

to architecture.  For example, attributes of jarrah water relations, such as shoot water 

potential, stomatal conductance and transpiration, have been directly linked to above 

and below-ground architecture (Crombie et al. 1987; Farrington et al. 1996; Stoneman 

et al. 1996).  Plant water status gradually improves with increasing size from seedling to 

mature tree as lateral roots expand in the surface soil and sinker roots penetrate deeper 

soil layers (Dell et al. 1983; Crombie et al. 1988; Crombie 1997).  One of the more 

significant findings for larger trees is that water use is linearly related to leaf area 
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(Hatton et al. 1998), from which it is inferred that trees exist in a state of eco-

hydrological equilibrium with the soil environment (Grier and Running 1977; Eagleson 

1982).  Considering these strong links between structure and function, the observed 

differences between saplings growing on rehabilitation sites and in the forest raise 

several important questions.  Does greater long-term water availability and variance in 

above-ground architecture mean that water is utilised differently in the rehabilitation 

environment?  More specifically, what are the likely consequences of greater leaf area 

and greater leaf area to sapwood area ratios of saplings on rehabilitation sites?  Also, 

there is little knowledge of whether saplings growing on rehabilitation sites are more or 

less susceptible to summer drought than saplings in the forest, or if this changes as trees 

age.  To answer these questions, it is necessary to monitor water use and collect 

physiological data from saplings in both environments, and to evaluate this data in light 

of current knowledge of water transport in trees.  

 

The pipe model theory of plant form (Shinozaki et al. 1964) proposes a causal 

relationship between whole-tree leaf area (AL) and sapwood area (AS).  Whitehead et al. 

(1984) refined the pipe model by incorporating the Penman-Monteith equation and 

Darcy’s Law to describe water transport through the stem of a tree, given as: 
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where H is tree height, D is atmospheric vapour pressure deficit, GS is mean canopy 

stomatal conductance, kS is sapwood permeability, ∆ψ is the water potential gradient of 

the soil-to-leaf pathway and c is a coefficient incorporating several constants, some of 

which are temperature-dependent.  The coefficient c is given as: 
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where γ is the psychrometric constant, λ is the latent heat of vaporization of water, ρw is 

the density of water, ρa is the density of air cp is the specific heat of air and η is the 
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viscosity of water.  Tree height is assumed to be an adequate surrogate for the total path 

length from bulk soil to leaf (i.e. height is the largest fraction of total path length), and it 

is generally assumed that tree canopies are well coupled to the atmosphere.  This model 

is consistent with an understanding that hydraulic architecture is adjusted to maintain 

homeostasis in water transport (Tyree and Ewers 1991; Magnani et al. 2002; Sperry et 

al. 2002), such that cavitation and runaway embolism are avoided (Tyree and Sperry 

1988).  Accordingly, this model predicts the nature of adjustments to one or more 

variables under changing environmental conditions to maintain homeostasis.  Some 

variables can adjust in the short-term (minutes to days), such as stomatal conductance, 

leaf water potential and leaf area, whereas others adjust in the long-term (days to 

generations), such as height, sapwood area and sapwood permeability.  White et al. 

(1998) recently used this model in a study of E. globulus and E nitens to show that 

AL/AS and sapwood permeability increased with increasing water availability.  Other 

investigators have successfully applied the Whitehead model to examine the influence 

of tree height (McDowell et al. 2002), evaporative demand (Mencuccini and Grace 

1995; Mencuccini and Bonosi 2001), tree age and site quality (Coyea and Margolis 

1992). 

 

In this study, the Whitehead model provides a framework to evaluate the sapwood 

permeability of jarrah saplings growing on rehabilitated sites (R) and in forest 

understorey (F).  When saplings growing under the same climatic conditions (i.e. the 

same time-averaged temperature and vapour pressure deficit) are compared, the 

following relationship is derived from Equation 7.1: 
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One outcome from Equation 7.3 is that saplings with greater AL/AS will have greater kS.  

This assumes that saplings are the same height, similar soil-to-leaf water potential 

gradients are generated during transpiration and mean canopy stomatal conductance is 

similar.  Alternatively, concurrent differences in one or more of these variables (H, GS 

or ∆ψ) may indicate greater or lesser kS with greater AL/AS.   
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This study reports the results of water use and physiological measurements in jarrah 

saplings of three different sizes with respect to height (2.5, 5 and 10 m) growing on 

rehabilitation sites and in a patch of natural forest.  Saplings were the same as those 

studied in Chapter 6.  The first objective was to use plant water relations to confirm a 

hypothesis (from chapter 6) that water availability to saplings was greater in the 

rehabilitation environment than in the forest environment at the end of a summer 

drought period.  Pre-dawn leaf water potential (ψpre-dawn) was used as an indicator of soil 

water availability in the root zone.  Previous work has demonstrated the suitability of 

using sapling-sized plants as natural soil tensiometers in the gravely surface soils and 

deeper clays of the jarrah forest (Crombie et al. 1988).  The second objective was to 

determine if differences in leaf area to sapwood area ratios (see Chapter 6) were 

accompanied by differences in sapwood permeability.  It was hypothesised that saplings 

on rehabilitation sites with higher leaf area to sapwood area ratios would have greater 

hydraulic conductivities (White et al. 1998).  The null-hypothesis was that within each 

environment, hydraulic conductivity would not change with increasing size.  The final 

objective of this study was to compare the rate of transpiration in each environment in 

relation to leaf area.  It was hypothesised that water use would be linearly related to leaf 

area (Hatton et al. 1998), but that saplings on rehabilitation sites would have faster rates 

of transpiration per unit leaf area if it were true that soil water availability and whole-

tree hydraulic conductivity were greater in the rehabilitation environment. 

 

7.2   Experimental procedure 
 

Experimental design 

 

The experimental design was identical to that outline in the previous chapter (Chapter 

6).  Water use and physiological measurements were made on the same jarrah saplings 

as used for architectural measurements.  Leaf area and sapwood area measurements 

from Chapter 6 were included this study. 
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The experiment was conducted over a 5-week period in April 2001 (mid-autumn) 

following a prolonged period of summer drought (< 50 mm rainfall since November 

2000).  Weather conditions were monitored using a weather station on-site (rainfall, air 

temperature, relative humidity and global solar radiation). 

 

Transpiration measurements 

 

The heat ratio method was employed to measure transpiration (E) using standard 

protocols (see Chapter 2).  Saplings growing on rehabilitation sites were measured from 

30-Mar-01 to 12-Apr-01 and saplings in the forest were measured from 13-Apr-01 to 

05-May-01.  Hourly transpiration rates were averaged from half-hourly measurements.  

Daily rates (kg H2O day-1) were calculated from the integral of hourly measurements 

during daylight hours (6 AM to 6 PM).  When required, hourly transpiration rates were 

divided by leaf area to yield leaf specific transpiration rates (EL, kg H2O m-2 hr-1). 

 

Canopy-scale stomatal conductance 

 

Mean canopy stomatal conductance (GS) was estimated as described in Chapter 5.  

Briefly, measurements were based on the equation modified from Monteith and 

Unsworth (1990): 
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=       (7.4) 

 

where GS is the mean canopy stomatal conductance to water vapour (m hr-1), EL is leaf-

specific transpiration rate (kg H20 m-2 hr-1), γ is the psychrometric constant (kPa K-1), λ 

is the latent heat of vaporisation (J kg-1), ρ is the density of air (kg m-3), cp is the specific 

heat of air at constant pressure (J kg-1 K-1), and D is the leaf-to-air vapour pressure 

deficit (kPa).  Ambient vapour pressure deficit (VPD) was used as a proxy for D.  VPD 

was calculated from ambient air temperature and relative humidity measurements.  

Temperature-dependent values of γ, λ and ρ were obtained from Jones (1992) and GS 

was converted to molar units, mmol m-2 s-1 (Pearcy et al. 1989).   
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Similar formulations of Equation 3 have been used for the calculation of GS in 

numerous recent studies (Hubbard et al. 1999; Bond and Kavanagh 1999; Ewers et al. 

2001; Whitehead 1998; Oren et al. 2001).  To minimise errors, estimates were limited to 

conditions for VPD > 1.5 kPa (Ewers and Oren 2000).  The assumptions for using 

Equation 3 are outlined in Chapter 5.  Briefly, it was assumed that canopies were well 

coupled to the atmosphere. 

 

Physiological measurements 

 

Pre-dawn (ψpre-dawn) and midday (ψmidday) leaf water potential and leaf-scale stomatal 

conductance (gs) were measured on 30-Mar-01 (saplings on rehabilitation sites) and on 

04-May-01 (saplings in the forest).  Water potentials were the mean of two 

measurements per tree.  Stomatal conductance data from small and medium saplings 

were the mean of 10 measurements per tree.  Difficulty accessing the canopy prevented 

the measurement of gS in large saplings. 

