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Abstract 

The savannas of northern Australia occupy over 25% of the Australian mainland 

extending from Western Australia to far north Queensland and are restricted to the 

tropical and sub-tropical regions of the continent with an annual rainfall more than 500 

mm. Climate is dominated by summer monsoons during which over 95% of the annual 

precipitation occurs, followed by a six month dry season, during which very little or no 

rainfall occurs. Annual rainfall decreases with increasing latitude, as does the 

predictability of an annual wet season, resulting in large-scale gradients in atmospheric 

and soil moisture within these savannas. Moisture availabilty is a key variable 

determining savanna structure and function in Australia and worldwide. 

The highly seasonal climate of northern Australia has been shown to affect many of the 

leaf scale processes and phenological patterns of trees. Increasing pressure on savanna 

resources, in particular groundwater, has led to a need for a greater understanding of the 

role of vegetation in the water balance of northern Australia. This thesis examines the 

temporal and spatial patterns of water use in these savannas at tree and stand scales in 

eucalypt-dominated communities. Detailed studies of tree water use and the spatial and 

temporal patterns of LAI were conducted in the Eucalyptus miniata/Eucalyptus 

tetrodonta open-forests, the dominant forest type of the savannas about the 1200 mm 

rainfall isohyet. Relationships between tree water use and tree size and seasonal patterns 

of tree water use were also examined at a high rainfall, intermediate rainfall and at a low 

rainfall site across a 700 km rainfall gradient. 

Leaf area index within E. miniata/E. tetrodonta open-forests was highly seasonal, 

reflecting the highly seasonal climate. Canopy LAI declined from approximatley 1.0 

during the wet season to less than 0.6 by the end of the dry season. Whilst up to 75% of 

the species that occur in these forests are deciduous, semi-deciduous or brevi-deciduous, 

the standing biomass of these forests was dominated by the two evergreen species, E. 

miniata and E. tetrodonta. Thus, a large proportion of the decline in canopy LAI in 

these forests was atthbutable to the dry season decline in leaf area of these two species. 

Leaf area index was strongly correlated to basal area during the wet season, although the 

relationships were more variable during the transition periods between the wet and dry 

seasons and during the dry season itself This was attributed to spatial variability in leaf 

phenology and to frequent and widespread fires during the dry seasons. 



Heat pulse techniques were used to examine whole tree water use in the dominant tree 

species in a number of savanna communities in northern Australia. In contrast to the 

seasonal patterns of observed at the leaf scale, whole tree transpiration rates (ie. water 

use expressed on a leaf area basis) were higher during the dry season than in the wet 

season. However, the total volume of water used in each season was similar. Higher 

transpiration rates during the the dry season resulted because of a decline in leaf area per 

tree and an increase in the atmospheric vapour pressure deficit, such that a similar 

volume of water was transpired through fewer leaves. Daily transpiration rates also 

exhibited a marked hysteresis in relation to vapour pressure deficit. Morning 

transpiration rates at any given vapour pressure deficit were higher than afternoon 

transpiration rates. The degree of hysteresis was also more evident in the dry season 

than in the wet season. Similar patterns were observed at three sites across a broad 

rainfall gradient. Tree water use and transpiration rates were lower in both seasons at 

the most and site, Newcastle Waters. It is proposed that the hydraulic adaptations to the 

annual dry season that limit susceptibility to xylem embolisms when water availability is 

lowest, limits wet season water use in the eucalypts of northern Australia. 

Tree water use was strongly correlated to a number of tree size parameters including 

diameter, cross sectional basal area and leaf area. These relationships were independent 

of species and formed the basis for scaling tree water use to stand water use in these 

forests. Aseasonal patterns of tree water use resulted in aseasonal patterns of stand 

water use. This was in contrast to total evapotranspiration measured using eddy co-

variance techniques. Evapotranspiration varied from more than 3 mm day 1  during the 

wet season to approximatley 1.2 mm day' in the dry season in the E. miniata/E. 

tetrodonta open-forests. Understorey grass and soil evapotranspiration contributed 

significantly to total evapotranspiration in the savannas of northern Australia. Further, 

tree basal area declined with increasing aridity in northern Australia, therefore the 

contribution of understorey evapotranspiration to total evapotranspiration would be 

expected to increase. 
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Chapter 1: Introduction 

1.0 Savannas 

Savannas are extensive ecosystems worldwide, characterised by a discontinuous tree 

stratum over a seasonally continuous grass layer (Scholes and Archer 1997). They cover 

extensive areas of Africa, Australia, South America and southeast Asia and occur in 

tropical and sub-tropical regions with distinctly seasonal climates. The widespread and 

extensive distribution of savannas means that they are likely to have a significant impact 

on the global carbon and regional water balance (Eamus et al. 1999). Seasonal drought 

is a feature of savannas worldwide, although the length and severity of the drought 

varies (Eamus and Prior 2000). The seasonal nature of rainfall and subsequent impacts 

on atmospheric water content and soil water availability is a maj or determinant of 

savanna structure (Williams et al. 1996). Further, the seasonal pattern of wet and dry 

seasons results in the grass layer curing over the dry season, leading to regular fire 

which also impacts on savanna structure (Andersen 1996). 

1.1 Australian Savannas 

Australian savannas occupy approximately 25% of continental Australia and are 

restricted to the tropical and sub-tropical regions (Fig. 1.1) where annual rainfall is 

larger than 500 mm (Duff et al. 1997). Within this large belt there are strong gradients 

in moisture availability, which in conjunction with plant available nutrients are 

important determinants of structure (Egan and Williams 1996, Williams et al 1996). 

Northern Australian savannas are predominantly influenced by a monsoonal climate 

with over 95% of annual rainfall occurring during the summer months between 

November and April. Rainfall varies from less than 500 mm per year in the south to 

more than 1800 mm per year in the north (Williams et al. 1997). The annual monsoonal 

wet season is a predictable occurrence; however, timing of the onset and duration of the 

wet season is variable. Further, the predictability of the monsoon declines with 

increasing latitude (Taylor and Tulloch 1985). Temperatures and solar radiation remain 

high throughout the year (Duff et al. 1997). 

Savanna vegetation communities are dominated by eucalypt trees in the upper storey and 

a variety of annual and perennial C4  grasses in the understorey (Williams et al. 1997.) 



Forest structure varies from forests and open-forests in the wetter regions to woodlands 

and low open-woodlands in the more and interior (Wilson et at. 1990). The eucalypt 

dominated savanna communities form the matrix within which other important 

vegetation types occur including monsoon forests and paperbark swamps and wet lands 

(Williams et at. 1996). Broadleaf pan-tropical trees and shrubs dominate the mid-storey 

and many species are deciduous (Williams et at. 1997). Australian savannas are unique 

in that they contain an equal mix of species from four phenological guilds: evergreen, 

brevi-deciduous, semi-deciduous and fully deciduous (Williams et at. 1997) although 

standing biomass is dominated by evergreens (O'Grady et al. 2000). In northern 

Australia, tree height and tree basal area decline with increasing aridity (Williams et at. 

1996), as does the proportion of deciduous species (Egan and Williams 1996). 

The seasonal pattern of rainfall and associated seasonal understorey mean that fire is a 

frequent and widespread event. Fires of varying intensity and frequency affect much of 

the savannas of northern Australia (Williams et at. 1999) and are believed to be an 

important determinant of savanna structure. Frequent fire may alter the species 

composition (Williams et at. 1999) and can lead to the structural degradation of forests 

(Andersen et at. 1998). Fire may also indirectly impact on the hydrology of these forests 

through changes in runoff and drainage characteristics associated with structural changes 

in the vegetation (Townsend and Douglas unpub. data) and increases in leaf area index 

(LAI) and associated water loss through transpiration post-fire (Bell and Williams 

1997). 

In contrast to savannas elsewhere, Australian savannas are relatively uninhabited and as 

such are still relatively intact (Andersen et at. 1998). This places north Australian 

savannas in a unique position for studies of savanna structure and function. Further, 

pressure on the savannas in northern Australia is increasing as a result of expanding 

horticultural, tourism, pastoral and mining industries. As such, they are becoming 

increasingly important in the national economy. There is a need to better understand 

ecological and ecophysiological processes in order to better manage and develop 

northern Australia. Research into ecophysiological processes in the northern Australian 

savannas has been expanding in the last few years and is reviewed below. However, 

much of this research has been focused on leaf-scale processes. Scaling leaf-scale 

processes to stand or community processes is a difficult task. 



1.2 Leaf-Scale Ecophysiology in the Savannas of Northern Australia 

The impact of the highly seasonal climate on a number of ecophysiological traits 

including; assimilation, stomatal conductance and leaf water potential, has been the 

focus of studies on species that dominate savannas in northern Australia (Fordyce et al. 

1995, Cole 1995, Eamus and Cole 1997, Duff et al. 1997, Myers et al. 1997, Proir et al. 

1997 a,b, Eamus et al. 1999). Declining soil water availability and increasing 

atmospheric evaporative demand have been shown to affect many of the leaf-scale 

processes in many seasonal environments (Kubiske and Abrams 1993, Meinzer et al. 

1996, Maroco et al. 1997, Yong et al. 1997), and are reviewed below, with particular 

reference to northern Australia. 

Williams et al. (1997) studied patterns of leaf phenology in 49 species that commonly 

occur in the wet-dry tropical savannas of northern Australia. They found that species 

within Eucatyptus-dominated open-forests were equally distributed between four main 

phenological guilds: evergreen, brevi-deciduous, semi-deciduous and fully deciduous. 

Evergreen species were defined as those species that retained a full canopy throughout 

the year; brevi-deciduous species as those in which the amount of canopy fell 

significantly, but not to levels below 50%; semi-deciduous species were those where 

canopy fell to below 50% of the full canopy and fully deciduous species lost all leaves 

and remained leafless for at least one month. This is in contrast with savannas 

elsewhere, where forests tend to be characterised by a particular phenological guild. For 

example, African and Indian savannas tend to be dominated by deciduous species 

(Menaut and Cesar 1979, Yadava 1990), the Lianos savannas of South America by 

evergreen species (Sarmiento et al. 1985) and the forests of Costa Rica by a mix of 

deciduous and semi-deciduous species (Medina 1982). Duff et al. (1997) demonstrated 

that the timing of maj or phenological events in northern Australia was detennined by 

atmospheric water content and soil-water availability, and emphasised the importance of 

the transition periods between the wet season and the dry season. Leaf fall at the end of 

the wet season was related to decreasing pre-dawn leaf water potential (associated with 

decreasing soil water availability) and increasing vapour pressure deficits. They also 

noted that during the dry/wet transition period, the 'build-up', pre-dawn leaf water 

potential increased before the onset of significant rainfall. Canopy cover in all species 

also increased significantly before the onset of significant rainfall (Williams et al. 1997), 

emphasising the importance of atmospheric vapour pressure deficit as a determinant of 

physiological and phenological processes in these savannas. 



Leaf life span in northern Australian evergreen species is short, 12-18 months (Myers et 

al. 1998), although this appears to be a feature of most Australian eucalypts (Bell and 

Williams 1997). Leaf flushing, however, occurs year round but peaks in the dry/wet 

transition period (Williams et al. 1997). Triggers of leaf flushing appear to vary between 

species and between phenological guilds (Reich 1995). Wright and Cornejo (1990) used 

irrigation to study phenological patterns in 29 tropical species and found that irrigation 

delayed leaf fall in only four of the 29 species. In a study designed to isolate soil 

moisture as a trigger of leaf flush in northern Australian savannas, irrigation had a 

significant impact on only one species, the fully-deciduous small tree, Terminalia 

ferdinandiana. Leaf flushing was initiated earlier and leaf fall commenced later in 

irrigated plots (Myers et al. 1998). However, this study was restricted to only two 

deciduous and two evergreen species. Other potential cues, such as day length and 

radiation, vary little between seasons (Prior 1997), further emphasising vapour pressure 

deficit and leaf water potential as important cues in leaf phenology. 

Leaf construction costs were higher for evergreens than for deciduous species, although 

deciduous species invested more nitrogen into shorter-lived leaves to maximise 

assimilation over the shorter leaf life span (Eamus and Pritchard 1998). Higher 

construction costs of evergreen leaves ensure that carbon can be fixed over longer 

periods by investing in tough drought and herbivore resistant sclerophyllous leaves. 

Eamus and Pritchard (1998) concluded that differing leaf phenologies were a mechanism 

to reduce competition through spatial and temporal partitioning of resources, principally, 

nutrients and water. 

Assimilation rates of trees in the wet season are higher than those in the dry season in 

species occurring in savannas of northern Australia. Eamus et al. (1999) showed that 

dry season assimilation declined by approximately 20% in the two dominant evergreen 

eucalypts E. miniata and E. tetrodonta, compared to 25-75% reductions for semi-

deciduous species at the same site. Morning and afternoon assimilation rates vary little 

in the wet season. However, assimilation rates were lower in the afternoon compared to 

the morning during the dry season in a number of species. Assimilation rates declined in 

response to a decline in stomatal conductance resulting from larger afternoon leaf-to-air 

vapour pressure deficits (LAVPD; Eamus and Cole 1997, Eamus et al. 1999). Pnor et 

al. (1997b) also found that assimilation rates were lower in the afternoon regardless of 

season in E. tetrodonta saplings, suggesting that saplings are more susceptible to diurnal 

water deficits than the deeper rooted mature trees. She attributed this decline partly to 

supra-optimal leaf temperatures. 



Pre-dawn leaf water potential and maximum daily stomatal conductances are lower in 

the dry season than in the wet season. Increased vapour pressure deficits, associated 

with the dry season, have been correlated with declining stomatal conductance in a 

number of species (Myers and Neales 1984, Kubiske and Abrams 1993, Maroco et at. 

1997, Hogg and Hurdle 1997). Further, maximum stomatal conductance has been 

correlated with maximum assimilation rates (Kubiske and Abrams 1993). A linear 

relationship between pre-dawn leaf water potential and maximum assimilation rates has 

been observed in most species in Australian savannas (Eamus and Cole 1997, Fordyce et 

at. 1997, Proir et at. 1997 a,b, Eamus et at. 1999). Whilst there were no differences 

between species in pre-dawn leaf water potential in the wet season, minimum pre-dawn 

leaf water potential were higher in deciduous species than in the evergreen trees during 

the dry season and stomatal conductance was more sensitive to increasing LAVPD in 

evergreen species than in deciduous species (Myers et at. 1997). 

It has become increasingly apparent that a full understanding of ecosystem functioning 

cannot be attained by measurements conducted at the leaf scale only (Field and 

Ehieringer 1993). Consequently there is a need to study the whole plant and stand 

responses to seasonal variations in climate. Extrapolating leaf scale measurements to 

tree and stand level measures is extremely difficult. Leaf scale measures are often made 

under conditions that are not representative of the whole canopy, for example, in 

chambers that modify the leaf microclimate. Furthermore, obtaining sufficient 

replication, for example of leaves in a canopy to obtain a 'tru& mean over the whole 

canopy is highly impractical. However, measurement technology has improved and 

detailed studies of whole plant water use and community mass and energy exchange are 

providing new insights into the complex relationships between plant canopies and the 

atmosphere. 

1.3 Whole Tree Water Use 

Estimation of whole plant water use is becoming increasingly common. Estimates of 

whole tree water use permit calculation of the contribution of tree transpiration to total 

evapotranspiration and to examine the spatial and temporal heterogeneity of this 

contribution within forest stands (Köstner et at. 1998). Whole tree techniques such as 

chambers, heat pulse, heat balance and chemical tracers have a range of applications in 

agriculture, horticulture, forestry and ecology (Smith and Allen 1996). The most 

common techniques for estimating tree water use are methods that measure sap flow 



within stems. These methods have distinct advantages over other whole plant methods 

as they tend to be easily automated, portable and offer high time resolution (Smith and 

Allen 1996, KOstner et al. 1998, Wullschleger et al. 1998). 

Sap flow methods fall into two broad categories: heat pulse, which uses pulses of heat as 

tracers in the xylem, and stem heat balance, which measures the components of heat 

transport from continuous heat input (Edwards et al. 1996). Deuterium has also been 

used as a tracer in the sap stream (Calder et al. 1992, Dye et al. 1992), however 

widespread application of this technique has not occurred, presumably due to increased 

labour costs, poorer time resolution and lack of automation associated with this 

technique. The theory, advantages and disadvantages of heat balance and heat pulse 

methods have been reviewed (Smith and Allen 1996, Köstner et al. 1998) and detailed 

discussions of the techniques can be found there. Briefly, however, heat pulse 

techniques estimate the velocity of a heat pulse at a point or points within the xylem 

(Hatton et al. 1990). Sap flux density is calculated from heat pulse velocity by taking 

into account the volume fractions of wood, water and air and the impact of wounding 

(Swanson and Whitefield 1981). Flux rates are the product of the sap flux density and 

area of conducting tissue (Köstner et al. 1998). In contrast, heat balance methods apply 

heat to the entire or part of the circumference of the stem and the mass flow of sap is 

obtained from the balances of the fluxes of heat into and out of the heated section (Smith 

and Allen 1996). Both methods are applicable to long term, remote monitoring of tree 

water use and have been used extensively in a number of studies (for example; Dunn and 

Coimor 1993, Allen and Grime 1995, Hatton et al. 1995, Vertessy et al. 1995, Granier et 

al. 1996, Saugier et al. 1997). 

Seasonal patterns of tree water use have been studied in a number of climates, however, 

these studies rarely examine inter-annual variability. Loustau et al. (1996) studied the 

seasonal course of transpiration in Pinus pinaster in Portugal and found that 

transpiration rates were highest at the beginning of summer when soil water availability 

was at a maximum and atmospheric demand was high. Water use declined over 

summer as soil water was depleted. Similar patterns of water use have been observed in 

other seasonal climates. Calder et al. (1992) and Roberts and Rossier (1993) noted that 

water use in plantation eucalypts increased, post-monsoon in southern India and 

Famngton et al. (1994) observed a steady decline in water use from a spring maximum 

over summer in southwest Western Australia. Stomatal conductance appears to be an 

important mechanism for controlling transpirational water loss in trees of highly 

seasonal environments (Loustau et al. 1996). Stomatal conductance declines in response 
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to increasing vapour pressure deficit and declining pre-dawn leaf water potential (Myers 

et al. 1997, Hogg and Hurdle 1997). However, stomatal control of transpiration, alone, 

may not always be effective. Saugier et al. (1997) noted that even though stomatal 

conductance declined in boreal pine, there were slight increases in transpiration rates in 

response to increased evaporative demand. Thomas et al. (1999b) demonstrated that a 

decline in stomatal conductance in well-watered E. tetrodonta seedlings did not reduce 

transpiration over a large VPD range. Further, in four tree species of lowland tropical 

forest in Panama, low wind speeds and resulting low boundary layer conductance 

decoupled transpiration from stomatal control (Meinzer et al. 1997a). 

The ability to estimate water use of forests in heterogeneous environments and in areas 

of high relief, where micrometeorological methods cannot be easily applied, is a major 

advantage of whole tree techniques. A number of studies have applied sap flow 

techniques to determine the tree transpiration component of a site's water balance. Dunn 

and Connor (1993) and Vertessy et al. (1995) estimated tree water use in mountain ash 

forests in southern Australia. Although there was considerable variability in sap velocity 

between trees, there were strong correlations between tree diameter and total tree water 

use. Dunn and Connor (1993), found that stream flow was lower in regrowth forest than 

in old growth forests, presumably due to the larger transpiration in regrowth forests. 

Salama et al. (1994) used heat pulse techniques to measure water use in plantation 

Eucalyptus camaldulensis and found very good agreement between the estimates of tree 

water use obtained using the heat pulse method and a groundwater hydrographic 

separation technique. 

Water use by fast-growing plantation eucalypts has been the subject of considerable 

research in South African and Indian plantations, where there are concerns about the 

impact of tree water use on ground water levels and stream flow. Dye and Olbrich 

(1993), used sap flow techniques to verify models developed from leaf scale measures of 

stomatal conductance. There was good agreement during the summer but poor 

agreement during winter, which they attributed to larger variability in transpiration rates 

between trees in winter and unusually high VPD over the winter measurement period. 

Calder et al. (1992) used deuterium tracing to study water use in plantation eucalypts in 

southern India. They found strong correlations between water use and tree basal area 

and large seasonal differences in water use pre- and post-monsoon. Water use was 

larger in the post monsoon period when soil water availability was largest. Strong 

correlations between tree water use and tree size parameters are noted in many studies 

(for example Calder et al. 1992, Vertessy et al. 1995, Cook et al. 1998, Hatton et al. 



1998) and are important when scaling tree water use to estimate stand water use. 

However, when water use is expressed on a leaf area basis the relationship breaks down 

(Teskey and Sheriff 1996). As such, it is important to clearly distinguish between tree 

water use, the volume of water transpired per unit time, and transpiration water use per 

unit time expressed on a leaf area basis. Edwards et al. (1996) proposed a unified 

nomenclature for sap flow measurements to overcome these problems and this is 

adopted in this thesis. Under this nomenclature tree water use (Q) is defined as the total 

volume of water transpired per unit time (for example m3  day) and transpiration is (Qi) 

is defined as the volume of water transpired per unit leaf area (m3  day 1  m 2). 

Increasingly, sap flow methods are being used in energy balance studies to isolate the 

contribution of tree transpiration to overall evapotransiration at a site. In Nothofagus 

forest in New Zealand, Kelliher et al. (1992) and Köstner et al. (1992), showed good 

agreement between estimates of tree transpiration based on sap flow and the tree 

transpiration component, estimated by subtracting forest floor evaporation from total 

evaporation estimated using eddy co-variance techniques. In savanna vegetation in 

West Africa, total evapotranspiration was always higher than tree transpiration, 

emphasising the importance of soil and understorey evaporation (Allen and Grime 

1995). Similarly, in a millet crop in Niger, evapotranspiration exceeded transpiration 

during the wet season, but there was very good agreement between the two during the 

dry season (Soegaard and Boegh 1995). In deciduous boreal forest Hogg et al. (1997) 

demonstrated a lag of about one hour between sap flow and eddy co-variance measures 

which they attributed to diurnal changes in water storage within trees; although 

generally there was good agreement between the methods. These studies highlight the 

importance of integrated methodologies when studying forest water use as the 

contribution of tree transpiration can vary temporally and spatially within a forest. 

1.4 Scaling Tree Water Use 

Estimates of whole tree water use are very useful in studies of interactions of plant 

communities with the environment. However, as outlined above, estimates of tree water 

use often need to be complemented with other measures, including total 

evapotranspiration, rainfall and soil water availability. Estimates of whole tree water 

use also need to be scaled spatially and temporally. Scaled estimates of tree 

transpiration are an important component of many hydrological and micro-

meteorological studies of mass and energy exchange between vegetation and atmosphere 



(Hatton et al. 1990, Kelliher et al. 1992, Allen and Grime 1995, Cook et al. 1998, 

Hutley et al. 2000). 

The most common methods for scaling tree water use involve use of the relationship 

between tree water use and some parameter of tree size. Hatton et al. (1995) 

investigated five scaling parameters; tree leaf area, sapwood area, diameter at 1.3 m, 

area of domain exploited by each tree (tesselation, distance between trees) and area of 

domain exploited by each tree (ecological field theory, area occupied by tree as a 

function of tree height and crown diameter) in Euca!yptus populnea woodland in 

southeast Queensland. The co-efficient of variation associated with estimates of stand 

transpiration decreased as sample size increased to six trees in each plot. They found 

strong relationships between tree water use and four of the scaling parameters tested 

(leaf area, conducting wood area, diameter at 1.3 m and ecological field theory). 

Further, they noted that relationships between tree water use and the scaling parameter 

were consistently stronger for DBH and conducting wood area, than for leaf area and 

domain area. Vertessy et al. (1997) tested the utility of using DBH and leaf area in 

mountain ash forests in Victoria. They found that estimates scaled using leaf area were 

11% lower than estimates based on diameter. In that study, estimates of tree water use 

calculated using DBH were more robust than estimates calculated using leaf area as the 

relationship for DBH and water use applied to each tree in the plot. To scale water use 

using leaf area, they assumed that the relationship between leaf area and sap flow was 

linear and apportioned water use to each tree in the plot using a leaf area ratio. 

However, studies have shown that the relationship between tree leaf area and water use 

may not always be linear (Thorburn et al. 1993, Hatton and Wu 1995). 

Dunn and Connor (1993) argued that sapwood area is an appropriate scaling parameter 

because as forests age total sapwood area declines and this is strongly correlated with 

water use. However, given the number of studies that have demonstrated very strong 

relationships between DBH and sapwood area (Allen and Grime 1995, Hatton et al. 

1995, Vertessy et al. 1995, this study; chapter 6) DBH (or cross sectional basal area) 

may be as appropriate a scalar as sapwood area (Calder 1996). Indeed, the simplicity 

involved in the measurement of DBH and the ability to make repeated measures easily 

in space and time make DBH a preferable scalar to sapwood area or leaf area, as 

estimates of sapwood area and leaf area are difficult to make, may be destructive and 

leaf area varies seasonally. For this reason many studies scaling tree water use to stand 

water use tend to scale using DBH or cross-sectional basal area. (Calder et al. 1992, 

Allen and Grime 1995, Loustau et al. 1996, Hogg et al. 1997, Saugier et al. 1997, Hunt 



and Beadle 1998). A disadvantage of using DBH as a scaling parameter is that it makes 

it difficult to scale tree water use temporally as leaf area is generally seasonal and there 

is a strong relationship between tree leaf area and tree water use (Hatton and Wu 1995). 

However, a number of studies have demonstrated that tree water use among trees within 

a site is strongly correlated (Allen and Grime 1995, Vertessy et al. 1995, Hatton et al. 

1998). Further, Smith and Allen (1996) noted that sap flow techniques are ideal for long 

term unattended monitoring of tree water use. The problem of temporal scaling could be 

approached through long term monitoring of reference trees and intensive sampling of a 

larger number of stems at strategic times of the year. 

Scaling tree water use is an important application of whole tree techniques and estimates 

of tree water use generally agree well with other independent estimates such as 

micrometeorological techniques. However, the extent of scaling tends to be limited, 

being restricted to small plots (< 0.5 ha.) over a short period of time. Remote sensing 

offers considerable potential for scaling not only tree water use but also 

evapotranspiration and other physiological processes over lager areas (Margolis and 

Ryan 1997). Remote sensing occupies an interesting position in the time and space 

scales it addresses. Remotely sensed data are snapshots in time, and are available at 

only limited times of the day. However, they cover very large areas of land (Schimel 

1993). As a consequence, much of the research attention in remote sensing has been 

focused on classification of the landscape (Waring 1993). Importantly however, there is 

considerable potential for obtaining physiologically useful information such as leaf area 

index (Coops et al. 1997, Franklin et al. 1997), surface temperature (Gilles et al. 1997), 

absorptance (Morcau and Li 1996), and reflectance and emittance (Ustin et al. 1993). 

Scaling ecophysiological processes over large temporal and spatial scales represents one 

of the most challenging and daunting areas of ecophysiological research (Field and 

Ehleringer 1993). The potential of remote sensing lies in the provision of detailed 

structural information, such as LAT, as well as other physiologically useful information 

such as surface temperature and reflectance, spatially and temporally. Information such 

as this can be used as inputs into models developed and tested in the field using 

integrated approaches incorporating leaf, tree and canopy processes. Validated models 

can then be extrapolated to the larger landscape scale using remote sensing technology 

integrated with geographical information systems. 
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1.5 Thesis Aims and Scope 

Eucalypt woodlands and forests dominate the savannas of northern Australia and are an 

important component of the water balance of these savannas. The increasing economic 

importance of the northern Australian savannas will place increased pressure on 

resources, including ground water resources, especially in areas closer to the major 

economic regions, for example, Darwin. We are in a unique position to gain an 

understanding of the role of vegetation in the water balance of the northern Australian 

savannas before extensive land clearing and modification of the environment have 

impacts on the hydrology of these forests. An understanding of ecophysiological 

responses to the highly seasonal climate from a whole tree and stand perspective 

represents a logical extension of the extensive leaf scale studies that have preceeded this 

research (for example, Fordyce et al. 1995, Duff et al. 1997, Eamus and Cole 1997, 

Myers et al. 1997, Prior et al. 1997 a,b, Eamus et al. 1999, and Prior and Eamus 1999). 

The main hypothesis in this thesis is that the highly seasonal climate with respect to 

rainfall and evaporative demand will have a significant effect on whole tree water use 

resulting in highly seasonal patterns of tree water use in the northern Australian 

savannas. This thesis has a number of aims, each addressed in the subsequent chapters. 

These aims are: 

To examine spatial patterns of important structural attributes such as leaf area index 

(LAT) and basal area in E. miniata/E. tetrodonta open-forests of northern Australia and 

to determine sources of variability that are likely to impact on tree water use in these 

forests. 

To examine the role of remote sensing for mapping vegetation communities and 

structural heterogeneity in savannas of northern Australia. 

To assess the utility of the heat pulse technique for estimating tree water use in 

eucalypt forests that contain floristic and phenological diversity. 

To examine spatial and temporal patterns of tree water use in E. miniata/E. 

tetrodonta open-forests. 

To assess the utility of scaling parameters and patterns of tree water use at sites along 

a large rainfall gradient in Northern Australia. 

To assess the contribution of tree water use to total evapotranspiration in E. 

miniata/E. tetrodonta open-forests of northern Australia. 

The thesis structure is described briefly below: 
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Chapter Two examines the spatial and temporal patterns of LAI and basal area in E. 

miniata/E. tetrodonta open-forests. Detailed descriptions of forest structure in space and 

time are important for scaling water use to larger catchment and landscape scales and 

will provide valuable information for the validation of landscape process models. 

