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Abstract 

Savannas, a vegetation system comprising both trees and grasses in varying 

proportions, cover more than 10% of the global land surface and approximately 

25 % of the Australian continent. Globally they are increasingly subject to rising 

levels of human habitation and development. Australian savannas are relatively 

pristine and consequently provide a rare opportunity to investigate the structure 

and function of this ecosystem during early stages of development. 

Savannas of Australia are largely restricted to tropical and sub-tropical regions 

and experience a highly seasonal rainfall of between 500 and 1900 mm per year. 

Climate is dominated by summer monsoons and a wet season of 5 or 6 months 

duration. Development of groundwater resources in northern Australia is 

increasing as population and horticultural requirements for water increase. Within 

the extensive savanna of northern Australia, smaller patches of wet monsoon 

forest and Melaleuca swamps are found, typically in lower-lying areas with access 

to perennial water. This thesis investigates aspects of the physiological and 

hydrological properties (soil and plant) of trees in these three contrasting 

vegetation assemblages. In addition, this thesis investigated sources of water used 

by trees using stable isotope analyses of xylem sap, soil water and groundwater. 

The heat pulse technique was used to examine tree water use in several dominant 

tree species of open-forest savanna, Melaleuca swamp and monsoon forest in wet 

and dry seasons. Transpiration (per unit leaf area) did not differ between savanna 

and Melaleuca swamp. However, in the savanna, stand water use was aseasonal 

(0.9 mm d 1) but in the Melaleuca swamp forest stand water use was significantly 

larger in the wet season (1.7 mm d 1), compared to the dry season (1.0 mm d'). 

Transpiration did not appear to be reduced by waterlogging in the wet and early-

dry seasons. Water use was also seasonal in the monsoon forest (1.5 mm d'in the 

wet season, 0.4 mm d' in the dry season). Changes in leaf area and stomatal 

conductance may cause seasonal patterns of water use in swamp and monsoon 

forests. Annual water use was 315 mm in the savanna, 508 mm in the Melaleuca 

swamp forest and 568 mm in the monsoon forest. 
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Whole tree hydraulic conductance (K) was measured for savanna and Melaleuca 

swamp forest trees. There was no significant difference in K (per unit sapwood 

area) between seasons or communities. This suggests that trees in the two 

communities exhibit similar hydraulic properties despite significant differences in 

soil type and soil water availability. 

Groundwater use by Melaleuca trees was assessed by comparing deuterium and 

oxygen isotope composition of xylem sap, soil water and groundwater. Soil water 

was predominantly used in the wet and early dry season (despite inundation 

during this time) although groundwater was used towards the end of the dry 

season. Dependence of Melaleuca swamp forest and possibly monsoon forests 

(similarly located in low-lying areas) on groundwater has important implications 

for management of groundwater resources. 

Time domain reflectometers (TDR) were used to measure changes in soil water 

content at several depths throughout over a 2 year period in the savanna. During 

the wet season both overstorey (trees ) and understorey (predominantly grasses) 

utilised water in the soil lying above a lateritic duricrust layer at 1.2 in depth. 

Following cessation of rains, trees used water from above and below the duricrust 

layer; during the later 1999 dry season water below the duricrust was used 

exclusively. Water stored in the upper 5 in of soil was sufficient to supply the 

entire volume of water transpired by trees in the dry season. 

Groundwater dependence by savanna vegetation appears unlikely. However, 

Melaleuca swamp forests and monsoon forests are more likely to be dependent on 

groundwater during the dry season. This must be an important consideration for 

future management of catchments and groundwater resources. 
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Chapter 1: General Introduction 

Water resource development in any ecosystem needs to be underpinned by a 

thorough understanding of the hydrological cycle. One aspect of this cycle that is 

often neglected is the role of vegetation. Knowledge of water requirements of 

vegetation enables an assessment of the possible consequences of water resource 

development in terms of altered patterns of available water and impacts on 

ecosystem functioning and health. 

In this thesis, aspects of the physiological and hydrological properties of three 

contrasting communities, eucalypt open-forest savanna, Melaleuca swamp forest 

and wet monsoon forest, were examined. This study encompasses investigations 

of tree hydraulic properties, tree water use and soil water and groundwater 

dynamics. Together, these data provide for an assessment of the groundwater 

dependence of the three communities. 

This study was conducted in the wet-dry tropics of the Northern Territory, 

Australia, at sites where a range of physiological and hydrological studies have 

been previously conducted. In this chapter I briefly review this body of work, 

which represents the current state of knowledge of ecophysiology of Australian 

savannas and compare it to other, similar, savanna studies. In addition, the close 

relationship between savanna function and soil water is reviewed and possible 

dependence of ecosystems on groundwater is discussed, especially in climates that 

feature regular drought. The consequence of groundwater usage and management 

are then reviewed and finally, the aims of this work are described. 

1.1 Savannas in a global context 

Savannas cover extensive areas of tropical and sub-tropical Africa, southeast Asia, 

South America and Australia. Savannas are characterised by a discontinuous tree 

overstorey and a seasonally continuous grassy understorey (Scholes and Archer 

1997). The climate of regions where savannas are found is distinctly seasonal, 

having marked wet and dry seasons. Seasonal drought (herein defined as a period 

without rain and with significant declines in soil water content) is a feature of 
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savannas worldwide, although the length and severity of the drought period varies 
significantly (Eamus and Prior 2001). The impact on soil water availability and 
atmospheric water content of seasonal rainfall is one of the major detenninants of 
savanna distribution. 

In addition to distinctly seasonal water availability, fire, nutrient availability and 
herbivory contribute to savanna form and function (Bowman 1986, Scholes and 
Walker 1993, Williams et al. 1996). Despite limitations imposed by these factors, 
some savannas tend to have high biodiversity (Scholes and Walker 1993). 
Worldwide, savannas are coming under increasing pressure from changing land 
uses and climate change (Solbrig and Young 1993, Scholes and van Breemen 
1997), and the need for sustainable management based on sound scientific 
knowledge is becoming increasingly important. 

1.2 Australian Savannas 

Savannas cover approximately 25% of the Australian continent and as such have 
an important role in regional hydrology and carbon balance. Tropical savanna 
ecosystems are distributed across northern Australia, where rainfall is between 
500mm y1  and 1800+ mm y' (Williams etal. 1997). 

More than 90% of annual rainfall occurs during the monsoonal wet season, 
typically November to March inclusive. While the occurrence of the annual wet 
season is predictable, there is considerable interannual variation in duration and 
timing of both the onset and end of the wet season (Taylor and Tulloch 1985). 
Temperatures and solar radiation remain high throughout the year (Duff et al. 
1997) and pan evaporation is typically 2500 mm y' (Hutley et al. 2000). Vapour 
pressure deficit (VPD) varies seasonally, with maxima of approximately 2.0 kPa 
in August and minima of almost zero during much of the wet season (Duff et al. 
1997). 

Australian savannas are, in general, dominated by Eucalyptus species in the 
overstorey, which comprise about 80% of standing biomass (O'Grady et al. 2000). 
A variety of annual and perennial C4 grasses dominate the understorey. 
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Broadleaf, pan-tropical trees and shrubs may occur in the upper and mid-storeys, 

many of which are fully or partly deciduous (Bowman et al. 1988, Wilson et al. 

1996). In the Northern Territory, the structure of savannas varies from open 

forest (sensu Specht 1981) in the wetter coastal and sub-coastal regions of the 

north, to woodlands and low open woodlands of the more and interior (Williams 

et al. 1997). Within the matrix of eucalypt-dominated savanna, other important 

vegetation types occur, such as Melaleuca swamps and monsoon rainforests 

(Williams et al. 1996). These communities differ from eucalypt-dominated 

savannas in their position in the landscape and vegetation composition (Russell-

Smith 1995). Melaleuca swamp forests are dominated by Melaleuca species and 

are found in low-lying areas and run-on sites that are inundated during the wet 

season (O'Grady 2000). Monsoon forests usually occur along perennial creeks or 

margins of floodplains. These communities are dominated by broadleaved 

species; the proportion of deciduous species is related to dry season water 

availability (Russell-Smith 1991, Bowman and Minchin 1987). These 

communities may have an important role in biodiversity and regional hydrology, 

although little is known of their physiology. 

The structure and location of boundaries between savanna and other vegetation 

communities are determined by a combination of plant available moisture, soil 

nutrient status and fire (Bowman and Minchin 1987). Fire is a common 

occurrence in north Australian savannas. The seasonal grass understorey provides 

fuel for fires of varying intensity and frequency that may impact on species 

composition (Williams et al. 1999). In addition, fires can decrease canopy cover 

and tree density, and impact on catchment hydrology though increased erosion 

(Townsend and Douglas 2000), changes to surface hydrology (Bridge et al. 1983), 

and reduced tree water use. 

1.3 Ecophysiology of Australian savannas 

In Australian savannas, woody species are equally distributed amongst four 

distinct phenological guilds: evergreen, brevi-deciduous, semi-deciduous and 

fully deciduous (Williams et al. 1997), although evergreen species dominate in 
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terms of biomass (O'Grady et al. 2000). In contrast, African savannas are 

dominated by deciduous species (Chidumayo 1990), while in the Lianos savannas 

of South America, evergreen species dominate (Sarmiento et al. 1985, Medina 

and Silva 1990). Tropical dry forests of Venezuela consist predominantly of 

deciduous species (Sobrado 1991), and seasonally dry forests of Costs Rica are 

dominated by deciduous or semi-deciduous species (Borchert 1994b). 

In Australian savannas, deciduous species are mainly pan-tropical affiliates 

(Bowman et al. 1988). The abundance of these species tends to decrease along a 

gradient of declining annual rainfall (Eagan and Williams 1996, Williams et al. 

1996). In contrast, the number of deciduous species tends to increase along a 

similar gradient in other savannas (Reich 1995). Phenology is an important aspect 

in considering the ecophysiology of tropical tree species, since many 

physiological characters show correlations with phenological patterns (Medina 

and Franscico 1994, Duff et al. 1997, Prior et al. 1997, Myers et al. 1997, Eamus 

and Prichard 1998, Eamus et al. 1999). However, phenological patterns amongst 

ecophysiological parameters have been comprehensively reviewed by Eamus and 

Prior (2001), and since phenology is not the focus of this thesis, the following 

review does not discuss this aspect extensively. 

1.3.1 Leaf-scale ecophysiology 

The strongly seasonal climate of savannas is an important influence on 

ecophysiological processes. The combination of increasing VPD and decreasing 

soil water content during the dry season affects many leaf-scale traits, such as leaf 

water potential, assimilation and stomatal conductance. 

Pre-dawn leaf water potential of the woody species that dominate open-forest 

savannas of northern Australia is highest during the wet season and decreases with 

decreasing soil water content as the dry season progresses (Duff et al. 1997, 

Wiliams et al. 1997, O'Grady et al. 1999). Seasonal declines in leaf water 

potential are the result of declines in both soil water availability and atmospheric 

water content resulting from marked seasonality of rainfall (Myers et al. 1997, 

Prior et al. 1997). Evergreen species experience higher leaf water potentials 
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during the dry season than other species (Duff et al. 1997). Despite six months or 
more without rain, pre-dawn leaf water potential (Wi)  of savanna species 
typically does not decline as low as for species that experience summer drought in 
temperate and and regions. For example, ypd  of evergreen species Eucalyptus 
microcarpa and E. behriana ranged from -2.0 to -4.4 MPa in the mediterranean-
type climate of southern Australia (Myers and Neales 1984). In contrast, 
evergreen eucalypts in north Australian savannas typically have Ypd  above -0.5 
MPa (Williams et al. 1997). The seasonal patterns observed for Wpd  are reflected 
in mid-day leaf water potential (Wm).  In evergreen trees in an Australian savanna, 
Wm declined to -2.5 MPa during the dry season, and -1.5 MPa during the wet 
season (Myers et al. 1997). In the same study, for a semi-deciduous species, Wm 
declined to -3.5 MPa during the dry season, and -2.5 MPa during the wet season 
(Myers et al. 1997). It is possible that evergreen trees are able to a maintain 
favorable plant water status by having a larger root system able to exploit a larger 
volume of soil. 

Australian tree species typically show higher ypd  than species of savannas 
elsewhere. For example, seasonal minimum values of ypd were -3 MPa in 
Venuzuela (Sobrado 1986) and -2.0 to -2.6 MPa in Panama (Becker et al. 1988). 
However, diurnal patterns of leaf water potential are similar to other savannas 
around the world. An evergreen species in a Venezuelan savanna showed a 
diurnal decline from -0.1 MPa to -0.5 MPa during the wet season, and -0.8 MPa 
to -1.2 MPa during the dry season (Medina and Fransisco 1994). Goldstein et al. 
(1986) showed seasonal declines in leaf water potential of approximately 1.0 MPa 
for 4 tree species growing in a South American savanna. Seasonal minimum leaf 
water potentials in 38 Costa Rican dry forests ranged from -0.8 MPa to less than 
-4.0 MPa (Borchert 1994a). 

Within savannas the major determinants of stomatal conductance are soil and 
atmospheric water content and air temperature (Eamus and Cole 1997, Myers et 
al. 1997, Prior et al. 1997). Stomatal conductance is typically larger during the 
wet season than the dry season, and larger in the morning compared to the 
afternoon. In addition, the difference between morning and afternoon stomatal 
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conductance is larger during the dry season (Eamus and Cole 1997, Myers et al. 

1997, Prior et al. 1997). These patterns reflect diurnal and seasonal patterns of 

soil and atmospheric water content. 

Carbon assimilation rates (photosynthesis) of savanna species are higher during 

the wet season than the dry season (Eamus and Cole 1997, Prior et al. 1997, 

Sobrado 1996). Evergreen species showed a decline of 20% in assimilation rates 

during the dry season, while semi-deciduous species showed a decline of 25 - 

75% (Eamus et al. 1999). However, evergreen saplings of E. tetrodonta showed a 

much larger decline in rates of photosynthesis during the dry season (Prior et al. 

1997). Mature trees with deeper roots may be able to access more water at depth, 

thereby maintaining higher assimilation rates than saplings during the dry season. 

On a leaf dry weight basis, deciduous trees had higher photosynthetic rates than 

evergreen trees (Eamus et al. 1999). Since deciduous trees cannot 

photosynthesise for at least two months each year, they have a higher rate to 

recoup the cost of leaf construction (Eamus and Prichard 1998). Similarly, semi-

deciduous species in a Venezuelan forest had higher photosynthetic rates than 

evergreen species (Fransisco and Medina 1994). 

Assimilation rates during morning and afternoon are similar during the wet 

season, but during the dry season, morning rates are typically larger than during 

the afternoon. Assimilation rates decline in response to a decline in stomatal 

conductance resulting from increased leaf-to-air vapour pressure deficits 

(LAVPD; Eamus and Cole 1997, Eamus et al. 1999) and decreasing soil water 

content. 

1.3.2 Tree-scale ecophysiology 

It is becoming increasingly apparent that a full understanding of ecosystem 

functioning cannot be obtained from leaf-scale measurements (Eamus and Prior 

2001). Transpiration is a major pathway for the discharge of water from soil and 

possibly groundwater, yet estimates of transpiration based on leaf-scale 

measurements of stomatal conductance (using a porometer) routinely over-

estimate transpiration (Jarvis and McNaughton 1986). In addition, leaf-scale 
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measurements do not account for seasonal changes in leaf area per tree and within 

canopy variation in micro-climate can make replication difficult. Finally, the 

instruments themselves may cause changes in micro-climate (Pearcy 1989) and 

therefore alter the physiology of the leaf being monitored compared to other 

leaves in the canopy. 

Given that during the dry season soil water availability declines, stomatal 

conductance declines (Eamus and Cole 1997, Prior et al. 1997, Eamus et al. 1999) 

and leaf area per tree declines for all four phenological guilds (Williams et al. 

1997, O'Grady et al. 1999), it is reasonable to expect that transpiration would also 

decline. Calculations of transpiration from leaf-scale measurements support this: 

a decline of 50% was observed in an evergreen tree in Venezuela (Sobrado 1996), 

while leaf-scale transpiration of E. tetrodonta declined 40 - 70% in a north 

Australian savanna (Prior 1997). In contrast, measurements of whole-tree water 

use using heat pulse techniques showed that transpiration per unit leaf area did not 

change between wet and dry seasons (O'Grady et al. 1999). 

Tree-scale studies of ecophysiology of north Australian savannas have focussed 

on Eucalyptus spp. and eucalypt-dominated vegetation types (O'Grady et al. 1999, 

O'Grady et al. 2000, Hutley et al. 2000, 2001). However, within the savanna 

matrix are other communities not dominated by eucalypts, such as Me!a!euca 

swamp forests, wet mosoon forests and monsoon vine thickets. These 

communities may significantly contribute to biodiversity and catcbment and 

regional water and carbon balances. There is a very limited understanding of 

ecophysiology, at any scale, in these communities. Hatton et al. (1998) found that 

Melaleuca virdf lora  trees in a swamp in northern Australia used more water 

during the dry season than the wet season. In a temperate swamp in southern 

Australia, water use by M. ha!maturorum trees was larger during the hot, dry 

summer period than during cool, wet winter when the swamp was inundated 

(Mensforth 1996). These results suggest that increased atmospheric demand (i.e. 

VPD) may result in increased transpiration or that there may be some effect of soil 

waterlogging on transpiration. 



Chanter 1 

There is substantial evidence that many Melaleuca species are tolerant of 

waterlogging. Flooding of M quinquenervia seedlings did not affect growth, and 

stomatal closure observed shortly after flooding was later reversed despite 

continued flooding (Sena Gomes and Kozlowski 1980). M halmaturo rum 

seedlings were able to recover from three weeks of complete flooding, but not 

from six weeks of flooding (Denton and Ganf 1994). Ladiges et al. (1981) 

suggested that flooding might increase seedling growth of M ericafolia. 

Although there are no studies of responses of mature Melaleuca spp. to flooding, 

the response of other tropical species to flooding may suggest how Melaleuca 

trees would respond. For example, Annona glabra, a tropical tree from Panama, 

grows in seasonally inundated areas. Measurements of hydraulic conductivity, 

leaf-specific conductivity and leaf water potential were similar to tree species 

from non-flooded habitats (Zotz et al. 1997). It is likely that tropical Melaleuca 

species, found in seasonally inundated swamps across northern Australia, are 

tolerant of flooding. 

Inter-annual variation in rainfall can be high (Taylor and Tulloch 1985), and this 

variation may be reflected in the ecophysiology of savanna trees. A study of tree 

water use in a eucalypt open-forest during a single wet-dry cycle at a site near 

Darwin showed no difference in water use per unit leaf area between wet and dry 

seasons (Eamus et al. 2000), while another study at the same site over three years 

demonstrated a significant increase in tree water use (per unit leaf area) during the 

dry season (O'Grady et al. 1999). While dry season measurements were made 

during the 'late dry season' (AugustlSeptember) in the first study and 'mid-dry 

season' (July) in the second, these differences highlight the impact of inter-annual 

variation in the abiotic environment on physiological parameters and the 

importance of accounting for inter-annual variation. 

Water use by savanna trees in northern Australia decreased along a gradient of 

decreasing rainfall (Eamus et al. 2000), and, despite decreasing soil water 

availability, dry season water use was not different to wet season water use along 

the gradient. In Australian savannas, dry season water availability may determine 

maximum water use by determining the architecture of conducting tissue. It is 

suggested that runaway emboli are avoided during times of minimum water 
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availability (and highest evaporative demand) by having xylem andlor xylem pit 
pore membranes that are narrow (Eamus et al. 2000) and less susceptible to 
embolism. 