 

7.3   Results 
 

Where necessary throughout the text and in figures, environments are denoted by ‘R’ 

for rehabilitation and ‘F’ for forest, and sapling sizes are denoted by ‘S’ for small, ‘M’ 

for medium, and ‘L’ for large, and for the purpose of clarity, RS, RM and RL saplings 

are consistently referred to as being ‘on rehabilitation sites’ (sites AR, BR and CR) and 

FS, FM and FL saplings are consistently referred to as being ‘in the forest’ (sites DF and 

EF). 

 

Weather conditions 

 

There was no rainfall during the experimental period.  Skies were consistently sunny 

(midday global solar radiation > 500 W m-2) and atmospheric conditions were warm and 

dry (midday vapour pressure deficit > 1.5 kPa). 
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Leaf area to sapwood area ratio 

 

Leaf area to sapwood area ratio (AL/AS) data from Chapter 6 are reproduced in Figure 

7.1 A.  The AL/AS among small saplings was not significantly different, but the AL/AS of 

RM saplings was 24 % greater than that of FM saplings, and the AL/AS of RL saplings 

was 32 % greater than that of FL saplings (P < 0.05).  In both environments 

(rehabilitation and forest), the AL/AS of large saplings decreased by 30 % compared to 

that of small and medium saplings (P < 0.01). 

 

Leaf water potential 

 

Mean ψpre-dawn for all saplings on rehabilitation sites was -1.2 MPa (Fig. 7.1 B).  The 

ψpre-dawn of large saplings in the forest was not significantly different to that of saplings 

on rehabilitation sites, but the ψpre-dawn of small and medium saplings in the forest was 

significantly more negative (-2.1 MPa).  The difference between ψpre-dawn and ψmidday 

was used as a surrogate for the water potential gradient across the soil-to-leaf pathway 

(∆ψ).  The value of ∆ψ was assumed to represent the water potential gradient generated 

during transpiration near midday on most days (i.e. when daily transpiration rates were 

greatest).  Differences in ∆ψ were essentially identical to those in ψpre-dawn.  The value 

of ∆ψ was constant for all saplings on rehabilitation sites and not significantly different 

to that for large saplings in the forest (1.4 MPa), but the value of ∆ψ for small and 

medium saplings in the forest was significantly less (0.6 MPa, P < 0.05, Fig. 7.1 C). 
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Figure 7.1   
 
Interaction line plots for leaf area to sapwood area ratio (A), pre-dawn leaf water 
potential (ψpre-dawn) (B), and the soil-to-leaf water potential gradient at midday (∆ψ) (C).  
Open symbols represent saplings on rehabilitation sites and closed symbols represent 
saplings in the forest.  Data is shown for saplings from three size classes with respect to 
height: small (2 m), medium (5 m) and large (10 m).  Data are the mean and standard 
error of five trees.  Within size classes, differences between environments 
(rehabilitation or forest) were significantly different (P < 0.05), except where specified 
not significant (n.s.). 
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Transpiration and canopy conductance 
 

Figure 7.2 shows the maximum hourly rate of transpiration (EL) and mean canopy 

stomatal conductance (GS) plotted against vapour pressure deficit (VPD) on days when 

corresponding hourly values of VPD were > 1.5 kPa.  For all saplings, transpiration 

rates remained constant with increasing VPD (Fig. 7.2 A-C).  Small saplings on 

rehabilitation site AR had the fastest and most variable rates of transpiration (∼ 0.10 kg 

H2O m-2 hr-1).  Medium saplings on rehabilitation site BR transpired at slightly slower 

rates (∼ 0.06 kg H2O m-2 hr-1).  Large saplings on rehabilitation site CR and in the forest 

transpired at the same rate (∼ 0.04 kg H2O m-2 hr-1).  The transpiration rates of small and 

medium saplings in the forest were low by comparison (∼ 0.02 kg H2O m-2 hr-1).   

 

The trend of mean canopy stomatal conductance (GS) was identical to that of 

transpiration except that GS decreased linearly with increasing VPD (Fig. 7.2 D-F).  The 

mean (± standard error) GS values (mmol H2O m-2 hr-1) in Figure 7.2 (D-F) are: 77.7 ± 

7.4 for small saplings, 36.8 ± 2.6 for medium saplings and 25.3 ± 1.7 for large saplings 

on rehabilitation sites; and 21.2 ± 1.3 for small saplings, 15.6 ± 1.3 for medium saplings 

and 24.9 ± 0.8 for large saplings in the forest.  The negative linear relationships between 

GS and VPD were examined in more detail using ANOVA (Table 7.1).  The main 

findings were: (1) all regressions were highly significant (P < 0.01); (2) in both the 

small and medium size classes, the GS values of saplings on rehabilitation sites were 

significantly greater than those of saplings in the forest (P < 0.001), but the GS values of 

large saplings were identical; and (3) all regressions had the same slope, except for a 

significantly more negative slope for small saplings on rehabilitation site AR (P < 0.05).  

The third finding suggests that small saplings on rehabilitation site AR displayed greater 

(mean canopy) stomatal sensitivity to increasing evaporative demand compared to the 

other saplings. 
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Figure 7.2    
 
Maximum hourly rates of transpiration (EL) and mean canopy stomatal conductance 
(GS) in relation to the logarithm of vapour pressure deficit (VPD) on days when 
corresponding hourly values of VPD were > 1.5 kPa.  Open symbols represent saplings 
on rehabilitation sites and closed symbols represent saplings in the forest.  Data are 
shown for saplings from three size classes with respect to height: small (2 m), medium 
(5 m) and large (10 m).  Data are the mean and standard error of five trees.  Linear 
regression lines are shown for both EL and GS data.  Regression equations for GS data 
are: y = -80x + 136 (R2 = 0.58) for small saplings on rehabilitation site AR; y = -21x + 
36 (R2 = 0.63) for small saplings in the forest; y = -33x + 68 (R2 = 0.87) for medium 
saplings on rehabilitation site BR; y = -26x + 34 (R2 = 0.80) for medium saplings in the 
forest; y = -21x + 43 (R2 = 0.72) for large saplings on rehabilitation site CR; and y = -
16x + 37 (R2 = 0.61) for large saplings in the forest.  ANOVA tables for GS regressions 
are shown in Table 7.1. 
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Table 7.1    
 
A statistical analysis of the negative linear regressions shown in Figure 7.2 (D-F) for the 
relationship between mean canopy stomatal conductance (GS) and the logarithm of 
vapour pressure deficit (VPD).  Saplings on rehabilitation sites (R) were compared to 
saplings in the forest (F) in each of three size classes with respect to height: small (S), 
medium (M) and large (L).  Regressions were compared using an ANOVA procedure 
described by Mead et al (1993). 
 

Source of variation S.S. d.f. M.S. F-value P-value 

   
RS regression 3497 1 3497 12.3 P < 0.01 
RS residual 2566 9 285   
FS regression 219 1 219 22.4 P < 0.001 
FS residual 127 13 10   
Fitted Single Line residual (FSL) 2539 24 1058   
Fitted Parallel Lines residual (FPL) 3581 23 156   
Sum of individual residuals (RS+FS) 2693 22 122   
Line difference between RS & FS [FSL – (RS+FS)] 2270 2 1135 92.8 P < 0.001 
Slope difference between RS & FS [FPL – (RS+FS)] 888 1 888 7.26 P < 0.05 

      
RM regression 648 1 648 59.9 P < 0.001 
RM residual 97 9 11   
FM regression 195 1 195 43.3 P < 0.001 
FM residual 50 11 5   
Fitted Single Line residual (FSL) 3682 22 167   
Fitted Parallel Lines residual (FPL) 157 21 7   
Sum of individual residuals (RM+FM) 147 20 7   
Line difference between RM & FM [FSL–(RM+FM)] 3535 2 1767 240.6 P < 0.001 
Slope difference between RM & FM [FPL–(RM+FM)] 11 1 11 1.4 n.s. 
      