Chapter Three extends these detailed studies of spatial and temporal variability in the 

structural characteristics of the dominant E. miniata/E. tetrodonta open-forest to the 

landscape scale. Through the use of remote sensing, spatial variability in forest structure 

and vegetation communities were examined. Further, high resolution satellite data 

provide the potential to generate high resolution maps of important structural attributes 

including, LAI, basal area and biomass that can be combined with models to estimate 

catchment and regional water use with a high degree of precision. This potential was 

examined in the Gunn Point region where the proposed development of borefields to 

supplement Darwin's and an expanding horticultural industry's water needs are expected 

to increase pressure on groundwater resources. 

Chapter Four examines the utility of the heat pulse method for estimating tree and stand 

water use in structurally complex forests. This chapter examines the impact of 

wounding on estimates of tree water use and sampling strategies are developed for 

estimating tree water use in these forests. The seasonal patterns of tree water use in 

dominant species from a number of phenological guilds are examined, as is the 

relationship between tree water use and scaling parameters that relate to tree size. In 

Chapter Five, seasonal and inter-annual patterns of tree water use are examined in detail 

in the dominant eucalypts, E. miniata and E. tetrodonta. These are thought to have a 

maj or influence on the water balance of the forests they occupy as they account for more 

than 75% of the standing biomass of the forests they occupy (O'Grady et al. 2000). The 

relationship between tree size and water use is examined seasonally, as is the 

relationship of tree water use with VPD, a driving force of tree transpiration. 

Chapter Six explores seasonality of tree water use and the relationship between tree 

water use and tree size at a number of sites along a large rainfall gradient. The work in 

Chapters 2-5 studied forest structure and tree water use in detail in the E. miniata/E. 

tetrodonta open-forests. These forests dominate the savannas in the high rainfall 

regions. However, the savannas of northern Australia occur across a broad rainfall belt 

and information on the patterns of tree water use across this broad region will provide 

valuable insights into the processes that control water use in the highly seasonal savanna 

environments. 
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In Chapter Seven, the contribution of tree transpiration to total evapotranspiration is 

studied in detail in E. miniata/E. tetrodonta open-forests. Compansons are made 

between tree water use scaled using leaf area and tree water use scaled using basal area. 

Further, scaled estimates of tree water use are compared to estimates of total 

evaoptransiration made using eddy-covariance techniques seasonally over a two-year 

period. The seasonal contribution of the understorey fluxes to total evapotranspiration in 

savanna is also examined. Chapter Eight provides a review and synthesis of the thesis. 
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Figure 1.1 The distribution and extent of Australian savannas 

Image from the Co-operative Research Centre for the Sustainable Development of 

Tropical Savannas Website: www.savaima.ntu.edu.au  
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Chapter Two: A description of the composition, tree basal area and seasonal 

patterns of leaf area index of an E. miniata/E. tetrodonta open forest of the 

Gunn Point region 

2.0 Introduction 

Plant canopy structure influences a number of canopy processes and information on 

structure is vital for describing the interaction between vegetation and its environment 

(Welles and Norman 1991). Canopy structure not only affects the exchange of mass and 

energy between the plant and environment, but may also reveal an evolutionary 

adaptation to physical, chemical and biotic factors (Norman and Cambell 1989). In 

addition, the distribution of leaf area in a canopy has an important effect on interception 

and transmission of light within and through the canopy. Finally, canopy structure 

influences below canopy air temperature, leaf temperature, atmospheric moisture 

content, the interception of precipitation, soil evaporation below the canopy, soil heat 

storage, soil temperature (Norman and Cambell 1989) and canopy roughness, an 

important parameter that influences the coupling of a canopy to the atmosphere 

(McNaughton and Jarvis 1991). 

Leaf area index is defined as the projected area of photosynthetic tissue per unit ground 

area (Watson 1947, cited in Neumann et al. 1989). It is an important input in models 

that attempt to describe canopy processes and has been used in a number of studies to 

extrapolate from tree processes to canopy or catchment-scale processes. For example, 

transpiration measured at the leaf and whole-tree scales has been scaled to estimate 

evapotranspiration of stands and catchments (see for example Hatton et al. 1995, Held et 

al. 1996). Direct measurement of leaf area, however, is a time consuming and difficult 

process for single trees, and for whole forests a formidable, if not impossible, task (Lang 

et al. 1991). Direct sampling requires considerable effort and cost, is destructive and is 

often not feasible. Indirect methods have been used (for example, Dufrêne and Bréda 

1995 and Battaglia et al. 1998) that rely on light penetration. These can be useful but 

require careful consideration of sampling techniques and require careful calibration. 

The use of remotely sensed data (for example Franklin et al. 1997) may be useful at 

large spatial and temporal scales (for example large stands over a number of seasons) 

but still require extensive ground-truthing for calibration. While it is unlikely that 

indirect methods for measuring canopy structure will ever be as accurate as direct 

harvesting, they reduce the need for many labour intensive and destructive 
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measurements of canopy structure, allow widespread and repeated measures, and hence, 

are particularly useful for comparative work. 

Held et al. (1996) and O'Grady et al. (1999) found that structural heterogeneity made 

determination of stand water use difficult and identified a need for detailed descriptions 

of forest structure in both space and time. The E. miniata/E. tetrodonta forests dominate 

the savannas north of the 1200-mm rainfall isohyet (Wilson et al. 1990). Williams et al. 

(1997) identified four dominant phenological guilds in these forests. The highly 

seasonal phenology of these forests is likely to be reflected in seasonal changes in LAI, 

although this has not been previously measured in northern Australia. Such descriptions 

are vital for extrapolating estimates of water use across catcbments, as interactions 

between the forest and atmosphere are complex and non-linear (Avissar 1995). 

This chapter provides a description of species composition, spatial and temporal 

distribution of LAI and basal area in an E. miniata/E. tetrodonta open-forest. In 

particular, the study aimed to identify species that are significant contributors to standing 

biomass and LAI since these are expected to play a significant role in the water balance 

of these forests. Further, the study also aimed to examine seasonal patterns of LAI and to 

determine whether there was significant spatial variation in LAI and basal area within 

these eucalypt open-forests. 

2.1 Methods 

2.1.1 Site Description 

Spatial and temporal patterns of leaf area index and basal area were examined in the E. 

miniata/E. tetrodonta open forests of the Howard East catchment area within the Gunn 

Point region. A description of the Gunn Point region is given in Chapter Three. Cook et 

al. (1998) described the Howard East catchment area. 

2.1.2 Validation of the Adelaide Technique for Estimation of Leaf Area Index 

The 'Adelaide technique' described by Andrew et al. (1979) was used to estimate the 

leaf area of individual trees. The technique involved selecting representative leaf units 

(modules) for each species and counting the number of modules on each tree. Reference 

modules for each species were then collected and the leaf area for each module 
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determined using a leaf area meter (Delta-T Devices, Cambridge UK). This method of 

leaf area estimation was chosen over other methods (principally light interception 

methods) because the Adelaide technique allows estimation of the leaf area of individual 

trees, and consequently relationships between DBH and leaf area. Although this is 

possible using some light interception techniques (for example the DEMON) it is 

difficult in forest situations. 

To test the suitability of the Adelaide technique, LAI was estimated in five randomly 

selected plots of 78 m2  (circular plot, radius 5 m). Module counts and diameter at 1.3 in 

over bark (DBH), were recorded for all trees within each of the plots. All trees within 

each plot were then harvested for total leaf fresh weight and total above ground biomass 

(fresh weight). Random sub-samples of leaves from each species were collected and the 

leaf area of the tree estimated by developing leaf area to leaf weight relationships. Leaf 

area predicted from leaf weight was regressed against leaf area predicted using the 

Adelaide technique in order to assess the utility of the technique for estimating leaf area 

index of plots. Allometric relationships were developed relating DBH and leaf area and 

DBH and above ground biomass. 

2.1.3 Temporal Variability in Leaf Area Index in E. miniata/E. tetrodonta Open-

forest 

Seasonal changes in LAT were monitored at five locations within the Howard East 

catchment at four times of the year corresponding to the wet, early-dry, mid-dry and 

late-dry/early-wet period for two complete cycles. At each location, two sites of 

approximately one hectare were randomly selected. Within each site, leaf area, canopy 

cover and basal area were surveyed as described above in each of three randomly 

selected 20 x 20 in plots. Within each plot, tree species, DBH, and leaf area were 

recorded. Trees were assigned to one of three size classes based on height: size class 1, 

trees < 2 in; size class 2, trees >2 in and < 7 in, and size class three, trees> 7 in. These 

size classes were chosen as being representative of the understorey, mid-storey and 

canopy size classes. Locations were chosen that could be accessed all year round and 

were situated near ground-water level monitoring bores, operated by the division of 

Water Resources, Department of Lands Planning and Environment. GPS co-ordinates 

(UTM) for each of the locations are shown in Table 2.1. 
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Table 2.1 GPS co-ordinates (UTM, zone 52) for the five locations used for 

sampling spatial and temporal variability in structural characteristics in E. 

miniata/E. tetrodonta open-forest of the Gunn Point region 

Leaf area, basal area and canopy cover were monitored in three 20 x 20 m plots in each 

of two randomly selected sites at each location at four times each year during 1995 and 

1996. 

Location Eastings Northings 

Met Tower 731 122 8619 187 

rn21047 734934 8617576 

rn5880 732 179 86 15 524 

rn20734 733 263 86 18 977 

rn29422 728 296 86 18 974 

Leaf area index data were analysed as a four factor analysis of variance with the factors 

year (fixed), season (fixed), location (random) and site (random, nested in location, 

season and year). A number of outliers were identified in the data and were removed 

and replaced with the overall mean of the data set to stabilise variances and restore 

normality to the data. These outliers consisted of plots at one location (rn 29422, August 

95) that were severely burnt by fire prior to sampling resulting in 100% crown damage 

(pers. obs.) and another plot that recorded unusually high LAI (seven standard 

deviations away from the mean) and severely skewed the data set. The high leaf area at 

this plot was attributed to the presence of an unusually large E. tetrodonta (DBH 32.5 

cm, leaf area 534 m2) and an unusually large Erythrophloem chiorostachys (DBH 25.1 

cm, leaf area 438 m2) tree occurring in the plot. Although such trees occur in the 

savaimas of northern Australia and are important contributors to the biomass of the 

region, their occurrence so severely skewed the data set that the data could not be 

analysed parametrically with them present. 

The major contributors to standing biomass were determined using the method of 

conspecific dominance (Cintron and Novelli 1984). 

Conspecific dominance = basal area (m2  ha 1)/total basal area (m2  ha 1) 
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Conspecific dominance was calculated using a wet season data set (December 1995) and 

a dry season data set (July 1997), as species dominance would not be expected to change 

greatly over the study period. Dominance was calculated for each plot and the data sets 

were pooled, dominance values were then calculated as the mean dominance for each 

species. The DBH distributions of the seven dominant species were also calculated for 

January 1996 and December 1996. Wet season data sets were chosen, as these were 

more complete as deciduous species that would be difficult to identify during the dry 

season were fully represented. A list of all species within the study was compiled using 

the complete data set and is given in Appendix 1. 

2.2 Results 

2.2.1 Validation of the 'Adelaide Technique 'for Leaf Area Estimation 

Thirty trees representing five species were harvested as part of the Adelaide technique 

validation study. Species harvested were E. miniata, E. tetrodonta, E. clavigera, 

Etythrophloem chiorostachys and Terminaliaferdinandiana. Leaf area, estimated using 

the Adelaide technique, was regressed against leaf area estimated from leaf weight 

obtained by harvesting (Fig. 2.1). A strong linear correlation was found with a r2  of 0.8 

and a slope of 0.98, suggesting that even though there was some variation on individual 

tree estimates, the method was particularly useful for estimating LAI of plots. 
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Figure 2.1 Relationship between leaf area predicted using the 'Adelaide technique' 

and leaf area predicted using leaf weight 

There was a strong linear relationship of the form Y=0.98x+0.92, r2 0.80 (Species 

pooled). 

Allometric relationships, relating DBH to leaf area and total above ground biomass 

(species pooled) are shown in Figure 2.2. The relationship between DBH and leaf area 

was best described by a second order polynomial (y0.1238x2-O.3159x+1.5457, r2  

0.87) while the relationship between DBH and biomass was best described by the power 

function: Y=0.135x262. Although data were collected for five species, E. miniata and E. 

tetrodonta represented 82% of individuals sampled. 
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2.2.2 IdentjIcation of Major Contributors to Biomass and Leaf Area Index 

A total of 29 tree species from 14 families were recorded during the surveys of LAL A 

list of species surveyed in the Gunn Point region is given in Appendix 1. Dominant 

species were identified using the method of conspecific dominance and are shown in 

Table 2.2. Eucalyptus miniata was the most important contributor to basal area followed 

by E. tetrodonta; the two species combined contributed more than 70% of the total basal 

area of these forests. As such these two species are the major contributors to standing 

biomass. These were followed by Erythrophloem chiorostachys, E. clavigera, E. 

bleeseri, E. porrecta and Terminaliaferdinandiana. A summary of tree density (stems 

ha') and basal area (m2  ha') for each of the dominant species is shown in Table 2.3. 

Table 2.2 Species dominance values based on basal area at two sampling times: 

December 1995 (wet season) and July 1997 (dry season) 

Con-specific dominance calculated following Cintron and Novelli (1984). Values 

represent the mean of dominance values calculated for each 20 x 20 m plot during each 

of the surveys. 

Species December 95 July 1997 

E. miniata 0.436 0.542 

E. tetrodonta 0.328 0.274 

E. chlorostachys 0.136 0.117 

E. clavigera 0.117 0.031 

E. bleeseri 0.112 0.065 

E.porrecta 0.096 0.068 

T ferdinandiana 0.045 0.049 
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Table 2.3 Summary of tree density (stems ha 1  ± s. e.) and tree basal area (m2  ha 1  

± s.e.) for the major species of a E. miniata/E. tetrodonta open-forest 

Data were collected January 1996. 

Species Density (stems ha') Basal area (m2  ha') 

E. miniata 218.1±26.6 3.84±0.50 

E. tetrodonta 175.8±17.9 2.95±0.44 

E. chiorostachys 68.8±10.2 1.16±0.29 

E. clavigera 54.5±6.6 0.91±0.25 

E. bleeseri 50.0±14.4 1.16±0.10 

E.porrecta 53.6±11.7 0.70±0.23 

T.ferdinandiana 131.2±18.8 0.36±0.07 

The distribution of DBH for major species identified above is shown in Figure 2.3. The 

data represent the mean number of stems within each size class for two (wet season) 

sampling times (January 96, December 96). Data for locations, sites and plots were 

pooled, so that counts represent the total number of stems within the sampling period. 

Diameter at breast height ranged between 1 and 50 cm for most eucalypt species, with 

the majority of stems in size classes less than 20 cm, suggesting a developing forest 

structure. The range of DBH for T. ferdinandiana was smaller with the largest number 

of stems occurring in the 0-4.9 cm range and no individuals in size classes larger than 20 

cm. 
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Figure 2.3 DBH distributions for each of the dominant species of the E. miniatalE. 

tetrodonta open-forests 

a. E. miniata, b. E. tetrodonta, c. Eiythrophloem chiorostachys, d. E. clavigera, e. E. 

bleeseri, f. E. porrecta, g. T ferdinandiana. Data represent the mean number of 

observations of two sampling periods: January 1996 and December 1996. 
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2.2.4 Temporal Variability in Leaf Area Index of E. miniata/E. tetrodonta Open-

forests 

Leaf area index varied with season (Season: F=9.68308, df3,40 P<0.01), and also with 

location (F=6.396, df=4,40, P<0.01) and site (F=1.908, df=40,160, P<0.01). There 

was also a Year x Season interaction (F=15.606, d.f. =3,40, P<0.01). Post-hoc 

comparison of means using Tukey's test were inconclusive; however LAI was largest at 

the end of the wet season (overall wet season mean 0.88 ± 0.41) and lowest in the dry 

season (overall dry season mean 0.49 ± 0.20). Leaf area index increased at the end of 

the dry season during the build-up period and increased slightly over the course of the 

wet season. Trees larger than seven meters tall dominated LAd, whilst trees in the 

understorey and mid-storey contributed on average less than 10% of total overstorey 

LAI. However, proportional seasonal changes in LAI were larger in the understorey and 

mid-storey. Leaf area index in height classes 1 and 2 increased by more than 60 % from 

the dry to wet seasons compared to a 40 % increase in LAI in height class 3, reflecting 

the larger proportion of deciduous and semi-deciduous species in height classes 1 and 2. 

The seasonal course of LAI for each size class is shown in Figure 2.4. 

Leaf area index varied significantly between locations and within locations (site to site). 

There were positive correlations between LAI and basal area. Mean values of LAI and 

basal area (seasons and years pooled) for each location are shown in Table 2.4. The 

relationship between LAI and basal area for each sampling period is shown in Figure 

2.5. There were strong relationships between LAI and basal area for the wet season 

sampling times, but the relationships were somewhat more variable at the end of the wet 

and during the late dry/build up periods. The considerable variability in the July 97 

sampling time can be attributed to widespread fires at that time. 
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Figure 2.4 Seasonal patterns of LAI in E. miniata/E. tetrodonta open-forests 

showing the contribution of each stratum of trees during each of the seasons 

Data represent the mean ± s.e. LAI in each height class (years pooled). 

Table 2.4 Overall mean basal area ± s. e. and LAI ± s. e. for each of the locations 

within the Howard East catchment area 

Location Basal area (m2  ha 1) LAI 

main 9.97±0.97 0.95±0.19 

rn20734 8.01±0.87 0.78±0.11 

rn21047 9.92±0.79 0.79±0.13 

rn29422 7.19±1.38 0.58±0.12 

rn5880 7.00±1.11 0.56±0.09 
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Figure 2.5 Seasonal relationships between basal area and LA! for each location 
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2.3 Discussion 

Eucalyptus miniata/E. tetrodonta open forests dominate savarinas above the 1200-mm 

isohyet in northern Australia (Wilson et al. 1990). There is, however, little quantitative 

information on the structure, composition and seasonal patterns of leaf area index for 

these forests. Being the dominant forest type, they are expected to have a significant 

impact on the region's water balance. Any attempt to quantify this impact must be 

accompanied by information on spatial and temporal patterns of leaf area index and 

basal area within the forests, as these parameters are critical stand parameters used when 

scaling estimates of water use and models of forest hydrology (Whitehead and Hinckley 

1991). The spatial and temporal patterns of LAI and basal area were examined in theE. 

miniata/E. tetrodonta open-forests with the aim of determining important sources of 

variability that are likely to impact on the water balance of these forests. 

2.3.1 Validation of the Adelaide Technique 

The 'Adelaide technique' described by Andrew et al. (1979) was used to estimate leaf 

area index. This technique has been shown previously to be useful in the estimation of 

LAI (Andrew et al. 1979, Hatton et al. 1995). The technique has the added advantage 

that information can be gathered at the individual tree scale compared with other 

methods that rely principally on the transmittance of light through the canopy (for 

example the CSIRO Demon or the Li-Cor Plant Canopy Analyser). Figure 2.1 

demonstrated a strong correlation between leaf area estimated using the Adelaide 

technique and actual leaf area (determined from destructive harvesting). Importantly, 

the slope of the line was close to one (0.98), suggesting that even though there was some 

variability in estimates of individual trees, the technique was particularly useful for the 

estimation of LAI. These results compared well with Hatton et al. (1995) who tested the 

technique on Eucalyptus populnea trees in southern Queensland. In that study they 

obtained a slope of 1.13 and a r2  of 0.96. In the present study, the technique was less 

reliable on large trees (DBH> 25 cm) because of difficulty in visually assessing the 

entire canopy, and counts from a number of positions around the tree were useful. 

However, most trees in these forests fell within the 10-20 cm size classes (Fig. 2.3) and 

the technique had good agreement for these smaller trees. 

The harvesting exercise provided information on the relationships between DBH and 

biomass and DBH and leaf area. Harvesting was done in randomly selected plots and all 
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trees within the plot were destructively harvested. There was a significant relationship 

between DBH and above ground biomass. Importantly, a single relationship was 

sufficient for all five species. Since these five species contributed more than 95% of 

standing biomass and because one line represented the relationship for all five species it 

is likely that the relationship could provide a reasonable estimate of standing biomass of 

the stand. Although the use of fresh weight is not desirable due to errors arising from 

differing moisture contents, the large volume of samples precluded drying to constant 

weights, and estimates of biomass were not the principal objectives of the harvesting 

exercise. A more detailed study of biomass was beyond the scope of this work and it 

would be useful to test the relationship at a number of locations and at different times of 

the year using dry weight. 

Although leaf area is only a small component of total biomass, seasonal variation in leaf 

area suggests that the relationship between DBH and biomass would have a seasonal 

component. More detailed allometric studies relating DBH to total biomass are 

continuing within the framework of developing a carbon balance for the eucalypt open-

forests in the region (X. Chen pers. comm.). The strong relationship between DBH and 

leaf area suggests that DBH is a good predictor of leaf area, as shown in a number of 

studies (Hatton et al. 1995, Whitford et al. 1995, Vertessy et al. 1995) although, again, 

this relationship would have a seasonal component and would require repeated re-

calibration (Fig. 2.5). 

2.3.2. Stand Structure 

A total of 29 tree species from 14 families were recorded within the E. miniata/E. 

tetrodonta open-forests of the Howard East catchment area. However, the forests were 

dominated by seven species (combined, more than 99% of standing basal area). These 

seven species occupy a range of phenological guilds: evergreen (E. miniata, E. 

tetrodonta), brevi-deciduous (E. porrecta, E. bleeseri), semi-deciduous (E. 

chiorostachys, E. clavigera) and completely deciduous (T. ferdinandiana, Williams et 

al. 1997). However, E. miniata and E. tetrodonta dominated the canopy, comprising 

more than 90% of individuals higher than seven metres during the January 1996 survey. 

The total number of species recorded in this survey was lower than the number observed 

by Williams et al. (1997; 49 species) at a site nearby and may reflect the impact of fire 

on the landscape. The study of Williams et al. (1997) was conducted in an area 

excluded from fire for about 20 years, and forest structure appeared quite different (for 
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example increased LAI and basal area, grass-dominated understorey absent, pers obs). 

Williams et al. (1999) reported that a single unplaimed late season fire in Kakadu 

significantly reduced the number of species present and that deciduous taxa were more 

sensitive to the effects of fire than evergreen taxa, indicating that fire can have 

significant impacts on forest structure. 

There was considerable variability in tree basal area within the E. miniata/E. tetrodonta 

open-forests. Tree basal area varied from less than 2 m2  ha' to more than 16 m2  ha 1  

with a mean of approximately 8.4 m2  ha 1 . Tree basal area has been cited as being a 

useful parameter with which to scale tree water use (Calder et al. 1992, Hatton et al. 

1995). Therefore, careful consideration must be given to the placement and size of plots 

in the E. miniata/E. tetrodonta open-forests, so that scaled estimates of stand water use 

incorporate the natural variability within this (and other) forest types. 

Size class distributions for the seven dominant species are shown in Figure 2.3. 

Distributions were skewed towards smaller trees suggesting a young forest structure. 

The results presented here are comparable to those of Wilson and Bowman (1987), who 

found that most eucalypts occurred in the size classes < 15.0 cm DBH at a site within the 

catchment area (Howards Peninsula). Interestingly, they recorded no trees within the 

15-25 cm size classes and only low numbers in the 25-35 cm size classes, which they 

attributed to the effects of Cyclone Tracy in 1974. Stocker (1976) recorded significant 

tree fall in the area immediately after the 1974 cyclone. The results presented here 

suggest that the eucalypt open-forests could still be recovering from Cyclone Tracy as 

indicated by the recruitment of trees into some of these larger size classes. Similar data 

for the eucalypt open-forests of Kakadu (approx. 150 km east) show peaks in the size 

classes between 15-25 cm for most canopy tree species (Werner 1986, Lonsdale and 

Braithwaite 1991). Recovery from Cyclone Tracy at Howard East may be impeded by 

frequent fires in the region (pers. obs.) which impact on forest structure by reducing 

overall basal area (Williams et al. 1999) and tend to cause increased mortality in smaller 

trees (Lonsdale and Braithwaite 1991, Williams et al. 1999). 

2.3.3 Temporal and Spatial Patterns of LAI 

There were significant seasonal shifts of LAI in E. miniata/E. tetrodonta open-forests 

within the Howard East catchment region. Leaf area index was maximal by the end of 

the wet season with a mean LAI of 0.88 and reached a minimum during the dry season 
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of 0.49. Leaf area index increased at the end of the dry season as a result of leaf flushing 

and expansion in most species. October and November are times of considerable leaf 

flushing (Williams et at. 1997), triggered by decreasing vapour pressure deficits (Duff et 

at. 1997) and intermittent rainfall events (Myers et at. 1998). Canopy species (i.e. trees 

taller than 7 m, principally E. miniata and E. tetrodonta), were the major contributors to 

canopy LAI. The two eucalypts comprised approximately 90% of individuals in this 

size class. Leaf area index of trees in this size class decreased during the dry season by 

up to 40%. The magnitude of this decline was somewhat surprising given that Williams 

et al. (1997) reported only minor shifts in canopy fullness for the two eucalypts 

seasonally, and the magnitude of the decline here may represent the effects of fire. The 

study site of Williams et at. (1997) was in an area of savanna protected from fire since 

1978 (Fensham 1990), however, dry season fires of vanous intensities (not recorded) 

were common throughout the Howard Springs catchment. Fires, even fires of low 

intensity, would be expected to impact on the canopy through effects such as leaf scorch 

(Williams et at. 1999). 

Shifts in LAI in the lower and mid-stratum trees were larger than those in the upper 

canopy, reflecting the increased contribution of deciduous species to the standing 

biomass of these size classes. Prior et al. (1997b) also noted that eucalypt saplings were 

more likely to develop water stress during the dry season, resulting in death of the shoot, 

further contributing to a larger decline in LAI of these smaller size classes over the dry 

season. 

There was considerable variability in LAI within the E. miniata/E. tetrodonta open-

forests. Leaf area index ranged from values less than 0.2 to values larger than three for 

one plot during the wet season. Leaf area index varied between locations and sites, 

reflecting the considerable heterogeneity within this forest type, but was strongly 

correlated to basal area (Fig. 2.5). Wilson and Bowman (1987) noted that 'the eucalypt 

forests are spatially variable with complex transitions that are difficult to map.' The 

complex spatial patterning within the forests is the result of many contributing 

influences including; soil characteristics (Fensham and Kirkpatric 1992), moisture 

availability (Wilson and Bowman 1987), recruitment (Setterfield 1997) and fire 

(Williams et at. 1999). 

The strong correlation between LAI and basal area at the plot scale was somewhat 

expected given that leaf area of individual trees was strongly correlated to DBH (Fig 

2.2.). There was, however, variability in the relationship seasonally (Fig 2.5). The 



relationship was consistently strongest (r2  > 0.8) during the wet season and was weakest 

during the late wet and dry season sampling periods. The variability at the end of the 

wet season may be due to differences in stage of leaf senescence throughout the 

catchment, as this period is a time of considerable phenological adjustment (Williams et 

al. 1997). Following this, it would have been expected that the dry season relationships 

would have been more consistent. However, as mentioned above, the dry season is 

characterised by periods of widespread fires varying in intensities that would have 

varying impacts on LAT through impacts such as leaf scorch and tree death. 

2.3.4 Conclusions 

The E. miniata/E. tetrodonta open-forests are widespread within the Howard East 

catchment area and far from being a homogenous vegetation type exhibit complex 

spatial patterning with respect to LAI and basal area. Leaf area index was strongly 

correlated to basal area and this relationship varied seasonally and may have been 

affected by factors such as fire. Leaf area index was largest during the wet season and at 

a minimum by the mid-dry season, increasing towards the end of the dry season as many 

species flushed in response to decreasing vapour pressure deficits and intermittent 

rainfall. Analysis of the distribution of tree size classes suggests that the Howard East 

forests are developing and possibly still recovering from cyclone damage and the effects 

of frequent and widespread fire. Recognition of this spatial heterogeneity is important 

when attempts to scale tree water use measures are made on a sample of stems to 

estimates of stand water use. 
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Chapter Three: A land-cover map and vegetation structure of the Gunn 

Point region of the Northern Territory derived using Landsat TM data 

3.0 Introduction 

The use of remotely sensed data for the classification of land-cover is now well 

established (Roughgarden et al. 1991), and is one of the most important and widely 

incorporated applications of the technology (Pfitzner 1996). Currently, in the Northern 

Territory, the available land-cover information is at a small scale and outdated (Alimad 

et al. 1999). Remotely sensed data provide the opportunity to rectify this situation, as 

well as develop strategies and techniques to rapidly map changes in land-cover and land 

use. 

Vegetation maps are useful models that extend spatially limited survey data and can 

represent the effects of stochastic, catastrophic climatic or fire events and the impact of 

humans on the vegetation present (Nelder 1995). Areas of vegetation in the Gunn Point 

region have been mapped previously at varying scales and for differing purposes. The 

land units of Koolpinyah station (within the Study area) were mapped by van-

Cuylenberg and Czachorowski (1984). Wilson and Bowman (1987) described the 

vegetation of the Howards Peninsula in the south of the study area, and the Gunn Point 

area was incorporated in the vegetation survey of the Northern Territory (Wilson et al. 