Savanna trees typically have conducting tissue with higher transport efficiency 
than temperate trees presumably as an adaptation to high evaporative demand 
(Goldstein et aL 1987). Thus stomatal conductance (and assimilation) is 
maintained without excessive decreases in leaf water potential (Sanniento et aL 
1985). Further, leaf area/sapwood area ratio, sapwood area, leaf area and 
hydraulic conductivity are influenced by site differences in vapour pressure deficit 
(Mencuccini and Grace 1995, Whitehead 1998). If conductance of vascular tissue 
is determined by the most demanding conditions experienced (e.g. drought 
conditions in Australian savannas), then assimilation is maintained without the 
risk of runaway embolism and the possibility of consequent shoot death. 

Whole-tree hydraulic conductance is a measure of the ability of a plant to conduct 
water through the pathway between the soil-root interface and evaporative 
surfaces of leaves. Drought induced changes in whole-tree hydraulic conductance 
have been demonstrated in conifers (Granier et al. 1989, Loustau et al. 1996), 
temperate trees (Breda et al. 1993, Cochard et al. 1996, Reich and Hinckley 1989) 
and one study of an evergreen savanna tree (Prior 1997). Such changes may be 
the result of decreases in leaf area, root area, sapwood area, embolism or changes 
in conductance at the root-soil interface (Eamus and Prior 2001). Hydraulic 
conductance may be important in controlling stomatal responses to atmospheric 
conditions (Meinzer et al. 2001 b). Thus, Meinzer et al. (I 999a) found that 
transpiration was limited by hydraulic conductance rather than soil water 
availability in a Brazillian cerrado. Current knowledge of the links between 
hydraulic function and leaf physiology was reviewed most recently by Meinzer et 
al. (2001 a). There is evidence that stomata respond to a hydraulic signal 
generated by a disturbance in the hydraulic pathway (Meinzer and Grantz 1991, 
Whitehead et al. 1996). However, the nature of the hydraulic signal and its 
perception are not fully understood. In addition, chemical signals, such as absisic 
acid (ABA) produced by roots and shoots, have a role in signalling and regulating 
stomatal conductance (Thomas and Eamus 1999). Given the probable role of 
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changes in the hydraulic pathway in maintaining transpiration under conditions of 

changing water availability, whole tree hydraulic conductance is an important 

factor in understanding tree water use, and recent studies of hydraulic 

conductance of savanna tree species in northern Australia were inconclusive 

(Prior 1997). 

1.3.3 Stand-scale water fluxes in savannas 

Direct estimates of fluxes of water at the stand-scale are relatively uncommon; 

measurements of tree water use are typically scaled using allometric relationships 

(Hatton and Wu 1995). However, the technique of eddy covariance can be useful 

for determining not only the contribution of the woody overstorey to 

evapotranspiration, but also the contribution of soil, herbaceous layers and mid-

stratum and understorey vegetation to total evapotranspiration. Hutley et al. 

(2000) partitioned evapotranspiration measured above a eucalypt-dominated open 

forest in northern Australia into overstorey and understorey components. Total 

evpotranspiration was higher during the wet season than during the dry or late dry 

seasons, with seasonal variation principally due to decreased understorey 

transpiration during the dry season as a result of the death of annual grasses. 

Importantly, sapflow measurements of individual tree water use were confirmed 

using this integrated measure of stand evapotranspiration (Hutley et al. 2000). 

Estimating physiological parameters, especially water use, at the stand scale may 

be simplified by the nature of relationships among several ecophysiological 

parameters within a stand of trees. Many researchers have noted that relationships 

between some measure of tree size (such as DBH or basal area) and other 

physiological measurements are often similar for different species growing at a 

given site. O'Grady et al. (1999) found that water use of five different tree species 

in a northern Australian savanna could be described by the same relationship with 

diameter at breast height (DBH). Similarly, Jordan and Kline (1977) found that 

transpiration by 20 trees of ten species from a tropical rainforest in Venezuela 

could be described by a single relationship with sapwood area, independently of 

species or soil type. Stratton et al. (2000a) found that stomatal conductance, 

photosynthesis and leaf-specific hydraulic conductance of six evergreen tree 
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species in Hawaii converged when correlated to wood density. Sapflow of three 

evergreen trees and an evergreen shrub in a Brazillian cerrado conformed to a 

single relationship with sapwood area (Meinzer et al. 1 999a). In addition, the 

relationship between stem storage capacity and sapwood area was common for 

five species from a Panamanian seasonal tropical forest (Goldstein et al. 1998). In 

some instances, the convergence of such relationships is not confined to species 

from a single vegetation type. For example, water use by woody species in two 

Bornean communities, dipterocarp forest and heath forest, could be explained by a 

single relationship with crown area (Becker 1996). 

The nature of the relationship between water use and some measure of tree size 

(eg. DBH, basal area) or density has important implications for estimating stand 

water use. Leaf area, sapwood area and DBH are commonly used to scale 

measurements of tree water use to stand level (e.g. Dunn and Connor 1993, 

Becker 1996, Hunt and Beadle 1998, O'Grady et al. 1999). Strong relationships 

among these parameters have often been recorded (Vertessy et al. 1995, Hatton et 

al. 1995, Meinzer et al. 1999a, O'Grady et al. 2000, Eamus et al. 2000, Meinzer et 
al. 2001 a). Therefore, parameters for scaling tree water use to a catchment or 

regional scale could be estimated from existing, or relatively easily obtainable, 

data sets of basal area and stem density (Eamus et al. 2000). 

1.4 Soil water dynamics in savannas 

Soils of strongly contrasting colour, profile characteristics, texture, water holding 

capacity and parent material occur within savannas (Cole 1986). In general, 

savanna soils tend to be well drained and have relatively high infiltration rates, 

thereby allowing them to cope with high intensity rainfall events (Cook et al. 

1998). Given the drought period characteristic of savannas, water availability is 

one of the most important determinants of savanna structure and function 

(Goldstein and Sarmiento 1987). In Australia, soils on which savannas are found 

are generally weathered relics of earlier pedological processes (Mott et al. 1985) 

and as such have low nutrient status. In addition, high rainfall and low runoff 

further leach the profile. 
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Long term studies of soil water dynamics in savanna ecosystems are lacking, but 
current data indicate a considerable decrease in soil water content (0) and matric 
potential (Vm)  in the upper soil, as would be expected after up to eight months of 
little or no rain. Observations of 0 below 10% are common (eg. Wright and 
Cornejo 1990, Veenendaal et al. 1996, Meinzer et al. 1 999b). Soil matric 
potential (vim) in a moist semi-deciduous forest in West Africa was less than -2.5 
MPa for several periods during the dry season. In contrast, Wm  of a wet evergreen 
forest in the same region was rarely less than —0.1 MPa at any time during the 
year (Veenendaal et al. 1996). Similarly, igm  of soil at 0 - 0.3 m depth at the end 
of the dry season in a South American savanna was between —2.6 and -1.5 MPa 
(San José et al. 1995). 

Although soil water content of upper soil profiles may be extremely low, soil at 
depth is often wetter. In a Panamanian forest, volumetric water content (Ow) at the 
end of the dry season was 0.45 m3  m 3  between 0.6 and 1.2 m, while above 0.3 in 
Ov  was less than 0.2 m3  m 3  (Meinzer et al. 1 999b). The ability of some trees to 
access soil water at depth during the dry season is associated with higher pre-
dawn leaf water potentials and lower drought sensitivity (Le Roux and Bariac 
1998) than more have shallow rooted species. Meinzer et al. (1 999b) found that 
trees that could use progressively deeper soil water as the dry season progressed 
also maintained rates of water use similar to those observed during the early dry 
season. The ability of some trees to access increasingly deeper soil water as upper 
soil layers dry has been observed in other ecosystems (Mensforth et aL 1994, 
Thorbum and Walker 1994, Dawson and Pate 1996). 

Under conditions of low water availability in the upper soil profile, redistribution 
of soil water by roots may occur (Richards and Caldwell 1987, Dawson 1993). 
Roots from wetter soil layers passing through dry soil may have a more positive 
water potential than the surrounding soil; thus water may move from roots into 
drier soil. In this way roots can form a bridge between soil of differing Wm  so that 
water can flow from moister soil through these roots into drier soil when the plant 
is not actively transpiring (Caldwell and Richards 1989). Termed hydraulic lift, 
evidence for this phenomenon comes from laboratory studies (van Bavel and 
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Baker 1985) and field observations (Richards and Caldwell 1987, Emerman and 

Dawson 1996, Burgess et al. 1998). In field studies, hydraulic lift is implied from 

measurements of soil water potential or content near the roots and is often 

accompanied by the use of stable isotopes to trace water sources (Caldwell and 

Richards 1989, Dawson 1996, Emerman and Dawson 1996). Recently, modified 

sap flow gauges have been used to demonstrate hydraulic lift by Grevillea robusta 

in Kenya and Eucalyptus camaldulensis in south-west Australia (Burgess et al. 

1998). Furthermore, the authors reported "reverse hydraulic lift" or hydraulic 

redistribution: movement of water from surface soils to deep soil after rains re-wet 

surface soil following the dry summer season. Although observed in more than 

30 species (Caldwell et al. 1998), there is limited evidence that hydraulic 

redistribution occurs in tropical ecosystems (but see Burgess et al. 1998 who 

observed hydraulic redistribution in Grevillea robusta in Kenya) 

Hydraulic lift results in upper soil layers that can temporarily store water from 

deeper in the profile. This water is used by the plant the following day. The 

volume of water made available for transpiration can be substantial. Emerman 

and Dawson (1996) estimated approximately 102 litres of water were 

hydraulically lifted by Acer saccharum each night, accounting for 20 - 25% of 

daily transpiration. Suppression of hydraulic lift by roots of Artemisia tridentata 

reduced transpiration by 25 - 50% (Caldwell and Richards 1989). Both hydraulic 

lift and reverse hydraulic lift can have a role in maintaining root turgor and hence 

root function in dry soil, and so have important implications for understanding 

interactions between vegetation and soil and groundwater and for studies of 

catchment and regional water balance (Horton and Hart 1998). 

1.4.1 Partitioning of soil water resources in savannas 

There is substantial evidence that soil water resources in savannas are partitioned 

in both space and time. Jackson et al. (1995) found that evergreen trees in a 

seasonally dry forest in Panama used water from deeper in the profile during the 

dry season, and deciduous trees relied on water from the upper profile. The 

authors suggested that the more abundant supply of water at depth allowed 

evergreen trees to maintain their canopies instead of being forced to shed leaves. 
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However, Wright and Cornejo (1990) found dry season irrigation impacted little 

on trees in a dry forest in Panama; only four of 29 species showed a delay in leaf 

fall. Similarly, in a dry season irrigation experiment in northern Australia, 

deciduous trees still lost leaves despite having increased water availability (Myers 

et al. 1998). 

There is evidence that in some ecosystems, deciduous trees may have deeper roots 

than co-occurring evergreen species. In a Brazillian cerrado, one evergreen 

species and three deciduous species sourced water below 2 m during the dry 

season, while four other evergreen species used water in the upper 2 in of the soil 

profile (Jackson et al. 1999). While having access to soil water at depth may 

allow deciduous species to flush before the onset of rains, having deeper roots 

may place hydraulic limitations on transpiration (Meinzer et al. 1 999b). Thus, in 

a Panamanian seasonally dry forest, smaller trees used water from deeper in the 

profile than larger trees (Meinzer et al. 1 999b). Smaller trees may invest more 

biomass in deeper root systems to avoid low leaf water potentials. However, large 

trees may have to trade a higher demand for nutrients than smaller trees, with 

lower soil water availability and so exploit surface soil where nutrient availability 

is higher. In addition, larger trees may be able to store more water to mitigate 

lower soil water contents (Meinzer et al. 1999b). 

Partitioning models have been applied to describe the co-occurrence of woody 

and herbaceous species in water-limited savannas. In savannas of drier regions, 

the most common and complete models are based on vertical 

compartmentalisation of water resources (Walker et al. 1981, Walker and Noy-

Meir 1982, Eagleson and Segarra 1985, Skarpe 1992). These models take into 

account two vegetation components (grass and woody species) and two soil layers 

having independent water budgets. Grasses source water only from the upper soil 

profile, while woody vegetation has exclusive access to the deeper layer. In the 

upper layer, woody species are unable to compete with grasses for water. 

Evidence in support of these models comes from southern African savannas 

(Knoop and Walker 1985), a Kenyan savanna (Helsa et al. 1985) and a North 

American sub-tropical savanna (Brown and Archer 1990). However, when 

applied to mesic or humid savannas, these models were found to be inadequate 
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(Le Roux et al. 1995, Le Roux and Bariac 1998). In a West African humid 

savanna, both grass and shrub species sourced water from upper soil layers during 

wet and dry seasons (Le Roux et al. 1995), suggesting potentially significant 

competition for water resources. In order to account for patterns observed in 

savannas across a range of soil types and water availabilities, a model should 

account not only for temporal and spatial water availability, but also nutrient 

availability and disturbances such as fire and herbivory (Scholes and Archer 

1997). 

1.5 Management of groundwater resources in north Australian savannas 

1.5.1 Economic sign fi cance ofsavannas 

Savannas are amongst the oldest ecosystems used by people; it is likely that Homo 

sapiens evolved in a savanna environment in East Africa about one million years 

ago (Solbrig 1993). Worldwide, savannas are in various states of degradation. 

indian savannas, for example, are secondary ecosystems, the result of human 

intervention in an originally forest vegetation (Solbrig and Young 1993). The 

principle use of savannas is for agriculture and pastoralism. In Australia, 

pastoralism in tropical savannas began around 100 years ago (Holmes and Mott 

1993). However, the development of savannas is limited by a number of factors 

including highly seasonal rainfall, poor soil fertility, invasive weeds and pests and 

the regular occurrence of fire. 

Australian savannas contain less than 1% of the country's population (Holmes and 

Mott 1993), although their contribution to the national economy is approximately 

$13.5 billion per year and increasing (CRC for Tropical Savannas). While current 

land uses include pastoral, agriculture, mining and tourism industries, 

infrastructure is poorly developed in much of northern Australia, and land and 

resources are viewed as ripe for economic development (Mclvor et al. 1994). 

The intensity of land use is likely to increase and conflict among competing 

interests may escalate. This is often compounded by the clash of economic 

development with cultural and conservation values. Ensuring sustainable 

15 



development and resolving conflicts in land use will involve scientific knowledge 
being incorporated into management plans and policies (Mclvor et al. 1994). 
1.5.2 Groundwater Use 

In the NT, groundwater is used extensively for urban and rural water supplies, 
agriculture, irrigation, industry and mining. In the highly seasonal climate of 
northern Australia, sources of surface water are limited during the dry season and 
reliance on groundwater resources has increased dramatically with increasing 
urban, rural, agricultural and industrial development. Groundwater use increased 
by 97% between 1983/4 and 1996/7 (Australian Water Resources Assessment 
2000). Most decisions for water allocation in the past concentrated on the 
provision of water for urban, industrial and agricultural uses; little or no attention 
was paid to environmental consequences of these allocations (Agriculture and 
Resource Management Council of Australia and New Zealand (ARMCANZ) 
1996). Poor scheduling of water use and inefficient use of groundwater have been 
highlighted as key issues relating to natural resource management in northern 
Australia (LWRRDC 1999). 

Northern Australia is in the unique position of having relatively undeveloped 
water resources. The Australian Water Resources Assessment (2000) lists the 
Northern Territory as having 'a low ratio of current use to available sustainable 
groundwater resources'. However, the 1994 Council of Australian Governments 
(COAG) agreement recommended the introduction of a water allocation 
framework, which included the provision of water for the environment. 
ARMCANZ (1996) then recommended that 'provision of water for ecosystems 
should be on the basis of the best scientific information available on the water 
regimes necessary to sustain the ecological values of water dependant 
ecosystems'. In order for development of groundwater resources to be 
sustainable, information on the nature of interactions between groundwater and 
other components of the ecosystem, such as surface hydrology and vegetation, is 
crucial. 
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1.5.3 Groundwater dependent ecosystems 

Much of Australia experiences seasonal drought or is semi-arid. If groundwater 

exists within reach of vegetation, it is likely that ecosystems will develop that rely 

on it to some extent (Hatton and Evans 1998). An ecosystem is considered 

groundwater dependent if the removal of groundwater for anthropogemc use 

would make it less available to indigenous plants and animals (Hatton and Evans 

1998). If water availability is a major factor influencing the survival of plants in 

natural situations, individuals capable of utilising water in deeper soil layers may 

have an advantage over those dependent on surface layers. Large variations in 

water content are more likely in upper layers as a result of evaporation and plant 

water use, compared with deeper layers, which are likely to be buffered against 

changes and less susceptible to evaporative forces. Plants that are able to source 

water from deeper layers are thus more likely to maintain a favourable water 

status (Le Roux and Bariac 1998) and continue to assimilate carbon when plants 

whose roots are restricted to surface soil are faced with water deficits. However, 

given the carbon investment required by plants to obtain water from deeper in the 

profile and the increased hydraulic resistance deep roots may introduce to the 

transpiration pathway (Meinzer et al. 1 999b), it would be expected that plants 

utilise available water in the upper profile preferentially (Ehleringer and Dawson 

1992). However, there is evidence that woody species in a number of different 

ecosystems do not utilise available soil water in upper layers (Dawson and 

Ehleringer 1991, Busch et al. 1992, Thorbum and Walker 1994). 

The preferential use of groundwater rather than stream water by riparian trees has 

been reported by a number of authors (Dawson and Ehlennger 1991, Busch et al. 

1992, Thorburn and Walker 1994). In and or semi-arid areas where surface water 

sources are unpredictable or unreliable, groundwater presents a more reliable 

source of water. Carbon allocation to deep roots only represents higher survival 

probability than allocations to both surface and deep roots if water availability in 

the upper soil is unreliable (Ehleringer and Dawson 1992). However, some trees 

can facultatively utilise both surface and groundwater. Woody species growing 

along a perennial creek in the Sierra Nevada used upper soil water when it was 

available, and groundwater later in the dry season (Smith et al. 1991). Banksia 
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prionotes growing in open woodlands of southern Western Australia has both 

shallow lateral roots and deeply penetrating tap roots (Dawson and Pate 1996). 

During the wet season, lateral roots acquired water from the upper soil layers and 

tap roots derived water from the underlying water table. As the dry season 

progressed, less water was sourced from the upper soil and dependence on 

groundwater increased (Dawson and Pate 1991). Smith et al. (1991) found that 

when streamfiow was reduced due to an up-stream dam, nparian vegetation used 

groundwater after upper soil water was exhausted. These studies suggest that it is 

difficult to predict the degree of reliance of vegetation on groundwater. 

A case study of water supply to the City of Darwin in the Northern Territory, 

which focussed on groundwater resource development in a tropical savanna, 

found that it is likely that exploitation of the aquifer will adversely affect the 

health of the ecosystem. Within the matrix of eucalypt-dominated open-forest 

savanna, vegetation communities in low-lying areas, such as Melaleuca forests 

and monsoon rainforests, were listed as 'highly dependent' with respect to their 

vulnerability to groundwater development (Hatton and Evans 1998). Land use 

practices that change stream flows or groundwater hydrology may impact 

negatively on the health of such groundwater-dependent vegetation. 