RL regression 265 1 265 25.5 P < 0.001 
RL residual 104 10 10   
FL regression 164 1 164 27.8 P < 0.001 
FL residual 106 18 6   
Fitted Single Line residual (FSL) 244 30 8   
Fitted Parallel Lines residual (FPL) 218 29 8   
Sum of individual residuals (RL+FL) 210 28 7   
Line difference between RL & FL [FSL–(RL+FL)] 34 2 17 2.2 n.s. 
Slope difference between RL & FL [FPL–(RL+FL)] 8 1 8 1.0 n.s. 
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Hydraulic conductance 
 

Equation 7.3 (a modified version of Equation 7.1) predicts adjustments to height (H), 

leaf area to sapwood area ratio (AL/AS), mean canopy stomatal conductance (GS), water 

potential gradient (∆ψ) and sapwood permeability (kS) under a given set of 

environmental conditions.  Measured variables (H, AL/AS, GS, ∆ψ) were substituted into 

Equation 7.3 to estimate kS ratios for rehabilitation to forest comparisons in each size 

class and size comparisons in each growth environment (medium to small and large to 

medium).  In every size class, kS ratios (rehabilitation to forest) indicated that stem 

hydraulic conductivity of saplings on rehabilitation sites was relatively greater than that 

of saplings in the forest (Table 7.2).  More specifically, the relative kS of RS saplings 

was 53 % greater than that of FS saplings, the kS of RM saplings was 28 % greater than 

that of FM saplings and the kS of RL saplings was 32 % greater than that of FL saplings.  

The relative kS of saplings on rehabilitation sites remained constant, but the relative kS 

of saplings in the forest increased with increasing size (medium saplings were 46 % 

more conductive than small saplings and large saplings were 20 % more conductive 

than medium saplings). 

 

Stomatal conductance 

 

Porometer measurements made at the leaf-scale in small and medium saplings showed 

that mid-morning stomatal conductance (gS) decreased exponentially with increasing 

water stress (i.e. decreasing pre-dawn leaf water potential) (R2 = 0.85, Fig. 7.3).  This 

relationship was not dependent on environment, however saplings from rehabilitation 

sites were grouped together in a region corresponding with higher conductance (gS > 

100 mmol H2O m-2 hr-1) and lower water stress (ψpre-dawn > -1.5 MPa), whereas saplings 

in the forest were grouped together in a region corresponding with lower conductance 

(gS < 100 mmol H2O m-2 hr-1) and greater water stress (ψpre-dawn < -1.5 MPa). 
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Table 7.2   
 
Environment (rehabilitation and forest) and size class (small, medium and large) ratios 
for variables in the hydraulic model described by Equation 7.3, including height (H), 
leaf area to sapwood area ratio (AL/AS), mean canopy stomatal conductance (GS), soil-
to-leaf water potential gradient (∆ψ), and sapwood permeability (kS).  GS ratios were 
calculated from the means of values in Fig. 7.2 (D-F).  Ratios are shown for saplings on 
rehabilitation sites (R) and saplings in the forest (F) from three size classes with respect 
to height: small (S), medium (M) and large (L). 
 

 Variable 

 H AL/AS GS ∆ψ kS 

Ratio      

      

RS / FS 1 1 3.66 2.39 1.53 

RM / FM  1 1.24 2.37 2.3 1.28 

RL / FL 1 1.32 1 1 1.32 

      

RM / RS 2 1 0.47 1 0.94 

RL / RM 2 0.70 0.69 1 0.97 

      

FM / FS 2 1 0.73 1 1.46 

FL / FM 2 0.65 1.63 1.76 1.20 
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Figure 7.3    
 
The exponential relationship between mid-morning stomatal conductance (gS) and pre-
dawn leaf water potential (ψpre-dawn).  Measurements were from small (S) and medium 
(M) saplings on rehabilitation sites (R) and in the forest (F).  gS data are the mean and 
standard error of 10 measurements per sapling. 
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Figure 7.4    
 
The relationship between daily water use (E) and leaf area.  Daily rates of water use are 
the mean and standard error of three rates from days when climatic conditions were as 
close to identical as possible (mean daily VPD ∼ 1.5 kPa).  Data is shown for saplings 
on rehabilitation sites (R) and in the forest (F) from three size classes with respect to 
height: small (S), medium (M) and large (L).  The linear regression line and equation 
shown is that for saplings in the forest. 
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Daily water use in relation to leaf area 

 

Figure 7.4 shows the relationship between daily water use (E, kg day-1) and leaf area 

(m2).  As a single group, saplings in the forest displayed a very strong linear relationship 

between water use and leaf area (R2 = 0.94).  The water use data obtained from large 

saplings on rehabilitation site CR were in close agreement with this relationship.  In 

contrast, the majority of small and medium saplings on rehabilitation sites had daily 

rates of water use that were 2-3 times greater those of saplings in the forest with similar 

leaf area. 

 

7.4   Discussion 
 

The water use, ecophysiology and hydraulic architecture of jarrah saplings growing on 

mine rehabilitation sites were evaluated with respect to that of saplings growing in a 

patch of natural forest.  Three hypotheses were tested: (1) that saplings on rehabilitation 

sites would be less water stressed than saplings in the forest at the end of a summer 

drought period; (2) that sapwood permeability would be greater in saplings on 

rehabilitation sites, particularly those with higher leaf area to sapwood area ratios; and 

(3) that water use would be tightly related to leaf area in both environments, but that 

leaf-specific rates of transpiration would be greater in saplings on rehabilitation sites.  In 

general, the results of this study were consistent with greater water availability in the 

rehabilitation environment, and a supposition that long-term exposure to more 

favourable soil water conditions (including less severe drought) promoted increased 

hydraulic capacity and improved water relations, via the pattern of architectural 

development.  Each hypothesis is considered in relation to this explanation, together 

with other results from this study. 

 

At the end of a lengthy drought period (approximately 5 months), small and medium 

saplings showed fewer and less severe symptoms of drought on rehabilitation sites than 

in the forest, but large saplings in each environment had similar characteristics.  

Similarity between large saplings was due to improved soil water availability in the 

forest (with increasing sapling size) rather than decreased soil water availability to 
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saplings on rehabilitation sites.  Pre-dawn leaf water potentials indicated that saplings 

on rehabilitation sites and large saplings in the forest experienced moderate soil 

moisture deficits (-1.2 MPa), whereas soil moisture deficits for small and medium 

saplings in the forest were much greater (-2.2 MPa) (Fig. 7.1 B).  Improved water status 

with increasing sapling size in the forest is consistent with previous findings for this 

species (Crombie 1992; Crombie 1997).  While large saplings in the forest were most 

likely able to access a larger volume of soil for extracting water via their developing 

deep root system (Crombie et al. 1988), no such inference could be made for saplings 

on rehabilitation sites.  Root systems (and root to shoot ratios) may develop similarly on 

rehabilitation sites and in the forest, but it is more likely they will be less developed if 

surface soil moisture is abundant for most of the year and there is little competition for 

soil moisture in the absence of larger trees (Li et al. 2000).  It appears that soils in the 

rehabilitation environment are capable of storing enough water for saplings to maintain 

physiological activity through the summer drought (ψpre-dawn < 1.5 MPa), and to reduce 

the impact of seasonal drought over a period of at least a decade.  For other eucalypts, 

water stress is frequently much greater (ψpre-dawn > 1.5 MPa) in seasonally dry 

environments with similar climatic conditions to the jarrah forest (Myers and Neales 

1984; Prior et al. 1997; White et al. 2000b). 

 

Greater access to soil water and greater leaf area to sapwood area ratios (Fig. 7.1 A) 

gave rise to a hypothesis that stem hydraulic conductivity would be greater for saplings 

on rehabilitation sites than for saplings in the forest.  The hydraulic model of Whitehead 

et al. (1984) predicts when adjustments to plant structure and/or function are necessary 

to maintain homeostasis in water transport (Equation 7.1).  In this study, in which all 

saplings were grown under the same climatic conditions, a modified version of the 

hydraulic model (Equation 7.3) was used to directly compare saplings on rehabilitation 

sites with saplings in the forest in relation to height (H), leaf area to sapwood area ratio 

(AL/AS), canopy stomatal conductance (GS) and soil-to-leaf water potential gradient 

(∆ψ) in order to evaluate stem hydraulic conductivity (kS).   

 

As hypothesised, hydraulic conductivity was greater for saplings on rehabilitation sites 

than for saplings in the forest, in all size classes (Table 7.2).  This was despite variation 
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within and amongst size classes in some of the variables in Equation 7.3 (H, AL/AS, GS 

& ∆ψ).  Large saplings on rehabilitation site CR had greater AL/AS than large saplings in 

the forest, but transpiration rates, GS and ∆ψ were identical.  Thus, the kS of large 

saplings on the rehabilitation site must have been greater than that of large saplings in 

the forest (by around 30 %) or else the risk of hydraulic failure during water transport 

(at the rate equivalent to transpiration) would be very large.  Also, medium saplings on 

rehabilitation site BR had greater AL/AS than medium saplings in the forest, but unlike 

larger saplings, this was accompanied by greater ∆ψ.  However, GS (and the rate of 

transpiration) of the medium saplings on the rehabilitation site was greater than that of 

medium saplings in the forest by a magnitude large enough to suggest that the kS of 

medium saplings on the rehabilitation site must have been greater (by approximately 30 

%).  Furthermore, small saplings on rehabilitation site AR also had greater GS than small 

saplings in the forest, and a greater ∆ψ, but in light of the non-significant differences in 

AL/AS, the difference in ∆ψ was not great enough to balance the difference in GS without 

assuming that the kS of small saplings on the rehabilitation site was increased relative to 

that of small saplings in the forest (by approximately 50 %).  Importantly, the hydraulic 

analysis also suggests that kS increased with increasing age and size in the forest, but not 

on rehabilitation sites.  This is in agreement with constancy in soil water availability in 

the rehabilitation environment, as indicated by ψpre-dawn measurements.   