1990). Rainforest patches in the study area were surveyed and classified by Russell-

Smith (1991) as part of a larger study on the extent and types of monsoon rainforest 

patches in the Northern Territory. 

The spectral and spatial resolution of remotely sensed data provides a potential solution 

to the complicated problem of scaling from limited field data sets to larger catchment 

and regional scales (Ustin et al. 1993). In particular, the relationship between the 

spectral characteristics of the red and near infra-red bands, the normalised difference 

vegetation index (NDVI), has shown potential for estimating LAI (Sellars 1985, Nemani 

and Running 1989, Coops et al. 1997, Franklin et al. 1997). Detailed study of the 

problem however, has been limited, constrained principally by a lack of field data on 

LAI at the appropriate catchment and regional scales. However, Nemani and Running 

(1989) found a positive correlation (r2  = 0.58) between measured LAI and NDVI in 17 

conifer stands in the USA and Coops et al. (1997) found strong correlations between 

NDVI and LAI (r2  = 0.78) in eucalypt forests in southern New South Wales. Strong 
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correlations between NDVI and LAI suggest that LAI can be estimated at high 

resolution over large areas. Accurate estimations of leaf area index are required to 

estimate mass and energy transfer at landscape scales (Coops et al. 1997). High-

resolution data that map basal area and biomass would also provide valuable information 

for the development of regional water and carbon balances, and it was to assist in the 

former that the work described in this chapter was undertaken. 

Chapter Two demonstrated considerable spatial and temporal structural variability 

within E. miniata/E. tetrodonta open-forests of the Gunn Point region. The present 

study was designed to provide an up-to-date land-cover map of the Gunn Point region, 

and to describe the extent and distribution of major vegetation communities in the area. 

Further, spatial variability in forest structure is likely to have a significant impact on 

water use within a catchment. Therefore, the use of the remotely sensed vegetation 

index, NDVI, was also investigated as a means of mapping forest structure, in particular 

LAI, basal area and standing biomass, at a landscape scale. Such information will 

provide a valuable tool for the extrapolation of stand water use measured in small, 

spatially separated, plots (Chapters 4, 5, 7). 

3.1 Methods 

3.].] Study Area 

The Gunn Point region is approximately 30 km eastlnorth east of Darwin. The 

geomorphology of the area is characterised by extensive areas of flat terrain that form 

part of the Northern Plains developed on Cretaceous sediments (Bowman and Wightman 

1985). The soils are derived from the Koolpinyah surface, a late Tertiary sediment 30-

40 m deep extending from the Darwin region to the Arnhem escarpment. Soils are 

extensively weathered and laterised, weakly acidic and low in nutrient status (Russell-

Smith et al. 1995). Vegetation is charactensed by eucalypt forests and woodlands 

(Wilson et al. 1990), with isolated patches of rainforest and swamp. Land tenure in the 

area is dominated by the Koolpinyah pastoral lease (795 km2), unoccupied crown land 

and to a lesser extent sand mining leases (Dept. Lands Planning and Environment pers. 

Comm). 
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3.1.2 Image Pre-processing 

A rectified and registered Landsat TM scene (April 1994) of the Darwin region was 

acquired with bands 2, 3, 4 and 5. The image was corrected for atmospheric path effects 

(Switzer et al. 1982) and registered to a 1:50000 topographic map of the area. The 

image was then sub-setted to isolate the Gunn Point region (pixels: 999, lines: 1606). 

The study area extended from Gunn Point in the north to the Arnhem highway in the 

south and from the Howard River/Shoal Bay in the west to the Adelaide River in the 

east. In order to decrease image processing time, unwanted classes such as water bodies 

and mud flats were spectrally digitised from the image, by setting their digital numbers 

to the null value. Similarly, the semi-rural areas around Howard Springs and Palmerston 

were spatially digitised from the sub-set. The remaining data in the image sub-set was 

enhanced by contrast stretching to improve visual discrimination of various land-cover 

classes. 

3.1.3 Image Classfi cation 

A hybrid classification approach was used to reduce the number of spectral classes 

generated during the classification process of the image. This involved selecting broad 

training areas within the mud flats and salt flats bordering mangrove classes. Using the 

spectral characteristics of these classes, an unsupervised classification of the remainder 

of the image was performed using the minimum distance to mean classifier (Lillesand 

and Kiefer 1994) in the microBrian image processing package (MPA Ltd, 1995). An 

iterative classification process was used by adopting a tightly defined decision boundary 

around the mean value of each spectral class. This resulted in 150 distinct spectral 

groupings. In the editing stage of the classification, small classes with less than 300 

pixels were identified and removed from the initial classification. The second stage of 

the classification involved re-running the classification process with a slightly enlarged 

decision boundary. This process resulted in the smaller deleted classes being allocated 

to the neighbouring spectral classes, resulting in 99 distinct spectral classes. 

3.1.4 Class Amalgamation and Labelling 

Spectral classes were amalgamated using canonical variate analysis and the Minimum 

Spanning Tree (MST). The MST with spectral groupings is shown in Figure 3.1. 
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Eighteen distinct land-cover groupings were identified from gradients within the MST 

using existing maps, aerial photography and local knowledge (Table 3.1). Some spectral 

groups representing floodplains and mangroves could have been further divided. 

However, the main object of the exercise was to map the distribution and extent of 

eucalypt forests and woodlands. Therefore variation within these groups was not 

labelled at level H classification levels (Anderson et al. 1979). 
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Figure 3.1 (Previous page) Minimum spanning tree for classified Gunn Point sub-

set of Landsat TM, April 94 data 

Image classification used a hybrid classification approach to classify bands 2, 3, 4 and 5 

of the Gunn Point sub-set. 

3.1.5 Ground-truthing 

Data were collected in the field using a stratified sampling approach. Five sites within 

each of the amalgamated spectral classes were selected and their locations noted before 

going out into the field. Sites were then located in the field using a hand-held GPS. At 

each location, data were collected following the proforma used in the Northern Territory 

vegetation mapping scheme (Duff et al. 1991, Wilson et at. 1990, Appendix 1) and 

included data on species present, canopy cover, basal area, slope, aspect and soil type. 

Basal areas of canopy dominants were collected using a Bitterlich gauge (Cintron and 

Novelli 1984). Canopy cover was estimated using a spherical densiometer at three 

randomly selected points within each plot (Lemmon 1957). The classification scheme of 

Specht (1981) was used to label land-cover classes, based on height of the tallest 

stratum, percent cover of the tallest stratum and species present, and is summansed in 

Table 3.1. 

Table 3.1 Forest classification scheme of Specht (1981), applied at Gunn Point 

Life form of Canopy Cover % 

tallest stratum 

70-100% 50-70% 30-50% 10-30% <10% 

Trees> 30 in Tall Tall forest Tall open Tall 

closed forest woodland 

forest 

Trees 10-30 in Closed Forest Open Forest Woodland Open- 

forest woodland 

Trees < 10 in Low Low forest Low open Low low open- 

closed forest woodland woodland 

forest 
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3.1.6 Accuracy Assessment 

Accuracy assessment was completed using two data sets. Vegetation communities at 

0.5-1.0 km intervals were recorded along 15 transects throughout the Gunn Point region 

at the end of the wet season, March 1999. These transects corresponded mostly to tracks 

and fencelines and each transect varied in length depending on accessibility. Land-cover 

types that were unrepresented in transects were visited during the dry season (1999) to 

increase the number of ground points in these land-cover classes, resulting in 194 points 

being recorded in the field. A confusion matrix was used to calculate the overall map 

accuracy, individual class accuracy and errors associated with omission and commission 

(Congalton 1991). Overall map accuracy was calculated as the number of correctly 

classified pixels divided by the total number of ground truth sites. Individual class 

accuracy was calculated as: 

Pixels of X correct 

Pixels of X correct + Pixels of X orflission+ Pixels of X  commission 

Where, Pixels of X coct  is the number of correctly classified pixels in spectral class X, 

Pixels of X ormssion  are all other classes in column X and Pixels of X comnission  are all other 

classes in row X. 

3.1. 7 Relationship between ND VI and Forest Structure 

Major eucalypt communities were surveyed for species composition, leaf area index and 

basal area during November 1996. Communities were identified using the land-cover 

map prepared above and the communities that were surveyed are shown in Table 3.2. 

A stratified random sampling strategy was employed to survey vegetation in each of the 

dominant communities. Five locations within each vegetation type were selected from 

the land-cover map. At each location, species composition, DBH, leaf area and canopy 

cover were surveyed in each of three 20 x 20 m plots. The location at the centre of each 

plot was recorded using a hand-held GPS (Magellan UK). Leaf area of the trees was 

estimated visually using the 'Adelaide technique' (Andrews et al. 1979, Chapter 2). The 

LAI and basal area of each plot were calculated. Biomass of each plot was estimated 
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using a community based allometric equation that describes biomass of six dominant 

species most common to these forests (O'Grady et al. 2000). The normalised difference 

vegetation index, (band 4-band 3)/(band 4+band 3), was related to the structural 

characteristics of the vegetation communities using regression analysis. 

Table 3.2 Eucalypt communities surveyed during the August 1996 basal area and 

leaf area index survey 

Basal area and leaf area of individual trees were estimated within three 20 x 20 m plots 

at five locations within each community type throughout the Guim Point region. 

Community 

E. tetrodonta/L. lactifluus forests 

E. miniata/E. tetrodonta forests 

E. miniata/E. tetrodonta open-forests 

E. bleeseri/E. miniata/E. tetrodonta open-forests 

E. bleeseri woodlands 

3.2 Results 

3.2.1 Image Processing 

An enhanced colour composite of the Gunn Point study region showing bands two, three 

and four of landsat TM data is shown in Figure 3.2. The results of the classification 

process, class labelling, and resulting land cover map are shown as Figure 3.3. Eighteen 

landcover communities were identified in the classification procees and these are shown 

in Table 3.3. 

3.2.2 Land-cover Descriptions 

Land-cover labels were assigned to each of the spectral classes on the basis of extensive 

ground-truthing of the study area (Table 3.3). Species nomenclature followed Dunlop et 

al. (1996) and Appendix 1 lists all species, with authorities, recorded during ground-

truthing. 
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Table 3.3 Land-cover types within the Gunn Point region 

Land-cover types were identified from gradients within the MST, existing land-cover 

maps and local knowledge. 

Code Land-cover label 

1 Closed forests 

2 Mimosa pigra low closed-forests 

3 E. tetrodonta/L. lactijluus forests 

4 E. miniata/E. tetrodonta forests 

S E. miniata/E. tetrodonta open-forests 

6 E. miniata/E. bleeseri/E. tetrodonta open-forests 

7 E. bleeseri open-forests 

8 E. bleeseri woodlands 

9 E. polycarpa/G. pteridifolia woodlands 

10 A. symphocarpus/M. nervosa open-forests 

11 M. nervosa/M. viridflora forests 

12 Mixed open-woodlands 

13 Low closed tidal-forests 

14 Floodplain 

15 Cleared land 

16 Lagoons 

17 Pine forest 

18 Tidal mud flats 

Closed Forests 

This cover type includes the coastal monsoon vine thickets found in pockets along the 

coast, often landward of mangrove communities, wet monsoon forests around the 

Adelaide River floodplains and closed nparian forests along creeks. The wet monsoon 

forests associated with the edges of the Adelaide River floodplain are dominated by 

evergreen species such as, Syzigium nervosum, Buchania aborescens and Vavea 

australiana. Canopy height varies between 20 and 25 in and the understorey is 

essentially absent. Riparian communities tend to be dominated by Acacia 

auriculiformis, Barringtonia acutangula, Nauclea orientalis and Melaleuca 

leucadendra. Soils are often sandy and moisture availability is high year round because 

of perennial river flow. The threatened palm, Plychospema bleeseri, is found in a pocket 
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of nparian forest along the Howard River. Coastal monsoon vine thickets contain a high 

percentage of deciduous species including Bombax ceiba, Grewia brevifolia and 

Sterculia quadrifida as well as evergreen species such as Acacia auiculzformis and 

Cupaniopsis anarcardiodes. Canopy height tends to be lower (10-15 m) and the 

understorey is dense with a large number of vines, small trees and shrubs. 

Pine Forests 

Pine plantations are found at two locations within the study area, near the Howard 

Springs reserve in the south and on the old prison farm near Gunn Point in the north. 

Canopy cover and basal area are high in both plantations, although they are no longer 

managed forests. The understorey is essentially absent although scattered shrubs and 

grasses do occur. Species composition of the understorey, where present, is similar to 

that found in E. miniata/E. tetrodonta open forests. 

Eucalyptus tetrodonta/Lophostemon lactijZuus forests 

This forest type is often found up-slope from the mixed woodlands associated with 

drainage lines and perched lagoons. The canopy is dominated by E. tetrodonta and 

Lophostemon lactfluus with occasional Acacia auriculiformis. The dense mid-stratum 

is dominated by Eiythrophloem chiorostachys, Planchonia careya, Syzigium 

suborbicular, and Petalostima pubes escens. Grass cover in these forests is dense, 

consisting mainly of Eriachnae spp and Panicium spp, although woody weeds such as 

Hyptus suaveolens and Sida cordifolia are common. 

Eucalyptus miniata/E. tetrodonta forests/open-forests 

The E. miniata/E. tetrodonta forests and open-forests form extensive stands throughout 

the study area and are found up-slope of the E. tetrodonta forest described above. 

Forests tend to form in down-slope positions and are characterised by a dense mid-

stratum dominated by shrubs and small trees such as Planchonia careya, Aphlitonia 

excelsia, Szyigium suborbiculare. The grass layer is dense and dominated by the aimual 

grasses Eriachne spp, Sorghum spp and Pan icium spp. Open-forests are charactensed 

by a scattered mid-stratum dominated by E. chiorostachys, Terminaliaferdinandiana, 

Planchonia caryea, and Cycas armstrongii and a gassy understorey dominated by 

Sorghum spp and the perennial grass Heteropogon spp. The understorey is highly 

seasonal with a large numbers of understorey forbs and creepers occurring during the 

wet season. 
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Eucalyptus miniata/E. bleeseri/E. tetrodonta open-forests 

This community is a transitional community between the E. miniata/E. tetrodonta open 

forests and the E. bleeseri open-forest and woodlands. The canopy is open (30-50%) 

and up to 15 in tall. The mid-stratum becomes sparse with scattered Terminalia 

ferdinandiana, Livistonia humilis and Gardenia megaspema. Dominant grasses in the 

understorey are Sorghum spp and Aristida spp. Soils are variable from red to yellow 

earths with a high gravel content. 

Eucalyptus bleeseri open-forests 

These forests are found at elevated positions in the landscape, on the yellow gravelly 

earths. The canopy is open (30-50%), up to 15 in tall and dominated by E. bleeseri, 

although scattered E. miniata occur throughout. The mid-stratum is sparse with 

scattered Gardenia megasperma, Livistonia humilis and Grevillia decurrans. Aristida 

spp. and Plectrachnea spp, dominate the understorey grasses with scattered Sorghum 

spp. 

Eucalyptus bleeseri woodlands 

Found within the E. bleeseri open-forests, species composition is similar to that 

described above, however, canopy cover of the upper stratum is less than 10-30 %. 

Mixed open woodlands 

A complex community type occumng along drainage lines and at low points in the 

landscapes that experience seasonal flooding. Where occurring landward of mangrove 

communities, vegetation is dominated by Melaleuca leucadendra/E. papuana open 

forests, Pandanus spiralis is common in the mid-stratum while the understorey is 

dominated by closed communities of annual grasses. Along drainage lines this 

community tends more towards woodlandlopen woodlands communities dominated by 

Melaleuca viridijiora, Melaleuca nervosa, E. polycarpa, G. pteridifolia and P. spiralis. 

Understorey grass cover is dense and dominated by Chrysopogon spp., Sorghum spp. 

and Panicium spp. with numerous seasonal herbs and sedges. Soils tend to be black 

sandy clays. 

Eucalyptus polycarpa/Grevillia pteridzfolia woodlands 

Similar in structure and species composition to the mixed woodlands (above), this 

woodland is found on gravelly sandy clay soils around the perched lagoons associated 

with M. nervosa/M. viridijiora forests (below). Other common associates include L. 
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lact,jluus, P careya, and M. nervosa. The understorey is similar to that described for the 

mixed woodlands. 

Asteromyrtus symphocarpus/Melaleuca nervosa open-forests 

Often found in the perched lagoons, these forests surround the M. nervosa/M viridiflora 

forests (below). While Asteromyrtus symphocarpus and M. nervosa trees dominate the 

canopy, M. viridijiora, G. pteridfolia and E. polycarpa are found scattered throughout 

this forest type. Soils are sandy clays that are seasonally waterlogged and there is an 

understorey of grasses similar in composition to that described for the mixed woodlands. 

Melaleuca nervosa/M viridijiora forests 

This forest type tends to form in perched lagoons. Soils are poorly drained sandy clays 

and may remain underwater or water logged until well into the dry season (June/July). 

The understorey is mostly absent but with scattered seasonal plants (for example Tacca 

leontopetaloides and small sedges and grasses). 

Floodplain s 

The floodplains of the Adelaide River form part of the sub-set although ground-truthing 

was not conducted in this area. This was because of the difficulty associated with 

accessing these floodplains and the focus of this mapping exercise being the eucalypt 

dominated communities. 

Mimosa pigra low closed forests 

Mimosa pigra, a noxious weed introduced from South America, fonns dense 

impenetrable mono-specific stands in seasonally inundated areas, especially on the 

Adelaide River floodplain. 

Cleared land 

There are a number of areas where land has been cleared, in particular on the old prison 

farm and on Koolpinyah station. Vegetation is usually characterised by grasses, as 

described in E. miniata/E. tetrodonta open forests, although eucalypt regrowth may also 

be present. These areas often have other common introduced grasses including 

Andropogon gayanus and introduced weeds including Hyptis suaveolens and several 

species of the genus Sida. 

45 



Low closed tidal forests (mangrove). 

Occurring in the inter-tidal areas with canopies up to 10 in and projected covers greater 

than 75%, these forests have been grouped as one cover type but could be further 

divided into four distinct cover types based on spectral data. Mangrove forests typically 

exhibit distinct zonation patterns running parallel to the shoreline. On the seaward edge 

the mangrove forests are characterised by Soneratia aiba/Rhizphora slylosa forests; 

behind these, forests are dominated by Rhizophora stylosa and Brugeria exaristata. 

Forests dominated by Ceriops tagal form extensive communities and are generally lower 

than the Rhizophora/Brugeria forests they abut. Lumnilzera forests generally occupy 

the landward edge of the mangrove communities where tidal inundation only occurs on 

the larger spring tides. Avicennia marina is found throughout the mangroves, often 

occupying sites of disturbance or occurring in clearings. 

Tidal mud flats. 

Sparsely vegetated, tidally flooded mud flats of poorly drained highly saline soils. 

.44 
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Plate I Closed monsoon forest associated with permanent springs along the edge of 

the Adelaide River floodplain 
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3.2.3 Map Accuracy 

Overall map accuracy was 62% (Table 3.4). Individual spectral class accuracy and 

errors of omission and commission are summarised in Table 3.5. Individual class 

accuracy varied from 24% to 100%. Eucalyptus miniata/E. bleeseri open-forest 

recorded the lowest class accuracy (24%) reflecting the high commission errors 

associated with this class. The major confusion arose with the E. miniata/E. tetrodonta 

forests, structurally and floristically, a very similar class. In general, classification 

accuracy of the eucalypt forests and woodlands was low with the highest accuracy being 

recorded in E. tetrodonta forests (6 1%). This result reflects the complex spatial 

heterogeneity within these forests (Chapter Two). Monsoon closed forests also had low 

overall classification accuracy (62%), again reflecting the high percentage of 

commission errors associated with areas of eucalypt forest with high cover being 

classified as closed forests. The mixed open woodlands were also poorly classified 

(3 3%), with large errors of omission contributing significantly to this result. Confusion 

occurred principally with eucalypt open forests and woodlands. A number of vegetation 

types had good classification accuracy (> 80%) including: Mimosa pigra low closed 

forests, mixed open woodlands, pine forests floodplains and low closed tidal forests. 

Map accuracy improved to 79.9% if positional correction was taken into account (Table 

3.6). This was done by allocating the pixel to the correct land-cover if a correctly 

classified pixel was one pixel (30 m) away from the allocated pixel on the image, 

thereby accounting for errors in positional accuracy associated with the hand-held GPS. 

Individual spectral class accuracy and errors of omission and commission are 

summarised in Table 3.7. Individual class accuracy increased or stayed constant in all 

spectral classes. For example, E. miniata/E. tetrodonta open forests class accuracy 

increased from 46% to 72%, with large improvements being noted in all other eucalypt 

forest classes. 
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Table 3.4 Classification accuracy for the Gunn Point study area 

Columns are ground truth points recorded on transects throughout the study area and 

rows represent those points on the classified image. Land-cover codes are shown in 

Table 3.3. 

Code 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18total 

18 23 13 

2 3 3 

3 11 1 1 1 14 

4 1 11 10 2 1 2 27 

5 14412 21 51 

6 3  19  10  1 1 34 

7 3 6 3 8 1 21 

8 2 1 3 

9 0 

10 3 3 

11 3 3 

12 1 6 7 
13 1 1 

14 0 

15 1 6 7 
16 1 1 
17 4 4 

18 2 2 

total 8 3 15 25 79 17 9 2 0 3 4 14 2 0 6 1 4 2 194 
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Table 3.5 Individual class accuracy, with omission and commission errors for the 

Gunn Point hybrid classification 

Summary of individual class accuracy for Gunn Point based on the accuracy assessment 

in Table 3.4. Land-cover codes are shown in Table 3.3. 

Land-cover Sample size Omission Commission Accuracy 

1 8 0.00 0.63 0.62 

2 3 0.00 0.00 1.00 

3 15 0.27 0.20 0.61 

4 25 0.56 0.64 0.27 

5 79 0.48 0.13 0.46 

6 17 0.41 1.41 0.24 

7 9 0.11 1.44 0.36 

8 2 0.00 0.00 0.00 

9 0 0.00 0.00 0.00 

10 3 0.00 0.00 0.00 

11 4 0.25 0.00 0.75 

12 14 0.57 0.07 0.33 

13 2 0.50 0.00 0.50 

14 0 0.00 0.00 1.00 

15 6 0.00 0.17 0.86 

16 1 0.00 0.00 1.00 

17 4 0.00 0.00 1.00 

18 2 0.00 0.00 1.00 
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Table 3.6 Corrected Accuracy assessment of the Gunn Point study area 

Data were allocated to the correct land-cover class if the corresponding classification 

pixel was within 1 pixel of the ground truth site. Land-cover codes are shown in Table 

3.3. 

Code 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18total 

1 8 12 11 

2 3 3 

3 131 14 

4 16 4 1 1 1 23 

5 1261 3 67 

6 3 10 15 1 29 

7 1 3 1 8 1 14 
8 2 1 3 
9 0 

10 3 3 
11 3 3 
12 9 9 
13 1 1 
14 0 

15 1 6 7 

16 1 1 

17 4 4 

18 2 2 

total 8 3 15 25 79 17 9 2 0 3 4 14 2 0 6 1 4 2 194 
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Table 3.7 Individual class accuracy, with omission and commission errors for the 

Gunn Point hybrid classification 

Summary of individual class accuracy for Gunn Point based on the corrected accuracy 

assessment in Table 3.6. Land-cover codes are shown in Table 3.3. 

Code Sample size Omission Commission Accuracy 

1 8 0.00 0.38 0.73 

2 3 0.00 0.00 1.00 

3 15 0.13 0.07 0.81 

4 25 0.36 0.28 0.50 

5 79 0.23 0.08 0.72 

6 17 0.12 0.82 0.48 

7 9 0.11 0.67 0.53 

8 2 0.00 0.50 0.67 

9 0 0.00 0.00 0.00 

10 3 0.00 0.00 1.00 

11 4 0.25 0.00 0.75 

12 14 0.36 0.00 0.64 

13 2 0.50 0.00 0.50 

14 0 0.00 0.00 0.00 

15 6 0.00 0.17 0.86 

16 1 0.00 0.00 1.00 

17 4 0.00 0.00 1.00 

18 2 0.00 0.00 1.00 

3.2.4 Relationship between ND VI and Forest Structure 

Leaf area index and above-ground biomass were positively correlated to basal area in the 

communities of the Gunn Point  region (Figs. 3.4-3.5). There were positive correlations 

between NDVI and each of the structural variables: basal area, LAI and above ground 

biomass (Fig 3.6). However, most correlations were poor and reasons for this are 

discussed below. Leaf area index had the strongest correlation with NDVI (r2  = 0.42). 

The relationship between NDVI and each of the structural parameters was not improved 

by running a 3 x 3 pixel mean filter over each of the bands to take account of difficulties 

in obtaining accurate positions in the field with a hand-held GPS. 
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Data represent estimated above ground biomass in 20 x 20 in plots for the eucalypt 

dominated communities of the Gunn Point region. Biomass = 4.0319 (BA)1252 , r2  = 
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Figure 3.5 Relationship between basal area (m2  ha 1) and LAI 

Data are the mean LAI (n=3, 20 x 20 in plots) at each of five locations within the 

eucalypt communities of the Gunn Point region. LAI = 0.095 (basal area)''6. r2  = 0.51. 
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and above-ground biomass) within the Gunn Point region 
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3.3 Discussion 

Eighteen land-cover types were identified in the Gunn Point region, ranging from closed 

monsoon forests to the floodplains. However, eucalypt forests, open forests and 

woodlands were the most extensive vegetation types within the Gunn Point study area. 

3.3.1 Land-cover Mapping 

The results of the landsat TM classification compare well with previous mapping of 

vegetation within the Gunn Point region. Van-Cuylenberg and Czachorowski (1984) 

identified 31 land units on Koolpinyah station, reflecting the small scale mapping of that 

study. It is notable that land unit mapping incorporates more information than just 

vegetation assemblages alone, including information on soils and landforms. Wilson 

and Bowman (1987) identified 20 vegetation communities in the Howards Peninsula, the 

structure and composition of each community reflecting the complex interactions 

between moisture availability and the impacts of disturbances such as fire and cyclones. 

Wilson et al. (1990) identified five dominant vegetation communities within the area. 

They identified the E. miniata/E. tetrodonta open forests as the most extensive 

vegetation community in the area with small areas of low closed tidal forests, 

floodplains, mixed species closed forests and saline tidal flats. However, the large scale 

(1: 1000000) of that map precludes mapping vegetation communities in detail. Ahmad et 

al. (1999) identified 14 broad land-cover types within the greater Darwin region, of 

which the present study area is a sub-set. 

In the present classification eighteen vegetation communities were identified, although 

further classification of a number of communities was possible. Closed forests, 

mangroves and floodplains could have all been further classified into a number of 

different communities based on species composition and structure. Russell-Smith 

(1991) identified 16 types of rainforest communities within the Northern Territory, two 

of which were found in the study area, namely, wet rainforests associated with lowland 

springs (Group 2) and dry coastal forests associated with freely draining soils (Group 9). 

These two forest types are structurally and floristically distinct (Bach 1998), although 

they were not separated in the present study. This maybe because of the high canopy 

cover and moisture content of the dry coastal forest at the time of image capture. 

Brockelhurst and Edmeads (1996) described 11 mangrove communities within Darwin 



Harbour and many of these communities were present in the study area. However, the 

present classification of the Landsat TM data identified only four distinct spectral 

classes within the mangroves. These were reduced to one mangrove class as the 

principle aim of this mapping exercise was to map the extent and distribution of the 

eucalypt dominated woodlands and forests. For a similar reason, the ten spectral classes 

identified on the floodplains were also reduced to one floodplain class. The results of 

any mapping exercise will vary depending on the aims of the mapping exercise, the scale 

of mapping, the methodology applied and classification process employed (Ahmad et al. 

1999). 

3.3.2 Map Accuracy 

The complex heterogeneity within the eucalypt communities made interpretation of the 

classification results difficult. As a result, mapping accuracy (62%) was lower than 

expected. Ahmad et al. (1999) reported an overall mapping accuracy of 89% for 

vegetation communities in the greater Darwin area, using a similar methodology. The 

study of Ahmad et al. (1999), however, identified fewer vegetation groups (14) over a 

larger area and the higher accuracy reported there reflects the broad scale mapping 

involved in that study. Structural variation within vegetation communities was a 

significant factor in the confusion matrix (Table 3.4), with most of the confusion 

occurring within the eucalypt forest communities. In particular the E. miniata/E. 

tetrondonta forests were poorly separated from the E. ,niniata/E. tetrondonta open-

forests and these were difficult to separate from the E. miniata/E. bleeseri open-forests, 

reflecting the structural and floristic overlap between these communities. Further, E. 

tetrodonta forests and E. miniata/E. tetrodonta forests with high cover in the mid-

stratum were not well separated from closed forests. The mixed open woodlands also 

had poor classification accuracy. Most of the confusion was again associated with the 

eucalypt communities. This community has considerable structural variability and may 

often have species common to both community types (for example; Grevillia 

pteridifolia, Pandanus spiralis, Planchonia caiyea and Syzigium eucalyptoides). 

Difficulties arise when comparing the field classification with the statistical 

classification of the Landsat data. The classification scheme of Specht (1981) that was 

used in the field classified vegetation communities based on the height and foliage cover 

of the tallest strata, whereas the nearest neighbour classification of the Landsat TM data 

incorporates spectral characteristics of the canopy, understorey and soils. 
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Mapping accuracy in most classes was significantly improved if the correctly classified 

pixel was one pixel away from the ground control point. Classification of the eucalypt 

dominated communities showed a significant improvement in mapping accuracy (Table 

3.6) and overall map accuracy increased to 80%. This demonstrates the importance of 

obtaining accurate fixes with the GPS system in structurally complex vegetation 

communities. The higher classification accuracy is comparable to the results of Ahmad 

et al. (1999). 