1.6 Thesis Aims and Scope 

The increasing economic importance of savannas will place increasing pressure 

on natural resources. Sustainable development of these resources must be 

underpinned by an understanding of catchment water balance and vegetation 

requirements for water. Pressures on over-developed water resources throughout 

Australia have increased the national value of water as a resource. Sustainable 

development of water resources can only be successful if we understand the 

requirements of an ecosystem prior to any disturbance taking place, in order to 

determine the impact of additional disturbances. In northern Australia, managers 

are in a unique position to understand much about the interactions of vegetation 

and water before significant modifications to savannas result from anthropogenic 

impacts on regional hydrology. 
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The overarching aim of the experiments described in this thesis is to quantify 

fluxes of water through the soil and plant components of savanna and associated 

communities, Melaleuca swamp forest and wet monsoon forest. Given the highly 

seasonal nature of the climate in northern Australia, physiological parameters and 

soil water dynamics are examined in a seasonal context. These data have 

important applications in the management of seasonally dry savannas and in 

particular, water resources in northern Australia. 

The work described in this thesis addresses the more specific aims: 

- to compare tree water use of eucalypt open-forest, wet monsoon forest 

and Melaleuca swamp forest on a seasonal basis; 

- to determine seasonal changes in whole tree hydraulic conductance in 

eucalypt open-forest and Melaleuca swamp forest. Further, to address the 

question: how does whole tree hydraulic conductance compare between 

these two communities? 

- to examine soil water dynamics in the root zone of the savanna and 

partition inputs into discharges and recharges within the water balance; 

- to determine the reliance of low-lying communities, such as Melaleuca 
swamp forest, on groundwater and soil water. 

The thesis structure is described briefly below: 

Chapter Two describes the three sites at which much of the work was undertaken: 

eucalypt-dominated open-forest, Melaleuca swamp forest and wet monsoon 

forest. The regional edaphic environment is described, along with the vegetation 

and soils at each site. 

Chapter Three examines tree water use across three communities. Tree water use 

is scaled to stand-scale, and seasonal differences in water use are discussed, 

within and among communities. Relationships among water use, leaf area index, 

soil water availability and phenology are explored. Data collected in these 

experiments are further developed in Chapter Four, which examines diurnal and 
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seasonal differences in whole tree hydraulic conductance in a eucalypt open-forest 

and a Melaleuca swamp forest. 

Chapter Five explores soil water dynamics in the root zone of a eucalypt open-

forest over a complete wet-dry seasonal cycle. Changes in soil water content are 

explained in relation to evapotranspiration and estimates of deep drainage are 

made. Soil water dynamics are further examined in Chapter Six, where isotopic 

techniques are used to determine the dependence of Melaleuca swamp forest on 

groundwater. The implications of such data to catchment management plans are 

discussed. 
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Chapter 2: Description of Region and Study Sites 

Although savanna ecosystems around the world are facing increasing pressure as 

a resource for humans (Soibrig and Young 1993), savannas of northern Australia 

are relatively undisturbed by human development pressures. This presents a 

unique opportunity to undertake research into savanna ecosystems. Since the 

mid- 1980's, Gunn Point, near Darwin, has been the site of a number of research 

projects. The vegetation distribution and structure is well-documented, following 

the mapping of the region, (O'Grady 2000), remote sensing studies (Menges 2001) 

and investigations of edaphic factors which determine structure and community 

boundaries (Bowman 1986, Wilson and Bowman 1987). In addition, there is an 

expanding body of ecological and physiological work, including phenology 

(Myers et al. 1997, Bach 1998), tree ecophysiolgy from leaf to landscape scale 

(Duff et al. 1997, Williams et al. 1997, Eamus et al. 1999, O'Grady et al. 1999, 

Hutley et al. 2000), carbon balance (Chen et al. 2001b) and biomass (O'Grady et 

al. 2001). The history of research at Gunn Point is a strong foundation for 

continuing investigations of savanna ecosystems, and this background was the 

basis for site selection for the studies contained within this thesis. 

2.1 Gunn Point Peninsula and the Howard River East catchment 

The sites used for the studies that form this thesis were all found within the Gunn 

Point region, east of Darwin in the Northern Territory of Australia. The study 

concentrates on the Howard River catchment, near Howard Springs 35 km south-

east of Darwin (130° 45'E, 1290'S; Fig. 2.1). The surface area of the catchment 

is 126 km2, and varies from sea level at the river mouth to 40 in Australian Height 

Datum (AHD). 

2.1.1 Climate 

Climate of the region is dominated by monsoonal rainfall between November and 

March inclusive, followed by up to seven months of little or no rainfall. October 

and November are transitional to the wet season and are characterised by 
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increased humidity and temperature and occasional thunderstorms (Taylor and 

Tulloch 1985). During December to February, monsoonal troughs and tropical 

cyclones result in sustained high intensity rainfall events (McQuade et al. 1996). 

Average annual rainfall is 1709 mm y 1  (1941 - 2000) with mean daily maximum 

temperatures at Darwin Airport ranging from 30.4°C (July) to 33.2°C (November; 

Fig. 2.2). Maximum and minimum temperatures have a range of 7°C (wet 

season) and 11°C (dry season; McDonald and McAlpine 1991). Daytime values 

of vapour pressure deficit range from 1.5 kPa during the mid-dry season to 3 kPa 

during the wet season (July) and mean monthly sunshine hours range from 6 (wet) 

to 10 h (dry; all data from Bureau of Meteorology, Darwin; Fig. 2.2). 

2.1.2 Topography and soils 

Most soils in the Top End are derived mainly from granite, sandstone, quartzite 

and limestone, and so are inherently infertile (Kent 1959). The landscape is 

derived from a Late Tertiary depositional surface, consisting of sediments derived 

from erosion of Mesozoic sediments and earlier cover rocks. The sediment mantle 

is rarely more than 30 - 40 m deep. This is known as the Koolpinyah surface and 

consists of a complex of gravels, sands, silts and clays that have been repeatedly 

weathered, eroded, redeposited and reweathered. This extensive weathering, 

combined with heavy wet season rains and a hot, and dry season, have 

compounded the infertility of the soil (Russell-Smith et al. 1995) 

Intense chemical weathering of the surface has occurred because sediments have 

been alternately oxidised and saturated as a result of fluctuating water tables (Cole 

1986). This weathering has leached base and alkali earths from surface 

sediments, leaving only residual concentrations of partially hydrated oxides of 

iron and aluminium. Iron oxides have precipitated to form small nodules or sheets 

of nodules cemented together, known as laterite. Sheets or boulders of laterite are 

typically present below the soil surface, at varying depths, or may outcrop on 

plains or at creek headwaters (Russell-Smith et al. 1995). 
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Figure 2.1: Long term average monthly maximum and minimum temperatures (°C), 

rainfall (mm) and vapour pressure deficit (kPa) at 0900 h and 1500 h at Darwin Airport, 

Northern Territory. (Data from Bureau of Meteorology, Darwin). 
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Soils are acidic and infertile, a consequence of leaching and accumulation of iron 

and aluminium ions in surface horizons. At the top of the topographic sequence, 

soils are typically uniform to gradational deep, well-drained red sands and sandy 

barns with minor areas of barns or gravelly, shallow deposits. With increasing 

slope, laterite outcrops are common, and soils are gradational yellowish sandy 

barns. On lower slopes, deposits vary from deep sands in depressions, to shallow 

sandy mantles over clays in alluvial situations (Russell-Smith et al. 1995). 

The distribution of vegetation associations within savannas is closely related to 

the extent of the laterised Tertiary surfaces and to the exposure of both old rocks 

and recent alluvium, with which in turn are associated variations in the soil, relief 

and drainage conditions that influence plant growth (Bowman 1986, Bowman and 

Minchin 1987). For example, open-forest savanna, dominated by Eucalyptus 

spp., with an understorey of tall perennial and annual grasses, occur where the 

Tertiary lateritic surface is preserved and is associated with Tertiary lateritic red 

earths and Tertiary lateritic podzols over level to gently undulating terrain. 

However, where heavy grey pedocals have formed in depressions or along 

drainage lines subject to seasonal flooding, the vegetation changes to mixed open 

woodland (Cole 1986). This complex community type may consist of E. 

papuana, E. polycarpa, Grevillea pteridifolia and Pandanus spiralis, with a dense 

understorey of grasses with seasonal herbs and sedges (Wilson et al. 1990). 

2.1.3 Vegetation 

Within the Gunn Point region, O'Grady (2000) identified 18 different land cover 

types. These ranged from closed forest, through eucalypt-dominated open-forests 

to tidal mud flats. Howard River East catchment is dominated by eucalypt forests 

and open-forests, which typically form on lateritic red earths (Cole 1986). There 

are a number of different types of eucalypt forests, dominated by a variety of 

Eucalyptus spp., and forming at different elevations in the landscape. 

The evergreen species Eucalyptus miniata and E. tetrodonta dominate open-

forests found on red earths. The canopy also contains other semi-, brevi- and fully 

deciduous species, both overstorey and mid-stratum, such as Terminalia 
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ferdianiana, Ethryrophleum cholorstachys and Cycas armstrongii (Williams et al. 

1997). There is a dense understorey of mostly C4 grasses, such as the perennial 

Hetropogon spp. and annual Sorghum spp. (O'Grady 2000). 

At elevated positions in the landscape, open-forests dominated by E. blesseri form 

on yellow gravelly earths. These are distinct in having a sparse mid-stratum of 

Gardenia megasperma, Livistonia humilis and Grevillea decurrans (OGrady 

2000). The transition between E. miniata/E. tetrodonta open-forest and E. 

bleeseri open-forest is a mixed open forest with a canopy dominated by the three 

species, which forms on red or yellow gravelly earths. 

Low-lying areas throughout the catchment tend to be run-on sites and are subject 

to seasonal flooding. Where the soil is black sandy clay, mixed open woodlands 

form (O'Grady 2000). This complex community has an overstorey of a variety of 

species, including E. polycarpa, Melaleuca viridUlora, M. nervosa and Grevillea 

pteridifolia. Understorey grass cover is dense and dominated by Chrysopogon 

spp., Sorghum spp. and Pancium spp., with numerous seasonal herbs and sedges 

(O'Grady 2000). 

Some run-on sites form perched lagoons, where sandy clay overlies a heavy clay 

subsoil (Hafton et al. 1988). Melaleuca viridflora or M. nervosa form an often 

monospecific overstorey, and the understorey is absent except for seasonal sedges 

and grasses. These sites become flooded during the wet season and may remain 

inundated until mid-dry season. 

Closed forests form in pockets along the coast, along creeks and springs and, in 

the study area., at the edges of the Adelaide River floodplain (Bach 1998, O'Grady 

2000). These are typically monsoon rain forests (so called to distinguish them 

from other forests dominated by Eucalyptus spp. and Melaleuca spp.; Russell-

Smith 1991). Russell-Smith (1991) identified 16 floristic groups describing 

monsoon rainforest in the Northern Territory. In the Gunn Point region, there are 

mainly two different groups represented (Bach 1998). Wet monsoon forests 

(WMF), representing floristic group 2 (Russell-Smith 1991), are typically 

associated with lowland springs and creeklines, often in close proximity to 
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floodplain margins. Semi-deciduous dry monsoon forests (DMF), or vine thickets 
(floristic group 9, Russell-Smith 1991), are associated with a variety of well- to 
excessively-drained coastal and sub-coastal landforms (Bach 1998). 

Patches of WMF, between 5 and 50 ha in size, are scattered throughout the Gunn 
Point region, but the largest and most dense groups are found in the southern part, 
near the margins of the Adelaide River floodplains (Bach 1998). The canopy is 
usually less than 25 in in height, and is mostly dominated by a few evergreen tree 
species, such as Syzygium nervosum, Buchanania arborescens and Horsfelidia 
australiana. Two common palm species, Carpentaria acuminata and Livistona 
benthamii are also often present. Some canopy elements are briefly deciduous 
during the dry season, for example Terminalia microcarpa and Sterculia holtzei. 
The understorey is usually sparse, dominated by a few evergreen species, such as 
Myristica insipida and Carallia brachiata (Russell-Smith 1991, Bach 1998). 

2.1.4 Distribution of vegetation types 

Three vegetation types were chosen as study sites for the experiments described in 
the following chapters: eucalypt-dominated open-forest, Melaleuca swamp forest 
and wet monsoon forest. These three communities cover area 70 %, 2 % and <1 
% respectively of the Howard River catchment (A. O'Grady personal 
communication). 

2.2 Study sites 

2.2.1 Eucalypt open-forest 

There are two sites referred to as eucalypt open-forest in this thesis. The sites are 
less than 1 kilometre apart, on the same soil type and with essentially the same 
vegetation composition. The first, used for experiments described in Chapters 3 
and 4, was the site of the Northern Territory University eddy-covariance tower 
(Hutley et al. 2000). The second, referred to in Chapter 5 as the site of 
installation of soil water monitoring instruments, is associated with a Northern 
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Territory Department of Lands, Planning and Environment (DLPE) 

meteorological station (R8 150031). 

At both sites, E. terodonta and E. miniata dominate the overstorey, contributing 

more than 70% of the total basal area (O'Grady et al. 2000). Other canopy 

elements include Eiythrophleum chiorostachys, Terminalia ferdianiana, 

Buchanania obvata, E. porecta and E. clavigera. Leaf area index is seasonally 

variable, being largest at the end of the wet season and lowest during the dry 

season (O'Grady et al. 2000; see also Chapter 3). Mean LA! of the overstorey (for 

1998 and 1999) is shown in Table 2.1. Sapwood area, as measured at the first 

site, was 5.2 m2  ha', basal area was 8.9 m2  ha1  and the ratio of basal area to 

sapwood area was 1.7 (Table 2.1). 

The soil profile at these sites is classified as a Red Kandasol (Isbell 1992; also a 

Red Earth; Stace et al. 1968). The A and B horizons are massive and earthy, 

sandy loam and sandy clay loam respectively. A transition zone between the B 

and C horizons (between 115 and 140 cm depth) shows mottling, signifying 

groundwater presence (and hence anoxic conditions reducing iron ions). The C 

horizon is a weathered laterite ('duricrust') layer. 

2.2.2 Melaleuca swamp forest 

The Melaleuca swamp forest used for these studies is approximately 3 km west of 

the eucalypt open-forest sites described above. The lagoon has an area of 

approximately 9 ha, and is surrounded on three sides by eucalypt open-forest, and 

on the upstream side by a seasonally inundated natural grassland. During the wet 

season, runoff from the grassland and surrounding eucalypt open-forest moves 

into and through the Melaleuca swamp forest. The site is part of a chain of 

lagoons, grasslands and open woodlands that form a drainage line during the wet 

season. 

The overstorey consists almost solely of individuals of Melaleuca viridflora. The 

understorey is virtually absent, apart from few a M. viridiflora seedlings and 

sparse clumps of sedges and small grasses; during the wet season when the site is 
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inundated, several aquatic plants are present (e.g. Nymphoides spp.). Leaf area 

index was lowest during the late dry season (Table 2.1; see also Chapter 3) and 

leaf flush typically occurred at the end of the dry season. Sapwood area was 3.9 

m2  ha', and basal area was 17.2 m2  ha1, more than twice that of the eucalypt 

open-forest (Table 2.1). 

Soils at this site are poorly drained. The A horizon is a loam with moderate 

organic content; the B horizon is sandy clay loam. Clay content increases 

substantially with depth, becoming a sandy clay (about 40% clay) grading into 

clay (60% clay, Hatton et al. 1998) at approximately I in depth. As a result, the 

site is inundated during the wet season to a depth of around 1 m, and surface 

water remains until May or June. Standing water levels indicate that the water 

table declines to between 1.5 and 3 in below the soil surface by the end of the dry 

season. 

2.2.3 Wet monsoon forest 

The wet monsoon forest site chosen for this study is part of the Black Jungle 

conservation reserve. It lies adjacent to the Howard River East catchment, but not 

within it; rather it drains to the Adelaide River floodplains. However, it was the 

most accessible site during the wet season, although the site was inundated until 

early dry season. The site has an area of 6.5 ha, and is centred around a perennial 

creek that flows out onto the floodplains on the north-east edge. 

Experimental work was carried out in an area of the forest about 150 in from the 

north-east margin, adjacent to the creek. The canopy in this area is dominated by 

four species: Syzygium nervosum, Nauclea orientalis, Terminalia microcarpa and 

Ficus racemosa. These species account for 70% of the basal area of a 50 x 50 in 

plot. Other species include Maranthes corymbosa, Barringtonia actuangula and 

Horsefelidia australiana. Further from the forest margin, stem density and 

species diversity increase; Bach (1998) observed 62 species at this site. The 

canopy height is about 20 in, and the canopy is dense and overlapping for much of 

the year. Leaf area index could not be reliably measured, excepting a single 

occasion during the dry season, using a light interception method (Demon, CSIRO 
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Australia; see Chapter 3). LAI was 4.3; Bach (1998) estimated that canopy cover 

in wet monsoon forests around Darwin typically decreases by approximately 10% 

for a short period during July and August. This suggests that LAI at the wet 

monsoon forest site would range between 4 and 5 throughout the year. The Black 

Jungle wet monsoon forest had 22.6 m2  ha' sapwood area and 44.3 m2  ha 1  basal 

area. Ratio of basal area to sapwood area was 1.96, similar to the eucalypt open-

forest site (Table 2.1). 

There is limited information available on the phenology of the three species 

studied at this site: S. nervosum, N. orientalis and T. microcarpa. The major leaf 

flush period in the WMF is September/October (Bach 1998). S. nervosum is an 

evergreen tree, while T microcarpa has a period of deciduousness during the dry 

season which lasts 3 - 4 months (usually June to September; Bach 1998). N. 

orientalis is brevi-deciduous (Brock 1993), with a brief period of about 50% leaf 

loss during the dry season (Bach 1998). 

Soil at the site was poorly drained and more organic than at either the eucalypt 

open-forest site or the Melaleuca swamp forest site. The A horizon was a sandy 

loam, with a sharp transition to a heavy grey clay at the B horizon at 30 —40 cm. 

Soil was saturated for most of the year, with free water found at 70 cm at the end 

of the 1999 dry season. 

Table 2.1: A comparison of functional parameters at the three sites used in these studies: 

eucalypt open-forest (EOF - tree component only), Melaleuca swamp forest (MSF) and 

wet monsoon forest (WMF). Leaf area index was not measured during all seasons for the 

WMF site (see text). 

EOF MSF WMF 

Leaf area index - wet season 1.02 1.60 

Leaf area index - dry season 0.62 1.87 4.3 

Leaf area index - late dry season 0.67 1.10 

Sapwood area (m2  ha') 5.2 3.9 22.6 

Basal area (m2  ha) 8.9 17.2 44.3 

Basal area: sapwood area 1.72 4.42 1.96 
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The vegetation of Guim Point peninsula, and the Howard River catchment, has 
been well described (e.g. Bowman et al. 1991, O'Grady 2000), and was the 
region chosen for the studies contained within this thesis. The following chapters 
describe the ecophysiological and hydrological studies conducted at each of these 
study sites. 
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Chapter 3: A comparison of tree water use in three vegetation 

communities of the seasonally dry tropics 

3.1 Introduction 

Some aspects of the ecophysiology of eucalypt savanna species are relatively well 

understood and ecophysiological measurements of savanna open-forest 

communities over several years have established the spatial and seasonal patterns 

of water use of this community type (Eamus et al. 1999, O'Grady et al. 1999, 

Hutley et al. 2000). In contrast, little is known of the physiology of either tropical 

Melaleuca species or wet monsoon forests and the examination of water use by 

rainforest or wetland species is considerably less common (eg. Hutley et al. 1997, 

Barrett et al. 1996, Mensforth 1996). Physiological studies of Melaleuca species 

have been largely focussed on the effects of salinity (Mensforth and Walker 1996) 

and there are few studies describing seasonal patterns of water use and 

relationships between tree size and water use, particularly in the tropics. 