 

The hydraulic analysis provides strong evidence that time-averaged soil water 

availability is positively correlated with kS in jarrah.  This outcome is consistent with 

several studies of eucalypts under varying conditions of soil water availability, 

including: a study of irrigated and rainfed E. globulus and E. nitens in a low rainfall 

zone in Tasmania by White et al (1998), a study of several Eucalyptus species across a 

rainfall gradient in the wet-dry tropical savannas of northern Australia by Eamus et al. 

(2000), and work by Vander Willigen and Pammenter (1998) showing that xylem 

specific hydraulic conductivity of E. grandis was dependent on site aridity in South 

Africa.  The hydraulic architecture traits of jarrah in this study are also consistent with 

those of other tree species that display phenotypic differentiation between xeric and 

mesic climates (Mencuccini and Grace 1995; Maherali et al. 2002).  Overall, the results 

of this study were in agreement with a reasonable expectation that jarrah saplings 
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growing on rehabilitation sites would develop such that they were hydraulically 

compatible with their soil environment, i.e. that the cumulative effect of greater water 

availability and less severe drought would result in a feed-forward pattern of hydraulic 

development producing structures suited to utilising relatively favourable conditions for 

growth, and vice versa for saplings growing in the forest understorey.   

 

Greater kS in saplings on rehabilitation sites has two important implications.  The first 

relates to increased water use and productivity.  As long as water is available and 

assuming that trees operate close to their hydraulic limits to maximise carbon fixation, 

then greater kS will support greater leaf area, promote greater stomatal conductance (and 

photosynthesis) and result in greater volumes of water transpired.  This is associated 

with rapid growth and rapid depletion of a fixed volume of soil water.  The second 

implication of greater kS concerns the risk of hydraulic failure under drought conditions.  

Anatomical properties conferring greater conductivity in xylem are also known to 

increase vulnerability to cavitation and susceptibility to embolism under negative water 

potentials.  These properties include increased vessel diameter and length, increased 

interconduit pit porosity and lesser thickness of conduit walls (Tyree and Ewers 1991; 

Comstock and Sperry 2000).   

 

In saplings on rehabilitation sites, greater kS (induced by greater water availability) 

might be associated with greater vulnerability to cavitation.  Saplings that are more 

vulnerable to hydraulic failure might logically also show greater stomatal sensitivity to 

increasing evaporative demand, similar to that observed in small saplings on 

rehabilitation site AR (Fig. 7.2 D).  Alternatively, there is a possibility that vulnerability 

to cavitation is strongly pre-determined by genotype, in which case there would be no 

difference in this parameter between rehabilitation saplings and forest saplings.  

Vulnerability to cavitation is more closely related to genotype than to environmental 

conditions in several eucalypt species, and long term adaptations (expressed by the 

genotype) are nearly always related to water availability and drought tolerance in the 

environment of origin (Franks et al. 1995; Vander Willigen and Pammenter 1998).  At 

present, these questions remain unresolved for jarrah. 
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As hypothesised, there was a strong linear relationship between water use and leaf area 

in the forest environment (R2 = 0.94, Fig. 7.4), similar to that found in mature jarrah 

trees by Hatton et al. (1998).  A strongly negative exponential relationship between leaf-

scale stomatal conductance (gS) and water stress (ψpre-dawn) indicated that soil water 

availability was a primary determinant of transpiration rate, irrespective of growth 

environment (R2 = 0.94, Fig. 7.3).  Hence, transpiration rates per unit leaf area were 

greater (and more variable) in small and medium saplings on rehabilitation sites 

compared to that of saplings in the forest, and the pattern of water use did not conform 

to the linear relationship of the forest trees in Fig. 7.4.  Spatial variation in soil water 

availability over a relatively short distance (metres) is not uncommon in rehabilitation 

(Chapter 4) and in the forest, due to the random placement of large boulders and the 

proximity of a relatively impermeable clay layer (Churchward and Dimmock 1989).  

Under the same climatic conditions, higher leaf-specific rates of transpiration in small 

and medium saplings on rehabilitation sites would have resulted from higher stomatal 

conductance and greater sapwood permeability.   

 

Interestingly, leaf-specific rates of transpiration in large saplings were similar, despite 

the greater AL, AL/AS and greater kS of saplings on rehabilitation site CR.  A possible 

explanation for this lies in the trend of decreasing transpiration with increasing size on 

rehabilitation sites (Fig. 7.2 A-C), which occurred despite no change in the apparent 

availability of soil water (Fig. 7.1 B).  It is reasonable to assume that the lower portions 

of sapling crowns were increasingly shaded as crowns increased in height and size, and 

as site LAI increased.  Tree-based LAI was estimated at 1.0 for small saplings on 

rehabilitation site AR, 2.5 for medium saplings on rehabilitation site BR and 5.0 for large 

saplings on rehabilitation site CR (mean leaf area multiplied by tree spacing).  It was 

likely that the proportion of leaves not actively involved in transpiration at the maximal 

rate increased as saplings aged, such that leaf-specific rates of transpiration decreased.  

This may have been in response to decreased stomatal conductance with decreasing 

light availability or progressive decoupling from the atmosphere, or both.  The amount 

of absorbed radiation and the degree of coupling with the atmosphere are known to 

decrease with increasing canopy depth in high-density eucalypt plantations (White et al. 

2000a).   
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Although large saplings on rehabilitation site CR appeared to conform to the water use / 

leaf area relationship of forest saplings, differences in hydraulic architecture predispose 

saplings on rehabilitation sites to diverging from this relationship.  For example, 

thinning of high-density stands to prevent depletion of soil water and drought death may 

‘re-couple’ semi-dormant canopy layers to the atmosphere, and this may result in 

greater transpiration rates per unit leaf area.  Alternatively, in the absence of thinning, if 

it were true that saplings on rehabilitation sites were incapable of developing root 

structures to access deeper soil moisture, and if site LAI were to remain high, then 

unsustainably high rates of transpiration would forcibly decrease over time.  This would 

be necessary to prevent damaging water potential gradients from arising in the presence 

of large soil moisture deficits (Sperry et al. 1998).   

 

Conclusion 

 

Differences in the architecture of jarrah saplings are very likely to be accompanied by 

functional differences in water relations, hydraulic capacity and water use.  This study 

has shown how these differences can be a direct consequence of disturbance to the 

natural growth environment.  Saplings in the forest, like mature trees, exist in a state of 

eco-hydrological equilibrium in the jarrah forest environment (Eagleson 1982; Hatton et 

al. 1998), such that leaf area and other aspects of hydraulic architecture are well 

matched to water availability and water use.  Saplings in the forest develop architectural 

traits and employ water use strategies appropriate for surviving long-term cyclical 

drought.  Changes in hydraulic architecture and water use occur gradually, 

commensurate with increased water availability as trees develop extensive, deep root 

systems (Crombie 1997).  In contrast, hydraulic architecture and water use is markedly 

different in the rehabilitation environment.  The hydraulic architecture of saplings on 

rehabilitation sites is characterised by higher leaf area, higher leaf area to sapwood area 

ratios and greater sapwood permeability.  This architecture, developed in response to 

greater soil water availability and less severe seasonal drought, promotes high stomatal 

conductance and high rates of transpiration, although there is evidence that shading may 

decrease water use as trees age.  This represents a much less conservative water use 
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strategy than forest saplings.  In absolute terms, there may be periods when water use by 

jarrah trees on rehabilitation sites is similar to that in the forest, depending on 

environmental conditions or forest management, but until these trees begin to develop 

similar structural and in turn functional attributes of trees in the forest (which may take 

years, perhaps decades), the ability of older stands on rehabilitation sites to develop 

forest-like functional properties at the ecosystem scale will remain a contentious issue. 
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CHAPTER 8. 
 