In general, mapping accuracy could be further improved in a number of ways. Further 

pre-processing of the image through the use of sub-setting and masking, more interactive 

control of the image classification process (ie. defining more training areas) and 

integration with a GIS. The use of a differential GPS will allow greater positional 

accuracy of ground reference points, which are important in structurally complex 

vegetation. Factors such as the date of capture of the data may also be important. For 

example, the current image was captured at the end of the wet season. Had a dry season 

image been used it may have been possible to distinguish the deciduous closed forests 

associated with coastal environments from the wet monsoon forest associated with 

permanent water sources, such as streams and those found along the edges of the 

Adelaide River floodplains. The use of dry season images in northern Australia is 

complicated, however, by frequent and widespread fire. 

3.3.3.Relationship of Forest Structure with NDVI 

In general, the relationship between NDVI and structural parameters in this study was 

poor, although there appears to be some potential for mapping LAI using NDVI. The 

correlations between LAI and NDVI reported here were similar to those reported by 

McVicar et al. (1996) for a similar range of LAI, but in contrast to Coops et al. (1997) 

who obtained good correlations between NDVI and LAI in eucalypt forests in New 

South Wales. However, LAI in the mixed eucalypt forests of NSW were generally 

larger than the LAI of the forests studied here. Nemani and Running (1989) reported 

strong correlations in conifer forests in the United States over a similar range of LAI as 

that reported by Coops et al. (1997). Further, Franklin et al. (1997) reported that 

vegetation indices saturate at LAIs larger than four, raising the possibility that use of the 

vegetation index NDVI is only appropriate over a restricted ranges of LAI (2-4). There 

were however, a number of shortcomings with the approach taken in this study. These 

are discussed briefly below. 
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First, the field survey was completed in November 1996 and the Landsat image was 

acquired in April 1994. Although they were both wet season images, and there is little 

change in the canopy LAI over the course of the wet season (Chapter Two), there can be 

significant year to year variability in LAI with complex spatial interactions that relate to 

factors such as fire history. Unfortunately, it was not possible to obtain cloud free 

images at the time of the field campaign in 1996. Menges et al. (1999) used cloud-

penetrating radar to overcome this problem, however, the relationships between radar 

backscatter and forest structure were poor at the plot scale. When data were averaged 

across communities the relationship between backscatter and forest structure improved 

significantly, although the associated loss of detail negates the mapping of parameters 

such as LAI at high resolution. 

In the current field survey, understorey LAI was not taken into account, and the spectral 

characteristics of each pixel are influenced by understorey reflectance. Detailed 

information of understorey LAI at the necessary scale would be extremely difficult to 

collect in these forests. There were also problems associated with positional accuracy, ie 

relating GPS co-ordinates collected in the field to image co-ordinates (as discussed 

above); however, in the current study, using a 3 x 3 pixel mean filter did not improve the 

correlation coefficients. Accurate location of field sites within the image is particularly 

important in these spatially and structurally heterogenous forests. Species composition 

has also been shown to have an affect on the relationship between NDVI and LAI. 

Nemani and Ruiming (1989) found that the relationship between NDVI (derived from 

Landsat data) and LAI improved significantly when two stands with a mixed species 

composition were removed (r2  increased from 0.58 to 0.80). 

The relationships between NDVI and basal area and NDVI and biomass were 

disappointing. Although the NDVI index is related to the amount of scattering and 

absorption of light by chlorophyll, the strong relationship between DBH and leaf area 

(Fig. 2.2) and DBH and standing biomass (O'Grady et al. 2000) suggests that NDVI 

could be used to map basal area and biomass. Again, this problem may be related to the 

contribution of understorey reflectance to NDVI. Further, while this study has indicated 

some potential for mapping LAI spatially, mapping LAI temporally in these forests will 

be complicated due to problems associated with calibrating seasonal differences in 

atmospheric composition in temporal images (Coops et al. 1997). Further, increased 

storm activity during the wet season limits the availability of cloud free images. 
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3.3.4 Conclusions 

Landsat TM provide useful data for the classification and mapping of vegetation 

communities in tropical forests. In the Gunn Point region at least 18 landcover types 

were identified, and it may be possible to further discriminate within some groups, for 

example mangroves and floodplains. Overall mapping accuracy in the Gunn Point 

region was 62%, although this improved significantly when the surrounding pixels were 

taken into account, increasing to 80%. Problems arise when there is considerable 

structural and flonstic overlap between communities. These can be minimised, but 

require detailed knowledge of the study area to minimise these errors during image 

processing steps. Further, this knowledge can be used in the formulation of decision 

boundaries in a GIS to improve mapping accuracy. The current land-cover map 

provides detailed information on the extent, distribution and location of major vegetation 

communities in the Gunn Point area. Despite a positive correlation between LAI and the 

vegetation index, NIDVI, suggesting some potential to map spatially LAI in these forests, 

the results in this study were limited by the availability of imagery associated with the 

sampling period. The results for mapping basal area and biomass were less encouraging 

with poor correlations between forest structure and NDVI. Use of a differential GPS 

may reduce positional errors associated with a hand-held GPS. Such errors are likely to 

be significant in the spatially heterogenous forests of the tropical savannas, especially 

when relating the spectral characteristics of the images with structural features on the 

ground such as LAI and basal area. 
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Chapter Four: Use of the sap flow technique to estimate tree and stand 

water use in the tropical savannas of northern Australia: an examination of 

validity in mixed forest situations and some errors in the technique 

4.0 Introduction 

Estimates of whole tree water use are important inputs into ecophysiological and 

hydrological studies (see for example Greenwood et al. 1985, Calder et al. 1992, 

Soegaard and Boegh 1995, Hogg et al. 1997, Saugier et al. 1997, Vertessy et al. 1997). 

Various techniques have been employed to measure tree water use, including, ventilated 

chambers (Greenwood et al. 1985), dye and isotopic tracers (Calder et al. 1992, Dye et 

al. 1992) and heat pulse/heat balance methods (Allen and Grime 1995, Vertessy et al. 

1995, Grainier et al. 1996). Whole tree techniques allow the isolation of the tree 

transpiration component in catchment evaporation studies and are not limited by 

complex site heterogeneity, unlike micrometeorological techniques (Granier et al. 1996). 

They also allow detailed investigation of many ecophysiological questions such as 

species interactions and information on climatic and edaphic interactions. 

The heat pulse technique has been widely used in studies of evapotranspiration and 

transpiration, especially in Australia (see for example, Barrett et al. 1995, Vertessy et al. 

1995, Hatton et al. 1998, Hunt and Beadle 1998), and readily lends itself to measures of 

individual tree water use. Replicated measures of tree water use can be scaled to 

estimate water use of stands or communities (Hatton and Wu 1995). However, careful 

consideration must be paid to the implementation of the technique as errors can be as 

high as 40% (Hatton et al. 1995), although they are commonly much less than 10% 

(Barrett et al. 1995, Vertessy et al. 1997). Important errors in the implementation of the 

technique arise from three principle sources: 1. Errors associated with the measurement 

and calculation of point measurements of heat pulse velocity; 2. Integration of point 

estimates into a flux for the whole tree; and, 3. Scaling fluxes from a sample of trees to 

the stand (Hatton et al. 1995). 

Errors arising from point estimates of sap velocity arise from a number of sources, and 

have been the subject of a number of studies (Barrett 1992, Hatton et al. 1995, Vertessy 

et al. 1997). These errors include: measurement of wound diameter, caused by the 

physical disruption to the xylem by boring holes for the insertion of probes; 

measurement of the volumetric wood and water contents, and deviation of the probes 
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from set spacings (Hatton et al. 1995). Errors in estimating volume flow in trees arise 

principally from three sources: 1. errors in estimating the conducting area of the tree 2. 

spatial variability in sap flux density (Barrett 1992, Hatton et al. 1995, Zang et al. 1996); 

and 3. variability at low flow (Burgess et al. 1998, Becker et al. 1998). Errors in areal 

estimates of stand water use arise from not only errors associated with estimates of 

whole tree water use, as discussed above, but also from errors associated with estimating 

the ground area exploited by a tree. Typically tree water use is scaled on the basis of 

some functional parameter, for example leaf area, DBH, cross sectional basal area or 

sapwood area (as in; Calder 1992, Dunn and Connor 1993, Vertessy et al. 1995). Each 

of the parameters will have a measurement error of varying degree as well as an error 

inherent in the nature of the relationship between the scaling parameter and tree water 

use (for example; non-linearity in the scaling relationship, non-zero intercepts and tree to 

tree variability). 

There have been few studies examining errors in the application of the heat pulse 

technique to whole tree water use in temperate Australia (but see; Barrett 1992, Hatton 

et al. 1995, Vertessy et al. 1997). These studies have shown that reliable estimates of 

tree water use can be obtained using the heat pulse technique. The use of the technique 

in tropical species, and scaling tree water use in mixed species situations has not been 

examined in detail. Scaled estimates of tree water use are commonly reported for forests 

dominated by one species or in monospecific plantations (for example, Calder et al. 

1992, Vertessy et al. 1995). However, estimates of stand water use in mixed species 

stands are not so common (but see Cook et al. 1998). The aim of this chapter is to 

examine the applicability of the heat pulse technique to estimate tree and stand water use 

in mixed species eucalypt open-forests of northern Australia. Specifically, studies were 

designed to: 

Investigate the wound response in the two dominant eucalypt species spatially within the 

tree and between trees at different locations within the catchment. 

Investigate the impact of using a mean wound width as opposed to individual wound 

widths for each probe set on estimates of whole tree water use. 

Investigate the sampling error associated with the placement and number of sensors in 

the sapwood. 

Investigate the impact of sample size (number of trees) on scaled estimates of plot water 

use. 

Investigate the impact species on scaled estimates of plot water use in mixed species 

tropical forests. 
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4.1 Methods 

4.1.1 Sap Flow Measurements 

All estimates of tree water use were made within the Howard East catchment site (Cook 

et al. 1998, Chapter Two). Tree water use was determined via the heat pulse method 

using commercially available sap flow sensors (Greenspan Technology Warwick, 

Queensland). Heat pulse times were recorded at 15-minute intervals and velocity 

measurements were scaled to tree water use measurements using the weighted averages 

technique of Hatton et al. (1990). The numerical solutions of Swanson and Whitfield 

(1981) were used to correct for the effects of wounding. The area of conducting wood 

was determined from cores taken from the trees. Sapwood was distinguished from 

heartwood by a distinct colour change. The wood cores were then sealed in dark plastic 

bags and taken back to the laboratory for determination of volumetric wood and water 

fractions. 

4.1.2 Wounding 

A 1.8 mm hole was drilled into the sapwood so that the heat pulse probe sets could be 

installed. The wound created by drilling holes and the subsequent wound response (ie 

damage to the surrounding vessels) was examined in the two dominant eucalypts, E. 

tetrodonta and E. miniata, by examining stained sections of the sapwood in situ. 

Wounding was examined at three locations within the catchment area. At each location 

two sites (approx. 1 ha.) were randomly selected, but were within 500 m of each other. 

Within each site, three trees of each species had sap flow units installed for a total of 

five days (to examine spatial variability in transpiration rates, Chapter Five). At the end 

of the measurement period, a small window in the bark was created exposing the 

cambium approximately 15 cm below the instrumentation site. A bucket was then 

moulded around the window using bitumastic tape, and made leak proof using silicone 

sealant. The window was then completely submerged using diluted food dye, and a cut 

was made deep into the sapwood using a 10-mm wide chisel. Dye levels were 

maintained above the chisel cut for at least two hours. Heat pulse probe sets were 

removed the following day and another window created around the instrumentation site 
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(at least 5 mm into the sapwood) exposing the dyed sapwood. Lateral wound widths 

(area where there was no dye flow) were recorded for each of the probes using vernier 

calipers (± 0.05 mm) 

Data were analysed as a five factor analysis of variance with the factors species (fixed), 

location (fixed), site (random, nested in location), tree (random, nested in site, location 

and species) and position on tree (random nested in tree, site, location and species). 

Where data were missing the overall mean of the complete data set (3.1mm) was used to 

balance the statistical model. The role of wounding on tree water use was examined by 

paired comparisons of tree water use calculated using mean and individual wound 

widths. 

4.1.3 Sap Velocity 

Errors associated with point estimates of sap velocity were examined in a large E. 

tetrodonta tree (DBH: 38.8 cm, leaf area: 139 m2, height 24 m). The tree was divided 

into four quadrats (north, south, east and west), with two loggers per quadrat (eight 

sensors). In each quadrat sensors were stratified with depth so that the eight sensors 

were 3, 5, 8, 10, 12, 14, 17 and 19 mm beyond the cambium. This was done to 

investigate the sampling variance associated with random and stratified sampling 

procedures, and to examine spatial variability in sap velocity within the conducting 

wood. The sap flow loggers recorded the heat pulse times at 15-minute intervals over a 

two-day period. 

Sap velocities were calculated for each sensor at times of peak flow. Monte carlo 

sampling with replacement was used to estimate standard deviations associated with 

velocity estimates based on sample sizes; n= 2.30 sensors for randomly selected sensors 

(Hatton et al. 1995). For each sample of n sensors the procedure was repeated 5000 

times to obtain a robust estimate of the mean coefficient of variation in sap velocity for a 

range of sample sizes. The exercise was repeated based on a selection of 4, 8, 16, or 24 

sensors stratified with depth, to assess the impact of stratifying sensors with depth on the 

estimates of flux for the tree. 
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4.1.4 Scaled Estimates of Stand Water Use 

Errors associated with scaling flux measurements to stand level were assessed in two, 10 

x 10 in plots. The water use of all trees within each plot was monitored for five days in 

November 1997 (9 trees, plot 1) and March 1998 (8 trees, plot 2). Each plot was then 

surveyed for DBH, leaf area, height, canopy width (northlsouth and eastlwest) and the 

position of each tree within the plot mapped. Leaf area in the plot was assessed using 

the 'Adelaide technique' (Chapter Two). The time difference between sampling was the 

result of the theft of the loggers during November. Cumulative tree water use was used 

to test the utility of cross-sectional basal area, leaf area and DBH to scale samples of tree 

water use against known fluxes from the plot (i.e. the sum of tree water use of all trees 

within the plot). Monte carlo sampling with replacement (100 iterations) was used to 

assess the coefficient of variation in stand estimates associated with randomly selected 

trees of sample sizes; n=2..8 for plot I, and n=2..7 for plot 2 (Hatton et al. 1995). For 

each plot regressions were calculated for each of the scaling parameters. The 

relationship established with each sub-sample was used to estimate the cumulative flux 

of the plot, and the coefficient of variation expressed as a percent of the known total for 

the plot. 

4.1.5 Species Comparisons 

Transpiration rates (Qi  m3  day 1  m 2) and the relationship between tree water use and 

DBH, leaf area and basal area were examined in four species during the dry season 

(August 1996) and five species during the wet season (March 1997). The species 

examined in each season are shown in Table 4.1, and represent trees that are significant 

contributors to LAT and standing biomass of these forests (Chapter Two). Six trees of 

each species were instrumented for at least three complete days during each season 

(n=24, August and n30 March). Due to limited numbers of sap flow loggers not all 

trees could be monitored simultaneously, therefore, trees were randomly selected. The 

water use of all trees was estimated within five weeks of commencement of each study 

period. 
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Table 4.1 Tree species instrumented for a comparison of transpiration rates during 

the wet season and the dry season 

Six trees of each species were instrumented for three complete days during each season. 

August96 March 97 

E. miniata E. miniata 

E. tetrodonta E. tetrodonta 

E. porrecta E. porrecta 

Eiythrophloem chiorostachys Erythrophloem chiorostachys 

Term inialia ferdinandiana 

Transpiration rates were analysed as a two-factor analysis of variance with the factors 

season and species (both fixed). Data were transformed to restore normality and 

stabilise variance heterogeneity. Due to some missing data only five trees of each 

species were used in the analysis. Terminaliaferdinandiana were excluded from the 

analysis as this tree is completely deciduous, and transpiration rates were not available 

for the dry season. Data for the wet season, however, were included in the figures for 

comparative purposes. 

4.2 Results 

4.2.1 Wounding 

Wound responses were elliptical in shape and lateral wound diameter was considered to 

be the most significant measurement as this is perpendicular to sap flow (Barrett et al. 

1995). The mean lateral wound width, ie the area where there was no dye, was 3.10 mm 

but ranged from 2.00 mm to 4.25 mm. There were no significant differences in the 

width of the wound response between the two-eucalypt species or at different locations 

or sites within the catchment area. There was, however, significant variation in the 

lateral wound width within and between trees. Examination of the impact of this 

variability on estimates of tree water use indicated no significant differences in tree 

water use if an overall mean wound width was used as opposed to an individual wound 



width calculated for each tree. The relationship was linear with a slope of 1 and a r2  of 

0.98 (Fig. 4.1). 
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Figure 4.1 Impact of wound estimation on tree water use 

The relationship between daily water use when flux was calculated a mean wound width 

of 3.1 mm for all trees and a wound width calculated for each tree. Y1.00x, r2=0.98. 

4.2.2 Sap Velocity Estimates 

Sap velocities (at peak flow times) varied with depth across the sapwood with peak 

velocities recorded between 10 and 15 mm depth in a large E. tetrodonta tree. 

Velocities across the profile varied from less than 0.005 mm s' to 0.035 mm There 

was also circumferential variability at a given depth around the bole of the tree. Peak 

velocity was recorded on the southern quadrat, 0.035 mm s' at 12 mm, and the lowest 

velocities were recorded in the eastern quadrat. There was a small peak in velocity at 3 

mm and again the southern quadrat showed the highest velocity (Fig. 4.2). 
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Figure 4.2 Distribution of weighted sap velocities radially across the sapwood for a 

large E. tetrodonta tree, 28-3-1998 

Data represent the mean of three peak time weighted sap velocities (10:00 am 12:00 and 

15:00) at eight sampling depths in each of four quadrats around the tree: north (•), east 

(.),south (\) and west (o). 

The coefficient of variation associated with the number of sensors used to sample flux is 

shown in Figure 4.3. The coefficient of variation decreased from more than 60% for two 

randomly selected sensors to 10% for 30 sensors. The coefficient of variation associated 

with sampling stratified with depth is also shown in Figure 4.3. Stratified sampling with 

depth slightly improved the coefficient of variation for the four different sampling 

regimes, the improvement was larger at smaller sample sizes (i.e. n=4). 
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Figure 4.3 The impact of sensor number using random and stratified sampling on 

estimates of tree water use 

Coefficient of variation associated with the number of sensors and random (•) and 

stratified (0) sampling procedures in a large E. tetrodonta tree. 

The coefficient of variation associated with scaled estimates of stand water use using 

cross-sectional basal area at 1.3 in, DBH and leaf area is shown in Figure 4.4. The 

coefficient of variation in stand estimates of water use was reduced significantly by 

increasing sample size from two to five trees, with marginal improvements at sample 

sizes larger than 5. Scaling tree water use with DBH and basal area gave lower 

coefficients of variation than LAI, which were more variable between plots and may 

reflect the seasonal nature of this parameter. Both plots were combined into one as the 

relationship between the scaling parameter and water use was similar, even though 

sampling was conducted two different times over the wet season. This demonstrates the 

asymptotic nature of the relationship and shows that little gain in the accuracy of the 

estimates was gained by dramatically increasing sample size. The relationship between 

tree water use and basal area at the two sampling times is shown in Figure 4.5. 
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Figure 4.4 Coefficient of variation in scaled stand of stand water use using the 

three scaling parameters 

Basal area (a.), DBH (b.) and leaf area (c.) Coefficients of variation are shown for plot 1 

(A), plot 2 (n) and for the two plots combined (•). 
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Figure 4.5 Tree water use in relation to cross sectional basal area at 1.3 m 

Data shown represent mean daily water use for plot 1 () in November 1997 and plot 2 

(n) in March 1998. Q=2.07 x12, r2=0.89. Both data sets can be represented by a similar 

power equation. 

4.2.3 Species comparisons 

There were significant seasonal (F=29. 06, d.f 1, 32, p<O. 01), species (F=3. 61, d.f 3, 

32, p<0.0.5) and a species by season interaction (F=7.93, d.f 3, 32, p<O.Ol). 

Transpiration rates (leaf area basis) were in general larger in the dry season than in the 

wet season (0.0027 m3  day 1  m 2, and 0.00078 m3  day' n12  respectively). Wet season 

transpiration rates in E. porrecta were slightly larger than during the dry season, 

however this difference was not statistically different (Tukey's test). Mean daily 

transpiration rates for each species at each sampling period are shown in Figure 4.6. 

Transpiration rates for E. chiorostachys were significantly larger during than dry season 

than during the wet season and dry season rates in E. chiorostachys were larger than all 

other species in either season. Wet season transpiration rates of E. porrecta were larger 

than E. miniata, E. tetrodonta and E. chiorostachys, but were not significantly different 

from dry season transpiration rates for these species. Higher dry season transpiration 

rates were associated with a decline in leaf area of the trees (Fig. 4.6), hence the volume 
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of water transpired per tree was not different between seasons or species and was 

strongly correlated to DBH (Fig. 4.7). 
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Figure 4.6 Seasonal shifts in transpiration and leaf area for dominant savanna 

trees 

(Top) Mean transpiration rates (* s.c.) for five species in the wet season (open symbols) 

and dry season (filled symbols). Tree water use was not measured in T ferdinandiana 

trees during the dry season. (Bottom) Mean leaf arealcross sectional basal area ratio at 

1.3 in height (± s.e.) for four species in the wet season (open symbols) and dry season 

(closed symbols). 
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Figure 4.7 The relationship between daily tree water use and DBH 

Mean tree water use (+ s.e.) in the wet season (open symbols) and dry season (filled 

species) with 5 species during the wet and four species during the dry. 

4.3 Discussion 

There have been a number of studies that have shown that the heat pulse technique can 

be used reliably to estimate tree water use in temperate tree species, including eucalypts, 

pines and some rainforest species (Olbrich 1991, Barrett et al. 1995, Vertessy et al. 

1997, Becker 1998). However, studies in tropical tree species and mixed forests are 

rare. In addition, considerations of the sources of errors and optimal sampling strategies 

on reliability of estimates of stand water use are infrequently addressed. 

4.3.1 Wounding 

There were no significant differences in the wound responses between species or 

between location and sites within the catchment. There was, however, significant 

variation with position on the tree and between trees, although the range of wound 

widths reported here was similar to the range reported for other eucalypts in Australia 

(Barrett et al. 1995, Hatton et al. 1995). Olbrich (1991) identified wound size to be an 

important source of error in estimates of whole tree water use. He found that errors in 
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measurement of wound size were non-linear and overestimation of wound size resulted 

in larger errors in estimates of tree water use than underestimating the wound response. 

Generally, a mean wound response is used to estimate tree water use, rather than an 

individual wound response for each tree, as recommended by Olbrich (1991). In the 

present study, the mean wound response was 3.1 mm, with a range from 2.0 mm to 4.25 

mm. There was no significant difference in the estimate of tree water use (Q) between 

the two treatments and the two estimates were very tightly correlated (Fig. 4.1), 

suggesting that there would be no impact on scaled estimates of Q. However, care 

should be taken to adequately determine mean wound response. Non-representative 

sampling may result in an erroneous wound width determination, which will influence 

estimates of Q for individual trees and estimates of stand water use. 

4.3.2 Sap Velocity and Stand Estimates 

There was a marked profile in sap velocity radially in the E. tetrodonta tree studied, with 

peak velocities being recorded between 8 and 14 mm sapwood depth (Fig. 4.2). The 

pattern of sap velocity with depth was identical in the four quadrants around the tree. 

These results were similar to those reported by Zang et al. (1996) for Eucalyptus 

globulus. In that study they reported peak velocities occurring between 10 and 20 mm 

from the cambium. However, there was variability in sap velocity circumferentially, 

with peak velocity being recorded on the southern profile and minimum velocity in the 

eastern profile. There was also a peak in sap velocity at 3 mm and these results are 

difficult to explain. However, sap velocities recorded in this study were low. Becker 

(1998) showed that measurement of low flow rates were problematic using Greenspan 

sensors due principally to erratic sensor response at low and zero flow rates. He 

suggested that the limited sensitivity might be due to poor thermal contact of the sensors 

with surrounding conducting tissue. 

Estimation of tree fluxes is typically made using four sensors. Estimation of the 

coefficient of variation for samples using four randomly placed sensors indicated that 

variability on flux estimates were about 31%, similar to that reported by Hatton et al. 

(1995) in E. populnea, and slightly higher than the asymmetrical tree reported in 

Vertessy et al. (1997). The coefficient of variation for a symmetrical E. regnans tree in 

the same study was much lower (Vertessy et al. 1997). Stratification of these sensors 

with depth reduced the variation to 26%, at n=4, however this improvement was not as 
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significant as Hatton et al. (1995, 16%) or Vetessey et al. (19971  <5%). However, both 

studies reported that the errors in estimates of tree water use in comparison with cut tree 

experiments were small (<10%), and this has been shown to be the case in other cut tree 

experiments using eucalypt trees (Olbnch 1991, Barrett et al. 1995). This suggests that 

although there appears to be considerable variability in sap velocity radially and 

circumferentially, the heat pulse technique can still be used to estimate tree water use 

reliably. 

The data reported here suggest that more than eight sensors would be required to 

accurately estimate flux in the large E. tetrodonta tree used in this study. Olbnch (1991) 

recommended eight sensors should be used in E. grandis trees larger than 20 cm DBH. 

However, most of the trees in the E. miniata/E. tetrodonta open-forests were smaller 

than the tree used in the flux variability study here (Chapter Two). This large tree was 

chosen so that a large number of sensors could be accommodated. Circumferential 

variability in sap velocity may be somewhat less in smaller trees. In the current study, 

the coefficient of variation improved from approximately 20% at eight sensors to 10% 

for 24 sensors. However, there is also considerable variability in mean velocities 

between trees (Dunn and Connor 1993, Vertessy et al. 1995) and sampling at this 

intensity (ie.> 8 sensors per tree) would considerably reduce the number of trees that 

could be sampled at any one time. 

Increasing the number of sample trees from n2 to n=5 trees in each plot improved the 

coefficient of variation associated with stand estimates of tree water use for each of the 

three scaling parameters used (leaf area, basal area, DBH). For DBH and basal area the 

coefficient of variation associated with sample size decreased dramatically from n2 to 

n=5, to around 12%, similar to the results obtained by Hatton et al. (1995) in E. 

populnea woodland. However, at n=5 the coefficient of variation associated with 

sample size was larger (>20%) when leaf area was used, possibly reflecting the 

difficulty of obtaining accurate estimates of leaf area without destructively harvesting 

the tree. Sample sizes larger than n=5 did not dramatically improve the coefficient of 

variation. It should be noted however, that plot sizes in this exercise were small, 

essentially dictated by logger numbers. Scaling tree water use is normally carried out in 

larger plots where tree to tree variability in fluxes would be larger due to differences in 

soil water availability or microclimate. 

There was no difference in tree water use between the two sampling periods (Fig. 4.7). 

Further, the strength of the relationship, r2=0.7, for the two plots was encouraging. 
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Thus, even though sampling was separated by up to four months there was considerable 

agreement between transpiration rates at each plot so that the two plots could be 

combined to investigate the role of increased sample size and area. Within a given area, 

sample sizes of between 5-10 randomly selected trees would give similar coefficients of 

variation on scaled estimates of stand water use. Hatton et at. (1995) tested the utility of 

stratified sampling based on tree size. This was not done here because the majority of 

trees occur in small size classes (<15 cm DBH), in contrast to the study of Hatton et at. 

(1995) who utilised a wider range of tree sizes. However, in that study, stratified 

sampling with tree size significantly reduced the coefficient of variation, especially at 

low sample sizes. In situations where the number of trees that can be sampled is small, 

effort should be made to sample as representatively as possible. 

4.3.3 Species Comparisons 

Transpiration rates (Qi)  varied significantly between species and between seasons (Fig. 

4.6). Erythrophloem chiorostachys (a brevi-decious tree; Williams et at. 1997) had the 

largest transpiration rates in the dry season. Wet season transpiration rates were less 

than dry season transpiration rates for all species except E. porrecta for which there was 

no significant seasonal difference. In Chapter Five, transpiration rates in the two 

dominant eucalypts will be shown to be larger in the dry season than in the wet season. 

This was in response to increased VPD, but this may also reflect the decline in stomatal 

control of transpiration as leaves age (Abrams and Menges 1992, Reich and Borchert 

1988). In the present study, the volume of water transpired between seasons and species 

was similar and appeared to be related to tree size (Fig. 4.5, 4.7). This was the result of 

seasonal adjustment in tree leaf area. Mencuccini and Grace (1995) showed that Scots 

pine in warmer, drier areas had a lower leaf area to sapwood area ratio than Scots pine in 

cooler, wetter areas. They found that trees respond to increased vapour deficit though 

changes in the leaf arealsapwood area ratio to maintain a similar water potential gradient 

in the stem. In the current study, a similar mechanism may be operating seasonally to 

control water loss while maintaining photosynthetic capacity. Increased evaporative 

demand during the dry season, accompanied by a decrease in tree leaf area, resulted in a 

similar volume of water being transpired through fewer leaves. Consequently, 

transpiration rates were larger in the dry season (Fig. 4.6). 