There have been a number of studies of leaf phenology and leaf-scale physiology 

of species common in the eucalypt-dominated open-forest communities of north 

Australian savannas (Duff et al. 1997, Fordyce et al. 1997, Myers et al. 1997, 

Prior et al. 1997, Williams et al. 1997, Eamus et al. 1999). Stomatal conductance 

(g) and pre-dawn leaf water potential (ij) decline during the dry season in 

response to increasing water vapour pressure deficits and declining soil water 

availability. However, recent studies of seasonal patterns of water use in eucalypt 

forest-open have established that water use, when measured at the stand scale, is 

aseasonal, and highlighted the difficulties in extrapolating leaf-scale physiology to 

whole-tree or stand-scales (O'Grady et al. 1999). Measurements of whole tree 

water use, using techniques such as heat pulse, are more valuable than leaf-scale 

measures in studies of tree and stand scale physiology. 

Estimates of whole-tree water use are important components of ecophysiological 

and hydrological studies, since transpiration represents a major pathway for the 

discharge of water from soil and/or groundwater stores. Transpiration from a 
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forest canopy depends on many factors, including energy input and leaf area index 

of the canopy (Dumn et al. 1988, Greenwood et al. 1985), physiological control, 

by stomata, of water loss from leaves (Eamus et al. 1999), humidity of air 

adjacent to the canopy (Whitehead and Hinckley 1991), availability of water in 

the soil (Barrett et al. 1996) and stem hydraulic conductance (Sperry and 

Pockman 1993). These factors depend on feedbacks between biological and 

physical components of the forest system. Consequently, rates of water use might 

be expected to vary between forests that differ in leaf area index, water 

availability, stomatal behaviour and micro-climate. Water availability differs 

markedly among eucalypt open-forest, Melaleuca swamp forest and wet monsoon 

forest communities (Bach 1998, Hatton et al. 1998). It may be expected that such 

differences would result in varied strategies for water use among these 

communities. In particular, seasonal inundation, as observed for low-lying 

Melaleuca and monsoon forest communities, might be important in determining 

water use of these communities. 

3.1.1 Using heat pulse technology to estimate tree water use 

Heat pulse technology has been widely used in studies of transpiration of trees 

(Barrett et al. 1995, Becker 1996, Hogg et al. 1997, Hunt and Beadle 1998). Such 

technology allows the determination of the tree transpiration component in studies 

of stand and catchment evapotranspiration and are not limited by site 

heterogeneity (Hatton et al. 1995, Granier et al. 1 996a). In contrast, when leaf-

level measurements of transpiration are scaled to stand-level estimates, errors can 

be large. Use of whole-tree techniques can significantly reduce these errors 

(Meinzer et al. 1993). Provided there is sufficient replication, measures of 

individual tree water use can be scaled to estimate water use of stands or 

communities (Hatton and Wu 1995, O'Grady et al. 1999). 

Errors in the estimation of tree water use using heat pulse technology can be 

attributed to three principle sources: first, errors associated with the measurement 

and calculation of point estimates of heat pulse velocity; second, errors in the 

integration of point estimates into a sap flux for a single tree; and third, 

extrapolation of fluxes from single trees to stand water use (Hatton et al. 1995). 
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Associated with the first category of errors are the accurate measurement of 
wound diameter and volumetric wood and water fraction of the sapwood, and 
variation in the distance between the heater and thermistors during implantation 
into the sap wood (Olbnch 1991, Hatton et al. 1995, Vertessy et al. 1997, Becker 
and Edwards 1999). Errors in the second category arise from a) estimation of the 
conducting area of the tree (Hatton et al. 1995, Becker 1996); b) spatial variability 
in sap flux density (Hatton et al. 1990, Zang et al. 1996, Hunt and Beadle 1998); 
and c) variability at low flow (Barrett et al. 1995, Becker 1998). When estimates 
of flux in single stems are scaled to an areal basis, determining the ground area 
associated with each tree in the stand is another potential source of error. Various 
studies have used functional parameters such as leaf area, tree diameter at breast 
height (DBH), cross sectional basal area or sapwood area to scale water use to 
stand area (eg. Dunn and Connor 1993, Vertessy et al. 1995, Becker 1996, Hunt 
and Beadle 1998). There are errors associated with making these measurements 
and those inherent in the relationship between tree water use and the scaling 
parameter (Hatton et al. 1995, O'Grady 2000) in addition to those associated with 
estimating sap flux for each individual tree, as described above. 

Errors associated with the heat pulse technique can be as high as 40% (Hatton et 
al. 1995), although several studies have reported errors of less than 15% (Hatton 
et al. 1995, Barrett et al. 1995, Dunn and Connor 1993, Vertessy et al. 1997). 
However, heat pulse technology has been successfully implemented in a number 
of studies in Australia, and in particular, studies of eucalypts (eg. Barrett et al. 
1996, Vertessy et al. 1997, Salama et al. 1994, Hunt and Beadle 1998, Farrington 
et al. 1994, Dunn and Connor 1993, O'Grady et al. 1999, 2000). 

Escalating human dependence on groundwater resources requires effective 
management strategies for the sustainable use of this resource. The widespread 
extent of savannas in Australia makes them important to regional hydrology. 
Eucalypt open-forest constitutes the most widespread community within the 
savannas of northern Australia, and there is some evidence that trees may exploit 
groundwater andlor deep soil water reserves during the dry season when soil 
water store in the upper profile is very low (Myers et al. 1997, O'Grady et al. 
1999). Communities such as Me!a!euca swamp forests and wet monsoon forests 
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form at low points in the landscape which are inundated during the wet seson and 

much of the dry season and around seasonal watercourses. It is likely that these 

communities are dependent on surface run-on and lateral flow of soil water andlor 

groundwater for their persistence during the dry season. They may be sensitive to 

long-term changes in water availability (Kingsford 2000) and therefore are more 

at risk from ill-managed groundwater extraction, but are poorly understood in 

terms of their ecophysiology 

In the present study, heat pulse technology was employed within a eucalypt open-

forest savanna, a Melaleuca swamp forest and a wet monsoon forest. In particular, 

this study aims to I) quantify tree water use on a daily and seasonal basis in each 

of these three communities; 2) compare patterns of tree water use among these 

communities; and 3) compare relationships between tree size and water use. 

3.2 Methods 

Rates of water use of individual trees at the three study sites in the Howard River 

East catchment were estimated using the heat pulse velocity (HPV) method 

(Marshall 1958, Swanson and Whitfield 1981, Hatton et al. 1990, Hatton et al. 

1995). Commercially available sensor and logger systems were used (Greenspan 

Technology, Warwick, Queensland). 

3.2.1 Sap velocity 

Xylem sap velocity was measured by injecting a 1.8 s pulse of heat into the 

conducting wood of a tree. Velocity was determined by the rate of dissipation of 

this heat pulse. A probe-set consists of a single heater probe: an upstream sensor 

located 5 mm below the heater probe, and a downstream sensor 10 mm above the 

heater. On each sensor probe there are two thermistors, which sense the pulse of 

heat, positioned 5 mm and 10 mm from the end of the probe (Figure 3.1). A 

complete unit consists of 2 probe-sets, enabling the estimate of sap velocity at 

four depths in the sapwood, and a logger which records the time from the heat 

pulse injection to zero temperature differential between the upstream and 

downstream probes (to). 
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Si S2 

-4 

Figure 3.1: Diagram of Greenspan heat-pulse velocity sensors. Each system consists of 

two probes connected to a datalogger. Individual sensor sets consist of a heater and 

upstream and downstream thermistors. Dimensions in mm Diagram adapted from 

Greenspan manual. 

Heat pulse velocity (Vh) was calculated from to  as 

Vh 
ZtQ 

(3.1) 

where x1  and X2 represent the distances of the upstream and downstream sensors 

respectively (Closs 1958). Drilling holes for the insertion of the probes creates 

significant damage to xylem vessels by tearing and shearing and the introduction 

of air into the drill holes (Barrett et al. 1995) and there will be little or no flow 

through this wounded region. Vh was corrected for wounding effects using the 

equations of Swanson and Whitfield (1981): 

Vh = a + bVh + CVh2 (3.2) 

where Vh  is corrected heat pulse velocity (m ) and the coefficients a, b and c 

were derived by Swanson and Whitfield (1981) from numerical solutions of 
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Marshall's (1958) equations for various wound sizes. Corrected heat pulse 

velocity was then converted to sap velocity (Vs; in 

Vt vs= hpb(CW+mCS) 

pscs  
(3.3) 

where Cw  and C are the specific heat capacities of dry wood and sap (assumed to 

equal water) respectively, Pb  and Ps  (kg m 3) are the densities of dry sapwood and 

water and m is the moisture content of sapwood (Closs 1958, Marshall 1958, 

Swanson and Whitfield 1981). 

3.2.2 Sap flow 

Of more relevance to ecological studies than sap velocity is sap flow (or flux, 

Edwards et al. 1996), Q, which is the quantity of sap flowing across a given area 

per unit time (Edwards et al. 1996). In simplest terms, Q is found by multiplying 

V by the area of conducting tissue. However, many researchers have found that 

the assumption that the velocity profile across the conducting area is constant is 

not valid (Cohen et al. 1981, Becker 1996). Point estimates of sap velocity were 

integrated over the sapwood conducting area by weighting the area of sapwood 

associated with each temperature sensor according to the method of Hatton et al. 

(1990): 

Q=r(r1 2  r+1 2 )V:5 (3.4) 

where r1  and r1+1  are the inner and outer radii of an annulus of sapwood associated 

with the ith sensor (Hatton et al. 1990). While this method makes no assumptions 

about the profile of sap velocity through the sapwood, it does assume that sap 

velocity was constant within each annulus around the tree bole (Barrett et al. 

1995). As a result, multiple sampling points dispersed through the sapwood are 

required for a robust estimation of sap flow (Zang et al. 1996) as was undertaken 
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in the present study, where sap flow was estimated by implanting probes to 4 
depths across the sapwood. 

Sap flow (expressed in m3  sec' or m3  day) was assumed to represent water use 
of the tree. Total tree transpiration was expressed on an area basis, normalised by 
leaf area (Qi;  m3  m 2  leaf area day) or sapwood area (Q; m3  m 2  sapwood area 
day 1). Sampling strategy for the three sites is described in 3.2.3 and 3.2.4. 

3.2.3 Scaling to stand water use 

In the eucalypt open-forest and Melaleuca swamp forest communities, daily water 
use rates were scaled to stand water use (Er ) by regressing Q with DBH for all 
sampled trees for each measured day. In most cases, the most appropriate 
regression was a power curve. These regressions were then applied to all trees in 
a plot of known size. Three woodland plots of 30 in by 30 in were measured, with 
a census of DBH taken once during the dry season in 1998 and once during the 
dry season in 1999. In 1998, one 50 m x 50 in plot was measured in the 
Melaleuca swamp, while in 1999, DBH of trees in three 30 in x 30 in plots were 
measured once during the year. 

In order to determine Et  of the wet monsoon forest site, water use of all trees was 
measured in three plots of known size, each containing 5 trees (ranging from 72 to 
110 m2). It was therefore possible to determine the water loss from a known area 
and calculate Et  for the stand (see 3.2.4). 

3.2.4 Sampling strategy 

Estimates of tree water use were made at three sites within the Howard River East 
catchment: eucalypt open-forest, Melaleuca swamp forest and the Black Jungle 
wet monsoon forest. At the eucalypt open-forest site, measurements concentrated 
on the two dominant species, E. miniata and E. tefrodonta, which account for 
more than 80% of total tree basal area (O'Grady et al. 2000). M. viridiflora was 
measured at the mono-specific Melaleuca swamp forest site while at the wet 
monsoon forest site, four canopy species account for 80% of total tree basal area. 
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Three of these four species were studied: Terminalia microcarpa, Syzygium 

nervosum and Nauclea orientalis. The fourth canopy dominant, Ficus racemosa, 

has large buttress roots, often more than 2 in in height above ground level, and for 

this reason F. racemosa was unsuitable to instrument with HPV probes. 

Sampling at both the eucalypt open-forest and Melaleuca swamp forest sites 

included trees across a range of sizes, reflecting the size distribution of the species 

within the community (see Chapter 2). Trees were selected randomly within each 

size class. At the eucalypt open-forest site, E. miniata and E. tetrodonta have 

been shown to behave similarly with respect to water use (O'Grady et al. 1999), 

and so four or five individual trees of each species were instrumented during each 

study period; these data were pooled to generate a community relationship. At the 

Melaleuca swamp forest site, between eight and ten individuals were 

instrumented. 

A pilot study at the wet monsoon forest site in 1998 suggested that the 

relationship between tree size and flux was not consistent between the three study 

species. For this reason three plots were established in which every tree in each 

plot was instrumented. Table 3.1 shows the species and size of trees and area of 

each plot established at the wet monsoon forest site. The same plots and trees 

were used for each sampling period during 1999. Up to six other trees were 

instrumented during each sample period, in order to examine difference in 

estimates of water use between the species at different times during the year. 

These additional trees were selected to increase n for each species to at least five 

for each sample time and also to increase the range of tree sizes sampled. 

Estimates of tree water use were made at three times during the year at each of the 

three sites. End of wet season measurements took place between late March and 

early May, dry season measurements were between July and early September, and 

late dry season measurements were between late September and early November 

(Table 3.2). 

Probe-sets were inserted in the sapwood by drilling with the aid of a guide, at two 

points around the bole of the tree, between 1200  and 1800  apart. A core was taken 
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with an increment corer to determine sapwood area by the marked colour change 

at the sapwood-heartwood boundary. This boundary was clearly visible in cores 

from all the species studied. Each of the two probe-sets was positioned at a 

different depth in the sapwood, usually one-third and two-thirds the depth of the 

sapwood. 

Sample cores were used to determine wood and water fractions of the sapwood. 

Logger parameters were set to a heat pulse of 1.8 s duration, with a timeout (ie. 

time after which flow was deemed to be zero) of 180 s. Sap velocity 

measurements were initiated and logged every 15 minutes. 

Table 3.1. Description of experimental plots established for estimation of tree water use 

at Black Jungle wet monsoon forest. 

Plot number and size (m2) Tree lID number Species DBH (cm) 

Plot 1 

T1.1 N. orientalis 34.7 

Tl.2 7'. microcarpa 32.5 

72 m2  

T1.3 S. nervosum 8.1 

Tl.4 S. nervosum 17.0 

Tl.5 nervosum 30.5 

ilOm 

2 

T2.1 microcarpa 48.5 

Plot 2  

T2.2 7'. microcarpa 30.3 

T2.3 S. nervosum 23.3 

T2.4 N. orientalis 25.9 

T2.5 nervosum 15.0 

Plot 3 

84 m 

 2 

T3. 1 N. orientalis 13.1 

T3.2 microcarpa 31.5 

T3.3 T. microcarpa 29.5 

T3.4 S. nervosum 16.7 

rT3_5 I  T. microcarpa 37.5 
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3.2.5 Wound width estimation 

Wound width was estimated for the two eucalypt species to be 3.1 mm (O'Grady 
2000). For both M. viridiflora and wet monsoon forest species, wound width was 
determined from examination of the sapwood excised from the area of probe-set 
implantation. Tylose formation caused a dark stain in the sapwood; the widths of 
these stains from five M. viridiflora individuals (ie. 10 probe-sets, 3 wounds from 
each probe-set) and five individuals of each species studied in the wet monsoon 
forest, were measured. Wound width was highly variable, both within and 
between species. A single mean value of 3.4 mm (± 0.08 SE) was used for M. 
viridiflora. Means of wound width of the three wet monsoon forest species were 
not significantly different, therefore a single mean of 3.3 mm (± 0.08 SE) was 
used to calculate V'h. 

3.2.6 Estimation of leaf area 

Leaf area of sampled trees at the eucalypt open-forest and Melaleuca swamp 
forest sites was estimated visually, based on an assessment of the number of leaf 
modules on a tree by two independent observers (Andrew et al. 1979, O'Grady et 
al. 2000). The area of reference leaf modules was determined using a Delta-T leaf 
area meter (Delta-T devices, Cambridge, U.K.). 

Leaf area estimates for individual trees were not possible for the wet monsoon 
forest site, as the height, size and density of the multi-layered canopy made visual 
estimates maccurate. A light interception technique (DEMON; CSIRO Australia) 
was used to estimate leaf area index (LA!) in the wet monsoon forest during 
August 1998 (it was impractical to make such measurements during the wet 
season, when the site was inundated to a depth of 1 - 2 m). Measurements were 
made in three replicate areas of the study site; 7 transects were walked in each 
replicate. The technique requires that data be collected when the sun is at a range 
of angles; therefore measurements were made each hour between 0700 h and 1300 
h. Data were processed using the DEMON software (CSIRO Australia) and the 
mean of values for the three replicates was taken. 

40 



Chapter 3 

3.2.7 Statistical analyses 

Mean daily water use rates (Qi  and  Q) and stand water use (Er ) data were 

analysed using fully fixed analysis of variance by means of Statistica software 

(StatSoft Inc. 1999). Depending on the analysis, factors used were site, year, 

season and species. Mean daily water use rates before normalisation (Q) were 

analysed using a fully fixed analysis of covariance, with year and season as 

factors and DBH as covariate. Transformation was required to meet the 

assumption of homogeneity of variance by ANOVA analysis for some data; this is 

indicated in the text where appropriate. Post hoc differences were established 

using Tukey's Honest Significant Difference test. 

3.2.8 Soil water availability 

Pre-dawn leaf water potentials were measured during each sample time during 

1998 and 1999 in the eucalypt open-forest and Melaleuca swamp forest 

communities. These measures were used as a surrogate of soil water availability 

of the root zone (Tunstall and Connor 1981, Crombie et al. 1988). Four leaves 

from each sample tree were measured using a Scholander-type pressure chamber 

(Soil Moisture Corporation, USA). Soil water content was measured 

gravimetrically in the wet monsoon forest, since ypd  could not be sampled 

because the canopy was too high to access. Samples were taken at the end of each 

sap flow sampling period. A hand auger was used to obtain samples from 0.1 in 

increments to a depth of 0.5 in. Samples were weighed wet and dried at 105°C 

until a constant weight. Gravimetric water content was calculated at the 

difference between wet and dry weight. 

41 



Table 3.2: Summary of dates during which sampling took place in each of three communities. XX represents one week. 

Community Year March April May June July August Sept Oct Nov 

EOF 1998 xx xx xxxx x xxx 

1999 xxxx xxxx xxxx 

MSF 1998 xxx x xxxx xxxx 

1999 x xxx xx xx xxxx 

WMF 1999 xxxx xxxx xxxxxx xx xxxx xxxx 

tIj 



3.3 Results 

3.3.1 Soil water availability 

In the eucalypt open-forest community, mean ypd  was highest during the wet 

season and declined through the dry to minimum values of —0.47 and —0.37 MPa 

during the late dry season of 1998 and 1999 respectively (Fig. 3.2). At the 

Melaleuca swamp forest site, mean ypd  was always higher than at the open-forest 

site for corresponding sample times. In 1998 mean ypd  was least negative during 

the wet season (-0.036 MPa), but during 1999 was least negative during the dry 

season (-0.034 MPa; Fig. 3.2). 

Soil water availability in the upper 0.3 in of soil of the wet monsoon forest site 

was highest during the wet season and lowest during the late dry season. At 0.4 in 

and 0.5 m soil water content was greater than 0.3 g g' throughout the year (Fig. 

3.3). 