Summary and general discussion 

 

8.1 Introduction 
 

This thesis provides the first detailed analysis of water use by young jarrah trees 

growing on bauxite mine rehabilitation sites.  The general aims of this study, explored 

in the preceding chapters, were: (1) to identify the key environmental and plant-based 

factors influencing water use and other ecophysiological traits; (2) to characterise the 

seasonal patterns of water use at high and low rainfall sites; (3) to develop simple, 

predictive models of tree water use suitable for estimating stand water use; and (4) to 

compare the water use and hydraulic architecture of saplings growing on rehabilitation 

sites to that of similar-sized saplings growing in the natural forest.  This concluding 

chapter briefly summarises the major findings of this thesis and discusses their 

relevance to the function, sustainability and management of restored jarrah forest 

systems on rehabilitation sites.  This is followed by a discussion of the significance of 

this study in the context of current research on tree water use, and some concluding 

comments regarding future work. 

 

8.2 Characterisation of the water use and hydraulic architecture of young 
jarrah trees 
 

Prior to the commencement of field studies, a novel sap flow measurement system 

(based on the ‘heat pulse’ method) was developed that allowed for the acquisition of 

concurrent measurements from a large number of replicate trees.  A validation 

experiment using large, potted jarrah saplings showed that rates of sap flow 

(transpiration) obtained using this system agreed with those obtained gravimetrically.  

Notably, diurnal patterns of transpiration were measured accurately and with precision 

using the new ‘heat ratio method’ (Burgess et al. 2001).  Subsequently, this method was 

applied in field investigations of the regulation of transpiration by jarrah saplings. 
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Water use by jarrah on rehabilitation sites was determined by the interaction between 

three principal factors: soil water availability, the evaporative demand by the 

atmosphere, and the hydraulic conductance of the soil-to-leaf pathway.  Empirical 

observations of water use on a daily and hourly basis (Fig. 4.4; Fig. 4.8; Fig. 5.1; Fig. 

5.3) show that:  

(1) as soil water availability declines, transpiration is restricted irrespective of 

favourable conditions for evaporation;  

(2) when water is not limiting, transpiration is correlated with evaporative demand; 

and  

(3) when water and evaporative demand are not limiting, transpiration is limited by 

soil-to-leaf hydraulic conductance such that a maximum possible rate is reached 

and maintained. 

 

It is apparent that water use is determined first by the availability of water in the heavily 

modified surface horizons of the soil profile, second by the atmospheric conditions that 

drive evaporation, and third by the capacity of the transport system to support water 

movement according to the ‘demand’ and available ‘supply’.  In combination, these 

factors determine the nature of the seasonal pattern of water use, which is greatest in 

summer and least in winter (Fig. 4.4).  This pattern is synchronous with that of available 

energy, but asynchronous with the distribution of rainfall in this strongly 

Mediterranean-type climate.  In winter and spring, soil water is readily available and 

water use is correlated with evaporative demand.  In summer and autumn, water use is 

mostly limited by soil-to-leaf hydraulic conductance because evaporative demand and 

soil water are not limiting.  However, soil water availability has the potential to severely 

limit water use, particularly towards the end of the dry season in low rainfall years (Fig. 

4.5). 

 

Transpiration was regulated by stomatal conductance.  Under ideal conditions, large 

high stomatal conductance sustains high rates of transpiration.  However, jarrah stomata 

are highly sensitive to hydraulic perturbations caused by soil water deficits or high 

evaporative demand, or a combination of the two.  This is evidenced by the rapid 

decrease in stomatal conductance to reduce the rate of transpiration; a response that also 
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serves to prevent hydraulic failure (Fig. 5.5; Fig. 7.2; Fig. 7.3).  There is little evidence 

that other physiological mechanisms are involved in regulating transpiration or 

conferring resistance to drought in the immediate term (such as osmotic adjustment, Fig. 

4.6).  Stomata mediate the rate of transpiration in accordance with the hydraulic 

capacity of the plant, which is the true determinant of water use under varying 

environmental conditions.   

 

The structure of the water transport system limits both the maximum possible rate of 

water use (Figures 5.3 and 5.5), and the magnitude of hydraulic perturbations 

experienced by the plant when conditions are limiting (Fig. 5.4).  Hydraulic structure 

determines the hydraulic conductance of the root-to-leaf pathway, and on a larger scale, 

the allocation of leaf area to sapwood area provides a good indication of the pressure 

placed on the water transport system to deliver water to the leaves through the main 

stem (Chapter 7). 

 

Specific differences in the water use characteristics of individuals, both within and 

between sites, mostly reflect differences in hydraulic architecture.  For example, it is 

clear that saplings on rehabilitation sites have a much greater capacity for water use than 

nearby saplings in the forest.  Saplings on rehabilitation sites have a greater ratio of leaf 

area to sapwood area and a proportionally greater root-to-leaf hydraulic conductance 

(Table 7.2).  Although not examined in this study, there is strong circumstantial 

evidence that differences in sapwood permeability are due to differences in the structure 

of xylem tissue (vessel diameter, length etc.), but the exact nature of these differences 

and their source remains unclear (roots, lignotubers, stems or branches), and this is an 

obvious gap in knowledge that needs to be addressed.   

 

While some differences in hydraulic architecture are shaped over long time scales in 

response to average conditions, e.g. some xylem structures, others appear to be more 

‘plastic’ over the short-term, particularly those involving leaf area.  For example, it 

appears that for trees on rehabilitation sites, the ratio of leaf area to sapwood area may 

vary substantially, and at times, this ratio may not reflect the ‘average’ soil water 

availability (Table 5.1).  It is very likely that leaf area (and thus the leaf area to sapwood 
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area ratio) may change in accordance with soil water availability in the short term, both 

spatially and seasonally, allowing trees to take advantage of ‘above-average’ water 

availability.     

 

In general, trees growing in wetter environments develop hydraulic structures that 

confer greater root-to-leaf (whole-tree) hydraulic conductance than saplings growing in 

drier environments (Fig. 5.2).  Differences in the hydraulic capacity of trees, both within 

sites and in different environments, reflect differences in soil water availability over the 

long term in accordance with either climatic conditions and/or soil characteristics.  

Rehabilitation sites in higher rainfall environments and/or those which have a greater 

store of soil water produce stands of trees with greater leaf area, greater whole-tree 

hydraulic conductance, higher stomatal conductance and faster transpiration rates, 

which results in larger quantities of water being transpired.  It follows that in drier 

environments, water use behaviour is more conservative. 

 

8.3 Some implications for restored jarrah ecosystems on bauxite mine 
rehabilitation sites 
 

Under natural conditions, mature jarrah have more or less permanent access to moisture 

stored deep in the soil profile owing to a specialised deep root system (Carbon et al. 

1980; Dell et al. 1983; Crombie 1997).  Moreover, they have a specialised above-

ground architecture that reflects an allocation of carbon to leaves, stems and branches in 

accordance with the amount of water available to trees over the long term.  As a result, 

trees show little variation in water stress throughout the year (Colquhoun et al. 1984; 

Crombie 1992), and they can maintain fast rates of transpiration over the dry summer 

months with little need for stomatal regulation (Doley 1967; Hatton et al. 1998; 

Silberstein et al. 2001).  At maturity, jarrah are well suited to their environment – an 

expression of ‘ecohydrological equilibrium’ (Eagleson 1982; Hatton et al. 1998) and a 

key to their success in a harsh environment.  Forest-grown trees achieve this outcome 

via slow growth and the gradual development of hydraulic structures beneath the 

overstorey of mature trees.  The water status of seedlings and saplings is poor to begin 

with (Stoneman et al. 1995) due to the effects of severe cyclical droughts and strong 
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competition for water, but gradually, water status improves as saplings increase in size 

and the roots gain access to moisture in deeper soil horizons (Crombie 1997).  Prior to 

gaining full access to perennial sources of water, saplings must develop relatively 

resistant hydraulic pathways to promote conservative water use behaviour. 

 

Of some concern is that saplings on rehabilitation sites develop in a manner that is in 

many ways opposite to that of saplings in the forest.  Saplings on rehabilitation sites 

begin their life in an open environment, without competition from larger trees, and with 

easy access to soil moisture (Ward and Koch 1993).  Soils beneath rehabilitation sites 

are homogenous in nature and landscaped to capture surface flows of water (Nichols et 

al. 1985; Ward et al. 1993 ), and there is little doubt they contain more water in the 

surface horizons than soils in the forest (Chapter 6).  There is every indication that: (1) 

water is plentiful and not limiting; (2) competition for soil water is minimal; (3) summer 

droughts are not severe; and (4) these conditions persist for many years.  As a result, 

saplings develop hydraulic pathways that are highly conductive.  This promotes fast 

rates of transpiration and profligate water use.  In this way, other resources in 

abundance (light and nutrients) are fully utilised for rapid growth.  This is clearly 

reflected in their above-ground architecture (Chapter 6).  Overall, it is apparent that 

saplings on rehabilitation sites have little in common with saplings in the forest in 

relation to their hydraulic architecture and water use behaviour (Chapter 7). 