It is important to take these factors into account when scaling estimates of tree water use 

to the stand scale. The data here support Hatton et al. (1995), who suggested that 
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diameter may be the best parameter for scaling estimates of tree water use to stand water 

use. Accurate estimation of leaf area is problematic, and in the current study scaled 

estimates of tree water using leaf area resulted in higher coefficients of variation than 

when DBH or basal area were used. Further, there was little impact of the seasonal 

changes in leaf area on tree water use. Hatton et al. (1998) showed that leaf water 

efficiency between eucalypts at the same site would be similar and hence water use 

within a stand would be highly correlated, and this has been noted in a number of studies 

(Dunn and Connor 1993, Allen and Grime 1995). Transpiration rates did vary between 

species at this site, reflecting the range of phenological guilds present in these forests. 

However, the volume of water transpired within the site was independent of species and 

a function of non-limiting soil water availability (Cook et al. 1998), tree diameter and 

atmospheric demand, greatly simplifying the scaling problem. 

4.3.4 Conclusions 

The use of the heat pulse technique to estimate tree and stand water use was examined in 

eucalypt open forests of northern Australia. Although the wound response varied 

significantly between trees and with position on tree, the use of an overall mean wound 

response of 3.1 mm did not introduce significant errors in estimates of tree water use, 

and would have minimal impacts on estimation of stand water use. There was 

significant radial variation in sap velocities on the large E. tetrodonta tree studied here 

and coefficient of variation on estimates of sap velocity declined with increasing 

sampling intensity. The coefficient of variation associated with four randomly selected 

sensors was about 30% and this was improved slightly by stratifying the sensors with 

depth (26%). Radial variation in sap velocity would have a significant impact on 

estimates of tree and stand fluxes. Therefore sampling strategies should be employed to 

ensure that sensors sample approximately equal areas of sapwood as suggested by 

Hatton et al. (1990). The coefficient of variation associated with estimates of stand 

water use declined with increasing sample size, although the improvement in the 

coefficient of variation was not significant at sample sizes larger than n=5. However, 

sample sizes should be increased beyond this, as the plot sizes in the current study were 

small (100 m2). Transpiration rates (per unit leaf area) varied between species and 

season, however, seasonal adjustments in leaf area resulted in the volume of water being 

transpired by a tree being a function of tree diameter and atmospheric demand, greatly 

simplifying scaling in these forests. 
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Chapter Five: Seasonal patterns of water use in the dominant eucalypts, E. 

miniata and E. tetrodonta, in an open-forest of the Gunn Point region 

5.0 Introduction 

Ecological processes are closely linked to water availability in the wet-dry tropical 

savannas of northern Australia. Transpiration represents a maj or pathway for the 

discharge of soilwater and groundwater (Pidsley et at. 1994), although the spatial and 

temporal patterns of transpiration for these savannas are poorly understood. The highly 

seasonal environment influences the ecophysiology of the vegetation in the region, 

through its impacts on leaf phenology and physiology (Duff et at. 1997, Myers et at. 

1997, Williams et at. 1997). There have been a number of studies looking at phenology 

and leaf scale physiology of species common in the savannas of northern Australia (for 

example, Fordyce et at. 1995, Duff et at. 1997, Myers et at. 1997, Prior et at. 1997a,b, 

Williams et at. 1997). These studies have shown that stomatal conductance and pre-

dawn leaf water potential, important determinants of plant water relations, decline 

during the dry season in response to increasing vapour pressure deficits and declining 

soil water availability (Duff et at. 1997, Myers et at. 1997, Prior et at. 1997a,b). 

Leaf scale studies are important contributors to the development of an understanding of 

the ecophysiology of plant communities. However, extrapolation of these studies to the 

scale of whole tree or stand responses to the environment is difficult, largely due to 

problems associated with representative sampling of enough leaves within the canopy 

and negative feedback as scale increases (Jarvis 1993, Avissar 1995). In this study we 

used heat pulse technology to examine spatial and temporal patterns of tree water use in 

the two dominant eucalypt species (Eucalyptus miniata and Eucalyptus tetrodonta) 

occurring in open-forests near Darwin in northern Australia. These two eucalypts are 

significant contributors to the LAI and biomass (>70%) of these open-forests (Dunlop ci' 

at. 1995, Chapter 2). As such, they would be expected to have considerable influence on 

the water balance of the forests they occupy. 

Heat pulse technology has been routinely used in studies of tree water use world-wide 

and has been used extensively in studying eucalypt water use within Australia. (Dunn 

and Connor 1993, Famngton et at. 1994, Hatton et at. 1995, Vertessy et at. 1995). 

These studies have been principally concerned with quantifying the contribution of tree 

water use to the overall water balance of a site. However, heat pulse techniques are also 
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ideally suited to long term unattended monitoring of tree water use (Granier et al. 1996, 

Smith and Allen 1996, Köstner et al. 1998) and have been used in a number of studies to 

examine seasonal patterns of tree water use (Calder et al. 1992, Roberts and Rossier 

1993, Farnngton et al. 1994, Loustau et al. 1996, Cook et al. 1998). Integrated 

catchment management requires quantification of the interactions between vegetation 

cover, climate and evapotranspiration (Dunn and Mackay 1995). In the highly seasonal 

climate of the Northern Territory, measurements of tree water use in space and time will 

provide boundary conditions for evapotranspiration and hydrological models operating 

at the catchment scale. 

The E. miniata/E. tetrodonta open-forests occur in a climate dominated by marked 

seasonality in rainfall, VPD and soil moisture. Furthermore, LAI of these forests is also 

highly seasonal (Chapter Two). As such, it was expected that there would be marked 

daily and seasonal variations in tree transpiration rates. However, the results presented 

in Chapter Four suggest that seasonality of tree water use may not be as large as might 

have been expected. The results presented there, however, represent only one wet-dry 

cycle. This study was particularly concerned with the following questions: 

What are daily patterns of tree transpiration in the two eucalypts and how are daily 

patterns of transpiration influenced by atmospheric vapour pressure deficit? 

What are the patterns of daily, seasonal and inter-annual variability of tree water use? 

How does tree water use vary between the two dominant eucalypts in these forests? 

5.1 Methods 

5.1.1 Site Description 

The study site was located in E. miniata/E. tetrodonta open-forests approximately 50 km 

southeast of Darwin (130° 45'E, 12°  30'S) in the Northern Territory of Australia. The 

site was chosen due to its close proximity to a series of nested piezometers, neutron 

moisture meter access tubes (NMMs), as well a weather station that recorded 

temperature, relative humidity, light, wind speed, and wind direction. Vegetation at the 

site was charactensed by an open canopy (< 50% cover) of evergreen eucalypt trees with 

an average canopy height of approximately 15 in, LAI was typically low (approximately 

1.0) and mean basal area at the site was 8-10 m2  ha 1. The understorey consisted of small 

semi-deciduous and deciduous trees and a seasonally continuous cover of annual and, to 
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a lesser extent, perennial grasses, with the C4  grass Sorghum spp. dominating. Seasonal 

changes in overstorey LAI were described in Chapter Two, however, understorey LAT 

changed dramatically over the wet season due to grass senescence early in the dry 

season. 

Soils at the site were highly weathered sandy-clay laterites and groundwater levels vary 

from 1-15 in below the soil surface (Pidsley et al. 1994). Solar insolation, rainfall, 

temperature, humidity, wind speed and wind direction have been collected at the site 

since 1994. 

Mean hourly VPDs were larger in the dry season than in the wet season. Vapour 

pressure deficit reached a peak in the early afternoon in both seasons and declined late in 

the afternoon. Vapour pressure defecits varied from approximately 0.5 kPa to 2.0 kPa in 

the dry and 0.1 kPa to 1.5 kPa in the wet season. Mean hourly temperatures were higher 

in the wet season (ranging from 23°-3 10  C) than in the dry season when temperatures 

varied from 180-30°C (Fig. 5.1). Rainfall totals for the area were 1536, 2174 and 1800 

mm for 1994, 1995 and 1996 respectively. Average monthly evaporation and rainfall 

calculated for Darwin airport for the three-year period are shown in Figure 5.1 (pers. 

comm. Bureau of Meteorology). 
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Figure 5.1 Climatic characteristics of the Gunn Point region 

Diurnal variation in mean hourly (± s.e.) vapour pressure deficit (a) and temperature (b) 

during the wet and dry seasons (o dry season, • wet season). Mean daily pan 

evaporation (+ s.e.) at Darwin Airport (c) and mean monthly rainfall (± s.e.) at Howard 

Springs Ranger station (d) for the period 1994-1996. 

5.1.2 Soil Water Availability 

Pre-dawn leaf water potentials were recorded monthly during 1994. One leaf from each 

of five randomly selected individuals of five different species; E. miniata, E. tetrodonta, 

E. porrecta, Erythrophloem chiorostachys and Terminaliaferdinandiana was sampled at 

each measurement period. T. ferdinandiana is dry season deciduous and was not 

83 



sampled between May and October. These measurements were made as surrogates of 

soil water availability and to demonstrate the seasonal changes in soil water availability 

(Schulze and Hall 1982, Crombie et al. 1988), as data from the NMM's were not useful 

due to problems with the installation of the access tubes. 

5.1.3 Sap Flow Measurements 

Tree water use was determined via heat pulse techniques using commercially available 

sap flow sensors (Greenspan Technology Warwick, Queensland). Heat pulse velocity 

measurements were scaled to tree water use measurements using the weighted averages 

technique of Hatton et al. (1990). The area of conducting wood was determined from 

cores taken from the trees; sapwood was distinguished from heartwood by a distinct 

colour change. These wood cores were used for determinations of volumetric wood and 

water fractions. Wounding was investigated by staining the sapwood area using diluted 

food dye at the end of five days of instrumentation and a mean lateral wound width of 

3.1 nmi was used (Chapter Four). The leaf area of each tree was estimated using the 

'Adelaide technique' which involved estimating leaf area visually by counting the 

number of leaf modules on the tree (Andrew et al. 1979, Chapter Two). The leaf area of 

reference leaf modules was determined using a Delta-T leaf area meter (Delta-T 

Devices, Cambridge UK). 

5.1.4 Seasonal Patterns of Tree Water Use 

Tree water use was monitored in both E. miniata and E. tetrodonta during the wet and 

dry seasons over a three-year period (95-97). Three trees from each species were 

randomly selected and different trees were used at each sampling period. Heat pulse 

velocities were recorded at 15-minute intervals for up to two weeks during each season. 

Tree water use was analysed using analysis of co-variance with the factors, year season 

and species. Diameter at Breast height was used as the co-variate. Mean daily 

transpiration rates (Qj) were analysed as a fully fixed, three-factor analysis of variance 

with the factors, year, season and species. The data were analysed in two ways because 

Chapter Four demonstrated that the seasonal relationship between water use expressed 

on a leaf area basis (transpiration rate) and the total volume of water transpired are in 
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fact different parameters and should be analysed differently (Packard and Boardman 

1987). 

5.1.5 Spatial Patterns of Tree Water Use 

Spatial variation in transpiration rates was investigated at three separate locations within 

the catchment area during the dry season in 1997 (Met tower, rn 21047 and rn 20734, 

Chapter Two). Each of the locations represented an extensive stand of E. miniata/E. 

tetrodonta open forest. At each stand two sites of approximately one ha. were selected 

randomly but were within 500 in of each other. Three trees of both, E. miniata and E. 

tetrodonta were chosen at each site. Tree water-use was measured on each tree for three 

complete days after instrumentation. Due to an insufficient number of sap flow loggers, 

not all trees could be monitored at the same time. Trees were chosen randomly and the 

period of measurement within which all trees were instrumented was about six weeks. 

Measurements were conducted during July/August (dry season) and climatic conditions 

over the period were stable with little day-to-day variation in temperature, solar radiation 

and vapour pressure deficit. Transpiration rates (Qi) were analysed as a four factor 

repeated measures analyses of variance with the factors; location and species fixed and 

site, random (nested in location) and tree, random and nested in site and location and 

species. 

5.2 Results 

5.2.1 Pre-dawn Leaf Water Potential 

Community averaged pre-dawn leaf water potential declined throughout the course of 

the dry season from a high of -0.2 MPa, reaching a low of -1.8 MPa in October and 

recovered rapidly with the onset of wet season rains (Fig. 5.2). Errors around the mean 

(Fig. 5.2) show that pre-dawn leaf water potential was more variable between leaves and 

species in the dry season than in the wet season. 
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Figure 5.2 Howard Springs pre-dawn leaf water potential 

Monthly pre-dawn leaf water potentials, 1994. Data demonstrate the decline in water 

available to the roots over the dry season and are the mean response of five species, 

representing an average community response. 

5.2.2 Species Comparisons 

Transpiration rates were similar for both species at all sampling times and across the 

catchment area. Tree water use was strongly correlated with DBH and leaf area. There 

was no significant difference between species and both species could be described by 

one daily fluxlscalar relationship. Diameter at 1.3 m was consistently a better predictor 

of transpiration than leaf area (r2  > 0.75 DBH, > 0.58 leaf area), reflecting the better 

accuracy with which this measurement can be made. The relationship was similar 

throughout the study period. An example of the relationship between daily flux and 

DBH for the dry season is shown in Figure 5.3. Mean daily transpiration rates for both 

species over the three-year sampling period are shown in Figure 5.4. 
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Figure 5.4 Seasonal transpiration patterns in E. miniata and E. tetrodonta 

Mean daily transpiration rates (± s.e.), expressed as m3  day 1  m 2  leaf area, for E. miniata 

(u) and E. tetrodonta (.) during the wet and dry seasons over the three year study period 

1995-1997. 
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5.2.3 Daily Transpiration 

Diurnal patterns of transpiration exhibited by trees in this study were similar for both 

species and seasons. An example, E. miniata in the wet season 1997, is shown in Figure 

5.5. Typically, transpiration rates increased rapidly in the morning as vapour pressure 

deficits and radiation increased and generally reached a maximum transpiration rate by 

about midday, declining again during the late afternoon. 

Transpiration rates exhibited a hysteresis in relation to vapour pressure deficits. 

Transpiration rates throughout the morning were slightly larger for a given VPD than 

during the afternoon and this probably represents the effects of declining leaf water 

potential throughout the day and stomatal control of transpiration (Fig. 5.6). 
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Figure 5.5 Diurnal pattern of tree transpiration for E. miniata, March 1997 

Values represent the mean hourly transpiration rate (± s.e.) over the course of the day. 

Tree DBH was 23.8 cm, leaf area 52.85 m2. 

5.2.4 Seasonal Responses 

There was no significant seasonal difference in the relationship between tree water use 

and tree size, however tree water use varied annually. Hysteresis in the relationship 
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between transpiration and VPD was observed in both the wet and dry seasons. The 

degree of hysteresis (the area inside the hysteresis loop) was significantly larger during 

the dry season (Fig. 5.6, Season: F=6.37, df=1,24, p<O.05), probably in response to 

declining soil water availability. The overall mean difference in the wet season was 

0.00059 m3  day'm 2  compared to 0.00 134 m3  day 1  m 2  in the dry season. There was a 

marked seasonal response in hourly transpiration rates to VPD. Generally for a given 

VPD, transpiration rates during the dry season were larger than in the wet season. In 

addition, compared with the wet season, the range of VPD's experienced during the dry 

season was much larger (Fig. 5.1a), and leaves experienced these high values of VPD for 

most of the day. Consequently, transpiration rates were larger in the dry season than the 

wet season (Fig. 5.7, Season: F=8.54, df=1,24, p<0.05 ). Mean transpiration rate during 

the dry season over the three-year study period was 0.0097 m3  day 1  m 2, and 0.0049 m3  

day 1  m 2  for the wet season. 
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Figure 5.6 Diurnal and Seasonal Patterns of hysteresis 

Examples of the diurnal pattern of hysteresis in the relationship between transpiration 

and vapour pressure deficit, for E. miniata ( a,b,c) and E. tetrodonta (d,e,f) during the 

wet season (filled symbols) and dry season (open symbols). Data shown are from 1995 

(top), 1996 (middle) and 1997 (bottom). Representative standard errors are shown in (a) 

only. 
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Figure 5.7 Seasonal patterns of transpiration in the E. miniata/E. tetrodonta open 

forests 

Seasonal tree transpiration rates (m3  day' m 2  ± s.e.) for the wet season (.) and dry 

season () for the years 1995-1997 inclusive. Data are the means for both species 

combined. 

5.2.5 Spatial Patterns of Tree Water Use 

Transpiration rates were examined at three locations (six sites) within the catchment area 

to examine spatial variability in transpiration within the E. miniata/E. tetrodonta open 

forests. There were no significant differences between species, locations or within 

locations between sites. Examination of the mean square estimates suggest that tree to 

tree variability represented the major source of variation in the analysis. The importance 

of this result with respect to modelling of transpiration within the catchment will be 

discussed further. Transpiration rates for each species at each site is given in Table 5.1. 
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Table 5.1 Spatial patterns of transpiration in the Gunn Point region 

Mean transpiration rates Qi  (m3  day 1  m 2, ± s.e.) of the two eucalypts at three locations 

within the catchment area during the dry season (August 97). Tree to tree variability in 

Q was the major source of vanation within the catchment area. 

Location Site E. miniata E. tetrodonta 

1 1 0.0016±0.0004 0.0016±0.0002 

2 0.0015±0.0001 0.0009±0.0001 

2 1 0.0012±0.0001 0.0017±0.0002 

2 0.0013±0.0001 0.0007±0.0001 

3 1 0.0010±0.00003 0.0008±0.0002 

2 0.0008±0.0001 0.0008±0.0001 

5.3 Discussion 

Eucalyptus miniata/E. tetrodonta open-forests dominate savannas above the 1200 mm 

isohyet in northern Australia. However, to date very little work has been done 

quantifying the role of these forests in the water balance of this region. In this study, 

temporal and spatial variability in tree water use of the two dominant eucalypt species 

were examined to gain a better understanding of the interaction of whole tree 

transpiration and climate for the savannas of northern Australia, and to provide boundary 

conditions for evapotranspiration and hydrological models operating at the catchment 

scale. 

5.3.1 Daily and Seasonal Transpiration Rates 

The climate of the study area shows marked seasonality in rainfall, pan evaporation and 

vapour pressure deficits. For a number of the tree species occurring in the area, leaf-

scale studies have shown that assimilation rate and stomatal conductance are larger in 

the morning than the afternoon, especially in the dry season. Stomatal conductance and 

assimilation rates are higher in the wet season and decline during the dry season in 

response to increasing vapour pressure deficits and declining soil water contents 

(Fordyce et al. 1997, Myers et al. 1997, Eamus and Cole 1997, Prior et al. 1997a,b). 

However, at the tree-scale, such patterns were not evident. Transpiration rates increased 
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rapidly throughout the morning in response to increasing radiation and vapour pressure 

deficits and reached a maximum rate by early afternoon, declining towards dusk. A 

slight mid-day depression in transpiration was observed in some of the smaller trees and 

may represent stomatal control of transpiration as leaf water potentials decline through 

the morning (Hogg and Hurdle 1997). 

Transpiration rates were larger during the dry season than they were during the wet 

season. This result was contrary to expectations, given the extended dry season and the 

decline in leaf stomatal conductance, pre-dawn leaf water potential (Fordyce et al. 1997, 

Myers et al. 1997, Prior et al. 1997a,b) and leaf area (Williams et al. 1997, Chapter 

Two) observed in many species within this area. Larger transpiration rates in the dry 

season compared to the wet season suggest that soil water availability was not limiting 

over the extended dry season. Cook et al. (1998) found that there was sufficient soil 

moisture in the upper soil profile to maintain transpiration rates over the dry season. 

The relative increase in evaporative demand over the dry season (Fig. 5.1a), was larger 

than the proportional decline in stomatal conductance resulting from increased VPD and 

reduced pre-dawn leaf water potential (Prior et al. 1997a,b). Consequently, transpiration 

increased in the dry season compared to the wet season. Similarly, Saugier et al. (1997) 

found that the decline in stomatal conductance in response to increased VPD in boreal 

pine was not enough to limit transpiration under conditions of non-limiting energy to 

drive evaporation and noted a small increase in transpiration rates. Jarvis (1993) noted 

that trees in aerodynamically rough forests, such as those of the savannas of the NT, are 

well coupled to the atmosphere and when not limited by soil water availability, will 

transpire at the rate imposed by VPD. This appears to be the case in the E. miniata/E. 

tetrodonta open-forests studied here. However, the larger relative change in VPD when 

compared to the change in stomatal conductance makes scaling from leaf to stands 

difficult. 

5.3.2 Hysteresis 

Hysteresis was observed in the relationship between hourly Q' and VPD, and the degree 

of hysteresis was larger in the dry season than the wet season. Hysteresis has been 

documented in a number of studies. Meinzer et al. (1997) observed hysteresis in the 

relationship between transpiration and vapour pressure on clear days but not on cloudy 

days. Kelliher et al. (1992) observed hysteresis in the relationship between sap flux 

density and air saturation deficit and attributed this to the development of water stress 
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over the day. Doley (1967) also observed hysteresis in the relationship between sap flux 

and leaf water potential in E. marginata trees of south-west Western Australia and 

concluded that the principal cause of this hysteresis was resistance to transport of water 

within the plant and soil. 

There are three possible causes of the hysteresis observed in this study. First, stomatal 

sensitivity to VPD and leaf water status may be larger in the afternoon than in the 

morning, and larger in the dry season than in the wet season. Eamus and Cole (1997), 

Prior et al. (1997b) and Fordyce et al. (1997) have shown that leaf stomatal conductance 

and assimilation rates were always higher in the morning than in the afternoon and 

larger in the wet than the dry season in tree species of northern Australian savannas. 

Further, Prior et al. (1997b) found that stomatal conductance was more sensitive to VPD 

at moderate pre-dawn water potentials, i.e., those experienced throughout most of the 

dry (45 MPa to -1.5 MPa) than when pre-dawn water potentials were high (>-0.5 

MPa). Duff et al. (1997) showed that the decline in pre-dawn leaf water potential, in a 

number of species, at a similar site nearby coincided with decreasing soil water 

availability and increasing VPD during the dry season. Increased sensitivity of stomata 

to water stress, both diurnally and seasonally could explain the lower transpiration rates 

in the afternoon at a given VPD. This sensitivity increased in the dry season in 

response to declining pre-dawn leaf water potential possibly explaining the larger 

hysteresis loop in the dry season. 

A second explanation for the hysteresis observed in this study could be that water stored 

in the stem, via overnight capacitance refilling, may supplement morning transpiration 

rates and that this contribution to transpiration may decline in the afternoon (Waring and 

Running 1978, Waring et al. 1979). Branch hydraulic conductance for E. tetrodonta is 

lower in the afternoon than in the morning. Further, the afternoon decline in branch 

hydraulic conductance was larger in the dry season than the wet season, although there 

were no seasonal differences in morning hydraulic conductance (D. Thomas unpub. 

data). Overnight refilling may be responsible for this and would contribute to the 

observed hysteresis. 

Finally, soils in the study area are saturated during the wet season, and although soil 

water availability may not become limiting during the dry season (Cook et al. 1998), 

extraction of soil water in the dry season may become more difficult because of an 

increase in the resistance to flow from soil that is drying out immediately around the 



roots. Such a conclusion was reached by Williams et al. (1998) in a modelling study of 

a Brazilian rainforest. 

5.3.3 Scaling 

Daily tree water use was strongly correlated with DBH and leaf area, as observed 

elsewhere (Calder et al. 1992, Vertessy et al. 1997, Chapter 4). Diameter at 1.3 m was 

the best parameter with which to scale tree water use, given the accuracy and ease of 

measurement, when compared to leaf area (Calder et al. 1992, Calder 1996). However, 

it may be more physiologically meaningful to scale using leaf area. Although the 

'Adelaide technique' is a reliable estimator of leaf area (Andrew et al. 1979, Chapter 2), 

absolute estimates of tree leaf area can only be obtained by harvesting, a destructive, 

costly and time-consuming exercise. 

The relationship between tree water use, DBH and leaf area was similar for the two 

eucalypts. Hatton et al. (1998) found that the relationship between tree water use and 

tree size within a site was similar for all species at a number of sites in Australia. 

Further, Cook et al. (1998) used a single relationship derived from five species to scale 

tree water use to stand water use at a savanna site nearby. Non-significant species 

effects was an important finding because it is expected that these two eucalypt species 

play a major role in the water balance of the site. Scaling tree water use to stand water 

use in the mixed open forests of northern Australia may not be problematic if species 

variability is negligible. Although care should still be taken when aftempting to scale 

tree water use from a limited sample of trees to plot or stand water use (Hatton and Wu 

1995) as tree to tree variablity in water use was significant. The importance of this was 

highlighted in Figure 5.4, where species differences may have been inferred had 

sampling been restricted to a small number of trees in only one year. 

Preliminary scaling of tree water use estimates that stand water use would be 

approximately 1 mm day', within the range reported for eucalypts growing under 

natural conditions elsewhere in Australia (Dunn and Cormor 1993, Farrington et al. 

1994, Hatton et al. 1995, Vertessy et al. 1995). Increased transpiration rates in the dry 

season accompanied by a decline in leaf area suggest that on an aerial basis there would 

be very little seasonality in stand water use. During the dry season, evapotranspiratlon 

would be dominated by the two eucalypts. However, during the wet season, 
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understorey, deciduous and semi-deciduous components of the forest would contribute 

significantly to total transpiration. The seasonal contribution of tree transpiration to 

evapotranspiration is examined further in Chapter Seven. 

5.3.4 Conclusions 

Despite there being declines in leaf stomatal conductance and pre-dawn leaf water 

potential over the dry season, transpiration rates during the dry season were larger than 

in the wet season, suggesting that trees have access to sufficient water throughout the 

year. Transpiration rates exhibited a marked hysteresis in response to VPD and this was 

larger during the dry season than the wet season. Larger VPDs during the dry season 

were responsible for the increase in transpiration over the dry season. Tight 

relationships between tree water use and parameters such as DBH and leaf area, as well 

as the lack of differences between species suggests that these results can be extrapolated 

to stand and community levels. 

If physiological studies based on leaf or individual tree responses are to make a 

contribution to water resource management, then processes such as tree water use need 

to be scaled in space and time. This can be achieved using models that operate at a 

range of scales from catchment to regional levels. In this study there were no 

statistically significant differences in transpiration rates between species, locations or 

sites across the catchment area. A significant proportion of the variance within the data 

set was attributed to tree-to-tree variability. The tight relationship between transpiration 

and leaf area or DBH exhibited for both species suggests that the major determinants of 

spatial variability in stand water use are basal area and leaf area index. Extrapolation of 

estimates of tree water use across the catchment area must take into account 

heterogeneity in vegetation structure and composition, both within and between, the 

vegetation communities within the catchment area (Dunin 1991, Li and Avissar 1994), 

and the impact of these structural changes on the complex set of non-linear feedbacks 

between the land surface and lower atmosphere (Avissar 1995). 
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Chapter Six: Relationships among stem diameter, leaf area, conducting 

area, transpiration and tree water use in eucalypts across a large rainfall 

gradient in northern Australia 

6.0 Introduction 

Savannas of northern Australia occur across a steep rainfall gradient. This gradient 

extends from Melville Island in the north (> 2000 mm year') to Tennant Creek in the 

south (< 500 mm year'; rainfall gradient approximatley 1.5 mm kxn). Savannas across 

the gradient are influenced by a monsoonal climate, where aimual rainfall is 

concentrated in a 4-6 month summer wet season, followed by a 6-8 month dry season 

when little or no rain falls. However, timing of the onset, duration and strength of the 

wet season varies from year to year (Taylor and Tulloch 1985), and predictability 

decreases with increasing latitude (Egan and Williams 1996). This would presumably 

lead to large-scale heterogeneity in soil water availability across these savannas. 

Moisture availability has been identified as a major determinant of the structure and 

composition of vegetation along the north Australian rainfall gradient (Williams et at. 

1996), with other factors such as plant available nutrients (Williams et at. 1996) and fire 

also being important (Andersen et at. 1998). In recent years there have been a number 

of studies looking at the interactions of plants with the environment in northern 

Australia. These studies have been conducted at, leaf (Duff et at. 1997, Fordyce et al. 

1997, Myers et at. 1997, Prior et at. 1997 a,b), tree (Hatton et at. 1997, O'Grady et at. 

1999) and stand scales (Cook et at. 1998, Hutley et at. 2000). Such studies have 

contributed significantly to our understanding of plant interactions with the tropical 

monsoonal environment. However, they have been conducted at the wetter end of the 

rainfall gradient, where soil water availability does not limit tree water use over the dry 

season (Cook et al. 1998, O'Grady et at. 1999). 

There has been very little work done in Australia examining the ecophysiological 

characteristics of plant communities over large rainfall gradients. Bowman (1996) and 

Egan and Williams (1996) examined changes in plant life-form along a rainfall gradient 

in northern Australia and noted shifts in species composition and life-form with 

increasing aridity. The percentage of perennial and evergreen plants increased with 

increasing aridity. Schuize et at. (1998) studied carbon isotope discrimination in plant 

communities at a number of sites along the rainfall gradient. There was a weak 
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relationship between carbon isotope discrimination and annual rainfall; not surprisingly 

water use efficiency was larger in plants where annual rainfall was lowest. Stewart et al. 

(1995) observed a similar and stronger relationship over a large rainfall gradient in 

south-east Queensland. 