Season 

wet 98 dry 98 late dry 98 wet 99 dry 99 late dry 99 
elm 

0. -0.10 

-0.20 
C 

0 
0. 
I- a) 

-0.40 

.5? -0.50 
C 

-0.60 

_n 70 

n EOF 
oMSF 

Figure 3.2: Pre-dawn leaf water potentials for the eucalypt open-forest (EOF; closed 

columns) and Melaleuca swamp forest (MSF; open columns) for each season during 1998 

and 1999. 
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Figure 3.3: Gravimetric soil water content (g g') in the upper 0.5 in of soil at the wet 
monsoon forest site during wet (,), dry (n) and late dry(x) seasons of 1999. 

Both wet monsoon forest and Melaleuca swamp forest sites were typically 
inundated between December and May. Groundwater declined in the swamp 
forest to a depth below the soil surface of 3.1 in at the end of the 1998 dry season, 
and 1.8 m at the end of the 1999 dry season. Estimated depth to groundwater in 
the wet monsoon forest site was 0.7 in at the end of the 1999 dry season. 

3.3.2 Relationships among stem diameter, leaf area and sapwood area 

Leaf area index (LAI) varied seasonally at the eucalypt open-forest site (Fig. 3.4). 
LAI was 1.0 at the end of both wet seasons, and declined through the dry to 
minima of 0.60 in 1998 and 0.74 in 1999. With the exception of the low 
measurement for late dry season 1999, LAI at the Melaleuca swamp forest site 
was always larger than that of the open-forest site, and much less variable with 
season, ranging from 1.93 to 1.46. The observed LAI of 0.6 during late dry season 
1999 could be an underestimate given that LAI of the previous two years at this 
site and season (1997 and 1998) was 0.92 (Hatton et al. 1998) and 1.6 (Fig. 3.4) 
respectively. A measurement of LAI in the wet monsoon forest was made during 
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August (dry season) 1998 using a DEMON (CSIRO, Australia). LAI at this time 

was 4.3. Due to wet season inundation estimates of LAI in the wet monsoon 

forest were not possible during the wet season. Canopy cover in wet monsoon 

forests around Darwin typically decreases by approximately 10 - 20% for during 

July and August (Bach 1998). LAI at the wet monsoon forest site would therefore 

range between 4 and 5 throughout the year. 

2.5 
o EOF 
o MSF 

2.0 

1.5 

to 
1.0 

ca 

0.5 

0.0 

wet 98 dry 98 late dry 98 wet 99 dry 99 late dry 99 

Season 

Figure 3.4: Leaf area index (LAI) for each season of the two study years. Shaded 

columns represent LAI of the eucalypt open-forest (EOF) site; open columns represent 

the Melaleuca swamp (MSF) site. 

The relationship between sapwood area and tree size varied between community 

types (Fig. 3.5). The slope of the lines describing the relationship for each 

community decreased in the order: wet monsoon forest> eucalypt open-forest> 

Melaleuca swamp forest. As DBH increased, sapwood area increased 

significantly for all three communities. 
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Figure 3.5: Relationship between sapwood area and DBH for wet monsoon forest (x), 

eucalypt open-forest (,) and Melaleuca swamp forest (n) communities. Coefficients of 

correlation for each line are 0.72, 0.66 and 0.74 respectively. 

3.3.3 Seasonal patterns of tree water use of each community 

3.3.3.a Eucalypt open-forest 

A fully-fixed 3-way analysis of variance showed daily water use rates on a 

sapwood area (Q) basis were not significantly different between E. miniata and 

E. tetrodonta for any given sampling time throughout the study (Fig. 3.6a). The 

same analysis of Qi  indicated that the two species were significantly different, 

mainly due to the difference between E. tetrodonta and E. miniata during the 

1999 dry season sample time (P<0.05; Fig. 3.6b). Sample size for this time was 

small due to equipment failure (n = 3 for E. miniata). Variance of the data was 

significantly heterogenous even after various transformations, so this result must 

be treated cautiously due to the increased chance of type I error. The aim of this 

experiment was not to examine species differences in particular, rather, 

differences between communities. More extensive measurements by O'Grady 

(2000) of tree water use in eucalypt open-forest clearly shows that with a larger 

sample size, 

46 



-i 

5 

1 

—4 
C,' 

E 

E 

0 2 

wet 98 dry 98 late dry 98 wet 99 dry 99 late dry 99 
Season 

Chapter 3 
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Season 

Figure 3.6: Mean daily water use rates for E. miniata (open columns) and E. tetrodonta 
(solid colunms) at the eucalypt open-forest site. a) Q (m3  d m 2  sapwood cross-sectional 
area ± SE) and b) Q' (m3  d' m 2  leaf area ± SE) for each season during 1998 and 1999. 
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there is no difference in water use (Qi)  between species for any given sample time 

(O'Grady et al. 1999, O'Grady 2000). Furthermore, Eamus et al. (1999) 

demonstrated that there was no difference in photosynthetic rate between the two 

species. As such, for all subsequent analyses data for the two species were 

pooled. 
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Figure 3.7: Seasonal tree water use rates for the eucalypt open-forest. a) Q. (m3  d m 2  

sapwood cross-sectional area ± SE) and b) Q (m3  d' m 2  leaf area ± SE) for each season 

during 1998 and 1999. Data for both species of eucalypt are pooled. 
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Both season (P < 0.05; Fig. 3.7a) and year (P < 0.05; Fig. 3.7a) were significant 

factors in the analysis of water use per unit sapwood area (Q). Estimates of Q 

ranged from 0.763 m3  d' m 2  to 3.139 m3  d1  m 2. Q was lower during 1998 than 

1999. Seasonal variation was driven by significantly lower Q during the 1998 

late dry season. There was much less seasonal variation in mean water use on a 

leaf area basis (Qi)  compared with Q; both year and season were not significant 

factors (Fig. 3.7b). 

3.3.3.b Melaleuca swamp forest 

On a sapwood area basis, water use (Q) was not significantly different between 

years or seasons (Fig. 3.8a). Estimates of Qs  ranged from 1.63 m3  d 1  m 2  (wet 

season 1999) to 3.43 m3  d m 2  (dry season 1999). Water use on a leaf area basis 

(Qi) was similarly not significant for the effects of either season or year (Fig. 

3.8b). Lack of seasonal effect seems to be due to high variation in estimates of Qi. 

49 



Chapter 3 

4.5 

4 

3.5 

- 3 
c1 

E 
.— 2.5 

E 2 

1.5 

0.5 

0 

I a) 

wet 98 dry 98 late dry 98 wet 99 dry 99 late dry 99 

Season 

['KsIIIfI 

0.0012 

0.001 

E 0.0008 

0.0006 
0 

0.0004 

[iKsIIII 

am 
wet 98 dry 98 late dry wet 99 dry 99 late dry 

98 99 

Sea son 

Figure 3.8: Mean daily water use for the Melaleuca swamp forest site. a) Q (m3  d 1  m 2  

sapwood cross-sectional area ± SE) and b) Qi  (m3  d' m 2  leaf area ± SE) for each season 

during 1998 and 1999. 
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3.3.3.c Wet monsoon forest 

T. microcarpa was leafless during the dry season sample period, and so analyses 
of seasonal effects on water use were carried out on data for N. orientalis and S. 
nervosum. Data for T. microcarpa from the wet season and late dry season 
measurement periods are included in Fig. 3.9 for comparison, but were not part of 
the statistical analyses. Because it was not practical to measure leaf area for 
individual trees, water use is only presented on a sapwood area basis (Q). 
Estimates of Q ranged from 1.09 m3  d' m 2  to 2.88 m3  d' m 2  (Fig. 3.9). 

After log transformation to stabilise variances, there were no differences in water 
use, expressed on a sapwood area basis (Q; m3  d 1  m 2) between N. orientalis and 
S. nervosum at any time during the year (Fig. 3.9). Examination of Fig. 3.9 
indicates that water use by T microcarpa was also unlikely to be significantly 
different from either of the other two species. Q did not vary significantly 
between seasons for either N. orientalis or S. nervosum, or if both species were 
pooled within a season. 
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Figure 3.9: Mean daily water use (m3  d1  m 2  sapwood cross sectional area ± SE) for N. 
orientalis (black columns) and S. nervosum (grey columns) for each season of 1999. 
Data for T. microcarpa (open columns) are provided when leaves were present, but note 
there are no data for the city season for this species. 
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3.3.4 Stand water use (E) 

3.3.4.a Eucalypt open-forest 

Individual tree water use (Q; m3  d 1) was strongly correlated with DBH, and both 

E. tetrodonta and E. miniata were described by the same relationship (Fig. 3.10). 

The correlation coefficient (r2) was generally greater than 0.65 for each sample 

time. E (mm d) for each measurement period (Fig. 3.12) ranged from 1.29 mm 

d' (wet season 1998) to 0.48 mm d' (late dry season 1998). There were no 

significant differences in Et  among any sampling time throughout the two-year 

study period; mean Et  for the period was 0.87 mm d' ± 0.08. 

3.3.4.b Melaleuca swamp forest 

Correlations between individual tree water use and DBH were not as strong for M. 

viridflora as for the eucalypt species (Fig. 3.11). The coefficient of correlation 

for each sampling time was generally larger than 0.60, similar to r2  reported by 

Mensforth (1997) for M. halmaturorum in a South Australian wetland. However, 

there was no relationship between Q and DBH for individuals sampled during the 

late dry season 1999. To test if there were any differences in Q between any 

sample times, Q was log transformed to stabilise variances. A fully fixed 2-way 

ANCOVA indicated that there was no variation in Q with season at any time 

during the study period, excluding the 1999 late dry season. A generalised 

relationship was developed between Q for all sample times (except late dry season 

1999) and this relationship was used to scale individual tree water use to Et  for the 

late dry season 1999. For all other sample times, however, scaling relationships 

were developed based on that season's data only. 

Stand water use was significantly higher during the wet season than the dry and 

late dry seasons during both 1998 and 1999 for M. viridflora (P < 0.01; Fig. 

3.12). Mean Et  for the wet season was 1.7 mm d', while mean Et  was 1.0mm d' 

for both dry and late dry seasons. 
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Figure 3.10: Relationship between mean daily tree water use (Q, m3  d') and DBH (m) 
for E. miniata and E. tetrodonta at the eucalypt open-forest site. Relationships are shown 

for a) wet season 1998, b) dry season 1998, c) late dry season 1998, d) wet season 1999, 

e) dry season 1999 and f) late dry season 1999. Both species are represented by the same 

curve and all relationships are significant. 
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Figure 3.11: Relationship between mean daily tree water use (Q, in3  d') and DBH (m) 
for M. viridiflora at the Melaleuca swamp forest site. Relationships are shown for a) wet 
season 1998, b) dry season 1998, c) late dry season 1998, d) wet season 1999 and e) dry 
season 1999. All relationships are significant. Note that data for late dry season 1999 are 
not shown (see text for explanation). 
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Figure 3.12: Scaled mean daily stand water use (mm d' ± SE) for eucalypt open-forest 

(open columns), Melaleuca swamp forest (grey columns) and wet monsoon forest (black 

columns) for each sampling time during 1998 and 1999. Note that data are only available 
for 1999 for the wet monsoon forest site. 

3.3.4.c Wet monsoon forest 

Scaling of individual tree water use to Et  was based on a plot census rather than 

use of a scalar (such as DBH or sapwood area) as for the other communities (see 

section 3.2.3). Dry season Et  was 0.4 mm d', and significantly lower than E 

during both wet (1.5 mm d') and late dry seasons (2.5 mm d 1; P < 0.01) seasons 

(Fig. 3.12), which did not differ. 

3.3.5 Comparison of community water use 

3.3.5.a A comparison of Q of eucalypt open-forest and Melaleuca swamp forest 

Since leaf area was not estimated for individual trees at the wet monsoon forest 

site, Qi  could only be compared for eucalypt open-forest and Melaleuca swamp 

forest communities. Differences between these two communities were not 

significant. However, season was a significant factor (P < 0.05), with mean late 



dry season Qi  lower than wet or dry season Qi  (Fig. 3.13). This difference was 

mainly due to variation in Q' of M. viridijiora rather than the eucalypts. 
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Figure 3.13: Comparison of mean daily transpiration (m3  d' m 2  leaf area ± SE) for 

eucalypt open-forest (open columns) and Melaleuca swamp forest (filled columns) for 

each sampling time in 1998 and 1999. 

3.3.5.b Comparing Q of three communities 

Qs  could only be compared for the three communities for the year 1999 (Fig. 

3.14). Both season and site were significant factors (P < 0.05), with Q during the 

wet season significantly higher than the dry season. Water use by trees at the 

Melaleuca swamp forest site was significantly higher than at the wet monsoon 

forest site. 
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Figure 3.14: Comparison of mean daily water use (m3  d' m 2  sapwood cross-sectional 

area ± SE) for eucalypt open-forest (open columns), Melaleuca swamp forest (grey 

columns) and wet monsoon forest (black columns) for each sampling time in 1998 and 

1999. Note that data are only available for 1999 for the wet monsoon forest site. 

3.3.5.c Comparing stand water use 

Stand water use was compared for eucalypt open-forest and Melaleuca swamp 

forest sites for each season during 1998, and all three sites during 1999 (Fig. 

3.12). There was no difference in stand water use between eucalypt open-forest 

and Melaleuca swamp forest sites in 1998. However, site was a significant factor 

for mean Et  during 1999 (P < 0.01). Mean Et  was greatest at the Melaleuca 

swamp forest site, and lowest at the wet monsoon forest site. There was no 

difference in water use between the three systems during the late dry season, most 

likely due to the large variation between the three sample plots in the wet 

monsoon forest. 
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3.4 Discussion 

Measurements of soil water content and Vpd  from each of the communities 
indicate soil water was unlikely to be limiting to tree water use at any site at any 
time during the two years of the study. Data for the open-forest site are in 
agreement with other studies of E. miniata, E. tetrodonta and other open-forest 
species (Williams et al. 1997, Cook et al. 1998, O'Grady et al. 1999). Prior et al. 
(1997) found that ypd  declined below —1.5 MPa by the end of the dry season in E. 
tetrodonta saplings, suggesting that smaller trees with shallower roots were less 
able to access deep soil water during the dry season. Plant water status at the 
three sites in the present study was similar to, or often more favourable, than other 
studies of tropical tree species found in similar climates (eg. Whitehead et al. 
1981, Borchert 1 994a, Medina and Francisco 1994). Although IJf)J  decreased in 
the woodland as the dry season progressed, the decline observed was small 
compared to that experienced by more and systems in Australia (Tunstall and 
Connor 1981, Myers and Neales 1984). 

3.4.1 Relationships among water use parameters 

Although the parameters described in this chapter are all derived from tree water 
use (Q), functional relationships among these parameters (Qi, Q, E) need 
clarification. The parameter Qi  is a measure of flux per unit leaf area resulting 
from atmospheric demands driving water loss from the canopy. Qs  is the amount 
of water moving through the sapwood and is determined by water loss per unit 
leaf area (Qi)  and leaf area of a tree. If Q, does not change, but leaf area changes, 
then Q must change. However, if leaf area increases, but Qi  decreases, then Q 
can remain constant. Similarly, stand water use (E) is a function of Qi  and LA! of 
the stand. An increase in LAI, but no change in Qi  will result in an increase in E, 
since the same amount of water per unit leaf area is being lost from an increased 
area of leaves. Functionally, changes in Q and Et  should then correspond to 
changes in both Qi  and LA!. 
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3.4.2 Water use of eucalypt open-forest 

Seasonal changes in Q and in Et  at the eucalypt open-forest site can be accounted 

for by changes in Q' and LA!. During 1998, Qi  did not change seasonally. 

However, as LAI decreased from the wet to dry season, Q also decreased (1998 

data, Fig. 3.7a) and this resulted in a degree of seasonality in E (1998 data, Fig. 

3.12). Relationships among water use parameters (see Section 4.2.1) were largely 

confirmed during measurements made during 1999. As Qi  increased (wet season 

to dry season, Fig. 3.7b), leaf area decreased (Fig. 3.4) and vice versa (between 

dry and late dry seasons); as a result, there were no significant seasonal 

differences in Qs  and E (Fig. 3.7a, 3.12). These patterns (seasonal changes to Q' 
and aseasonal E) are similar to those reported by O'Grady et al. (1999) for this 

community. In fact, when all data for 1998 and 1999 were pooled, there were no 

significant differences in E between years and seasons. Aseasonal Et  is reflected 

in seasonal patterns of available soil moisture, which remained high all year round 

(Fig. 3.2). 

3.4.3 Water use of Melaleuca swamp forest 

Patterns of water use by M. viridiflora were not so easily explained as for the 

eucalypt open-forest. Et  was larger during the wet season of both 1998 and 1999 

than during other sample times and there was no corresponding change in leaf 

area (Fig. 3.4 and 3.12). Qi  increased from wet to dry seasons in 1998 (Fig. 3.8a), 

suggesting that Et  should have increased rather than decreased. These 

discrepancies may arise from a number of errors, some of which are particular to 

the implementation of the heat pulse technique in Melaleuca trees. Sapwood of 

M. viridiflora is very soft, and there may not be complete thermal contact between 

sensors and conducting wood. During coring, the soft and spongy sapwood 

expands on removal from the bole, and may lead to overestimates of functional 

sapwood depth, which would result in an underestimation of Q. Estimates of 

water use for M. viridiflora were more variable than for trees of the eucalypt and 

wet monsoon forest, suggesting that sample size may not have been sufficient to 

suitably account for this variation. While relationships between DBH and water 

use were statistically significant, correlations accounted for less variation than 
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these relationships at the other two sites, suggesting that error in scaling from tree 

to stand level water use may be larger for this site compared to the other two. 

Higher stand water use during the wet season than other times for the Melaleuca 

swamp forest was not expected, given no corresponding changes in LAI or Qi. 

When wet season measurements were made, the site had been inundated for 

several months and the soil was waterlogged. Waterlogging reduces survival and 

growth of many species (Kozlowski 1997) including many eucalypts (van der 

Mozel et al. 1991). However, there is evidence that Melaleuca species are able to 

transpire under waterlogged conditions (van der Mozel et al. 1991, Denton and 

Ganf 1994, Mensforth 1996). M. viridflora is obviously flood-tolerant, but it is 

difficult to account for the observed increase in E, given no corresponding 

increase in leaf area or Qi  and may be due to sampling and/or instrument error. 

Mensforth (1996) found variable relationships among scalars used to extrapolate 

Q to stand water use. Correlations between flux and DBH were similar to the 

present study (Mensforth 1996), suggesting there may be systematic errors 

associated with scaling tree water use to stand water use for Melaleuca spp. 

3.4.4 Water use of wet monsoon forest 

Qs  did not vary significantly with season for the two evergreen species in the wet 

monsoon forest, suggesting that they were tolerant of the inundated conditions 

experienced during the wet season. Seasonal changes in E at the wet monsoon 

forest site were most likely due to changes in LAI, resulting from leaf loss by 

deciduous species, such as T microcarpa, during the dry season. Wet monsoon 

forest species typically flush during the late dry season (September-October; Bach 

1998). Young leaves tend to use more water than older leaves (Sobrado 1993), 

and so the higher estimate of E during the late dry season may be accounted for 

by leaf flush of the species present. It should be noted that while Ficus racemosa 

was not measured in this study (see Section 3.2.4), it was assumed that since the 

three measured species behaved similarly with respect to water use per unit 

sapwood area, that F. racemosa would also conform to this relationship. In 

addition, F. racemosa was included in estimates of LAI. 
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3.4.5 Variability 

Patterns of tree water use showed high tree-to-tree and year-to-year variability in 
all three communities. A similarly high level of variability was observed by 
O'Grady et al. (1999) in their study of E. miniata and E. tetrodonta. Werk et al. 
(1988), Cermak et al. (1995) and Becker (1996) have also noted large tree-to-tree 
variation in tree water use. Variation in tree water use may be the result of tree 
social status (dominant versus repressed individuals), microclimate andlor water 
stress (Granier et al. 1 996a). Year-to-year variability may be the result of the 
combination of climatic factors that drive transpiration and variation in these 
factors during the study period. Transpiration is closely linked to vapour pressure 
deficit (VPD), but also closely follows solar radiation input, particularly when the 
canopy is well coupled to the atmosphere and is not limited by soil water 
availability (Jarvis and McNaughton 1986). The open nature of eucalypt open-
forest canopies results in a well-coupled canopy (Hutley et al. 2000). The 
Melaleuca swamp may be similar, given their open structure and low LAI (<2). 
This suggests that these communities would transpire at the rate imposed by VPD 
and solar radiation input. 