 

In broader terms, a review of the literature shows that rehabilitation-grown saplings 

have water use characteristics more akin to plantation-grown eucalypts than to slow-

growing eucalypts in natural forests or woodlands in similar climates.  For example, 

well-watered jarrah saplings on a rehabilitation site at Huntly transpired at a maximum 

rate (0.16 kg H2O m-2 hr-1) that was only 30 % less than values reported for a fast-

growing E. grandis plantation in South Africa (Dye and Olbrich 1993), but up to 60 % 

greater than that reported for naturally grown E. tetrodonta and E. miniata in a savanna 

woodland in northern Australia (Eamus et al. 2000).  Also, maximum values of stomatal 

conductance recorded for jarrah saplings on rehabilitation sites (250-400 mmol m-2 s-1) 

were similar to those reported for well-watered plantation species (E. globulus and E. 

nitens, White et al. 1999; E. grandis, Clearwater and Meinzer 2001), but much greater 
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than those reported for drought-prone species (120-250 mmol m-2 s-1) from a range of 

Australian sites with similar annual rainfall (E. microcarpa and E. behriana in Victorian 

mallee woodland, Myers and Neales 1984; E. delegatensis, E. pulchella and E. 

coccifera on a south-west Tasmanian ridge-top, Davidson and Reid 1989; and E. 

camaldulensis, E. leucoxylon and E. platypus planted on south-western Australian 

farmland, White et al. 2000b).   

 

There is also evidence that in relation to the development of hydraulic capacity, soils 

beneath rehabilitation sites can more effectively buffer the long-term impact of drought 

than undisturbed soils.  For example, in this study, the maximum daytime rate of 

transpiration rate of well-watered saplings at a low rainfall site was only 25 % less than 

that of saplings at a site with double the amount of rainfall (Fig. 5.4).  In contrast, 

Eamus et al. (2000) reported a 30-75 % decrease in maximum daytime rates of 

transpiration for E. tetradonta across a near-identical rainfall gradient in northern 

Australia.  It is very likely that for a given decrease in annual rainfall, the hydraulic 

capacity of trees on rehabilitation sites will decrease less than that of trees on adjacent 

forest sites.  

 

It is self-evident that restored forest systems on mine rehabilitation sites must achieve 

water use characteristics similar to those of the natural forest if they are to be 

sustainable in the long term.  That is, like trees in the forest, trees growing on 

rehabilitation sites must develop the capacity to utilise surface soil moisture (rainfall) 

when it is readily available, and deeper soil moisture during times of drought.  

Furthermore, the total amount of water used must be in harmony with the site water 

balance over the long term.  It stands to reason that trees with access to an abundant 

store of water in surface soil horizons would be under little, if any, pressure to (1) 

develop deep root systems, (2) develop resistant hydraulic structures, or (3) to use water 

in a conservative manner.  As yet, there is little convincing evidence that jarrah saplings 

on rehabilitation sites have developed root systems capable of utilising deeper soil 

moisture, and at this stage, it seems that young trees cope with drought by gradually 

depleting the store of soil moisture contained in surface horizons.  This is a situation 

with many similarities to the establishment of eucalypt plantations on ex-agricultural 
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land.  In the latter instance, drought-deaths have become more common as the surface 

soil horizons have been depleted of moisture as the crop matures.  The inability of a 

localised group of saplings to access deeper soil moisture at Huntly was clearly 

illustrated by a severe decrease in water use in response to a rapidly increasing ‘soil 

drought’ late in the dry season (Fig. 4.5).   

 

If saplings on rehabilitation sites are mostly dependent on water stored in the surface 

horizons of the soil profile (1-2 m in depth), then once this store is depleted, saplings 

must adjust to drier conditions and the natural cycle of winter rainfall and summer 

drought.  Some important questions arising in relation to this include:  

• Can saplings on rehabilitation sites adequately cope with the ‘normal’ pattern 

of cyclical drought once rainfall becomes the only source of water available?   

• How long might it take for deeper roots to become established and functional?   

• Is the current hydraulic architecture of saplings an appropriate foundation for 

the critical transition between using water stored in the surface soil to using 

water stored deeper in the soil profile? 

 

It could be argued that while the current hydraulic architecture of saplings on 

rehabilitation sites is obviously advantageous in the short term, it is not likely to be 

advantageous in future.  Under ideal conditions, trees with more highly conductive 

water transport systems will deplete an amount of water stored in a fixed volume of soil 

more rapidly than trees with some capacity to inherently regulate water use in a ‘feed-

forward’ manner via their hydraulic architecture.  Also, more highly conductive trees 

must tightly control the rate of transpiration via stomata if they are to avoid hydraulic 

failure and loss of turgor when faced with a soil moisture deficit during times of 

drought.  In turn, this may severely limit photosynthesis and growth if drought is severe.  

 

Stands of young jarrah on rehabilitation sites must be carefully managed to ensure that 

trees successfully shift from relying on soil moisture at the surface to utilising that 

stored deeper in the profile; and correspondingly, trees must be encouraged to develop 

and maintain hydraulic architectures that reflect water availability in the wider soil 

environment, and not just availability in the surface horizons.  Saplings on rehabilitation 



 

 220 

sites are likely to be set on a path to achieving a balance with long-term water 

availability only when they begin to show characteristics similar to nearby saplings in 

the forest.  There is little evidence to suggest this will be straightforward or that it will 

occur in the short term, but rather, it is more likely to take many years, perhaps decades.   

 

Indeed, producing a rapidly growing stand with freely available water and nutrients may 

not be the quickest way to achieve this outcome, it may be that ‘slower-growth’ in a 

‘harsher’ environment is a better method for producing stands that are closer in structure 

and function to the natural forest in terms of water use.  Other studies, most notably a 

study by Todd (2000) on the role of nutrient cycling within rehabilitation sites, have 

also indicated that jarrah stands on rehabilitation sites may better mimic the ecology of 

the natural forest if a ‘slower initial growth’ strategy is adopted.  At present, there is a 

possibility that ‘first generation’ trees on rehabilitation sites may develop structures that 

are very difficult or impossible to adjust, and they may never reach a hydraulic 

‘equilibrium’ equivalent to that of the natural forest.  This may be acceptable as long as 

this generation proceeds towards some new equilibrium that is stable, and as long as 

successive generations are able to achieve equilibrium similar to that of the forest. 

 

In the meantime, it is clear that rapidly growing stands on rehabilitation sites will 

require careful monitoring and management to ensure they do not become seriously at 

risk of drought death.  Allowing soil drought in the topsoil may force root systems to 

explore downwards in moderately dense stands, and this may promote a regime of 

natural thinning if some trees were to die in the process.  In very dense, high LAI stands 

however (like that at Huntly), extra thinning may be required to ensure that individual 

trees have an adequate volume of soil from which to extract soil moisture, and that there 

is sufficient water to last the dry season (Stoneman et al. 1996).  Otherwise, as a whole, 

the stand may eventually bring about a severe ‘soil drought’, irrespective of rainfall.  As 

this study has shown, the most successful models for predicting the amount of water 

used by individuals and whole stands will be those which account for the hydraulic 

capacity of trees, seasonal variance in water use and temporal shifts in the dominant 

environmental determinant of water use, whether it be climate or water availability. 

 



 

 221

 

8.4 The significance of this study in the context of current research on 
tree water use 
 

The goal of much current research on the soil-plant-atmosphere continuum has been to 

better understand the physical process of water flow within the plant; this follows from 

earlier work that tended to emphasize soil hydraulics and water relations at the leaf scale 

(see Kramer and Boyer 1995).  The experiments outlined in this thesis add to a growing 

body of work in the field of tree hydraulics.   

 

The jarrah forest provides a useful ‘case study’ of regulatory mechanisms of water 

transport, particularly because stands of similar-sized trees are available across a steep 

rainfall gradient and on markedly different soil environments.  Hence, a single species 

can be studied in detail in the field, and key variables influencing water transport in 

trees can be examined both in isolation and in combination, under the same climatic 

conditions (excluding rainfall) – a rare achievement.  The key variables in the present 

study included:   

• changes in the hydraulic conductance of the soil-to-root pathway (via gradients 

in soil water availability); 

• changes in the hydraulic conductance of the root-to-leaf pathway (via 

differences in hydraulic architecture); and  

• changes in the evaporative gradient at the leaf-atmosphere interface (via 

gradients in vapour pressure). 