A number of studies have used the relationships between tree size and tree water use to 

estimate the water use of stands or communities (Calder et al. 1992, Kelliher et al. 1992, 

Dunn and Connor 1993, Vertessy et al. 1995, Cook et al. 1998). A remarkable similarity 

in the nature of the relationship between tree water use and tree size has been noted by a 

number of researchers (Calder et al. 1992, Enquist et al. 1998, Hatton et al. 1998). In 

Chapter Four and Five of this thesis it was shown that tree water use was relatively 

constant throughout the year. This was because there was sufficient soil water available 

throughout the dry season (Cook et al. 1998) and because the proportional increase in 

VPD was balanced by an equivalent decline in leaf area per tree. However, it is possible 

that soil water availability may become limiting as rainfall declines with increasing 

latitude in the savannas of northern Australia. Therefore, seasonal patterns of tree water 

use and the allometric relationships between tree water use and tree size need to be 

investigated further at a range of sites along the rainfall gradient. Futher, there is a need 

to test their utility of leaf area and DBH!basal area as parameters for scaling tree water 

use in these savannas, and to extend our functional understanding of savannas from the 

wetter to the drier end of their distribution. 

In the current study, patterns of tree water use in the dominant eucalypts have been 

investigated at three sites along the North Australian Tropical Transect (NATT), 

established by CSIRO (Wildlife and Ecology) as part of the international Geosphere 

Biosphere program. The three sites studied corresponded to high (1700 mm yeaf'), 

intermediate (900mm year) and low (500 mm year) annual rainfall. The particular 

questions asked were: 

Does the relationship between DBH and leaf area vary across the rainfall gradient? 

How does daily tree water use vary between locations along the NATT and between the 

wet and dry season? 

Do the allometric relationships that relate tree water use to tree size parameters (basal 

area, sapwood area and tree leaf area), vary between locations along the NATT and 

seasons? 
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6.1 Methods 

6.].] Sites 

Measurements were made at three sites along the NATT: Howard Springs (high 

rainfall), Katherine (intermediate rainfall) and Newcastle Waters (low rainfall,). Soils at 

all sites were sandy barns. The most northerly site, Howard Springs approximately 35 

km southeast of Darwin (1300  45' E, 12° 30' S), was dominated by E. miniata/E. 

tetrodonta open-forests. Mean tree height was approximately 15 in and the basal area 

was 8 -10 m2  ha 1 . The understorey is characterised by scattered small trees and shrubs 

with a seasonal component dominated by the grass Sorghum spp. Annual rainfall at the 

site is approximately 1700 mm, concentrated mostly between the months November to 

March. A detailed description of the Howard Springs site, including seasonal patterns of 

LAI, is given in Chapter Two. 

Vegetation at the Katherine site (132° 39' E, 140  40' S), approximately 360 km south of 

Darwin, was dominated by E. lat,folia/E. tetrodonta open-forests. Mean canopy height 

was approximately 12 in and basal area at the site was approximately 7.5 m2  ha'. Leaf 

area index of the canopy increased from 0.4 at the end of the dry season to 0.75 at the 

end of the wet season (unpub. data). The annual grass Sorghum spp dominated the 

understorey, and understorey shrubs were sparse. Rainfall in the area was approximately 

900-mm year 1. 

Vegetation at the Newcastle waters site (133° 46' E, 17° 07' S), approximately 750 km 

south of Darwin, was dominated by E. terminalis/E. capricornia low open-woodland. 

Mean canopy height was less than 10 m and basal area at the site was approximately 4.5 

m2  ha 1 . Leaf area index of the canopy was low, approximately 0.07, and very little 

change between the wet and dry season (Williams et al. unpub. data). The understorey 

at the site was dominated by Acacia shrubs to about 2 rn height. Annual rainfall in the 

area was less than 500 mm. The seasonal patterns of rainfall and pan evaporation for the 

nearest meteorological stations to each site are shown in Figure 6.1 
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Figure 6.1 Monthly rainfall (top) Howard Springs (solid), Katherine (open) and 

Newcastle waters (pattern) and monthly pan evaporation (bottom) at Darwin (•), 
Katherine (.)and Newcastle Waters (A) 

Pan evaporation data for Howard Springs and Katherine were supplied by the Bureau of 

Meteorology. Data for Epan at Newcastle Waters is an interpolation provided by 

Queensland Department of Natural Resources and Bureau of Meteorology at 

http://dnr.qld.gov.aulresourcenetisilo/datadril.html.  
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6.1.2 Soil Water Availability 

Pre-dawn leaf water potential was used as a surrogate of soil water availability (Schulze 

and Hall 1982, Crombie et at. 1988). Leaf water potential was measured between 6:30 

and 7:00 am on two randomly selected leaves on each of the trees instrumented with sap 

flow loggers. Measurements were made using a Scholander type pressure chamber (Soil 

moisture Corp., Santa Barbara, CA). Data were analysed as a fixed, two-factor analysis 

of variance with the factors, season and location. Species were not included as a factor 

in the analysis as it was not possible to have replicates of each species at each location. 

However differences in pre-dawn leaf water potential between species of similar 

phenological guilds within a site have been shown to be non-significant (Duff et at. 

1997). 

6.1.3 Sap Flow Measurements 

Tree water use was determined by the heat pulse technique using commercially available 

sap flow sensors (Greenspan Technology Warwick, Queensland). Sap velocity was 

recorded at fifteen-minute intervals and daily profiles were integrated to estimate daily 

tree water use following Hatton et at. (1990). The area of conducting wood and bark 

thickness was determined from cores taken from the trees; sapwood was distinguished 

from heartwood by a distinct colour change. These wood cores were used for 

determinations of volumetric wood and water fractions and a wound width of 3.1 mm 

was used to correct velocity estimates. 

Five trees each of the two dominant eucalypt species at each location were instrumented 

for five days at the end of the dry season (August/September 1998) and at the end of the 

wet season (MarchlApril 1999). Species studied and the range of tree sizes sampled are 

shown in Table 6.1. The diameter at 1.3 m and leaf area of each tree was recorded; leaf 

area was estimated using the 'Adelaide technique' (Andrew et at. 1979; Chapter Two). 

Daily transpiration rates (Qi,  m3  day 1  m 2) were analysed as fully fixed two-factor 

analysis of variance with the factors season and location. Species was not included in 

the analysis as it was not possible to replicate for each species at each location, and 

species differences within a site have been shown previously to be insignificant (Chapter 

5, Hatton et at. 1998). Tree water use (Q m3  day) was analysed using analysis of co-

variance with the factors, location and season and with DBH as the co-variate. This 
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extra analysis was preformed as data from Chapters Four and Five have shown that the 

seasonal relationship between water use expressed on a leaf area basis (transpiration 

rate) and the total volume of water transpired are in fact different parameters and should 

be analysed differently (Packard and Boardman 1987). 

6.2 Results 

6.2.1 Pre-dawn Leaf Water Potential 

Pre-dawn leaf water potential at each site during the wet and the dry season is shown in 

Figure 6.2. There were significant differences in pre-dawn leaf water potential between 

seasons and locations as well as a significant season by location interaction (Season: 

F=870.2, df 1,106, p<O.Ol, Location: F=190.3, df 2,106, p<O.Ol  Season x location: 

F=129. 7, d.f. 2, 106, p< 0.01). There were no differences between sites at the end of the 

wet season, however, pre-dawn leaf water potential was more negative at the end of the 

dry season than at the end of the wet season. Further, the degree of difference between 

seasons increased with increasing latitude ie. pre-dawn leaf water potential was more 

negative at the end of the dry season at the Newcastle waters site (-2.33 MPa) than at 

Katherine (-0.94 MPa) or Darwin (-0.49 MPa), suggesting that water stress at the end of 

the dry season was more pronounced in lower rainfall areas. 
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Figure 6.2 Pre-dawn leaf water potential in the wet season (filled) and dry season 

(open) at Darwin, Katherine and Newcastle Waters 

From left to right: E. miniata, E. tetrodonta (Darwin), E. tetrodonta, E. latfolia 

(Katherine), E. capricornia, E. terminalis (Newcastle Waters) 

6.2.2 Relationships between DBH, sapwood area and leaf area in dominant 

eucalypts at three sites along the NATT 

Sampling was conducted on five eucalypt species. Species sampled at each location and 

the range of tree sizes sampled for each species is given in Table 6.1. 

Table 6.1 Trees sampled at three locations along the NATT 

Location Species DBH (cm) range Leaf area (m) range 

Howard Springs E. miniata 8.8-30.4 7.4-111.8 

E. tetrodonta 8.7-20.8 2.0-60.8 

Katherine E. latifolia 9.7-48.7 8.8-133.0 

E. tetrodonta 4.9-48.7 2.0-95.7 

Newcastle Waters E. capricornia 6.1-35.6 1.0-105.0 

E. terminalis 9.1-41.6 9.1-120.5 
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The relationship between DBH and sapwood area is shown in Figure 6.3. Diameter at 

1.3 m (DBH) was an excellent predictor of sapwood area in the five eucalypt species 

sampled along the NATT. There was no difference in the relationship between species 

or between sites, so a generic relationship between DBH and sapwood area was 

generated. The relationship between DBH and sapwood area was best described by a 

second order polynomial: 

Sapwood area (m2) = 8.0 x 10 5(DBH)2  - 0.0004 (DBH) + 0.001. 

The relationship between DBH and tree leaf area was also similar between species and 

locations. However, the slope of the relationship was less at the end of the dry season at 

all locations than at the end of the wet season (Fig. 6.4). There was also a strong 

relationship between sapwood area and leaf area that was similar at all sites along the 

NATT. As was observed for the relationship between DBH and leaf area, the 

relationship between sapwood area and leaf area was seasonal. The ratio of leaf area to 

sapwood area was larger in the wet season than the dry season (Fig. 6.5). 
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Figure 6.3 The relationship between DBH and sapwood area at three locations 

along the NATT 

Darwin (•), Katherine (n), Newcastle Waters (s). Sapwood area = 8.0 x 10 (DBH) - 

0.0004 (DBH) + 0.001, r2  = 0.99, n30. 
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Figure 6.4 The relationship between DBH and leaf area in five eucalypt species at 

three locations along the NATT 

Darwin (,, 0), Katherine (., ) and Newcastle Waters (A, z). The slope of the 

relationship was less in the dry season (open symbols) than at the end of the wet season 

(closed symbols), n = 30 each season. 
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Figure 6.5 The relationship between sapwood area and leaf area for five eucalypt 

species at three locations along the NATT 

Darwin (,, 0), Katherine (., ) and Newcastle Waters (A, z). The slope of the 

relationship was less in the dry season (open symbols) than at the end of the wet season 

(closed symbols), n = 30 each season. 
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6.2.3 Daily Transpiration 

Daily transpiration rates (Qi)  were not significantly different between the wet and dry 

seasons. However, although transpiration rates were slightly higher in the dry season 

than in the wet season (Fig. 6.6), tree water use was slightly lower in the dry season 

(ANCOVA: F4.29, df. =1, 52, p<005). Transpiration rates and tree water use were 

always significantly lower at Newcastle Waters than at either Katherine or Darwin. 

There were no significant differences between Darwin and Katherine. Mean daily 

transpiration rates for each species at each location area given in Table 6.2, mean Q was 

0.00082 ± 0.0002, 0.00064 ± 0.0002 and 0.00032 ± 0.00008 m3  day' m 2  at Darwin, 

Katherine and Newcastle Waters respectively. The diurnal pattern of transpiration for 

each location during the wet and dry season is shown in Figure 6.7. Transpiration 

increased during the morning and was at or near its maximum by mid-morning and 

declined later in the afternoon following similar patterns to incoming solar radiation. 

The early afternoon reduction in transpiration rates observed in Darwin (dry season) and 

Katherine (wet season) was due to daily cloud build-up, which reduced net radiation. 

Recovery in transpiration rates is evident later in the afternoon at Darwin as cloud 

cleared. At Newcastle Waters, dry season transpiration declined steadily from a mid-

morning maximum and this was not the result of cloud cover which was entirely absent 

at this time. During the wet season transpiration was approximately constant between 

9:30 am and 4:30 pm. Mean daily water use was strongly correlated to DBH in both 

seasons (Fig. 6.8). There were no significant differences in the relationship between 

DBH and tree water use at Darwin or Katherine, however at all DBHs, tree water use 

was lower at Newcastle waters. 
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Figure 6.6 Mean daily transpiration rates during the dry (open) and wet season 

(closed) at three locations along the NATT 

Tree water use was significantly lower in trees at Newcastle Waters than at either 

Darwin or Katherine. 
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Figure 6.7 Diurnal Patterns of transpiration at Darwin (•), Katherine () and 

Newcastle waters (A) 

Data represent the mean dry season (a) and wet season (b) transpiration rates for the two 

dominant species at each site over a five day sampling period. 
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Figure 6.8 Mean (± s.e.) daily water use in relation to DBH at three locations along 

the NATT 

Darwin (+, ), Katherine (.,r) and Newcastle waters (A 4). Open symbols, light line 

correspond to dry season measures and closed symbols, heavy line correspond to wet 

season measures. 

Table 6.2 Mean daily transpiration rates for five eucalypt species at three locations 

along the NATT 

Season Location Species Q1(m3  day 1  m 2) 

Dry Darwin E. miniata 0.000464 ± 0.00018 

E. tetrodonta 0.00160 ± 0.0013 

Katherine E. tetrodonta 0.00071 ± 0.00044 

E. latifolia 0.00084 ± 0.00032 

Newcastle Waters E. capricornia 0.00035 ± 0.00016 

E. terminalis 0.00037 ± 0.00019 

Wet Darwin E. miniata 0.00054 ± 0.00013 

E. tetrodonta 0.00080 ± 0.00024 

Katherine E. tetrodonta 0.00021 ± 0.00013 

E. 1atzfo1ia 0.00071 ± 0.00022 

Newcastle Waters E. capricornia 0.00025 ± 0.00015 

E. terminalis 0.00036 ± 0.00025 
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6.3 Discussion 

Eucalypts are an important structural component of savannas in northern Australia, as 

such they are expected to have a significant impact on the water balance of these forests. 

In the current study, patterns of tree water use were investigated at three locations along 

a large rainfall gradient in northern Australia. Patterns of tree water use were studied in 

detail near Darwin (Chapters Four, Five and Seven). However, Darwin is at the wetter 

end of the NATI, where soil water availability does not become limiting over the dry 

season (Cook et al.1998). To place the savannas near Darwin in context with savannas 

in northern Australia generally, it is important to understand the patterns of tree water 

use and the relationship between water use and tree size at a range of sites along the 

rainfall gradient. This chapter deals exclusively with tree water use at three sites within 

northern Australia, and the relationship between tree water use and tree size at those 

sites. 

6.3.1 Tree Size Relationships 

Leaf area, sapwood area and DBH (or cross sectional basal area) are parameters 

commonly used to scale tree water use. In the current study, there were very strong 

relationships between DBH and sapwood area, as observed in a number of studies 

(Hatton et al. 1995, Vertessy et al. 1995). However, this relationship has not been tested 

at a number of sites along a rainfall gradient, simultaneously. The data here suggest that 

sapwood area could be estimated for the maj or eucalypt communities of northern 

Australia from existing vegetation data sets that contain information on basal area and 

stem density, for example the Northern Territory Vegetation Survey (Wilson et al. 

1990). This makes sapwood area an important and useful parameter for regional scaling 

of tree water use. Dunn and Connor (1993) used sapwood area to scale water use in the 

E. regnans forests of Victoria. They demonstrated a decline in sapwood area with forest 

age and correlated this to a decline in water use in these older forests. The use of scaling 

parameters such as basal area and sapwood area has been criticised, because seasonal 

changes in leaf area, and hence tree water use are not accounted for when using basal 

area or sapwood area. However, scaling tree water use using parameters such as basal 

area is justified and may be preferable given that detailed estimates of the spatial and 

temporal variabilty in leaf area is lacking for northern Australia and would be difficult to 

obtain. 

110 



There were strong relationships between sapwood area and leaf area for the trees 

sampled along the NATI' and again all trees could be described by a similar relationship 

in each season. Leaf area was lower at the end of the dry season than at the end of the 

wet season, as indicated by the slope of the DBH/sapwood area/leaf area relationships 

(Figs. 6.3, 6.4). The decline in leaf area during the dry season is consistent with the 

findings in Chapter Two that demonstrated a 30-40% decline in the leaf area of the 

evergreen eucalypts over the course of the dry season. This decline may be a 

mechanism for controlling water use over the dry season such that water use is relatively 

constant over the year (Chapters Four and Five). Mencuccini and Grace (1995) 

suggested that trees respond to increased transpiration rates resulting from increased 

vapour pressure deficit, by reducing the leaf area to sapwood area ratio. Although 

stomatal conductance declines at high vapour pressure deficits (Schulze and Hall 1982, 

Nonami et al. 1990, Maroco et al. 1997, Meinzer et al. 1997), Saugier et al. (1997) 

noted that the decline in stomatal conductance alone, was not enough to limit 

transpiration rates in boreal pine. By reducing leaf area, stomatal conductance of the 

remaining leaves is sufficiently high to prevent diffusional limitation of assimilation 

rates. As such, leaf loss represents an optimisation response (Thomas et al. 1999 a, b) to 

increased evaporative demand. 

It is important that the relationship between DBH and leaf area was similar for all trees 

along the rainfall gradient. Leaf area is an important input into models that describe the 

exchange of mass and energy between the canopy and atmosphere (Avissar 1995). The 

present data suggest that LAI of the tree layer can be reasonably estimated. The strength 

of the relationship in both seasons was somewhat surprising given the distance between 

sites (Darwin to Newcastle Waters approximately 700 km) and presumably the 

differences in moisture availability over the rainfall gradient (> 1200 mm decline in 

aimual rainfall). The importance of this will be discussed in relation to tree water use 

below. 

6.3.2 Transpiration and Tree Water Use 

The diurnal pattern of transpiration was similar at the three locations along the NATI. 

Transpiration rates increased during the morning in response to increasing solar 

radiation and temperature reached a maximum around mid-morning and declined again 

late in the afternoon. Radiation responses were observed in the diurnal patterns of 
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transpiration in Darwin at the end of the dry season and in Katherine at the end of the 

wet season. Daily cloud build-up, which appeared to be a feature of the prevailing 

weather conditions at these sites, reduced net radiation and this was reflected in a decline 

in transpiration during these periods. At Darwin, most of the cloud build-up had 

disappeared by mid-afternoon and transpiration rates recovered (Fig. 6.6). Transpiration 

rates at Newcastle Waters reached a maximum mid-morning in the dry season and 

declined throughout the rest of the day, in contrast to the wet season where the decline in 

transpiration was noted later in the afternoon. Pre-dawn leaf water potentials were very 

low at the end of the dry season and were lower than -4.0 MPa shortly after dawn, 

suggesting considerable water stress, although many and zone plants are able to 

maintain turgor at low leaf water potential through osmotic adjustment (Bell and 

Williams 1997). The gradual decline in transpiration over the day, during the dry 

season, probably reflects strong stomatal control of transpiration and the development of 

water stress at this site. 

Transpiration rates were slightly higher in the dry season than in the wet season, 

although the differences were not statistically significant. Data from Chapters Four and 

Five demonstrated that transpiration rates were significantly higher in the dry than in the 

wet season at the Darwin site. The lack of statistical significance reported in this study 

may reflect the restricted sampling over time, as there is significant inter-annual 

variability in tree transpiration rates (Chapter Five). In the dry season, leaf area declined 

but the dry season decline in tree water use (m3  day) was only slight. Therefore, a 

similar volume of water was transpired through fewer leaves, a pattern similar to that 

observed in Chapters Four and Five. 

Transpiration rates in Darwin were similar to those for Katherine, and these were higher 

than Newcastle Waters in both seasons. Pan evaporation at Newcastle Waters was 

higher in both seasons during the sampling periods than Darwin or Katherine (Fig. 6.1). 

Annual rainfall at Newcastle Waters was also significantly lower and less predictable 

than at Darwin or Katherine, suggesting that trees at Newcastle Waters were subject to 

more and conditions. Bowman (1996) and Egan and Williams (1996) both noted a shift 

to plants adapted to more and conditions at latitude 16° S, north of the Newcastle Waters 

site, suggesting a division in savannas from humid savannas in the north to and savannas 

in the south. 

It is interesting to note that the relationship between DBH and leaf area and the 

relationship between DBH and sapwood area was similar for trees at all sites, despite 

112 



differences in annual rainfall and presumably plant available moisture. However, wet 

season tree water use at Newcastle Waters was never as high as in Darwin or Katherine. 

Lower tree water use for a tree of any given DBH at Newcastle Waters at the end of the 

dry season might be explained as stomatal control of transpiration in response to 

increased evaporative demand and lower soil water availability (as suggested by the very 

low pre-dawn leaf water potential (Fig 6.2)). However, it is not obvious as to why tree 

water use at the end of the wet season, when water availability was high, was so low. A 

possible explanation may be differences in the hydraulic architecture of the species at 

Newcastle Waters. 

Arid zone plants tend to have smaller xylem diameters and narrow pore diameters at the 

pit membrane, theoretically making them less susceptible to xylem cavitation (Tyree and 

Sperry 1989, Tyree and Ewers 1996). These smaller vessel diameters and narrow pore 

diameters, however, increase resistance to flow in the plant for any given gradient in 

water potential. Further, tree height declines along the rainfall gradient in northern 

Australia (Williams et al. 1996) and Ryan and Yoder (1997) proposed that maximum 

tree height at a site is determined by hydraulic limitations which can also impose 

restrictions on maximum stomatal conductance (Hubbard et al. 1999). Thus there is 

evidence to suggest that hydraulic limitations may reduce tree water use at Newcastle 

Waters. 

Could hydraulic restrictions on water use be responsible for the relatively aseasonal 

patterns of tree water use observed in the eucalypts at the three sites studied along the 

NATT? Evergreen trees in northern Australia are subjected to annual dry seasons. To 

survive they must be able to grow throughout the dry season and must avoid excessive 

run-away embolism. I suggest that over the life of a tree, the hydraulic architecture is 

adapted to avoid embolisms over the dry season. The adaptions that reduce 

susceptability to xylem embolism in the dry season, ie. narrow xylem diameter and small 

pore diameters at the pit membranes also increase resistance to flow. Further, these 

adaptions may also have an important role in embolism repair, thereby retaining the 

integrety of the xylem conduits over the dry season (Zwieniecki and Holbrook 1998). 

As it is unlikley that the hydraulic architecture would vary seasonally, these adaptions 

have the potential to limit tree water use in the wet season when water availability is 

unlimiting. Prior and Eamus (1999) noted seasonal changes in percentage embolism in 

E. tetrodonta were small, indicating that xylem formed at different times of the year 

appear to behave similarly. 
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Tree water use along the NATT was only slightly lower at the end of the dry season than 

the wet season, and transpiration rates were actually slightly higher in the dry season. 

This is in contrast to other studies of tree water use in environments with highly seasonal 

rainfall patterns. For example, Farnngton et al. (1994) found that tree water use 

declined from a maximum in spring over the summer for eucalypts in woodlands in 

southwest Western Australia (Mediterranean climate). Water use in maritime pine in 

Portugal (Loustau et al. 1996) and plantation eucalypts in southwest western Australia 

(Salama et al. 1994) also demonstrated declines in tree water use over the dry seasons. 

The larger degree of seasonality in these studies, in comparison to the trees in northern 

Australia, might reflect the greater seasonality in radiation and pan evaporation than is 

normally experienced in the tropics. These species were able to control water loss 

through stomatal control of transpiration, however stomatal control may not always be 

an effective method of limiting transpiration (Saugier et al. 1997). 

A strong relationship between tree size (DBH, leaf area) and tree water use along the 

NATT, raises the potential for estimating stand water use in eucalypt dominated savanna 

using a generic model, although the data here argue for a distinction between humid and 

and savannas. The contribution of tree transpiration to overall evapotranspiration would 

be expected to decline along the NATT, as tree basal area, leaf area and tree water use 

declines with increasing aridity. The contribution of tree transpiration to overall 

evapotranspiration was examined in detail at the Howard Springs site and is discussed in 

Chapter Seven. The evergreen phenology of the eucalypts studied here suggests that 

trees must spend water year round in order to protect photosynthetic machinery from 

damage due to effects such as temperature build-up in the leaf. Further, the generic 

relationships between tree size and leaf area and the correlations between transpiration 

and photosynthetic capacity (Enquist et al. 1998) have implications for modelling 

productivity in northern Australia. 

6.3.3 Conclusions 

The patterns of tree water use observed along the NATT were similar to the patterns in 

the E. miniata/E. tetrodonta open-forests that were studied in detail for the Darwin site 

in Chapters Four and Five. The relationship between DBH and leaf area was similar at 

all three sites, as was the relationship between DBH and sapwood area. Diurnal tree 

water use closely followed radiation, increasing rapidly in the morning and declining 

late in the afternoon. Water stress observed in trees at Newcastle Waters by the end of 
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the dry season meant that stomatal control of transpiration had a significant influence on 

the diurnal pattern of transpiration. Transpiration declined steadily throughout the day 

after an early morning maximum in contrast to other sites where transpiration reached 

maximum rates later in the morning and were maintained throughout the day until late 

afternoon. Pre-dawn leaf water potentials were more negative at the end of the dry 

season than at the end of the wet and at all sites. Dry season depression of pre-dawn leaf 

water potential increased with decreasing rainfall along the NATT. Transpiration rates 

(Q) were slightly higher in the dry season than in the wet season, although tree water 

use was slightly lower in the dry season. The higher transpiration rates were the result 

of a seasonal decline in leaf area, which may be a method of controlling water use while 

still maintaining photosynthesis in the remaining leaves. Transpiration rates were 

always lower at Newcastle Waters and this may relate to differences in the hydraulic 

architecture in trees in the more and savannas. It is possible that hydraulic limitations 

imposed on trees by the annual dry season, limit water use in the wet season. 
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Chapter Seven: Scaled estimates of tree water use: the contribution of tree 

transpiration to evapotranspiration in the eucalypt open-forests near 

Darwin, northern Australia 

7.0 Introduction 

Estimates of tree water use need to be scaled in space and are usually expressed as 

hydrological units (for example, mm day', Hatton and Wu 1995) to allow comparisons 

with other estimates of evapotranspiration. For this to be accomplished, it is essential to 

know the effective ground area occupied by the tree. Hatton and Wu (1995) argued that 

in irregularly spaced forests, or forests with gaps, the most appropriate method of doing 

this was to scale by an expression of tree size, principally leaf area. Expression of water 

use in terms of leaf area essentially normalises tree water use with respect to tree size 

and removes the dependency of tree water use on tree size. Accurate estimates of tree 

leaf area, and more importantly LAI of a stand or community are difficult to obtain 

(Chapter Two). For these reasons Calder (1992) argued that DBH (and hence tree basal 

area) was probably the best indicator of tree size because of the ease, accuracy, 

repeatability and non-destructive nature of such measurements. Furthermore, DBH and 

canopy leaf area are generally well correlated. In either case, extrapolation of tree water 

use to estimates of plot or community water use are widespread and are an integral part 

of studies of forest water balance (see for example, Kelliher et al. 1992, Whitehead et al. 

1994, Hatton et al. 1995, Teskey and Sheriff 1996). 

Scaling of tree processes should be approached with care, as many ecophysiological 

processes are non-linear (Avissar 1995). In Chapter Five it was argued that 

extrapolation of processes at the leaf scale did not adequately describe whole plant 

responses to VPD in the two dominant eucalypt species in the Gunn Point region of the 

Northern Territory. Whole tree transpiration rates during the dry season for the two 

eucalypts, E. miniata and E. tetrodonta were larger than during the wet season. This 

was despite declines in stomatal conductance and pre-dawn leaf water potential that 

occur in response to increasing VPD and declining soil water availability (Duff et al. 

1997, Meinzer et al. 1997, Myers et al. 1997). This suggests that despite a prolonged dry 

season, soil water availability was not limiting transpiration and transpiration was 

continuing at the rate imposed by ambient vapour pressure deficit and solar radiation. 
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The establishment of studies looking at integrated measures of evapotranspiration within 

the Howard east catchment site (Hatton et al. 1997, Cook et al. 1998, Hutley et al. 2000) 

have provided an ideal opportunity to obtain estimates of the various components of 

evapotranspiration. These studies have used a number of techniques including; 

micrometeorological, heat pulse and, soil and groundwater chemistry to assess the 

contribution of understorey and tree water use to total evepoiransiration. Integrated 

studies are making an important contribution to the study of exchanges of mass and 

energy between the plant communities and the atmosphere (Hatton et al. 1990, Köstner 

et al. 1992, Allen and Grime 1995, Saugier et al. 1997). These have been used to asses 

the seasonal contribution of tree transpiration to total evapotranspiration (Whitehead et 

al. 1994, Allen and Grime 1995), the contribution of the understorey and soil 

evaporation (Kelliher et al. 1992, Hutley et al. 2000) and to validate scaled measures of 

tree water use (Saugier et al. 1997). 

This chapter provides estimates of tree water use scaled in space and time and compares 

them to estimates of total and understorey evapotranspiration made using eddy co-

variance and open topped chambers. Chapters Four and Five argued that there would be 

very little seasonality in estimates of stand water use, despite marked seasonality in 

climate (in terms of rainfall, soil water availability and air saturation deficits), 

transpiration rates (Chapter Five) and forest LAI (Chapter Two). This was argued 

because it was proposed that declining LAI would offset the effects of increased 

evaporative demand and transpiration rates. Further, in Chapter Six it was proposed that 

climatic and soil conditions during the dry season imposed hydraulic restrictions on tree 

water use in the wet season. 