3.4.6 Functional comparisons between communities 

There was no significant difference in Qi  between the eucalypt open-forest and 
Melaleuca swamp forest, although measurements were variable. LAI at the 
Melaleuca swamp forest site was 1.5 times larger than the eucalypt open-forest 
(Fig. 3.2), which may account for the significantly larger estimates of Q in M. 
viridiflora than the eucalypts. However, temporal patterns in Q were identical for 
both the eucalypt and Melaleuca communities (Fig. 3.14) and suggest that species 
from these two sites respond similarly to changes in evaporative demand. 

Stand water use of approximately 2 mm d' at the wet monsoon forest seemed 
low, given LAI was between 4 and 6. There are relatively few studies of water use 
in similar forest types. Estimates of stand water use in seasonally dry forests in 
French Guiana ranged from 1.5 to 4 mm d', although most estimates were larger 
than 2.5 mm d 1  (Granier et al. 1996b). Leaf area index at these Guianan sites was 
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nearly twice that of the wet monsoon forest, suggesting that the estimates of Et  for 

the wet monsoon forest were reasonable. Rainforest species may have lower 

stomatal conductance compared to euca!ypts. Myers et al. (1997) measured dry 

season stomatal conductance of E. miniata at around 400 mmol m 2  s 1. Prior et 

al. (1997) found E. tetrodonta saplings had stomatal conductances ranging from 

800 mmol m 2  s during the wet season to 180 mmol m 2  s during the dry season. 

A review of stomatal conductance of rainforest trees by Dolman et al. (1991) 

showed a range from 150 - 1400 mmol m 2  s 1 , although most species were less 

than 300 mmol m 2  5* Barrett et al. (1996) found that rainforest in southern 

Australia had lower daily water use (0.006 - 0.009 m3  d) than the eucalypt forest 

(0.01 - 0.02 m3  d 1) growing at the same site. It is likely that wet monsoon forest 

species have lower stomatal conductances than eucalypts and probably M. 

viridflora (800 mmol m 2  s during the wet season; L. Prior, unpublished data) 

and so use less water for a given leaf area. Further, larger LAI in wet monsoon 

forests compared to eucalypt open-forests and Melaleuca swamp forests results in 

a much higher degree of self-shading, and probably a less coupled canopy. Light, 

wind, temperature and VPD experienced by the lower leaves of wet monsoon 

forest species would be less than the other communities, resulting in lower 

transpiration rates. 

The wet monsoon forest had an LAI three times that of the eucalypt open-forest 

and Melaleuca swamp forest, and larger sapwood per hectare than either of the 

other sites (see Table 2.1), yet used a similar amount of water during the wet and 

dry seasons, and only twice the amount during the late dry season (Fig. 3.12). 

Seasonal and annual totals of stand water use (Er; mm y 1) were calculated for 

each of the three sites (Table 3.3) by extrapolating seasonal rates of E. Water use 

for any seasonal period was highest for the wet season in the eucalypt open-forest 

(124 mm) and Melaleuca swamp forest (240 mm), and highest for the late dry 

season in the wet monsoon forest (344 mm; Table 3.3). Annual Et  for the 

eucalypt open-forest was 315 mm y' and was lower than the Melaleuca swamp 

forest (508 mm y') or wet monsoon forest (568 mm y'), reflecting the larger soil 

water availability in the dry season for the Melaleuca swamp and wet monsoon 

forest than the eucalypt open-forest. The LAI of the wet monsoon forest site is 

three times that of the swamp forest, yet Et  was only 12% higher, indicating 
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substantial self-shading of the monsoon forest. In contrast, the ratio LAI : Et  was 

about 0.008 for both swamp forest and eucalypt open-forest at all times during the 

year. Meinzer et al. (2001) found evidence that 27 species in a Panamanian 

rainforest conformed to a single relationship describing sapflux density and DBH. 

That trees in both Melaleuca swamp forest and eucalypt open-forest behaved 

similarly is further evidence that woody plants may be described by universal 

allometric relationships. 

Table 3.3 Seasonal (mm season) and total annual water use (mm y) calculated from 
stand water use for each community 

Eucalypt 

open-forest 

Melaleuca 

swamp forest 

Wet monsoon 

forest 

Wet season 124 240 183 

Dry season 96 119 41 

Late dry season 94 150 344 

Total annual water 

use (mm y 1) 315 508 568 

Similar patterns of tree water use at the eucalypt open-forest and Melaleuca 

swamp forest sites suggest that the spatial separation of these communities may be 

due to factors other than water availability, since there is no evidence that water 

availability is limiting, and clearly rainfall and VPD are the same for both sites. 

However, it is likely that seasonal inundation excludes the invasion of low-lying 

areas by open-forest and woodland species, such as E. miniata and E. tetrodonta, 

which are intolerant of flooding. Photosynthesis and growth are suppressed by 

waterlogging for several species of eucalypt (van der Mozel et al. 1991). 

Waterlogging can also induce stomatal closure (Tang and Kozlowski 1982), 

reduce seedling survival (van der Mozel et al. 1991) and reduce root growth 

(Newsome et al. 1982). Although some eucalypt species are tolerant of 

waterlogging, such as E. largflorens (Akeroyd et al. 1998) and E. camaldulensis 

(Akilan et al. 1997), E. miniata and E. tetrodonta are not found in regularly 

flooded areas, suggesting these species are unable to tolerate long-term 

inundation. In contrast, inundation had little effect on water use of M viridJlora. 
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There is substantial evidence that Melaleuca species are tolerant of waterlogging 

(Sena Gomes and Kozlowski 1980, Ladiges et al. 1981, van der Mozel et al. 

1991, Mensforth 1996). 

Given similarities between communities in some aspects of their ecophysiology, it 

is likely that seasonal inundation, due to position in the landscape and soil type 

(see Chapter 2), excludes open-forest species from low-lying areas, drainage lines 

and flood plain margins which are occupied by flood tolerant Melaleuca swamp 

forest and wet monsoon forest. 

3.5 Summary and conclusions 

With respect to water use, trees of eucalypt open-forest and Melaleuca swamp 

forest behaved similarly. Stand water use was different during only one sample 

period and tree water use per unit leaf area was not different between these 

contrasting communities. These results have important implications for modelling 

water use across the Howard River East catchment: if all trees, irrespective of 

species, are equivalent, then models based on LAI or basal area and evaporative 

demand could account for water use across different communities and estimating 

catchment water use is possible. 
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Chapter 4: Whole tree hydraulic conductance in two communities 
of the seasonally dry tropics 

4.1 Introduction 

The way in which water moves through conducting vessels of plants has 
consequences for transpiration, assimilation, growth and mineral transport (Tyree 
and Ewers 1991). The balance between carbon assimilation, atmospheric 
evaporative demand and soil water availability has particular importance where 
plants are subjected to drought conditions, such as occurs in the wet-dry tropics of 
northern Australia. Many dominant tree species of savannas and associated 
vegetation communities of north Australia are evergreen, and maintain the 
majority of their canopies throughout the year, despite many months without 
rainfall and with declining soil water availability (Duff et al. 1997, Williams et al. 
1997). Strong relationships have been found between whole-tree hydraulic 
conductance or conductance of stem segments and photosynthesis (Brodribb and 
Field 2000), stomatal conductance (Sperry and Pockman 1993, Nardini and Salleo 
2000), leaf water potential (Alder et al. 1996) and tree age and height (Ryan and 
Yoder 1997, Hubbard et al. 1999). The influence and importance of whole tree 
hydraulic conductance in trees of the seasonally dry tropics remains unknown. 
However, Eamus et al. (2000) have suggested that whole tree hydraulic 
conductance may limit transpiration (E) in the wet-dry tropics. 

Hydraulic conductance (K) is defined as flow rate of water per unit pressure 
difference (Reich and Hinckley 1989), and is the inverse of resistance to flow. K 
can be measured across membranes (Eamus and Tomas 1984), across roots 
(Berryman et al. 1991) and whole trees (Eamus et al. 1995). It is commonly 
described using an analogy to Ohm's law, where the total conductance of a tree is 
the resultant conductance of root, stem, leaf and boundary layer in series (Tyree 
and Ewers 1991). Water flow between compartments is driven by differences in 
potential between the compartments. Hence the hydraulic properties of the 
vascular system of a plant determine the relationship between transpiration flux 
and leaf water potential (Tyree and Ewers 1991). 
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Whole tree K can be partitioned between root, stem, branch and leaf. Roots have 

often been considered as the part of the plant with the highest resistance to flow. 

Becker et al. (1999) showed that roots accounted for about 40% of resistance in 

several tropical woody plants, and leaves contributed about 25%. Root-soil 

resistance was estimated to be 50% of whole plant resistance in Quercus 

pubescens (Nardini and Pitt 1999). Other researchers, measuring resistance in 

above-ground parts, have reported varying resistances throughout the plant. 

About 60% of the total resistance was located in whole small shoots of Eucalyptus 

tetrodonta, and about 7% in petioles (Prior 1997). Petioles were responsible for 

21% of resistance in Shcefflera morotoni shoots (Tyree et al. 1991) and 50% of 

resistance was measured in petioles and leaves of two Acer species (Yang and 

Tyree 1994). 

4.1.1 Functional signficance of whole tree hydraulic conductance 

Whole tree hydraulic conductance correlates with photosynthesis (Brodribb and 

Feud 2000, Hubbard et al. 2001), stomatal conductance (Reich and Hinckley 

1989, Becker et al. 1999), transpiration (Meinzer et al. 1999a, Zhang et al. 1999) 

and leaf water potential (Franks et al. 1995, Alder et al. 1996). Whole tree 

hydraulic conductance decreased with tree age in Pinus sylvestris (Mencuccini 

and Grace 1996) and Pinus ponderosa (Hubbard et al. 1999) and has been 

suggested as the limiting factor that determines tree height (Ryan and Yoder 

1997). Furthermore, these relationships encompass several taxa (Becker et al. 

1999, Stratton et al. 2000a, Brodribb and Feild 2000). 

Control of water loss by stomata is essential in order to balance, in the medium 

term, uptake of water by roots and water loss by leaves. In the absence of such 

balance, excessively large tensions in conducting vessels occur and these cause 

the water column to break. Such embolised vessels are no longer able to conduct 

water and so less water is available for transpiration at a given leaf water 

potential. However, there may be an advantage from partial embolism: it acts as a 

signal to reduce stomatal conductance (Sperry and Pockman 1993) and may 

provide an additional means for reducing water use when water availability 

decreases, and so prolong the availability of the remaining soil water (Alder et al. 
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1996). If too many vessels embolise, water transport may not be sufficient to 

maintain transpiration and the plant may not recover. Tyree and Ewers (1996) 

called this catastrophic embolism. The thresholds for water potentials at which 

cavitation occurs are often similar to midday water potentials experienced by 

many plants in the field (Alder et al. 1996, Kikuta et al. 1997) and so fine control 

of plant water use is necessary. 

There is evidence that stomatal conductance is regulated by many factors, 

including leaf, soil or root water potential (Jones and Sutherland 1991, Reich and 

Hinckley 1989). Stomatal conductance is likely to be controlled by a combination 

of hydraulic and chemical signals (such as ABA produced in roots and leaves; 

Thomas and Eamus 1999). For example, Andrade et al. (1998) found that 

variation in stomatal conductance was closely correlated with variation in whole 

tree hydraulic conductance for trees of five species from a Panamanian seasonal 

forest. Stomatal conductance of Betula occidentalis decreased when hydraulic 

conductance decreased (Saliendra et al. 1995). When whole Laurus nobilis plants 

reached a threshold water potential, a burst of cavitation decreased stomatal 

conductance, stabilising leaf water potential and preventing further cavitation 

(Salleo et al. 2000). The exact cellular mechanism by which hydraulic signals 

change stomatal conductance is not known (Whitehead 1998), although changes 

in gradients of water potential in leaves may be important (D. Eamus, pers. 

comm.). 

4.1.2 Seasonal changes in hydraulic conductance 

Whole tree hydraulic conductance is subject to physiological control (Meinzer et 

al. 1999 a). Seasonal changes in hydraulic conductance have been observed in a 

number of species. Such changes may have a variety of causes, as have been 

comprehensively reviewed by Eamus and Prior (2001). For example, a decrease 

in leaf area can lead to a decline in flow for a constant pressure dfference, thus a 

lower absolute hydraulic conductance; a decrease in sapwood cross-sectional area 

may similarly decrease K. Becker (1996) found that several tree species in 

Bornean heath and dipterocarp forest had smaller areas of actively conducting 

sapwood during the dry season compared with the wet season. A decrease in root 
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area resulting from death of fine roots (due to seasonal turnover or decrease in soil 
water content) could decrease hydraulic conductance. Decreasing soil water 
content may reduce hydraulic conductance at the soil-root interface if contact 
between root and soil is poor or if solutes accumulate in or just outside the root 
epidermis (Stirzaker and Passioura 1996). Williams et al. (1998) found that 
seasonal changes in soil-root conductance as soil water availability declined was 
the most significant cause of seasonal changes in whole tree conductance, and 
hence water and carbon fluxes in a Brazillian cerrado (savanna). 

Decreases in hydraulic conductance as a result of drought have been reported in 
conifers (Granier et al. 1989), temperate trees (eg. Quercus spp., Reich and 
Hinckley 1989), shrubs (Meinzer et al. 1988) and riparian trees (Populus spp., 
Thang et al. 1999). Recently, seasonal changes in hydraulic conductance were 
observed in saplings of two evergreen species from savannas of north Australia 
(Prior and Eamus 2001). Despite experiencing a long dry season, mature 
eucalypts in northern Australian savannas maintain transpiration rates (O'Grady 
1999, Chapter 3). Eamus et al. (2000) hypothesised that it was not so much that 
these trees transpired at a high rate during the dry season, but that they were 
transpiring at a lower than expected rate during the wet season, as a result of 
limitations of the tree conducting system. In order to avoid loss of conductivity 
due to drought stress, conducting tissue is laid down according to conditions 
experienced during the dry season, thus limiting transpiration during the wet 
season. This hypothesis suggests that whole tree hydraulic conductance of 
eucalypts should not be seasonally variable. 

4.1.3 Diurnal changes in hydraulic conductance 

In addition to long-term changes in K, it is likely that K may vary diurnally 
(Andrade et al. 1998, Meinzer et al. 1999a). Such changes may be due to 
increased resistance at the soil-root interface as soil around the roots dries or 
solutes accumulate on the outside of the root (Stirzaker and Passioura 1996). This 
can lead to a decrease in apparent whole plant conductance (ie. measured 
conductance), without any change in actual hydraulic conductance within the 
plant. Changes in conductance of the soil-root interface may be one of the most 
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important reasons for change in whole plant conductance (Williams et al. 1998). 

Increased atmospheric evaporative demand during the day may result in xylem 

embolism and a consequent decrease in conductance (Alder et al. 1996, Zhang et 

al. 1999). 

Zwieniecki and Holbrook (1998) found evidence of embolised vessels refilling 

overnight in three tree species of temperate deciduous forest, while similar 

refilling has been found to occur in young laurel plants (Salleo et al. 1996). There 

is also evidence that embolised vessels may refill under tension (Tyree et al. 

1999). Hence embolism may cause a transient release of water that can buffer 

leaf water status (LoGullo and Salleo 1992) and maintain assimilation, but a 

decline in K results. 

Apparent whole tree hydraulic conductance may vary diurnally as water is 

withdrawn from storage in stem tissues (Meinzer et al. 1999a), since conductance 

of the pathway between storage tissues and xylem is higher than that from the root 

to the leaf. There is some evidence that trees of the eucalypt open-forest of north 

Australia may store water: O'Grady et al. (1999) showed hysteresis between 

transpiration (Q) and VPD and suggested that the withdrawal of stored stem water 

in the morning may result in a higher Q for a given VPD. This implies that K 

would decrease once storage tissues have been depleted; hence K would be lower 

in the afternoon than in the morning. 

4.1.4 Whole tree hydraulic conductance in tropical biomes 

There have been a number of studies of hydraulic properties of tropical woody 

plants (reviewed in Tyree and Ewers 1996 and Eamus and Prior 2001), although 

results are variable. Meinzer et al. (1 999a) found no seasonal variation in K of 

species in a Brazillian cerrado, but considerable intraspecific and diurnal 

variation. Lowland tropical forest species also exhibited large diurnal variation in 

K (Andrade et al. 1998). Evergreen species in a Venezuelan savanna had higher 

conductances than two deciduous species (Goldstein et al. 1987). In contrast, 

Prior (1997) compared whole tree conductance of adult trees of Eucalyptus 

tetrodonta (evergreen) and Terminalia ferdinandiana (deciduous) in a north 
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Australian savanna and found that 2'. ferdinandiana tended to have higher 

conductance than the eucalypt during the wet season. 

Trees growing in the seasonally dry tropics of north Australia must either avoid 

drought (by shedding leaves) or tolerate it. Evergreen savanna species such as E. 

miniata and E. tetrodonta in open-forest, and M. viridijiora growing in seasonally 

inundated swamp forests, maintain transpiration through the dry season, despite 

declining soil water availability (O'Grady et al. 1999, Eamus et al. 2001; see also 

Chapter 3). Consequently, the chapter addresses the question: how, then, does 

whole tree hydraulic conductance vary with season? If the gradient of water 

potential between soil and leaf water does not vary, then K would be expected to 

remain the same throughout the year (Eamus et al. 2001). Savanna and swamp 

communities are found adjacent to each other; both are subject to similar 

atmospheric demands. What impact does a longer period of soil water 

availability, characteristic of the Melaleuca swamps, have on K? 

The importance of hydraulic conductance in relation to other aspects of water 

relations and water use has been established, but is not well understood in the 

context of north Australian savannas. It may be of particular relevance in 

understanding seasonal patterns of water use of savanna and Melaleuca 

communities (Chapter 3) and how reliant these communities are on groundwater 

or seasonal inundation. In the present study, whole tree hydraulic conductance 

was calculated for important tree species of two communities of the seasonally 

dry tropics. In particular, this study aimed to 1) quantify and compare whole tree 

hydraulic conductance of E. miniata and E. tetrodonta in a eucalypt open-forest 

and M. viridflora in a swamp forest; 2) determine how K changes diurnally, and 

3) determine how K varies seasonally. The height of the canopy in the wet 

monsoon forest site included in Chapter 3, and difficulties in gaining access 

during the wet season, did not allow for sampling of leaf water potential, and so 

hydraulic conductance for trees at this site could not be calculated. 
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4.2 Methods 

Whole tree hydraulic conductance (K) was measured on trees from two sites: 

Eucalyptus miniata and E. tetrodonta in a eucalypt open-forest and Melaleuca 

viridiflora in a Melaleuca swamp forest. Both experimental sites were located in 

the Howard River East catchment (Chapter 2). 