 

This thesis has shown that the hydraulic functioning of jarrah is similar to that of most 

other trees.  Transpiration obeys the same physical laws, and similar characteristics are 

displayed in response to plant, climatic and environmental variables.    Furthermore, 

jarrah is an excellent model plant for analysing diurnal patterns of transpiration, 

including hysteresis in the relationship between transpiration and the variables that 

‘drive’ transpiration, and disruption to midday transpiration rates due to ‘hydraulic 

perturbations’.  In contrast to the now good understanding of many water use 

characteristics, these phenomena are poorly understood.  Chapter 5 is an account of one 
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of a small number of studies that both describe these phenomena in detail and put 

forward mechanistic explanations.  While it is near-impossible to demonstrate cause and 

effect, on the whole, this thesis provides a strong linkage between a number of 

theoretical principles and empirical observations.  Thus, a set of general comments may 

now be made about patterns of water use by young jarrah. 

 

First, patterns of water use by young jarrah are consistent with the hydraulic 

conductance of the soil-to-leaf pathway.  More specifically, water stress is principally 

induced by a loss of hydraulic conductivity in the rhizosphere between bulk soil and the 

root surface, or cavitation in the xylem (Sperry et al. 2002).  The results also provide 

strong support for a hypothesis that stomatal regulation in the short-term, and leaf area 

regulation in the longer-term, are critical for maximising water uptake on the one hand 

while preserving hydraulic contact between the soil and the canopy on the other (Sperry 

et al. 2002).   

 

Secondly, stomatal behaviour and resultant patterns of water use were consistent with 

the ‘pressure regulator’ view of the function of stomata in water relations (in addition to 

CO2 and light responses).  During transpiration, stomata essentially limit pressure 

changes in the vascular system (plant water potential) by regulating the rate of flow.  In 

this way, stomatal regulation successfully maintains homeostasis in water transport in 

response to changing environmental conditions, such as decreasing soil moisture 

availability or increasing evaporative demand.  Ultimately, stomatal regulation is crucial 

to preventing plant water potential from dropping below a critical ‘threshold’, below 

which cavitation and runaway embolism are likely (Tyree and Sperry 1988).  These 

hydraulic principles are implicit in many recent reviews and studies of water transport 

in trees (Sperry et al. 1993; Monteith 1995; Bond and Kavanagh 1999; Oren et al. 

1999b; Nardini and Salleo 2000; Meinzer et al. 2001; Meinzer 2002; Sperry et al. 2002).   

 

Thirdly, the stomatal ‘sensitivity’ of jarrah was similar to that of other mesophytes and 

drought-prone tree species, including eucalypts, with similar hydraulic architecture and 

little or no tolerance to drought via physiological mechanisms unrelated to plant 

hydraulics (Sinclair 1980; David et al. 1997; Hogg and Hurdle 1997; Kallarackal and 
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Somen 1997; Irvine et al. 1998; Morris et al. 1998; Myers et al. 1998; Mielke et al. 

1999; White et al. 2000b; Ewers et al. 2001; Sellin 2001).  Furthermore, there was 

evidence in support of a ‘feed-forward’ mechanism of stomatal closure under the most 

stressful conditions.  The exact nature of ‘feed-forward’ stomatal responses remains 

contentious (Monteith 1995; Franks et al. 1997; Wilson and Bunce 1997; Bunce 1998; 

Oren et al. 1999b; Thomas et al. 2000), along with how stomata actually sense or 

predict changes in water potential, the subject of much current investigation and debate 

(Mott and Parkhurst 1991; Jones 1998; Nardini and Salleo 2000). 

 

Irrespective of the mechanism(s), plant hydraulics can dominate other aspects of 

function in jarrah and other eucalypts.  There is a growing understanding that plant 

hydraulics may have a major impact on the growth and productivity of trees, including 

limitations on photosynthesis (Hubbard et al. 1999; Brodribb and Feild 2000; Magnani 

et al. 2000; Sperry 2000; Hubbard et al. 2001) and tree height (Ryan and Yoder 1997; 

Ryan et al. 2000; Schafer et al. 2000; McDowell et al. 2002).  While not a primary focus 

of this project, the significance of hydraulic limitations on the growth of young jarrah is 

notable.   

 

Under ideal conditions, saplings growing at a lower rainfall site had proportionally 

greater photosynthetic capacity than saplings growing at a higher rainfall site, but 

stomatal conductance was more tightly regulated due to a hydraulic constraint.  Also, 

water use efficiency was relatively low at the high rainfall site compared to the low 

rainfall site, owing to lower rates of photosynthesis, higher stomatal conductance and 

faster rates of transpiration (Fig. 4.7).  It seems clear that stomatal conductance was 

better matched to hydraulic capacity than to photosynthetic capacity.   This 

interpretation suggests also that hydraulic architecture, as determined by water 

availability, has the potential to determine leaf physiological behaviour rather than the 

reverse.  This has major implications for the productivity of tree species growing in 

water-limited environments.  For example, significant improvements in soil nutrient 

status without accompanying change in soil water status or evaporative demand is 

unlikely to result in better growth - trees are likely to be unable to take advantage of 

improved photosynthetic capacity because stomatal conductance would remain 
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constrained by hydraulic architecture.  Clearwater and Meinzer (2001) clearly illustrated 

this phenomenon in a study of E. grandis, and other studies have shown similarly for 

other trees species (e.g. Pinus and Picea: Ewers et al. 2000; Ewers et al. 2001). 

 

From this thesis, it is clear that jarrah develops hydraulic architecture and water use 

characteristics that are well matched to a given regime of soil water availability and 

climatic conditions.  Differences in leaf area, the ratio of leaf area to sapwood area, and 

root-to-leaf hydraulic conductance (under well-watered conditions) were strong 

indicators of water availability to trees over their lifetime (given that evaporative 

demand was essentially the same across research sites).  This is consistent with a 

general ecological paradigm that trees are more likely to develop ‘hydraulic equipment’ 

that allows for the most efficient utilisation of water from a particular spatial and 

temporal niche in the soil environment (e.g. Mencuccini and Grace 1996; Magnani et al. 

2002; Maherali et al. 2002; Sperry et al. 2002), and indirectly, for the most efficient 

control of gas exchange (e.g. Mäkela et al. 1996).  Furthermore, since virtually all of the 

annual rainfall is received during several winter months, these studies support a 

hypothesis that water availability in the driest part of the year (and the severity of 

cyclical drought) tends to dominate the formation of plant hydraulic and water use traits 

(e.g. Eamus et al. 2000; Li et al. 2000).   

 

This ‘water-dependent’ pattern of development has obvious implications for the water 

use of individuals in the short term (minutes to days), but there is often equal interest in 

predicting the likely outcomes of this process over the longer-term (years to 

generations).  A number of authors have suggested that natural plant communities in 

water-limited environments exist in a state of ‘ecohydrological equilibrium’.  This 

equilibrium is defined as a dynamic, but stable, balance between water use, climate and 

soil water availability (from rainfall, stored water or other sources such as groundwater).  

In various forms, this concept has been mentioned previously in this chapter and 

preceding chapters.  Further attention is drawn to it here in suggesting that, in addition 

to jarrah being a good model for evaluating paradigms at the plant scale, restored jarrah 

forests are valuable models for evaluating paradigms at the landscape scale.  
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The idea of a ‘natural balance’ that enables trees to survive and grow in water-limited 

environments has a strong theoretical basis.  Eagleson (1982) provided a substantial 

analysis and summary of ‘ecological optimality’ hypotheses for vegetation in 

undisturbed, water-limited environments (see also the discussion by Hatton et al. 1997).  

Briefly, Eagleson suggested that over short time scales (a few generations), the water 

use characteristics of the vegetation and its LAI will equilibrate with the climate and 

soil such that water stress (demand) is minimised.  Furthermore, over longer time scales 

(and with landscape change over many generations), evolution will favour those species 

whose transpiration efficiency and water use dynamics are compatible with long-term 

water availability.  A close corollary to this is that canopy density will tend towards an 

optimum value, the maximum that can be maintained without inducing a fatal water 

shortage.  The outcome of ‘ecohydrological equilibrium’ is that the total amount of 

water transpired by a stand of trees, and its leaf area, is strongly related to the site water 

balance.  However, within stands and communities, individual trees vary in size, water 

use and leaf area according to other influences such as local competition and 

developmental stage.  Implicit in Eagleson’s theory is an assumption that the 

equilibrium is valid not only at the stand or community level, but also at the individual 

tree level.  Broadly, the theory postulates that each tree tends towards establishing 

equilibrium between its size (leaf area and root capacity) and its domain (Hatton and 

Wu 1995).   