The major objective of this chapter was to assess the contribution of tree transpiration to 

total evapotranspiration in E. miniata/E. tetrodonta open-forests. Of particular interest 

were the questions: 

Is basal area or leaf area the most appropriate parameter to scale tree water use in 

savannas of northern Australia? 

What is the contribution of tree water use to overall stand water use? 

How does stand water use vary seasonally, and on a year to year basis? 
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7.1 Methods 

7.1.1 Eddy Co-variance Measurements 

Determinations of evapotranspiration, using micro-meteorological techniques, were 

conducted at the end of the wet season, mid-dry and late-dry season starting in October 

1996 and continuing through to October 1998. Measurements of sensible heat flux, 

latent energy flux, net radiation, wind speed and wind direction were made on a tower 

with instrumentation positioned 3 in above the mean canopy height of 15 in. 

Instrumentation included a Campbell Scientific 3d sonic anemometer (CSAT3) and a 

Krypton Hygrometer (KH20) interfaced to a 2 1 X data logger (Campbell Scientific, Utah 

USA). Data were collected at 10 Hz and estimates of sensible heat and latent energy 

were calculated at 30-minute intervals on-line. Measurements of air temperature, 

relative humidity, windspeed and net radiation (Q 7.1, Radiation and Energy Balance 

Systems, Washington USA) were made at the same height. Estimates of soil heat flux 

were made using 4 soil heat flux plates buried at a depth of 8 cm with an averaging soil 

thermocouple (TCAV, Campbell Scientific Utah USA). A detailed description of the 

measurement regime is found in Hutley et al. (2000). 

7.1.2 Stand Structure and Tree Water Use 

The study was conducted in an E. miniata/E. tetrodonta open-forest and the site 

(approximately 800 in north of the PAWA meteorological tower, see Chapter Two for 

GPS co-ordinates) was selected principally because its large stand of E. miniata/E. 

tetrodonta open-forest (> 1 km2) had adequate fetch and slope. Three permanent plots 

(30 x 30 m) were selected within a 100 in radius of the eddy co-variance tower, and 

were surveyed at each sampling time for tree leaf area, using the 'Adelaide technique' 

(Andrew et al. 1979, Chapter Two) and tree DBH!basal area. Spatial variability in basal 

area and LAI represents a major source of variation in stand water use (O'Grady et al. 

1999). Consequently, three smaller spatially separated plots were chosen instead of a 

larger single plot (Hatton et al. 1995, Hatton et al. 1998), where edge effects are 

minimised. Within each plot tree species, DBH, leaf area and height class of each tree 

was recorded (as described in Chapter Two). 
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7.1.3 Scaled Estimates of Stand Water Use 

Tree water use was estimated in randomly selected trees within a 100 m radius of the 

eddy co-variance tower, following the protocol described in Chapters Four and Five. 

Tree water use was monitored using Greenspan Technology sap flow sensors 

(Greenspan Technology Warwick, Queensland) and estimates of sap velocity were 

scaled to tree water use following Hatton et al. (1990). For each instrumented tree, 

DBH and leaf area was recorded to enable allometric relationships between tree water 

use and leaf area/basal area to be generated. Tree water use was plotted against, DBH 

(cm), cross sectional area (m2) and tree leaf area (m2) and power curves were generated 

each day over the sampling period (usually 7-14 days, depending on climatic 

conditions). Water use of each tree within the three permanent plots was then estimated 

using the relationship generated for that day. Tree water use within each plot was 

summed and divided by the area of the plot in order to express water use on an areal 

basis, thereby making it easier for direct comparisons to measurements of 

evapotranspiration calculated using the micrometeorological techniques. 

7.1.4 Understorey Evapotranspiration 

Estimates of understorey evapotranspiration were made using open top chambers 

(Greenwood et al. 1985, Fang and Moncrieff 1998) at the end of the wet season (April 

1998), when soil water availability was high and at the end of the dry season (September 

1998) when soil water availability was assumed to be at a minimum. Chambers 

consisted of a cylindrical base, 1.23 in high and 0.77 m diameter, made of clear acrylic 

plastic with a conical top covered in clear plastic to improve mixing of air at the exit port 

(diameter at the exit port: 10.5 cm). The total height of the chamber was 2 in and 

volume enclosed was 0.78 m3. Air was pumped into the chamber via a fan mounted at 

the base of the chamber, such that exit flow rates varied between 0.035 m3  s'and 0.052 

m3  s 1  depending on canopy interference. 

Water vapour densities of air entering and leaving the chamber were measured using a 

Li-Cor CO2/H20 analyser (Li -Cor 6262, Lincoln Nebraska). Air was ducted to the 

analyser using Beva-Line tubing at flow rates of 0.008 m3  min', controlled by a mass 
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flow controller (FC 280, Tylan General, Torrence, California) and output logged using a 

Cambell 2 1X data logger (Logan Utah) at 1 second intervals. The incoming airstream 

was switched between the chamber inlet and outlet, with each measurement lasting 

between 3-5 minutes, until a stable output was recorded. Measurements were made 

throughout the day every 1.5-2 hours to establish a diurnal pattern of understorey 

evapotranspiration. Between measures the chamber was removed to minimise its impact 

on the microclimate of the plot (Denmead et al. 1993). 

Evapotranspiration was calculated as: 

where Et is the understorey evapotranspiration, V is the volumetric flow rate (m3 ), 

Pout and p 1, are the vapour densities of the out-going and incoming air streams 

respectively and A is the cross sectional area of the chamber (m). Diurnal curves were 

integrated to obtain a point estimate of evaporation in mm day 1. 

During the wet season, measurements were made on six plots over the course of three 

days and over a range of substrate types, bare soil, clumps of Sorghum and other 

common understorey woody species (Terminaliaferdinandiana and Planchonia careya). 

During the dry season, four plots were measured over two days. The line intercept 

method was used to estimate the fractional cover of each cover type along each often 50 

in transects (Whitehead et al. 1994), which when combined with chamber data provided 

spatially averaged estimates of understorey evapotranspiration (Hutley et al. 2000). 

7.2 Results 

7.2.1 Forest Structure 

Six of the seven dominant species identified in Chapter Two contributed to the stand 

structure in the three permanently marked plots; the only tree species not present was E. 

clavigera, although individuals of this species were in the broader area. Basal area in 

each of the three, 30 x 30 in plots was 8.77, 9.83 and 8.96 m2ha1  for plot 1,2 and 3 

respectively. 
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Canopy LAI declined during the dry season from a high at the end of the wet season to 

its lowest at the end of each dry season. Leaf area index varied between plots and 

between seasons, and ranged from more than 2 in plot three during April 1997 to less 

than 0.5 in plot three in September 1998. In general, LAI was lower during 1998 than it 

was in 1997. Seasonal variation in LAI was largest in plot three, reflecting the larger 

contribution to the plot basal area of the fully deciduous species T.ferdinandiana. The 

seasonal pattern of LAI for each plot is shown in Figure 7.1. Basal area and LAI were 

within the range of values reported in Chapter Two for E. miniata/E. tetrodonta open-

forests within the catchment area and close to the mean values reported in Chapter Two. 

The site chosen was therefore representative of this forest type. 
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Figure 7.1 Seasonal changes in leaf area index at the eddy covariance site 

a. Leaf area index for each of three permanent plots established within a 100 in radius of 

the eddy covanance tower measured at the end of the wet season, mid-dry season and at 

the end of the dry season. b. Represents the change in mean LAT for the three plots 

combined. 

122 



7.2.2 Tree Water Use 

Power curves were generated for each sample day and these relationships were used to 

scale tree water use to plot water use in each of the three 30 x 30 in plots. Tree water 

use was lower in 1998 than in 1997 (Fig. 7.2, F=4.94, d.f. =1, 28, p<0.05), although 

there were no seasonal differences in tree water use. The relationship between mean 

daily Q and each of the scaling parameters is shown in Table 7.1 for each of the 

sampling periods. An example of the relationship between Q and each of the scaling 

parameters for March 1998 is shown in Figure 7.3. The mean (± s.e.) power exponent 

for all sampling periods, of the relationship between Q and DBH, basal area and leaf 

area respectively, were 2.11 ± 0.16, 1.05 ± 0.08 and 0.77 ± 0.08. There were generally 

strong relationships between Q and each of scaling parameters; however the relationship 

between Q and leaf area tended to be more variable than that for DBH or basal area, 

reflected in the lower r2  (mean: 0.69 for leaf area compared to 0.84 for DBH and basal 

area). 
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Figure 7.2 Tree water use in 1997 (•) and 1998 () 

Tree water use was lower in 1998 than in 1997, there were no significant seasonal 

differences in tree water use. 
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Table 7.1 Constants and correlation coefficient for tree water use (m3  day) and 

each of the three scaling parameters over two wet-dry cycles 

Date Parameter a b 

October 96 DBH 2 x 10 2.47 0.81 

Basal area 2.11 1.24 0.81 

leaf area 0.0006 1.14 0.65 

April 97 DBH 0.0001 1.78 0.63 

Basal area 0.597 0.89 0.63 

leaf area 0.0018 0.69 0.79 

July 97 DBH 3 x 10  2.36 0.95 

Basal area 2.41 1.18 0.95 

leaf area 0.0009 0.99 0.95 

September 97 DBH 5 x10 3  2.16 0.75 

Basal area 1.48 1.08 0.75 

leaf area 0.0041 0.50 0.41 

March 98 DBH 9 x 10 2.73 0.92 

Basal area 3.49 1.36 0.93 

leaf area 0.0008 1.03 0.46 

July98 DBH 0.0002 1.69 0.87 

Basal area 0.46 0.84 0.87 

leaf area 0.0014 0.84 0.83 

September98 DBH 6x 10 1.94 0.89 

Basal area 0.59 0.97 0.89 

leaf area 0.002 0.66 0.68 
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Figure 7.3 Power curves demonstrating the relationship between Q and the scaling 

parameter 

Leaf area (top), cross sectional basal area (middle) and DBH (bottom). Data represent 

the mean daily water use (± s.e.) collected March 1998. 
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7.2.3 Scaled Tree Water Use 

Tree water use was scaled using power relations generated daily during each sampling 

period. Mean daily water use for the stand of trees is summansed in Table 7.2. 

Estimates of plot water use lacked distinct seasonality when scaled with either DBH or 

cross sectional basal area. However, a seasonal pattern of scaled water use was evident 

when leaf area was used as the scaling parameter (Fig. 7.4). Water use of the stand was 

largest at the end of the wet season and declined throughout the dry season. Scaled 

estimates of stand water use were lowest at the end of the dry season in 1998 for each of 

the scaling parameters and reasons for this will be discussed below. The mean estimate 

(whole data set combined) of daily water use scaled using leaf area was slightly lower 

than estimates using basal area or DBH: 0.79, 0.81 and 0.73 for DBH, basal area and 

leaf area respectively. Estimates of water use for the year were calculated by 

multiplying the mean daily water use for April, July and September by 122 days and 

were 293.2 mm, 301.7 mm and 278.6mm for DBH, basal area and leaf area 

respectively. 

In contrast to the weak seasonality in scaled estimates of tree water use, there was strong 

seasonality in total evapotranspiration (Et) measured using eddy co-variance. 

Evapotranspiration varied from more than 3 mm day' during the wet season to about 1.2 

mm day' at the end of the dry season. Understorey evapotranspiration was a significant 

contributor to total evapotranspiration during the wet season. The weighted average 

understorey evapotranspiration rates during March 1998 were 2.8 mm day 1  (Fig 7.5), 

although Sorghum tussocks were transpiring at rates as high as 6 mm day' and bare soil 

patches as high as 2.2 mm day'. Understorey evapotranspiration at the end of the dry 

season was considerably less; the weighted average being 0.55 mm day', although this 

rate may be a slight overestimate, a result of a rainfall event at the site in the previous 

week (14 mm). 
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Table 7.2 Estimates of water use by a stand of trees 

Data are the mean (mm ± s.e.) daily stand estimates of tree water use of three 30 x 30 m 

plots for each of the sampling periods, estimated using three scaling parameters. Tree 

water use was scaled by generating daily power curves, and estimating water use of each 

tree within the plot. 

Season LAI DBH (cm) basal area (m) leaf area (m) 

Oct 96 0.6 0.84±0.07 0.82±0.06 0.63±0.34 

Apr97 1.74 0.88±0.01 0.88±0.013 0.96±0.13 

Jul 97 1.04 0.89±0.02 0.95±0.02 0.91±0.02 

Sept 97 0.79 0.85±0.003 0.89±0.003 0.72±0.004 

Apr98 1.19 0.86±0.004 0.92±0.01 0.96±0.02 

Jul 98 0.6 0.76±0.02 0.75±0.02 0.57±0.01 

Sept 98 0.58 0.47±0.02 0.48±0.02 0.39±0.01 
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Figure 7.4 Seasonal patterns of scaled estimates of plot water use 

Three scaling parameters were used to estimate stand water use: DBH (•), cross 

sectional basal area (u) and leaf area (A). There was an increase in the seasonality of 

calculated stand water use when leaf area was used as the scaling parameter. 
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Figure 7.5 The seasonal patterns of evapotranspiration in E. miniatalE. tetrdonta 

open-forest 

Seasonal evapotranspiration (•) estimated using eddy co-variance and potential 

evaporation (o) from Darwin airport. Also shown are the contribution of tree water use 

(scaled using cross sectional basal area (n)) and understorey evapotranspiration (x). 

7.3 Discussion 

In this chapter, the seasonal contribution of tree transpiration to overall site 

evapotranspiration was quantified. Estimates of tree water use were scaled using three 

parameters that vary proportionally with tree size (DBH, cross sectional basal area and 

leaf area), and plot water use was expressed in hydrological units to allow comparison 

with estimates of evapotranspiration derived from eddy covariance techniques. 

7.3.1 Scaling Tree Water Use 

There were strong relationships between tree water use and each of the scaling 

parameters at each of the sampling periods. The strong relationship between tree size 

and tree water use has been noted previously (eg Calder et al. 1992, Dunn and Connor 
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1993, Hatton et at. 1995, Vertessy et at. 1995) and provides the basis for scaling tree 

water use to stand water use in many hydrological studies. It was shown in Chapter 

Four that for these savanna sites, daily tree water use remained relatively constant 

throughout the year. Tree water use strongly reflected tree size, despite the five selected 

species being from differing phenological guilds. This suggests that modelling tree water 

use in these savannas will be less complex than initially envisioned. 

The decline in leaf area per tree over the dry season was accompanied by an increase in 

the transpiration rate, Q. This increase was associated with increased vapour pressure 

deficit and resulted in constant water use throughout the year. Tree water use was lower 

in the dry season than in the wet season along the NATT, although the difference 

between dry season water use and wet season water use were small, and may be an 

artefact of a lack of replicated sampling over a number of years. Calder et at. (1992) 

also noted a seasonally constant water use relationship in eucalypt plantations in India. 

They suggested that water use could essentially be estimated at any time of the year 

given an unlimited supply of soil water and an estimate of the basal area of the 

plantation. A seasonally constant water use is a significant finding and suggests that 

estimating and scaling tree water use in the tropical savannas could be relatively 

straightforward using existing information on standing basal area of the dominant 

vegetation communities (for example Wilson et at. 1990). Determination of the basal 

area of a forest type is somewhat less complicated than estimating the LAI of that forest 

type. However, it is unlikely that soil water availability would be non-limiting across all 

savanna types, at all times of the year and classifying savannas on the basis of aridity is 

advisable as tree water use was lower in both seasons at Newcastle Waters than at 

Darwin (Chapter Six). 

There was considerably more variability in the relationship between tree water use and 

leaf area, than for basal area or DBH (Fig. 7.4 and Fig. 4.4c). This reflects the errors 

involved in estimating leaf area. Figure 7.4 compares the three scaling parameters used 

in this study. As expected there was very little difference in estimates based upon DBH 

and basal area and very little seasonal variation. In contrast, estimates of water use 

scaled using leaf area exhibit a seasonal pattern of water use, stand water use being 

larger in the wet season and declining throughout the dry season. The pattern of 

seasonality is similar to the pattern (although not of the same magnitude) of total 

evapotranspiration exhibited in Figure 7.5. The seasonal pattern exhibited in Figure 7.4 

better represents the seasonal changes in the area of the evaporative surface (ie. seasonal 

changes in LAI), suggesting that leaf area may be more sensitive and a physiologically 
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superior scaling parameter. However, these differences equated to less than 10% 

differences in estimated annual tree water use, and in this system, may not be important 

given the errors involved in estimating stand water use. 

7.3.2 Scaled Tree Water Use 

The lack of marked seasonal patterns in tree water use suggest that trees at the site exist 

at equilibrium between a number of climatic and edaphic factors and reflects the 

evergreen phenology of the canopy dominants (Williams et al. 1997). The canopy of the 

site was well coupled (sensu Jarvis and Mc Naughton 1986) to the atmosphere 

(decoupling coefficient, Q = 0.5 during the wet season and 0.1 during the dry season 

Hutley et al. 2000). Under such conditions, and given non-limiting soil water 

availability (Cook et al. 1998), vapour pressure deficit would be a dominant driving 

force for transpiration (Jarvis 1993). Vapour pressure deficit increases during the dry 

season and pre-dawn leaf water potential, which has been used as a surrogate of soil 

water availability in the root zone, declined over the course of the dry season (Chapter 

Five, Duff et al. 1997). Both of these factors have been correlated to a reduction in 

stomatal conductance (Eamus and Prior 2000, Meinzer et al. 1997b, Myers et al. 1997). 

Transpiration rates increase in the dry season (Chapter Four, Five), but leaf area declines 

(Chapter Two), thereby limiting tree water use, more effectively than declines in 

stomatal conductance that result from decreasing pre-dawn leaf water potential and 

increasing VPD. 

The canopy of evergreen species in the mid-late dry season consists almost entirely of 

old leaves in poor physiological condition (Williams et al. 1997, Eamus et al. 1999). 

Such leaves have a reduced capacity to regulate water loss through stomatal conductance 

alone (Abrams and Menges 1992). Consequently a reduction in total leaf area is 

required to limit the rate of water use by the canopy. Furthermore, leaves of E. 

tetrodonta adjust their stomatal conductance to maintain a C, that optimises assimilation 

rates (Eamus et al. 1995). Should stomatal conductance decline too far during the dry 

season in response to reduced soil and atmospheric water content, assimilation rates 

would decline significantly in response to declining C, and the cost to the plant of 

maintaining leaf area would be too high. Shedding leaf area allows the plant to maintain 

stomatal conductance within a range that optimises assimilation for individual leaves 

and reduces the demand for water by the canopy at a time of declining soil water 

availability. 
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There was a marked decrease in scaled estimates of tree water use in September 1998, in 

contrast to September 1996 and 1997. Fire is likely to have an important role in the 

water balance of savannas. In 1996 and 1997 fire destroyed much of the canopy during 

the dry season. This resulted in a flush of new leaves by the end of the dry season. 

Stand water use at the end of the dry season in 1996/1997 did not show the marked 

decline as seen at the end of the dry season in 1998. Transpiration rates in regrowth 

after fire have been showm to be significantly higher than pre-fire transpiration rates 

(Bell and Williams 1997). 

Given the prevailing conditions of a well-coupled canopy, with essentially non-limiting 

water availability, the estimates of water use presented here appear low in comparison to 

potential evaporation rates (Fig. 7.5), although this has been noted elsewhere (Saugier et 

al. 1997). This reflects the low LAT of these forests and the importance of disturbances 

(for example: fire, storms) on the forest structure at the site, which act to reduce LAI and 

basal area. Size class distributions from Chapter Two indicate that the forests may still 

be developing and that the contribution of tree water use to total evapotranspiration from 

the site would be expected to increase as the LAT and basal area of the site increases. It 

is also interesting to note that scaled estimates of tree transpiration reported here are 

considerably less than those reported by Cook et al. (1998) for similar vegetation at a 

site nearby (April value 1.76mm day , September value 1.21 mm day 1). This 

discrepancy is difficult to account for, but may reflect differences in sampling strategies, 

and spatial heterogeneity within this forest type. Cook et al. (1998) scaled tree water use 

across a single 50 x 50 m plot (thus reducing the impacts of edge effects), with a higher 

basal area than the average basal area of the three smaller 30 x 30 m plots used here 

(9.14 m2  ha 1  v. 8.65 m2  ha 1 ). Further, to scale water use, Cook et al. (1998) assumed a 

linear relationship and applied a scaling factor. In this study, the relationship between 

tree water use and tree size was not linear. Also the dervied relationship was applied to 

each tree in the plot and summed to obtain total tree water use. Hense, differences in 

scaling appraoches may result in differnces between the two studies. 

7.3.3 Evapotranspiration 

The overall contribution of tree transpiration to total evapotranspiration (as measured 

with eddy covariance) was low and aseasonal. This was in contrast to 

evapotranspiration itself,  which was highly seasonal with maximal rates being recorded 

131 



at the end of the wet season when moisture availability was at a maximum. Total 

evapotranspiration and tree water use converge over the dry season suggesting that 

evaporation from soil and vegetation is a significant seasonal contributor to total 

evapotranspiration (Fig. 7.5). Estimates of the contribution of the understorey to Et, for 

the site range from 2-3 mm day1  during the wet season declining to about 0.5 mm day 1  

by the end of the dry season (Fig. 7.5). Estimates of understorey evapotranspiration of 

this magnitude have been reported elsewhere. Greenwood et al. (1985) estimated 

understorey transpiration rates in the Jarrah forests of Western Australia to be about 3 

mm day 1 , Scholes and Walker (1993) and deJager and Harrison (1982) estimated 

understorey evapotranspiration at 2-3 mm day' in the savannas of Nylsvley during 

periods of high water availability. The high rates of understorey evapotranspiration are 

not surprising given the low tree LAI, sparse canopy and high levels of sensible heat 

reaching the understorey. In a broad-leaved forest in New Zealand, Kelliher et al. 

(1992) found that understorey evapotranspiration was significant, even though LAI was 

high (LAI approximately 7), and Schuize et al. (1994) showed that understorey 

evapotranspiration is an important contributor to Et in forests with a LAI less than four. 

It is apparent that understorey evapotranspiration is a significant component of the 

annual water balance in the northern Australian savannas. 

Evapotranspiration reported here is within the range reported for other humid savannas. 

Roose (1979) reported an Et rate of 1064 mm yr' in savannas of the Ivory Coast and 

San Jose et at. (1995) reported an annual Et rate of 783 mm yr in Venezuela. Annual 

Et at this site was 958 mm yr1  (Hutley et at. 2000) which is lower than the 1100 mm yr-

1reported by Cook et at. (1998), probably reflecting inter-annual variability in tree water 

use, differing fire histories and differing methodologies. Cook et al. (1998) estimated 

latent energy by difference in the energy budget, a possible source of error in their 

estimates if closure in the energy balance was poor. 

7.3.4 Conclusions 

The contribution of tree transpiration to stand Et was assessed for the E. miniata/E. 

tetrodonta open forests of the Gunn Point region. Although an important contributor to 

evapotranspiration, tree transpiration was not the major contributor to annual 

evapotranspiration in these forests. During the wet season, understorey 

evapotranspiration was the maj or contributor to annual Et and was still a significant 

contributor at the end of the dry season, contributing up to 50% of Et. Tree water use 
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estimates scaled using basal area or DBH were relatively aseasonal when compared to 

evapotranspiration estimates measured using eddy co-variance. There was some 

seasonality in estimates of water use scaled using leaf area, although the difference in 

annual estimates between the different scaling parameters was small. The relationship 

between tree water use and a parameter that reflects tree size (leaf area, basal area or 

DBH) was the basis of the scaling used in this study, and was consistently better for 

DBH and basal area reflecting the increased accuracy with which these parameters can 

be measured. The choice of scaling parameter depends, to some extent, on the purpose 

of the exercise. In this study, leaf area was the more sensitive parameter with which to 

scale tree water use, reflected in the seasonality of scaled estimates of water use. 

However it is extremely difficult to obtain accurate and extensive estimates of LAJ at the 

catchment scale. In contrast, it is relatively simple to obtain the basal area of a forest or 

a number of forest types within a catchment, and excellent information on the spatial 

partitioning of tree water use within a catchment could be obtained, using many existing 

vegetation data sets. 
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Chapter Eight: Final Discusion 

8.0 Introduction 

Given the extent and diversity of savannas world wide there have been surprisingly few 

detailed studies of seasonal patterns of tree water status in these biomes (Le Roux and 

Bariac 1998). Tropical forests have been, and are being, heavily modified in most parts 

of the world (Landsberg and Gower 1997). Consequently, the relatively undisturbed 

nature of Australian savannas places them in a unique position for studies of the 

exchange of mass and energy of tropical ecosystems. 

In northern Australia, there is marked and predictable climatic seasonality, particularly 

with respect to rainfall, resulting in seasonal pattens in soil water availability and 

evaporative demand. Plant available moisture is one of the maj or determinants of 

savanna flmction and structure (Williams et al. 1996, Walker and Langndge 1997). 

Therefore, it was hypothesised that tree water use would be a considerable fraction of 

the water balance of these forests and would vary spatially and temporally in the 

eucalypt dominated forests of northern Australia. 

The Gunn Point region, east of Darwin was selected to address this hypothesis, 

principally because it was to be the site for the development of a ground water extraction 

facility (borefield). In addition, there was a need to identify the possible impact of 

groundwater extraction on the vegetation of the region and the dependence of the 

eucalypt forests on groundwater. Further, this region contains extensive stands of 

eucalypt forests and woodlands interspersed with wetlands, Melaleuca forests and 

rainforest patches and as such was representative of vegetation communities north of the 

1200 n-un rainfall isohyet (Wilson etal. 1990). Thus, detailed analysis of the spatial and 

temporal patterns of tree water use at this site and the impact of stand structure on stand 

water use is likely to be applicable to a broader region of northern Australia. 

The investigation of spatial and temporal patterns of tree and stand water use was 

approached from a number of angles. First, detailed information on spatial and temporal 

variability in forest structure, principally LAI and basal area (Chapter Two), was 

required, as these are critical stand parameters in forest hydrology (Whitehead and 

Hinckley 1990, Landsberg and Gower 1997). Eucalypt forests of northern Australia are 

structurally and floristically diverse and the use of remote sensing via classification of 

Landsat TM data was also investigated as a means for quantifying spatial and temporal 
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structural variability (Chapter Three). High-resolution satellite data provide the 

opportunity to extrapolate limited field data sets to larger landscape scales (Nelder 

1995). 

Accounting for the spatial and floristic heterogeneity within these forests represents a 

significant challenge to estimating stand water use. The use of a heat pulse technique 

for estimating tree water use was investigated to assess variability within and between 

species and to develop sampling strategies to obtain reliable estimates of stand water use 

in the eucalypt open-forests (Chapter Four). Chapter Two showed that the two 

eucalypts, E. miniata and E. tetrodonta dominate the standing biomass, LAI and basal 

area of these forests. Therefore detailed seasonal studies on the water use of these two 

species were undertaken (Chapter Five). In particular daily and seasonal patterns of 

transpiration were examined, as was the relationship between transpiration and VPD. 

Determining the relationship between tree water use and tree size is the most common 

approach to the problem of scaling from a limited number of stems to a stand (Kelliher 

et al. 1992, Köstner et al. 1992, Calder et al. 1996, Vertessy et al. 1997, Wullscheleger 

et al. 1998). In Chapters Four and Five strong correlations were observed between tree 

water use and tree size. Although these provide useful insights into stand water use of 

these forests, the savannas of northern Australia occur across a broad rainfall and hence 

moisture availability gradient (Bowman 1996, Egan and Williams 1996, Schulze et al. 

1998). In order to gain deeper insights into tree and stand water use in these savannas 

the relationship between tree water use and tree size was examined at three sites along 

the northern Australian rainfall gradient (Chapter Six). 

Finally, savannas, by definition, include a seasonal grassy understorey (Eagleson and 

Segarra 1985, Le Roux et al. 1995, Scholes and Archer 1997). In Chapter Seven, the 

contribution of tree and understorey transpiration to total evapotranspiration was 

examined. Evaporation from the understorey (chambers), overstorey (heat pulse) and 

total evapotranspiration (eddy co-variance) was examined in detail at a site within the E. 

miniata/E. tetrodonta open-forests. 

8.1 Forest Structure 

Temporal and spatial variability in forest structure was significant in the E. miniata/E. 

tetrodonta open-forests. Canopy LAI varied seasonally within these forests with 

maximum LAI occurring in the wet season and declining during the dry season. The 
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highly seasonal phenology of species that occur within these forests was a major 

contributing factor. Up to 75% of the species present in these forests are deciduous, 

semi-deciduous or brevi-deciduous (Williams et al. 1997) and even the 'evergreen' 

species exhibited a significant decline in leaf area over the dry season (Chapter Two). 

The seasonal decline in leaf area was also evident in canopy eucalypts surveyed at a 

number of sites along the NATT (Chapter Six) and appears to be a feature of northern 

Australian eucalypts. Leaf life span in Australian eucalypts tends to be short, 12-18 

months (Bell and Williams 1997), with the majority of leaf turnover occurring towards 

the end of the dry season, even though leaf flushing in E. miniata and E. tetrodonta 

occurs year round (Williams et al. 1997). However, despite a high proportion of species 

being deciduous or semi-deciduous, the two eucalypts dominate the standing biomass 

(O'Grady et al. 2000) and LAI of these forests. In fact, over 90% of canopy tree species 

were E. miniata and E. tetrodonta (Chapter Two). Therefore, a large proportion of the 

decline in LAI was attributable to the decline in leaf area of these two canopy 

dominants. 