Hydraulic conductance was calculated as the slope of the relationship between 

tree water use (Q) and leaf water potential (N")  (Meinzer et al. 1988, Eamus et al. 

1995). Paired measurements of Q and Ni  were made on between eight and ten 

trees at each site during 1998 and 1999. At the eucalypt open-forest site, 4 or 5 

trees of two species (E. miniata and E. tetrodonta) were measured. Measurements 

coincided with three different seasonal periods: late wet season ('wet'; March—

April), mid—dry season ('dry; July—August) and late dry season (September—

October). 

Rates of water use of individual trees were estimated using the heat pulse velocity 

(HPV) method, by means of commercially available sensor and logger systems 

(Greenspan, Warwick, Queensland). Details of the theory and application of this 

method are contained within Chapter 3. Trees were randomly selected to include 

a range of sizes, and instrumented several days before measurements of jl  took 

place. 

Leaf water potential was measured on at least four leaves from each tree 

instrumented with HPV sensors, using a pressure chamber (Soil Moisture 

Corporation, USA). Sampling took place each hour from before dawn until sunset 

(usually 0630 h until 1830 h) for a day at each site. Leaves were sampled from 

several aspects of the canopy at each sampling time. Canopies of eucalypt open-

forest trees were accessed using 4.8 m scaffolding and 4 m extension secateurs 

(Plate 4.1), while the canopies of M viridflora trees were accessible using 

extension secateurs only. 
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Hydraulic conductance was calculated according to the method of Meinzer et al. 

(1988) using the slope of the relationship between flow rate Q (m 3  day') and the 

pressure gradient between the soil-root interface and leaf, AP (MPa). Diurnal 

changes in AP are assumed to be equal to changes in Wi,  since Wsoil  is assumed to 

be approximately constant over one day, and ij  can be used as a surrogate of 

Vsoil in the root zone (Crombie etal. 1988). Thus: 

K =---(ms'MPa') (3.1) 
AP 

Nomenclature follows that of Becker etal. (1999). 

d 

r 

Plate 4.1 Sampling leaves of adult E. miniata and E. tetrodonta trees at the eucalypt 
open-forest site. 

Linear regressions calculated by the least-squares method were applied to paired 

measurements of Q and WI  (taken as the mean of four leaves) from pre-dawn to 
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mid-day, when 111 reached a minimum, and from mid-day to dusk. The slopes of 

these relationships represented morning (Kam ) and afternoon (K pm ) hydraulic 

conductance respectively. 

Hydraulic conductance was normalised by sapwood cross-sectional area (Ks ; m3  

s 1  MPa' m 2) to account for differences in tree size. Whitehead et al. (1984) 

considered this more appropriate than normalisation by leaf area, particularly 

when species with different cross-sectional sapwood areas are being compared. 

Prior (1997) also considered that normalisation of K by sapwood area would 

reduce error in measurements of Q which result from error in estimates of 

sapwood area (since Q is calculated by integrating sap velocity across sapwood 

area; see Chapter 3). 

4.2.1 Statistical analyses 

Differences in 4Ii,  K and Ks  between morning and afternoon, and between sites, 

seasons and years were analysed using ANOVA (Statistica, StatSofi Inc., Tulsa 

USA, 1999). Morning and afternoon measurements were treated as repeated 

measures in a fully fixed analysis. Since a repeated measures ANOVA was not 

robust due to lack of homogeneity of variance and variation in numbers of 

observations between sample times, five individuals from each sample time were 

randomly selected to compile the data set. Only data from these sets are presented 

in this chapter, with the exception of section 4.3 .2.b where all data for the 

morning only were analysed in order to increase replication and make any 

seasonal differences more apparent. Data were log transformed to stabilise 

variances, where indicated. 
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4.3 Results 

4.3.1 Leaf water potential 

Leaf water potential differed significantly according to site and season (data log 

transformed; P < 0.001 for each factor; Fig. 4.1a and b). Year was not a 

significant factor. yj at the Melaleuca swamp forest site ranged from -0.04 to 

-0.15 MPa and was higher than that measured at the eucalypt open-forest site 

(range -0.13 to -0.45 MPa) at all sample times. At the eucalypt open-forest site, 

both ypd  and leaf water potential at mid-day (Wm)  were highest during the wet 

season, and declined through the dry season (Fig. 4.1 a). Values recorded at mid-

day ranged from -1.37 MPa (wet 1998) to -1.93 MPa (late dry 1998). Mid-day 

leaf water potential at the Melaleuca swamp forest site showed a contrasting 

seasonal pattern, with highest values recorded during the dry season of both 

sample years, and lowest during the late dry season (Fig. 4. ib). Values ranged 

from -1.13 MPa (dry season 1998) to -1.85 MPa (late dry season 1998). 
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Figure 4.1: Leaf water potential (MPa ± SE) measured at pre-dawn and mid-day in a) 
eucalypt open-forest (EOF) and b) Melaleuca swamp forest (MSF). Numbers in brackets 
indicate the difference between pre-dawn and mid-day water potential, in MPa. 
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Figure 4.2: Diurnal trends of leaf water potential (MPa ± SE) during each sample time in 

a) eucalypt open-forest (EOF) and b) Melaleuca swamp forest (MSF). 
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The difference between llJpJ  and l'm  was similar during all seasons at the eucalypt 

open-forest site: 1.5 MPa, except for during the 1998 wet season when the 

difference was 1.2 MPa (Fig. 4.1). At the Melaleuca swamp forest site however, 

the difference between 'qij and 'I'm  was similar during the wet and dry seasons 

(between 1.0 and 1.4 MPa), but significantly larger during the late dry season (1.7 

MPa; P< 0.001; Fig. 4.1). 

At both sites and during all sample times, y j  declined throughout the morning, and 

was lowest (most negative) around midday (Fig 4.2a and b). Recovery had 

always begun by 1630 h, although N'j  never reached jj values by dusk. At both 

sites, recovery was faster during the wet and dry seasons than during the late dry 

season. 

4.3.2 Whole tree hydraulic conductance 

There was a linear relationship between sap flow and water potential for both 

morning and afternoon values at each measurement time, with correlation 

coefficients (r) between 0.79 and 0.98 (Fig. 4.3 shows examples of this 

relationship). Hydraulic conductance was larger during the morning (K) than 

during the afternoon (Kpm) for all sample times at both the Melaleuca swamp 

forest and eucalypt open-forest sites (P < 0.001; Fig. 4.4a and b), except during 

the late dry season 1998 at both sites, when there was no difference between Kam  

and Kpm. There were no other significant factors (year, site or season) in the 

analysis. 

There was no difference in mean K between the two sites, either during the 

morning or afternoon. Mean K. was 2.81 (± 0.69) x10 7  m3  s MPa' in the 

eucalypt open-forest and 2.48 (± 0.88) x10 7  m3  s MPa' at the Melaleuca swamp 

forest site. Kpm was 1.94 (± 0.62) x10 7  m3  s MPa' and 1.81 (± 0.58) x10 7  m3  s 

MPa' at the eucalypt open-forest and Melaleuca swamp forest sites, respectively 

(Fig. 4.4a and b). Hydraulic conductance (both K. and Kpm) increased with 

increasing DBH (Fig. 4.5). These relationships were all linear and significant (P 

<0.01). 
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Figure 43: Examples of the relationship between leaf water potential (MPa) and flow 

(Q; m3  s') for one tree at each site during dry season 1999. Solid lines represent the 

relationship for eucalypt open-forest (EOF) site for morning (light) and afternoon 

(heavy); broken lines represent the Melaleuca swamp forest (MSF) site for morning 

(light) and afternoon (heavy). 
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Figure 4.4: Whole tree hydraulic conductance (m3  s' MPa' ± SE) for morning and 
afternoon at a) eucalypt open-forest (EOF) and b) Melaleuca swamp forest (MSF). 
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4.3.2.a Normalised hydraulic conductance 

When K was normalised by sapwood cross-sectional area (Ks; m3  m 2  MPa'), 

results were similar to those of the analysis of K. Data were log transformed prior 

to analysis. Morning values of Ks  were higher than afternoon values (P < 0.001) 

at both sites, except during the 1998 late dry seasonat the Melaleuca swamp forest 

site when mean morning and afternoon K were the same (1.43 (±0.23) xl 0 m3  s 

m MPa 1  and 1.51 (±0.26) x10 5  m3  s1  m 2  MPa' respectively; Fig. 4.6a and b). 

The difference between morning and afternoon Ks  ranged from 0.1 xl 0 to 1.15 

x10 5  m3  s m 2  MPa 1  at the eucalypt open-forest site and 0.38 x10 5  to 1.67 x10 5  

m3  s m 2  MPa1  at the Melaleuca swamp forest site. No other factors were 

significant. There was no difference in mean K between the two sites (Fig. 4.6a 

andb). 
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Figure 4.5: Relationship between tree size and hydraulic conductance at the eucalypt 

open-forest (EOF) during the morning (•) and afternoon (0) and Melaleuca swamp 

forest (MSF) during the morning (.) and afternoon (o). Data from all sample times are 

included. 

80 



(a)EOF 
o morning 
D afternoon 

Wet 98 Dry 98 Late Dry Wet 99 Dry 99 Late Dry 
98 99 

Season 

4.5 

4.0 

- 3.5 
E 

3.0 (5 a. 
2.5 

70  

Cq 
E 2.0 

0 

1.0 

0.5 

0.0 

4.5 

4.0 

_. 3.5 
c.1 

E 
3.0 

(5 a. 
2.5 

U) 

E 2.0 
IQ 

 '-1.5 

1.0 

0.5 

0.0 
Wet 98 Dry 98 Late Dry 98 Wet 99 Dry 99 Late Dry 99 

Sea son 

Chapter 4 

Figure 4.6: Hydraulic conductance normalised by sapwood cross-sectional area (m3  s' 
MPa' m 2  ± SE) for morning and afternoon at a) eucalypt open-forest (EOF) and b) 
Melaleuca swamp forest (MSF). 

81 



Chapter 4 

At both the eucalypt open-forest and Melaleuca swamp forest sites, there was no 

effect of season on K (Fig 4.6a and b). However, there was a significant 

interaction between year and time (P < 0.01), and a significant (P < 0.05) 

interaction between year, season and time due to high year-to-year and between-

tree variation rather than significant seasonal variation. 

The percentage by which afternoon K decreased from the morning to the 

afternoon tended to be larger at the eucalypt open-forest site during 1998, and 

larger at the Melaleuca swamp forest site during 1999 (Table 4.1). There was no 

consistent seasonal pattern in the amount by which K decreased from morning to 

afternoon. The smallest difference between morning and afternoon K occurred 

during the late dry season 1998 at both sites, and was 10.2% at the eucalypt open-

forest site and —5.11% (ie. a small increase from morning to afternoon) at the 

Melaleuca swamp forest site. The largest difference was 54.8% (wet season 

1998) at the eucalypt open-forest site and 54.2% (dry season 1999) at the 

Melaleuca swamp forest site (Table 4.1). 

Table 4.1: Percentage decrease in normalised hydraulic conductance between morning 

and afternoon at eucalypt open-forest (EOF) and Melaleuca swamp forest (MSF) sites. 

Negative figures indicate afternoon K was higher than morning. 

Sample time % decline in K between 

morning and afternoon 

EOF MSF 

Wet 98 54.8 19.0 

Dry 98 28.7 7.6 

Late Dry 98 10.2 -5.1 

Wet 99 26.9 44.0 

Dry 99 29.8 54.2 

Late Dry 99 35.3 40.3 
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4.3 .2.b Alternative analysis for seasonal differences 

While the design of this experiment had strict requirements in terms of number of 

observations and homogeneity of variance, variation in data suggested that a 

larger number of observations might have yielded a different statistical result. An 

alternative analysis was therefore conducted, which included only morning data 

and all possible observations (n = 5 to 9) of both K and Ks  at both sites. 

The only difference from the previous analysis was for Ks  at the eucalypt open-

forest site: season was a significant factor (P < 0.05). A post-hoc test (Tukey's 

Honest Significant Difference test) did not reveal any significant difference 

between sample times. It should be noted that given the aims of this experiment, 

this analysis is less powerful than one including data from both morning and 

afternoon measurements. 

4.4 Discussion 

Whole tree hydraulic conductances, expressed on a sapwood area basis and 

measured in a eucalypt open-forest and a Melaleuca swamp forest were 

comparable to K reported for other species. Values of K for other species range 

from 3 x 106  m3  m 2  MPa' for Picea abies (Lu etal. 1996) to 1.25 x 104  m3  s 1  

m 2  MPa1  for Terminalia ferdiandiana in a eucalypt open-forest (Prior 1997). 

Prior (1997) reported mean K for adult E. tetrodonta of 4.0 x 10 m3  s m 2  

MPa' during the wet season and 2.9 x 10 m3  s 1  m 2  MPa' during the dry season, 

somewhat higher than K measured in the present study. However, there is 

considerable interannual variation in estimates of water use (O'Grady 1999; see 

also Chapter 3) which suggests there may also be similar variation in K between 

years. Becker et al. (1999) also noted considerable variation in whole tree 

hydraulic conductance within and amongst both tropical and temperate taxa. 

4.4.1 Diurnal changes in K 

Whole tree hydraulic conductance was usually larger during the morning than the 

afternoon at both sites and during all seasons. Several other studies have 
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compared conductances during different times of day, with varying results. 
Goldstein et al. (1987) found that conductance decreased with increasing 
transpiration throughout the day in evergreen savanna trees and suggested that 
such variable conductance may be attributed to changes in the proportion of water 
flow through different pathways and to changes in the partitioning of absorbed 
water between growth and transpiration. Meinzer et al. (1999a) suggested that 
whole tree conductance may decrease in evergreen species of a Brazillian cerrado 
as water stored in the tree was depleted during the day. However, Mishio and 
Yokoi (1991) found no change in conductance of three subtropical shrub species 
with changes in both WI  and transpiration during a daily cycle, which they 
suggested might result from inaccurate measurement of transpiration rate. 

There are several possible explanations for differences between morning and 
afternoon whole tree hydraulic conductance. Trees may use water stored in stem 
tissues during the first part of the day, since the pathway from storage tissues to 
leaves has lower resistance than the pathway from the soil-root interface to leaves 
(Meinzer et al. 1999a). Once this stored water is depleted, water must flow along 
the more resistant pathway from soil to leaves, resulting in a decrease in hydraulic 
conductance. (YGrady et al. (1999) observed hysteresis between transpiration and 
vapour pressure deficit in E. miniata and E. tetrodonta, and suggested that the 
depletion of stored water may be the cause. However, given the relatively small 
sapwood area of E. miniata and E. tetrodonta, it is unlikely that storage of water 
in sapwood would contribute significantly to transpiration. 

Rather than the depletion of stored water, a more likely explanation is that as 
water is removed from soil directly around roots, the water potential of the soil-
root interface decreases. This may result in a decrease in apparent whole tree 
hydraulic conductance (Reich and Hinckley 1989, Magnani and Borghetti 1995, 
Landsberg 1996). Williams et al. (1998) found that changes in conductance at the 
soil-root interface explained much of the change in whole tree hydraulic 
conductance in models of water and carbon fluxes. As water is absorbed from the 
soil by roots, the water potential around the root will decrease if the supply of 
water from the surrounding soil is too slow to meet demand. The calculation of 
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whole tree hydraulic conductance is based on the assumption that ijij is equal to 

water potential of the rhizosphere (llfr) throughout the day (Eamus et al. 1995). If 

this assumption does not hold, and 'Pr  decreases during the day, the gradient 

driving transpiration may also decrease. If this was the case, then an apparent 

decline in K would be an artefact. 

Decreased water potentials in the rhizosphere would create a gradient that could 

draw water from soil outside the rhizosphere, thereby replenishing soil water in 

the rhizosphere. However, this may be limited by the hydraulic conductivity of 

the soil. Soil at the Melaleuca swamp forest site has a high clay content (Hatton 

et al. 1998), whereas soils at the eucalypt open-forest site are sandy clay barns 

(Cook et al. 1998) with larger saturated conductivity (see Chapter 5). Soil 

hydraulic conductivity decreases with clay content (Greacen and Williams 1983); 

hence movement of soil water into the rhizosphere may be limited by the 

hydraulic conductivity of soils, especially at the Melaleuca swamp forest site, thus 

resulting in a decrease in hydraulic conductance at the interface between soil and 

root. The difference between morning and afternoon K was larger for M 

viridflora than for trees at the eucalypt open-forest site on several occasions, 

although not always (Table 4.1). While this may suggest that loss of conductance 

at the soil-root interface may result in decreased K during the day at both sites, 

but more so at the Melaleuca swamp forest site where soils have a higher clay 

content, it is difficult to be conclusive and further measurements are required. 

Embolism of conducting vessels may also cause a decrease in whole tree 

hydraulic conductance over the course of a day (Sperry and Pockman 1993). 

Embolism has been cited as the cause of decreased K during drought over long 

periods of time (Sobrado 1997), but until recently it was thought that refilling of 

embolised vessels did not occur in large trees, and consequently diurnal changes 

in the percentage of embolised vessels were small. However, there is evidence 

that emboli may refill overnight (Salleo et al. 1996, Tyree et al. 1999, Holbrook 

and Zwieniecki 1999) and that small cavitation events may act as a signal to 

reduce stomatal conductance and maintain favourable leaf water potential (Alder 

85 



Chapter 4 

et al. 1996, Salleo et al. 2000), thereby coupling transpiration to a declining soil 

water content. 

Whether the cause of the observed decrease in whole tree hydraulic conductance 

in eucalypt open-forest and Melaleuca swamp forest is the result of depletion of 

water stored in the stem, decreasing soil or root water potential or embolism is not 

known. There is some evidence that embolisms may refill overnight in E. 

tetrodonta and E. miniata (D. Thomas, unpublished data), and it is likely that all 

three of these mechanisms may result in decreases in K of trees of eucalypt open-

forest and Melaleuca swamp forest. 

4.4.2 Seasonal changes in K 

Using the same methods as the present study, Prior (1997) observed seasonal 

change in hydraulic conductances in E. tetrodonta between wet and dry seasons. 

This is contrary to the results of the present study, although Prior (1997) 

acknowledged that replication was too low to comment conclusively. Similarly, 

given the large amount of variation in the data presented in this chapter, the 

results should be treated cautiously. However, some conclusions about tree 

function in northern Australia can be made. 

Eamus et al. (2001) found that tree water use along a rainfall gradient in northern 

Australian was not seasonal. The authors suggested that water use was limited by 

the hydraulic architecture of the trees such that catastrophic embolism was 

avoided during drought conditions. Thus, water use during the wet season was 

therefore hydraulically limited, even though water availability was higher. 

Results of the current study support this hypothesis for trees in the eucalypt open-

forest: both tree water use and the difference between ypd  and Wm  remain 

unchanged throughout the year (Table 4.2). Thus whole tree hydraulic 

conductance is also the same through the year. This suggests that either soil water 

is not limiting during the dry and late dry seasons, or that the lower water 

availability at these times sets an upper limit on hydraulic conductance, and 
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therefore stomatal conductance and/or leaf area, of E. miniata and E. tetrodonta 

(Eamus et al. 2001). 

Table 4.2: Summaiy of seasonal changes in key leaf, tree and canopy variables at both 

eucalypt open-forest and Melaleuca swamp forest sites. 