 

Strong, linear relationships between leaf area and mean-daily water use of individual 

trees are commonly found in undisturbed eucalypt ecosystems in water-limited 

environments (including seasonal tropical woodlands, Mediterranean-type climate 

forests and temperate woodlands, Hatton et al. 1998).  It has been further suggested that 

all eucalypts in stable systems may actually use water at roughly the same rate per unit 

leaf area, which may represent a constant and optimal ‘leaf efficiency’ in terms of water 

use and photosynthesis (Hatton et al. 1998), a trait that appears in some other species 

(Cowan 1977).  Strong relationships between stand leaf area and site water balance have 

also been found in other plant communities, such as coniferous forests in North America 

(Grier and Running 1977; Nemani and Running 1989).  However, such relationships are 

not common in less stable ecosystems and those subject to disturbance.   
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From a review of the literature, Hatton and Wu (1995) noted that water use is not 

always linearly related to leaf area in eucalypt systems when restrictions to water 

availability exist.  In response, they developed a model that accounted for occasional 

non-linear behaviour, and in so doing, introduced the notion of ‘quasi-hydraulic 

equilibrium’, in relation to plant stress.  This model predicts that the relationship 

between water use and leaf area is linear at hydrological equilibrium, when water stress 

is minimal, and curvilinear when plants experience a transition between well-watered 

conditions and extended periods of drought (Fig. 8.1 A).  The degree of curvilinearity of 

the relationship is defined as a direct measure of ‘stress’, and underlying this model is 

the principle that leaf area will change to match the availability of soil water.  This 

model successfully predicted the nature of tree water use / leaf area relationships from 

field data and published reports of Eucalyptus water use over a range of sites and 

conditions (Hatton and Wu 1995). 

 

The ecohydrological equilibrium hypothesis and its derivatives attempt to simplify the 

water use characteristics of a large number of diverse tree species  growing in a wide 

range of environments and climates (particularly eucalypts in Australia).  It deliberately 

requires that the water use behaviour of plants can be treated as a more or less single, 

uniform entity for the purpose of modelling local and regional water balances.  In many 

cases, the total water use of vegetation systems is replaced by LAI because leaf area is a 

more convenient surrogate for water use.  Such models are now widely used in 

bioengineering and landscape remediation programs for agriculture, mining and other 

land uses (Hatton et al. 1998).  While there is substantial evidence in support of the 

ecohydrological equilibrium hypothesis in southern Australia and elsewhere (Specht 

1972; Grier and Running 1977; Nemani and Running 1989; Specht and Specht 1989; 

Hatton et al. 1998), there is a growing need to validate this hypothesis in complex 

communities characterised by large spatial and temporal variations in the supplies of 

water.   
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Figure 8.1 
 
Graph A shows three forms of Hatton and Wu’s (1995) theoretical relationship between 
tree leaf area and water use. Curve (a) is a linear relationship representing 
ecohydrological equilibrium under conditions of unlimited soil water (water use limited 
only by the energy available to ‘drive’ transpiration).  Curve (b) is a curvilinear 
relationship representing a ‘quasi-equilibrium’ in which the ‘leaf efficiency’ of larger 
trees declines when soil water becomes limiting.  Curve (c) is a linear relationship 
representing a new, ‘lower’ equilibrium that may be reached under conditions of a 
prolonged, extensive drought.  The arrow indicates the direction of the transition.  
Graph B is a reproduction of Figure 7.4.  
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The jarrah forest is an excellent setting in which to evaluate the strength of the 

ecohydrological equilibrium hypothesis, for two reasons.  First, this thesis and other 

studies (Hatton et al. 1998; Silberstein et al. 2001) have shown that the basic structural 

and functional characteristics of jarrah satisfy important criteria as reviewed above, 

including: 

• Tree water use being strongly related to leaf area. 

• Leaf area being the most appropriate covariate of water use for scaling tree 

water use to the stand level. 

• Leaf area being an accurate reflection of soil water availability. 

Secondly, the water use characteristics of natural stands, deemed to be hydrologically 

stable, can be readily compared to the characteristics of restored stands on mine 

rehabilitation sites, which are deemed to be in a different, shorter-term equilibrium with 

the landscape following disturbance.   

 

There is no doubt that disruption to the natural regime of soil water availability in the 

jarrah forest following mining has resulted in significant changes in the architectural 

and water use characteristics of young jarrah (Chapters 6 and 7).  Tree-based LAI 

(normalised by tree size and density) is greater at young rehabilitation sites than at 

forest sites, indicating that water availability in the short-term (months to years) is 

greater at rehabilitation sites.  The use of readily available water stored in the surface 

soil prior to establishment indicates that stands do not yet fully occupy the site in a 

hydrological sense, and this constitutes a clear violation of ecohydrological equilibrium 

(Hatton et al. 1998).  Instead, it appears that stands on rehabilitation sites are in a higher, 

‘quasi-equilibrium’.  In comparison, natural stands are in a lower, true equilibrium 

(Hatton and Wu 1995).  The relationship between water use and leaf area at 

rehabilitation sites is curvilinear whereas the relationship at the forest site is linear (Fig. 

8.1 B).  Young saplings growing on rehabilitation sites have abundant soil water (and 

other resources) to begin with, but the relationship between water use and leaf area 

takes on a curvilinear form as older saplings slowly adjust to a new regime of lesser 

water availability.  In other words, the water use per unit leaf area of the larger saplings 

declines as the surface soil dries out.  In comparison, saplings in the forest grow under 

prolonged, less favourable soil water conditions, which results in a relationship between 
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tree water use and leaf area that is ultimately lower (i.e. lesser rates of water use per unit 

leaf area), strongly linear and independent of sapling age and size.  Clearly, the 

ecohydrological equilibrium paradigm accurately describes the water use characteristics 

of the jarrah forest.   

 

As previously highlighted in this chapter, it appears that young stands (< 10 yrs) on 

rehabilitation sites are classic examples of systems that have not yet achieved 

ecohydrological equilibrium.  More generally, this thesis is significant for highlighting 

that: (1) in drought-prone environments, stands of trees growing on disturbed sites may 

not necessarily be on the same path towards ecohydrological equilibrium as stands 

growing under natural conditions, (2) that the level of productivity and sustainability of 

a stand may ultimately depend on the path taken (stands on rehabilitation sites are much 

faster growing), and (3) that in disturbed environments, soil properties could have an 

equal, or potentially greater, affect on the site water balance than rainfall or evaporative 

demand.     

 

8.5 Further work 
 

The water use characteristics of jarrah trees growing on bauxite mine rehabilitation sites 

are better understood now than they were prior to this study.  Having focused on the 

water use at behaviour of young stands at the whole-tree scale, and primarily above-

ground processes, it follows logically that further work is needed in older stands, to 

better understand water transport at the micro-scale and to determine the influence of 

below-ground processes.   

 

Some research questions arising from this study include: 

• What is the status of the oldest jarrah stands on rehabilitation sites (25-30 yrs) 

in relation to water use and hydraulic architecture? 

• What is the effect of inter-specific competition on the hydraulic architecture 

and water use by jarrah trees on rehabilitation sites and how does this differ 

with age and tree spacing? 

• Has there been natural thinning? 
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• Where does the greatest resistance to water transport along the root-to-leaf 

pathway lie: in stems, branches, roots or lignotubers? 

• What are the effects of age, site and climate on the xylem-specific hydraulic 

conductance of jarrah saplings? 

• Can lignotubers and deep roots develop effectively in soils beneath 

rehabilitation sites, and if so, what role do they play in obtaining water? 

• What is the influence of soil-to-root hydraulic conductance on whole-tree 

hydraulic conductance, and how does this change in drying soils and in soils of 

different textures? 

• What is the difference in water availability and in root system development 

between a restored soil profile that contains some bauxite (a common 

occurrence depending on the grade of ore) compared to a profile that contain 

no bauxite (essentially ‘duplex’ profile comprised of an upper layer of 

overburden and a lower layer of heavy clay)? 

• What is the degree of spatial heterogeneity in water use by jarrah trees on 

rehabilitation sites? 

 

Notwithstanding the increasing amount of work being undertaken in the jarrah forest, 

there is a paucity of data on water use by trees growing on mine rehabilitation sites.  

From an Australian perspective, this lack of knowledge is surprising because of the 

large number of mine operations and public awareness of ecosystem disturbance.  It is 

well known that water is a limiting resource and a dominant influence on the evolution 

of many ecosystems in Australia over a range of spatial and temporal scales.  It is 

abundantly clear that if the hydraulic structure and function of woody plants in restored 

plant communities is poorly understood, then disturbed areas may be at risk of 

inappropriate management.  This study has made a substantial contribution towards 

understanding, and therefore reducing this risk in the jarrah forest. 
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