Canopy LAI in the E. miniata/E. tetrodonta open-forests varied spatially from 

approximately 0.2 to more than 2.5, and was strongly correlated to tree basal area 

(Chapter Two). Hoogerwerf and van Wieringen (1999) also showed that LAI was 

strongly correlated with basal area at a range of sites in northern Australia in different 

rainfall zones and on different soil types. Canopy LAI declined along the rainfall 

gradient in northern Australia, however the range of LAI and basal area over which 

these relationships were formulated could be replicated within the E. miniata/E. 

tetrodonta open-forests of the Gunn Point region. Further, the relationship between tree 

leaf area and DBH in eucalypts at Darwin, Katherine and Newcastle Waters was similar 

(Chapter Six), questioning the rainfall/soil dependence of LAI model proposed by 

Hoogerwerf and van Wieringen (1999). Eamus and Prior (2000) successfully predicted 

the maximum LAI of three sites in northern Australia using a model by Baldocchi and 

Meyers (1998) that relates leaf nitrogen content, rainfall and potential 

evapotranspiration. There appears to be considerable potential for modelling maximum 

LAI in the savannas of northern Australia. Such information would make an important 

contribution to regional and global productivity studies (Schulze et al. 1994). 

The relationship between LAI and basal area in the Gunn Point region demonstrated 

considerable seasonal and spatial variability (Fig. 2.5). This variability reflects the 

complex interactions with site factors such as fire (Williams et al. 1999), recruitment 

(Setterfield 1997), small-scale variability in soil characteristics (Fensham and Kirkpatric 
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1992) and moisture and nutrient availability (Wilson and Bowman 1987). There was 

also considerable inter-annual variability. Leaf area index at the end of the wet season at 

the site of the eddy co-variance study (Chapter Seven) was almost 30% larger in 1997 

than in 1998. The reasons for such large inter-annual variability are difficult to 

ascertain, although it may relate to factors such as fire history over the preceding year. 

Monitoring inter-annual variability in LAI represents a significant challenge. While 

Coops et at. (1997) used remote sensing to successfully monitor LAI in the eucalypt 

forests of NSW over a number a years, calibrating for atmospheric composition was a 

major hurdle in that exercise. In northern Australia, annual dry season fires across much 

of the area (Andersen et at. 1998) and considerable cloud build-up during the wet 

season, reduce the availability of cloud free images, and add to this problem. Further, 

LAI (and reflectance) in the study of Coops et at. (1997) was dominated by canopy trees 

and was larger than the LAI of eucalypt communities in northern Australia. In the 

current study, understorey LAI and soil reflectance were not accounted for but would 

contribute significantly to seasonal and spatial variability in reflectance values. Menges 

et al. (1999) investigated the use of cloud penetrating radar data to estimate LAI and 

standing biomass in the Gunn Point region. There were weak correlations among 

backscatter, LAI and standing biomass and these were improved by using community 

averages. However, averaging in this manner negates the use of such high-resolution 

data. Remote sensing of canopy structure at large temporal and spatial scales and at 

high resolution appears to be problematic in the savannas of northern Australia. 

Landsat TM data was, however, used successfully to map vegetation communities in the 

Gunn Point region. Eighteen vegetation communities were identified, although a 

number, including mangroves and floodplains could have been classified further to a 

greater level of detail. Considerable structural and floristic overlap between 

communities created problems that could be overcome with the use of differential GPS, 

ensuring accurate ground positioning. Overall map accuracy and individual class 

accuracy increased significantly from approximately 60% to 80% when surrounding 

pixels were taken into account. The potential to map the extent and distribution of 

vegetation communities using remote sensing at high resolution will enable monitoring 

of landcover change and aid in identifying communities that are expanding, contracting 

or are being significantly modified, all useful information in regional modelling of the 

carbon and water balance. 
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8.2 Tree Water Use 

More than 99% of the standing biomass of the E. miniata/E. tetrodonta open-forests is 

accounted for by seven tree species (OtGrady et al. 2000) representing the four major 

phenological guilds identified by Williams et al. (1997). The role of species and 

phenological variation in tree water use was examined in Chapter Four and seasonal 

variation in the dominant eucalypts was examined in Chapter Five. Transpiration rates 

expressed on a leaf area basis varied significantly between species and between seasons. 

Transpiration rates exhibited a marked hysteresis in relation to VPD and the degree of 

hysteresis was larger in the dry season than in the wet season. Hysteresis in the 

relationship between transpiration and VPD has been demonstrated in a number of 

studies (Keiliher et al. 1992, Meinzer et al. 1997, Meinzer et al. 1999). Meinzer et al. 

(1999) proposed that the hydraulic resistance associated with pathways for the exchange 

of water between the transpiration stream and internal storage is presumably lower than 

the resistance associated with obtaining water from the soil via the roots. Thus, the rapid 

increase in VPD and transpiration in the morning rapidly depletes internal water stores 

before significant rates of water uptake occurred. Such capacitance has been shown to 

be a significant contributor to transpiration (Waring and Running 1978, Waring et al. 

1979). 

Stomatal control of transpiration is larger in the afternoon than in the morning and the 

decline in afternoon stomatal conductance is larger in the dry season than in the wet 

season (Eamus and Cole 1997, Myers et al. 1997). Thus, for a given VPD, transpiration 

rates are lower in the afternoon than in the morning. Further, the afternoon decline in 

transpiration rates was larger in the dry season than in the wet season, and Williams et 

al. (1998) showed that the soil-root hydraulic resistance increased in the dry season, 

thereby, contributing to a larger hysteresis in the dry. 

A striking feature of tree transpiration was that dry season transpiration rates were 

higher than those in the wet season. This pattern was observed in Chapters Five and 

Seven for the two dominant eucalypts around Darwin and again in Chapter Six for 

eucalypts along the rainfall gradient. The total volume of water transpired per tree, 

however, was similar in both seasons, was strongly related to tree size (DBH, leaf area), 

and independent of species. Strong correlations between tree size and tree water use and 

a lack of differences in this relationship between species mean that scaling tree water use 

to stand water use in these forests was a relatively straightforward exercise. A similar 
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result was obtained in the study of Cook et al. (1998) in these forests. Higher 

transpiration rates in the dry season were a result of a similar volume of water being 

transpired through a smaller leaf area. 

Jarvis (1993), in a review of canopy water use, proposed that under conditions of non-

limiting soil water availability, tree transpiration in aerodynamically rough forests that 

are well coupled to the atmosphere would continue at the rates imposed by the VPD. 

The eucalypt open-forests studied here were well coupled to the atmosphere. Dry 

season 0 was 0.1 and wet season I was 0.5 (Hutley et al. 2000). Cook et al. (1998) 

demonstrated that soil water availability over the dry season did not become limiting in 

these forests. Further. VPD during the dry season is larger than in the wet season (Duff 

et al. 1997). Increased transpiration rates in the dry season as a result of these 

conditions were accompanied by a decline in leaf area. The decline in leaf area in the 

dry season probably represented a water conservation strategy. Reduced leaf area 

enabled the trees to maintain stomatal conductance of the remaining leaves within a 

range that optimises assimilation (Eamus et al. 1999), and avoid excessive water loss by 

the whole tree. 

The discussion above provides support for the aseasonal patterns of tree water use 

observed in the eucalypt open-forests near Darwin, although it is unlikely that dry 

season water availability would be non-limiting across the full geographical and rainfall 

range over which savarinas occur. Pre-dawn leaf water potential, a surrogate of soil 

water availability, declined in the dry season at all sites along the rainfall gradient and 

the magnitude of the decline increased with decreasing annual rainfall. However, tree 

water use was relatively aseasonal at all three sites, and was always lowest at Newcastle 

Waters (Chapter Six). Could dry season water availability determine wet season water 

use in savanna trees? Although timing of the onset, duration and intensity of the wet 

season is variable (Talyor and Tulloch 1985), the annual wet and dry seasons are 

predictable events. Tyree and Ewers (1996) proposed that the hydraulic architecture of 

trees is such that run-away embolism is only just prevented. Susceptibility to xylem 

embolism would be largest in the dry season when soil water availability was at its 

lowest. Therefore, the hydraulic architecture of a tree must be adapted such that dry 

season embolisms are minimised. As such, architecture may limit the maximum rate of 

water use that can be sustained in the wet season if leaf water potential is also to be 

maintained within acceptable limits. 
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Plants of more and conditions tend to have narrow xylem vessels and small pit 

membrane pore diameters in order to reduce sensitivity of the xylem to embolism (Tyree 

and Ewers 1996). However, this results in a larger resistance to flow and an upper limit 

on flow rates. Tree water use at Newcastle Waters was always lower than at either 

Katherine or Darwin, even though the relationship between tree diameter and leaf area 

did not vary between sites and soil water availability in the wet season did not appear to 

vary (Fig. 6.5). Further, Ryan and Yoder (1997) proposed that the hydraulic restrictions 

imposed on plant water use resulting from differences in water availability would limit 

tree height and tree height declines along the rainfall gradient in northern Australia 

(Williams et al. 1996). Since the hydraulic architecture of a tree, once determined, 

would be unlikely to vary seasonally, the hydraulics that reduce susceptibility to xylem 

embolism in the dry season would thus impose restrictions on tree water use when water 

availability was not limiting (ie. the wet season). Tognetti et al. (1997) further observed 

that whole tree hydraulic conductance was lowest in trees derived from seed taken from 

arid sites, suggesting a genetic role in defining the hydraulic architecture of trees. 

It is interesting to note that Meinzer et al. (1999) have arrived at similar conclusions to 

those above in relation to patterns of tree water use in the Brazilian cerrado (savanna). 

The climate of the Brazilian cerrado is similar to that found in the savannas of northern 

Australia. In that study, they found that tree water use in relation to sapwood area was 

similar between species and there were no differences between seasons. They also noted 

that tree water use was not limited by soil water availability per Se, but by high 

atmospheric demand and hydraulic constraints on water use resulting from their deep 

rooting habits. 

8.3 Stand and Forest Water Use 

The relationship between tree size and tree water use provided a means of estimating 

stand water use in the E. miniatalE. tetrodonta open-forests. Scaling from a sample of 

stems to stand water use in these forests was possible, as there were no significant 

differences in tree water use between species. Further, based on the aseasonal nature of 

water use in these forests (Chapters Four and Five) and the dominance of the two 

eucalypts in the stand structure it was predicted that stand water use would also be 

relatively aseasonal. However, SchuLze et al. (1994) noted that in stands where the LAI 

is less than four, understorey evapotranspiration would be a significant component of 

total evapotranspiration at a site. Thus the contribution of tree water use to total 

evapotranspiration was examined by comparing estimates of stand water use with 
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estimates of evapotranspiration derived using eddy co-variance techniques (Chapter 

Seven). 

Estimates of stand water use scaled using leaf area and basal area were compared over 

two years. Data from Chapter Four suggested that estimates of the coefficient of 

variation associated with stand estimates scaled using basal area were less variable than 

estimates of stand water use estimated using leaf area as the scaling parameter. Hatton 

and Wu (1995) suggest that tree water use should in theory be more sensitive to changes 

in leaf area and presented a scaling theory based on leaf area as the scaling parameter. 

Scaled estimates of tree water use derived using basal area as the scaling parameter 

showed little seasonality. There was, however, some seasonality in estimates of stand 

water use when leaf area was used as the scaling parameter (Fig. 7.4). Maximum stand 

water use occurred in the wet season when LAL was at a maximum. It would appear, 

therefore, that leaf area was the more sensitive scaling parameter, as the seasonal pattern 

of stand water use reflects the seasonal nature of stand LAI. However, there was little 

difference in annual estimates of stand water use. Annual estimates of stand water use, 

scaled using leaf area, were 10% lower than those scaled using basal area. This 

difference was similar in magnitude to results obtained by Vertessy et al. (1997) in E. 

regnans forest in Victoria. 

The question of which scaling parameter is the more appropriate parameter to use for 

scaling tree water use to stand water use would depend to a degree on the questions 

being asked. From an ecophysiological perspective, leaf area is probably the more 

appropriate parameter with which to scale tree water use, providing there is good 

information of the spatial and temporal patterns of LA!. The small difference in scaled 

estimates between leaf area and basal area suggest that from a management perspective, 

basal area (or DBH), would be the most appropriate scaling parameter as accurate 

information on stand water use can be obtained cost effectively. Direct measures of 

stand basal area are logistically less complicated than direct measures of stand LA!. 

The aseasonal pattern of tree water use observed in this study (Chapter Four, Five Six 

and Seven) greatly simplifies the problem of temporal scaling in these forests. However, 

inter-annual variability in tree water use was significant (Chapter Five) and this problem 

is highlighted in Figure 7.4. Scaled estimates of stand water use were lower at the end 

of the wet season in 1998 than in 1997. This was attributed to the absence of fire at the 

site in 1998, such that the leaf area was not completely replaced during the dry season. 

Wullscheleger et al. (1998) note that most water balance studies that include a tree water 

141 



use component are conducted over relatively short time frames of less than a year, and 

questioned whether the results would be applicable outside of the range of conditions 

under which measurements were made. In the current study, tree water use was studied 

over a number of years, however, the reasons for inter-annual variability are not clear. 

Inter-annual variability may relate to factors such as fire history or problems associated 

with significant tree to tree variability (Chapter Five), and scaling estimates of tree water 

use to stand water use from a small number of stems. Further, measurements were made 

in consecutive years of higher than average rainfall (the 1997/98 wet season was the 

largest on record) and thus may not be representative of periods of below average 

rainfall. 

In contrast to the relatively aseasonal pattern of stand water use, especially when tree 

water use is scaled using basal area, total evapotranspiration (Et) exhibited marked 

seasonality (Fig. 7.5). Evapotranspiration at the Darwin site varied from approximately 

3 mm day' in the wet season to about 1.2 mm day 1  at the end of the dry season, 

highlighting the important contribution of understorey and soil evaporation to Et in these 

forests. On an annual basis, tree transpiration in these savannas contributes only 30% of 

annual Et (Hutley et al. 2000), suggesting that although tree transpiration represents an 

important component of total Et, it is not the major contributor. Tree water use does, 

however, dominate Et by the end of the dry season. Stand basal area declines with 

increasing aridity in northern Australia (Williams et al. 1996) and hydraulic constraints 

on transpiration may limit tree water use in lower rainfall areas (Chapter Six), increasing 

the importance of understorey transpiration to site water balance in these systems. Wet 

season Et was similar at Darwin, Katherine and Newcastle Waters (Hutley et at. in 

prep), even though tree basal area declined. 

8.4 Future Research Directions 

Spatial and temporal scaling represents a significant challenge in the determination of 

savanna water balance for northern Australia and other ecosystems globally. The remote 

and isolated nature of much of northern Australia and legislative requirements to 

quantify environmental impacts (Council of Australian Governments agreement on 

environmental flows) and carbon stocks (the Kyoto agreement on climate change) 

highlight the need for scaling and modelling in these savannas. There is now an 

expanding body of ecophysiological data at a range of scales from leaf to landscape for 

savanna vegetation in northern Australia, which may assist in this process. 
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The role of canopy conductance and its interaction with boundary layer and bulk vapour 

pressure deficit needs to be examined in tree species in northern Australia. Isolation of 

the canopy conductance term will allow the study of the relationships between 

understorey conductance, canopy conductance and averaged ecosystem conductance in 

these forests and seasonal variation in these variables. An understanding of canopy 

conductance in combination with detailed studies of surface energy balance (Hutley et 

al. 2000, Mathews 1999, Hutley et al. 2001) may provide useful insights into scaling 

from limited data sets to landscape scales in northern Australia. There is potential to 

estimate surface resistance (the inverse of surface conductance) from remotely sensed 

thermal data. The large temporal (Hutley et al. 2000, Hutley et al. 2001) and spatial 

(Mathews 1999) data sets now available on surface energy balance, with accompanying 

information on forest structure (this study, O'Grady et al. 2000, Hoogerwerf and van 

Wieringen 1999) for northern Australia should make this approach more viable. 

This study has highlighted the importance of understorey and soil evaporation. 

Understorey LAI changes dramatically over the wet season. Further work needs to be 

done quantifying the changes in LAI over the wet season. Such information would 

provide useful insights into the relationships between understorey LAI and 

evapotranspiration. 

Tree hydraulics may be placing important constraints on tree water use in the savannas 

of northern Australia. Detailed studies of the hydraulic architecture and hydraulic 

conductivity to determine hydraulic constraints and determinants of the influence of the 

highly seasonal climate on hydraulic conductance would provide useful information on 

the potential mechanisms underlying patterns of tree water use observed in this study. 

The role of fire and its impacts on tree water use should be examined further. Fires of 

different intensities are regular events in north Australian savannas and have been shown 

to have a number of important effects on stand structure. Typically, fires occur in the 

dry season and fire intensity increases as the dry season progresses. The impact of fire 

on the recovery of LAI when soil water availability is declining and subsequent impacts 

on stand water use need to be examined in greater detail to assess the impact of fire on 

forest hydrology. 
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8.5 Conclusions 

There was considerable spatial and temporal variability in forest structure, in particular 

LAI within the E. miniatalE. tetrodonta open-forests. Much of the spatial variability in 

LAI could be explained by spatial variability in tree basal area, and temporal variability 

associated with seasonal changes in atmospheric demand and soil water availability. 

However a number of factors such as fire and previous disturbances contribute to these 

patterns. In this study, remote sensing of forest structure over a large region was 

hampered by the availability of cloud free images and compounding effects of 

understorey reflectance. While more comprehensive sampling can contribute to the 

latter problem, temporal monitoring of these forests will be difficult due to cloud build 

up during the wet season and widespread burning during the dry season. 

The marked climatic seasonality associated with the monsoonal climate of northern 

Australia was reflected in the seasonality of LAI in the E. miniatalE. tetrodonta open-

forests. However, this climatic seasonality was not reflected in tree water use. 

Evaporative demand, which was higher in the dry season, accompanied with a decline in 

leaf area over the dry season acted to maintain constant tree water use. Further, 

predictable cycles of wet and dry seasons may influence the hydraulic architecture such 

that water use in the wet season is limited by dry season conditions. This has important 

consequences for scaling tree water use in these forests. It should be possible to 

estimate annual and stand tree water use with some confidence using basal area. 

In contrast to the aseasonal patterns demonstrated for tree water use, total 

evapotranspiration from the E. miniata./E. tetrodonta open-forests was highly seasonal. 

Understorey and soil evapotranspiration contributed significantly to Et. Understorey 

evaporation dominates on an annual basis, although tree water use is the major 

contributor to Et by the end of the dry season. Water stored in the soil profile over the 

dry season was sufficient to maintain tree water use over that period. Further 

understorey LAI declines dramatically at the end of the wet when soil water availability 

was saturating suggesting little dependence of these forests on deep groundwater 

aquifers. 

The underlying hypothesis for this thesis was that the highly seasonal climate, 

particularly with respect to evaporative demand and rainfall, would result in highly 
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seasonal patterns of tree water use. This hypothesis is rejected. Seasonal adjustments in 

tree leaf area act to conserve water use in the dry season such that the pattern of tree 

water use is relatively uniform. At the larger community scale, however, water use is 

highly seasonal reflecting predominantly seasonal changes in understorey 

evapotranspiration. 
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Appendix 1 Species of the Gunn Point Region 

Species marked with an asterix were recorded during the leaf area index surveys. 

Family Species Authority 

Amaranthaceae Gomphrena canescens R. Br. 

Anacardiaceae Buchanania aborescens (Blume) Blume 

Buchanania obovata* Engi. 

Annonaceae Cyathostemma spp 

Miliusa brahei (F. Muell.) L.W. 

Jessup 

Polyalthia spp 

Apocynaceae Aistonia actinophylla * (Cunn.) Schumann 

Arecaceae Carpentaria acuminata (H.H. Wendi. & 

Drude) Becc. 

Livistonia benthamii Bailey 

Livistonia humilis* R. Br. 

Ptvchosperma bleeseri Burret 

Bignonisceae Dolichandronefihiformis (Fenzl) F. Muell. 

Bixaceae Cochlospermumfraserii Planchon 

Blechnaceae Blechnum orientate L. 

Bombacaceae Bombax ceiba L. 

Boraginaceae Heliotropium ventricosum R. Br. 

Burseraceae Canarium australianum F. Muell. 

Caesalpiniaceae Erythrophloem chlorostachys* (F. Muell.) Baillon 

Capparaceae Capparis sepiara L. 

Celastraceae Denhamia obscura Meissner 

Chrysobalanceae Maranthes corymbosa Blume 

Clusiaceae Callophyltum spp 

Combretaceae Terininaliaferdinandiana * Exell 

Terminalia grandiflora* Benth. 

Terminalia microcarpa 

Tenninalia volucaris R. Br. ex Benth. 

Commelinaceae Cartonema spicatum R. Br. 

Comelina ensifolia R. Br. 

Comelina spp. 
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Convolvulaceae 

Cupressaceae 

Cycadaceae 

Cyperaceae 

Dilleniaceae 

Dioscoreaca 

Droseraceae 

Ebenaceae 

Elaeocarpaceae 

Euphorbiaceae 

Fabaceae 

Ipomea spp. 

Callitris intratropica 

Cycus armstrongii* 

Fimbristylis spp 

Hibertia spp. 

Pachynena juneceu,n 

Dioscorrea bulbifera 

Drosera petiolaris 

Diospyros callycantha 

Diospyros compacta 

Diospyros cordfo1ia 
Elaeocarpus arnhemicus 

Antidesma ghaesembilla 

Brevnia cernua 

Bridelia tornemtosa 

Choriceras tricorne 

Croton arnhemicus 

Drypetes lasiogyna 

Euphorbia vachelli 

Flueggea virosa 

Glochidian spp. 

Macaranga involucrata 

Petelostigma pubesecens * 

Peteistignia quadriloculare 

Abrus precatoriuos 

Canavalia rosea 

Croatalaria medicaginea 

Croatalaria montana 

Desmodium spp. 

Flemigera parvflora 

Galactia tenuiflora 

Mucuna gigantea 

Pongamia pinata 

Tephrosia spp 

Miq. 

Benth. 

L. 

R. Br. Ex DC. 

0. Schwarz 

(R. Br.) Bakh. 

Roxb. 

F. Muell. 

Wild. 

Gaertner 

(Poiret) Muell. Arg. 

Blume 

(Benth.) Airy Shaw 

Muell. Arg. 

(F. Muell.) Pax & 0. 

Hoffm. 

Hoolc & Arm. 

(Roxb.) Baillon 

Domin 

F. Muell. 

L. 

(Sw.) DC. 

Lam. 

Roth 

Benth. 

(Klein ex Wilid.) 

Wight & Mn. 

(Wilid.) DC. 

(L.) Pierre 
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Flacourtiaceae 

Flagellariaceae 

Goodeniaceae 

Lamiaceae 

Lauraceae 

Lecythidaceae 

Leeaceae 

Liiaceae 

Loganiaceae 

Malavaceae 

Malvaceae 

Melatstomataceae 

Meliaceae 

Menispermaceae 

Mimosaceae 

Moraceae 

Vigna lancelolata 

Zornia spp 

Flacourtia territorialis 

Flagellaria indica 

Goodenia arinstrongiana 

Hyptis suaveolens 

Cryptocarya cunninghamii 

Litsea glutinosa 

Barringtonia acutangula 

Planchonia careya * 

Leea indica 

Leea rubra 

Crinium spp. 

Mitrasacme spp 

Strychnos lucida 

Sida acuta 

Sida cordifolia 

Hibiscus tiliaceus 

Urena lobata 

Memecylon pauciflorum 

Dysoxylum oppositifolium 

Vavaea australiana 

Pachygone ovata 

Stephaniajaponica 

Acacia auriculiforinis 

Acacia difficilis * 

Acacia dimidiata* 

Acacia dunnii* 

Acacia gonocarpa 

Acacia holosericea * 

Acacia latescens * 

Acacia. spp 

Cathormium umbellatum 

Ficus hispida 

Ficus racemosa  

Airy Shaw 

L. 

Vriese 

(L) Poit. 

Meissner 

(Lour.) C. Robinson 

(L.) Gaertner 

(F. Muell.) Kunth 

Blume ex Sprengal 

R. Br. 

Burm.f. 

L. 

L. 

L. 

Blume 

F. Muell. ex DC. 

S.T. Blake 

(poiret) Hook. F. ex 

Thomson 

(Thunb.) Miers 

Cunn. ex Benth. 

Maiden 

Benth. 

(Maiden) Turrill. 

F. Muell. 

Cunn. ex G. Don 

Benth. 

(Vahi) Kosterm. 

L. F. 

L. 
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Myristicaceae 

Myrsinaceae 

Myrtaceae 

Nyctaginaceae 

Olacaceae 

Ongraceae 

Opiliaceae 

Ficus scobina 

Ficus virens 

Horsfeildia australiana 

Myristica insipida 

Rapanea benthamiana 

Asteromyrtus symphocarpus 

Calytrix exstipulata 

Eucalyptus bleeseri * 

Eucalyptus clavigera * 

Eucalyptus miniata * 

Eucalyptus papuana 

Eucalyptus polycarpa 

Eucalyptus porrecta * 

Eucalyptus tetrodonta * 

Eucalypytus alba 

Lophostemon lactifluus 

Melaleuca leucadendra 

Melaleuca nervosa 

Melaleuca viridiflora 

Syzigium eucalyptoides * 

Syzigium minutiflorum 

Syzigium nervosum 

Syzigium suborbiculare * 

Xanthostemon paradoxus * 

Verticordia cunninghamhii 

Pisoonia aculeata 

01w: spp 

Jasminum aemulum 

Striga curvflora 

Ludwidgia spp 

Opilia amentacea  

Benth. 

Aiton 

S.T. Blake 

R. Br. 

Mez 

(F. Muell.) Craven 

DC. 

Blakely 

Cunn ex Schauer 

Cunn ex Schauer 

F. Muell. 

F. Muell. 

S.T. Blake 

F. Muell. 

Blakely & Jacobs 

(F. Muell.) Peter 

Wilson and 

Waterhouse 

(L.)L. 

Powell 

Sol. Ex Gaertner 

(0. Schwarz) B. 

Hyland 

(F. Muell.) B. 

Hyland 

DC. 

(Benth.) Hartley & 

Perry 

F. Muell. 

Schauer 

L. 

R. Br. 

(R. Br.) Benth. 
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Panthnaceae Pandanus aquaticus F. Muell. 

Pandanus spiralis* R. Br. 

Passifloraceae Adena heteropylla (Blume) Koord. 

Passf7orafoetida L. 

Poaceae Andropogon gayanus Kunth. 

Aristida spp 

Chrysopogon spp. 

Dicanthium sericeum (R. Br.) A. Camus 

Digitaria bicornis (Lam.) Roemer & 

Schultes 

Digitaria ciliaris (Retz.) Koeler 

Eriachnae spp. 

Erogrostis spp. 

Heteropogon contortus (L.) Beauv. Ex 

Roemer & Schultes 

Panicium spp. 

Plectrachne spp. 

Sorghum spp 

Themeda spp 

Proteaceae Grevilia decurrens* Ewart & Davies 

Grevilia goodii R. Br. 

Grevilia pteridzfolia Knight 

Hakea aborescens R. Br. 

Persoonia falcata* R. Br. 

Rhamnaceae Aiphitonia excelsa (Fenzl) Benth. 

Rhizophoraceae Carallia brachiata (Lour.) Men. 

Rubiaceae Aidia racemosa (Cay.) D.D. 

Tirvengadum 

Borreria australiana Specht 

Canthium spp. 

Gardenia megaspenna* F. Muell. 

Gardenia suffruticosa R. Br. ex Benth 

ixora kianderana F. Muell. 

Knoxia spp 

Morinda citrifolia L. 
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Nauclea orientalis 

Pavetta spp 

Pyschotria nesophylla 

Tarenna spp 

Timonius timon 

Euodia elleryona 

Glycosimis trifoliata 

Micromelum minutum 

Exocarpus latfolius 

Allophyllus cobbe 

Cupaniopsis anacardioides 

Distichostemon hispidulus 

Ganophyllum falcatum 

Mimusops elengi 

Buchnera linearis 

Smilax australis 

Brachychiton diversfolia * 

Brachychiton paradoxum * 

Helicterus spp 

Sterculia holtzei 

Sterculia quadriflda 

Tacca leontopetaloides 

Stenochleana palustris 

Pimelia linifloia 

Grewia brevzfolia 

Grewia retusifolia 

Celtis philippinensis 

Clerodendrumfiorbundum 

Clerodendrum holtzei 

Gmelina schiecteri 

Vitex glabrata 

Vitex trifolia 

Ampellocissus acetosa 

Cayratia trifolia 

Cissus spp 

Rutaceae 

Santalaceae 

Sapindaceae 

Sapotaceae 

Scrophulariaceae 

Smilacaceae 

Sterculiaceae 

Taccaceae 

Thelypteridaceae 

Thymelaeaceae 

Tiliaceae 

lJlmaceae 

Verbenaceae 

Vitaceae 

(L.)L. 

F. Muell. 

(Sprengel) Merr. 

F. Muell. 

(Blume) Sprengel 

(Forster f.) Wight & 

Am. 

R. Br. 

(L.) Blume 

(A. Rich.) Radllc 

(Endi.) Baillon 

Blume 

L. 

R. Br. 

R. Br. 

R. Br. 

Schott. 

F. Muell. 

R. Br. 

(L.) Kunze 

(Burnif.) Beddome 

Benth. 

Kurz 

Blanco 

R. Br. 

F. Muell. 

H.J. Lam 

R. Br. 

L. 

(F. Muell.) Planchon 

(L.) Domin 
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