Eucalypt open-forest Melaleuca swamp forest 

stand water use aseasonal dry = late dry < wet 

Q (flow per tree) aseasonal aseasonal 

LAI dry = late dry < wet aseasonal 

Nfpd wet < dry < late dry aseasonal 

WM wet < dry < late dry dry = wet < late dry 

lJpd-m aseasonal wet = dry < late dry 

K aseasonal aseasonal 

aseasonal aseasonal 

The lack of seasonal variation in hydraulic conductance observed at the 

Melaleuca swamp forest site was not expected. During the late dry season, the 

potential gradient (as estimated by the difference between ypd  and Wm)  was larger 

than other sampling times, while tree water use did not change (Table 4.2), 

suggesting that K should have been different. This discrepancy may be due to 

errors in the techniques used to measure tree water use and leaf water potential 

(see section 4.4.4). It is also possible that one of the assumptions underlying the 

calculation of K, that NJii  is equal to water potential in the root zone (Wr),  or that it 

does not vary during the day, does not hold for this site. Soils at the Melaleuca 

swamp forest site have a very high clay content (Hatton et al. 1998), and low 

hydraulic conductivity. This may limit movement of water to the roots, resulting 

in a decrease in water potential at the soil-root interface. The method of 

calculating K does not account for this possibility, and may therefore overestimate 

K. There is also evidence that M'i  might not equilibrate with soil water potential 

overnight, even under well-watered conditions (Sellin 1996, Donovan et al. 1999). 

It is feasible that either ypd is not a reasonable estimate of Wr,  or that Wr  may 
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change during the course of a day, leading to inaccurate estimates of whole tree 
hydraulic conductance for M. viridflora. 

4.4.3 Similarities between eucalypt open-forest and Melaleuca swamp forest 

There was no difference in whole tree hydraulic conductance between the 
eucalypt open-forest and the Melaleuca swamp forest. The gradient between 'i' pd  
and l'm  was similar at both sites, and water use per unit leaf area was also similar 
(see Chapter 3). In addition, since these two communities grow along side each 
other, they would experience similar atmospheric evaporative demands. However, 
soil water availability and stand water use were both higher at the swamp forest 
site. The Huber value (HV) is defined as the ratio of leaf area to sapwood area, 
and describes the area of conducting tissue that supplies the leaf area of the plant 
(Zimmerman 1983). The mean Huber value of M viridiflora was much smaller 
than for the two eucalypt species (2.8 x lO compared with 5.8 x lO 
respectively). This suggests that the sapwood of M viridflora  is more efficient at 
supplying water to a given leaf area, and should therefore have a larger hydraulic 
conductance per unit sapwood area. Given the small sample size and high 
variation observed in this study, both within and between sites, more replication is 
needed to be conclusive about similarities in whole tree hydraulic conductance 
between M. viridflora and the eucalypt species. In addition, there are several 
sources of error that contribute to this uncertainty. 

4.4.4 Errors in the technique 

Although many of the results of this study can be systematically explained, there 
is a large amount of variation in the data, both between trees and sites, which may 
have obscured trends in the data. Other researchers have noted that measurements 
of whole tree hydraulic conductance can be highly variable (Prior 1997, Nardini 
and Pitt 1999). There are a number of problems with calculating hydraulic 
conductance from field-based measurements. Although it is often stated that pre-
dawn leaf water potential is representative of soil water potential in the 
rhizosphere (Crombie et al. 1988), it is likely that ypd  only represents Nlsoil  for the 
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wettest part of the rhizosphere and not the entire rhizosphere (Breda et al. 1993, 

Meinzer et al. 1988, Wakamiya-Noborio et al. 1999). In addition, as water is 

removed by roots from the soil, NJsoil  may decrease (Passioura and Munns 1984) 

and resistance between soil and roots may increase. Calculation of A4i1 may 

therefore be in error, introducing error into the calculation of K. 

Another source of error may be the imprecise nature of measurements of N'i.  Leaf 

water potential varies between individual leaves according to their position in the 

canopy and whether they are shaded or sunlit (Mencuccim and Grace 1996). 

While sampling from different areas of the canopy attempted to account for this, 

not all of the canopy could be accessed. However, there was generally good 

agreement between measurements of WI  between leaves from different trees. 

Errors in estimation of sap flow by heat pulse velocity techniques have been 

found to be less than 15% in some studies (Hatton et al. 1995, Barret et al. 1995, 

Vertessy et al. 1997); however, they may be as high as 40% (Hatton et al. 1995). 

Chapter 3 examined these errors in more detail; however, variation in K is more 

likely the result of variable estimates of Q rather than of wi•  Differences in N" 

between trees on a given day were very small, whereas differences in Q between 

trees could be up to a factor of 10 (see also Chapter 3). The estimation of 

sapwood area is important in determining tree water use from measurements of 

sap flux (see Chapter 3). Sapwood of M. virid4flora is quite soft and spongy, and 

cores tend to expand when removed from the trunk. This may introduce an error 

into the estimation of sapwood area, which would influence estimates of Q. Prior 

(1997) suggested that the use of K normalised to sapwood cross-sectional area 

would cancel out the error component arising from the measurement of sapwood 

area for estimates of Q, since part of that error results from integrating point 

estimates of flux across sapwood area. 

4.5 Summary and conclusions 

In summary, diurnal variation in K may be the result of xylem embolism, changes 

in water potential at the root-soil interface or the withdrawal of water from storage 

in the stem. No seasonal variations in Ks  were observed at the eucalypt open- 
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forest site, suggesting that dry season conditions may determine the maximum 

hydraulic conductance, and hence water use, of E. miniata and E. tetrodonta. The 

lack of seasonal variation in the Melaleuca swamp forest trees was not expected, 

given the observed decrease in mid-day leaf water potential during the late dry 

season. Violations of the assumption that pre-dawn leaf water potential is equal to 

water potential of the root zone, or measurement errors, may have obscured trends 

in the data. It is likely that the sample sizes in the present study were too small 

and too variable to identify differences in hydraulic conductance between the two 

study sites. 



Chapter 5 

Chapter 5: Soil water dynamics in a wet-dry climate 

5.1 Introduction 

Wet-dry savannas, such as those found across northern Australia, are 
characterised by highly seasonal rainfall. The lack of significant rainfall for up to 
six months means that the ability of soil to store water is of ecological and 
physiological significance. An understanding of soil water dynamics is essential 
for mterpreting ecophysiological responses of vegetation to highly seasonal 
conditions. Strongly seasonal variation in climate and hence soil water 
availability is widely accepted as one of the more important determinants of 
savanna distribution and function worldwide (Skarpe 1992, Scholes and Archer 
1997). In north Australian savannas, soil water dynamics influence a suite of 
ecological, hydrological and physiological processes, ranging in scale from leaf to 
catchment. These processes include vegetation distribution (Bowman 1986, 
Wilson and Bowman 1994), leaf area index (O'Grady et al. 2000), phenology 
(Williams et al. 1997), photosynthesis (Eamus et al. 1999), tree water use 
(Chapter 3), carbon cycling (Eamus and Prichard 1999, Chen 2001), carbon flux 
(Eamus et al. 2001), evapotranspiration (Hutley et al. 2001), and groundwater 
recharge and streamfiow (Cook et al. 1998). 

Across northern Australia, eucalypt-dominated open-forest and woodland 
communities are generally associated with well-drained, sandy loam and sandy 
clay loam soils (Wilson and Bowman 1994), such as yellow, grey and red earths 
(Dunlop and Webb 1991). Within the Howard River catchment, Euca!yptus 
tetrodonta and E. miniata dominated open-forests are found predominantly on 
lateritic red earths (van Cuylenberg and Czachorowski 1984; Chapter 2). Red 
earths are highly weathered soils, and as a result of extensive leaching and a local 
groundwater table that fluctuates close to the surface, a laterite layer may form 
below the A and B horizons (Stace et al. 1968). Throughout the Howard River 
catchment, a laterite layer of varying depth overlies a zone of mottled clay, 
usually at a depth of 1 - 2 metres. The ability of plants to access soil water in a 
drying profile may be complicated by the presence of this layer. Root excavations 
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in eucalypt open-forest in Kakadu National Park found that roots did not penetrate 

the laterite layer found at 0.6 in depth (Werner and Murphy 2001). In contrast, 

excavations in open-forest near Darwin have shown the presence of roots below 

the laterite (Chen 2001), suggesting that trees are able to grow roots through it to 

access deeper soil water. The extent of overstorey reliance on soil water at depth 

is not known. 

A model which limits tree root growth, and thus soil water uptake, to the surface 1 

- 2 in of soil poses difficulties when a grassy understorey is present. In savannas, 

annual and perennial grasses may compete with trees for soil water (Goldstein and 

Sarmiento 1987, Scholes and Archer 1997). While there may be sufficient water 

in the upper soil during the wet season to supply overstorey and understorey 

transpiration, once rain has ceased both transpiration and high evaporative 

demand quickly deplete water in surface soils. Soil matric potential and water 

content are usually extremely low in upper soil layers by the end of the dry season 

(Wright and Cornejo 1990, Veenendaal et al. 1996, Meinzer et al. 1999b), yet 

many tree species maintain transpiration and leaf area all year. Annual grasses 

senesce soon after wet season rains end (Lane and Williams 1997), but there is 

evidence trees access water from deep in the profile (Sarmiento et al. 1985, 

Nepstad et al. 1995, Meinzer et al. 1 999b). 

Where savannas overly a duricrust layer, trees must grow roots below the laterite 

to access water during the dry season. There is evidence that roots can penetrate 

weaknesses in a laterite layer (eg. E. marginata in Western Australia; Kimber 

1974, Crombie et al. 1988), and roots have been observed at depths of 4 m at sites 

near Darwin (personal observation). However, root densities are largest in the 

upper 1 m of soil (Le Maitre et al. 1999, Chen 2001). Since savanna trees may 

experience a very large range of soil water contents, the ability of soil to store 

water is extremely important (Walker and Landridge 1996). However, 

hydrological models tend to only account for soil water store in the upper 1 m, 

where root densities are highest (Hatton et al. 1998). Nepstad et al. (1995) 

estimated that such a model would fail to account for more than 400 mm of the 

soil water store in an Amazonian forest if this was the case. This has become an 

issue across northern Australia, with increased use of groundwater resources for 
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horticultural and urban purposes. Hydrological models are an important, too, for 

the effective and sustainable management of this resource, but a lack of 

understanding of soil water availability in the root zone limits the use of such 

models in the development of sustainable management plans (Walker and 

Landridge 1996). 

Pre-dawn leaf water potentials of many evergreen species in the Darwin region 

decrease as the dry season progresses (Myers et al. 1997, Duff et al. 1997, Prior 

et al. 1997), indicating declining soil water availability. However, the observed 

decline is not as large as that seen in species from more and regions (Myers and 

Neales 1984). Despite declining water availability, evergreen tree species flush 

before the onset of wet season rains, and maintain transpiration throughout the dry 

season (Myers et al. 1997, Duff et al. 1997, O'Grady et al. 1999, Chapter 3). This 

suggests that these species either have access to groundwater (O'Grady et al. 

1999), or that soil water stored through the profile is sufficient to maintain 

transpiration and support leaf flushing. While edaphic relationships between 

vegetation and soil water availability have been established (Bowman and 

Minchin 1987, Fensham and Kirkpatrick 1992, Wilson and Bowman 1994), there 

is a need for data on temporal and spatial variability of water through the soil 

profile (Fensham and Kirkpatrick 1992). Cook et al. (1998) calculated a water 

balance for the Howard River catchment, but at relatively coarse temporal and 

spatial scales. In order to explain patterns observed in ecophysiological 

measurements, such as tree water use, a more detailed understanding of soil water 

dynamics in the root zone is important. Whether stored soil water is sufficient to 

maintain dry season transpiration rates or whether trees need to utilise 

groundwater is not fully resolved. 

The aim of the work described in this chapter is to better understand soil water 

dynamics in the root zone of a eucalypt open-forest savanna. In particular, this 

study describes temporal changes in soil water content over a wet-dry cycle in the 

upper 4 m of soil. These data were used to determine plant available water and to 

investigate the relationship between dry season transpiration and changes in soil 

water content. An estimate of rooting depth was made, and the reliance of 

overstorey vegetation on groundwater was determined. Such data are valuable 

93 



Chapter 5 

inputs to hydrological models, which can assist in the management of 

groundwater and vegetation resources. Inundation of Melaleuca swamp forest 

and wet monsoon forest communities for up to 5 months of the year (see Chapter 

2) made these communities unsuitable for inclusion in this study, since access was 

severely limited. However, some measurements of soil physical propeties were 

made at these sites to better understand how differences in soil physical properties 

contribute to differences among these communities and eucalypt open-forest. 

5.2 Methods 

5.2.1 Soil water dynamics 

Volumetric soil water content (Ow ) was estimated at the Department of Lands, 

Planning and Environment (DLPE) Water Resources tower site at the eucalypt 

open-forest site (see Chapter 2) using a Time Domain Reflectometer (TDR) 

system (Theta-Probe, Delta-T Devices, Cambridge, U.K.). TDRs were logged at 

30 minute intervals (as the mean of 0., measured for the last five minutes of each 

30 minute period) using a Campbell CRl0x data logger (Campbell Scientific Inc., 

Logan, Utah). Probes were installed in two pits (Pit 1 and Pit 2), 50 in apart, each 

dug 1 in from the trunk of a large Eucalyptus miniata tree to a depth of 3.5 in (Pit 

1) and 3.0 in (Pit 2) (Plate 5.1). Both pits were dug with a vertical face, 

approximately 1 in wide, into which probes were installed. A laterite layer was 

encountered in both pits. Removed soil was carefully piled so that soil from each 

horizon could be returned when backfihling. Probes were placed horizontally in 

the undisturbed face at six depths (see Table 5.1) and the pits were carefully 

backfihled. Four probes were installed above and two below the laterite layer in 

each pit. In Pit 2, the laterite layer was thinner than in Pit 1, hence the lower two 

probes were slightly shallower in Pit 2 than Pit 1 (Table 5.1). 
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Table 5.1: Depths (m) at which TDR probes were installed in two pits at the Howard 

East Meteorological tower in October 1998 

Pit 1 (depth, m) Pit 2 (depth, m) 

0.2 0.2 

0.5 0.5 

0.7 0.7 

1.2 1.2 

2.9 2.0 

3.5 3.0 

ci: H 

3 : 

: 

Plate 5.1: One of the pits into which TDR probes were installed in October 1998. Depth 
of pit is 3.5 m. 

Data were logged between October 1998 and October 1999. There were gaps in 

the record during periods when the data logger did not function, and a fire burnt 

cables during July 1999. Probe output (in volts, V) was converted to volumetric 
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water content (0w, m3  m 3) using a variation of the Topp equation (Topp et al. 

1980) developed for Delta-T Theta-probes (from Theta-probe manual, 1999): 

o [1.1+4.44V] — a0 
(5.1) 

where a0  and a1  are coefficients relating 0 to the dielectric constant of soil 

(Whalley 1993, Topp etal. 1980): 

= a0  + a1  .O (5.2) 

An estimate of 0 from a TDR probe represents an average water content of a 

cylinder of soil the length of the probe (6 cm) and 2.5 cm diameter surrounding 

the central rod (Fig. 5.1), giving a volume of approximately 30 cm3  (Delta-T 

Devices 1998). Storage (S) was calculated for each soil layer by assuming that 

each probe occupied the mid-point of a layer; 0 was integrated over the depth of 

that layer and expressed as mm depth equivalent. The probe at 0.7 in depth was 

therefore assumed to represent water content from 0.6 to 0.95 in depth, although 

in practice it was only measuring O, at 0.7 in. Change in soil water store (AS) was 

calculated as the slope of the relationship between S and time, over a given  time 

period. 

4: 

F t 
1 

------- p ---- 
_______ b . 

112 66 265 

Figure 5.1: Diagram of Delta-T Time Domain Reflectometry (TDR) probe. All 
dimensions are in mm. Diagram from Delta-T Theta-probe manual. 
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5.2.2 Saturated hydraulic conductivity 
I.  

Hydraulic conductivity of soil at saturation (Ksat) is an important hydrological 

parameter and required for many models of soil water dynamics. A compact 

constant head permeameter (CCHP; Fig. 5.2; Ksat  Inc. Raleigh, North Carolina; 

Amoozegar 1989a) was used to measure in-situ Ka at the eucalypt open-forest 

site, a Melaleuca swamp forest and a wet monsoon forest (Chapter 2). The 

technique is limited by the presence of an impermeable layer or water table, and 

so could not be used below 0.7 in in the wet monsoon forest, and 1.0 in in the 

Melaleuca swamp forest. 

LEX[DLE QUICK-RELLASE 
AlP TUBES CONNECTORS 

'11 -1C.1 TOP OPENING 
CONNECTORS _-r WATER REFILL PORT) 

AIR TUBES 
AL WATER 

- .- 
RESERVOIR 

FLOW MEASURING 
RESERVOIR 

WATER LEVEL 
-• BUBBLETUBE MARKS I WATER SUPPLY 

RULER TUBE 

REFERENCE 
FIXED i::I, i Jill LEVEL 

BUBBLE TUBES iI 

I / 
; L 

- 

,3 - - 

-- - - 
3 WAY VALVE 

CONSTANT-HEAD 
PATiNG WATER DISSI TUBES 

BASE UNIT UETAL RING 

Figure 5.2: Diagram of Ksat Inc. Compact Constant Head Permeameter (CCHP). 
Diagram from Ksat Inc. CCHP manual. 

A CCHP estimates Ksat  by measuring the flow of water into a hole in which a 

constant head of water is maintained, and around which the soil is saturated. 

Once infiltration into the soil around the hole reaches a steady state, the flow is 

measured while the water level in the hole is kept constant (Amoozegar and 
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Warwick 1986). Flow is converted to Ksat using the Glover equation (Amoozegar 
1989a): 

K sat  = 
Q{sinh(H/r)—(r 2  IN2 + 1)1/2 +r/H] 

(5.3) 2,rff 2  

where Q is the steady-state rate of flow into the auger hole, H is the is the depth of 
water (constant head) in the hole, r is the radius of the hole (Fig 5.3). The Glover 
equation is valid if the distance from the bottom of the hole to any impermeable 
layer or water table (s) is greater than 2H and the ratio HIr is greater than 5. 
Measurements in the eucalypt open-forest were made near, but slightly down-
slope from, TDR Pit 1. Five replicate holes were augered and Ksat  was measured 
at progressive depths in each hole corresponding to those at which TDR probes 
were buried (Table 5.1). Similarly, five replicate holes were augered at the 
Melaleuca swamp forest site, and Ksat  was measured at 0.5, 1.0 and 1.5 in. At the 
wet monsoon forest site, three sets of paired holes were augered approximately 10 
in apart; the two holes of each pair were 1 in apart. Ksat  was measured at 0.2, 0.5 
and 0.7 in. 

SOIL SURFACE 

=1 

2r 

II 
SATURATED 

ZONE 

1\IPERMEABLE LkYEP. 

Figure 53: Diagram of the cross-sectional area of an auger hole showing saturated zone 
of soil, H (height of head of water), r (radius of hole) and s (distance to impermeable 
layer or water table). Diagram from Ksat Inc. CCI{P manual. 
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5.2.3 Water release characteristic and soil matric potential 

Since soil matric potential was not directly measured during this study, water 

release curves were developed for depth horizons corresponding to TDR 

measurement zones using data from a similar soil type at a nearby site (Calder and 

Day 1982), which was measured at depths closely corresponding to the present 

study, with the exception of the 2.9 and 3.5 in horizons. 

Water release functions were developed using the closed form equation of van 

Genuchten (1980): 

Ov  = Or  + 
(O Or ) 

 
(1 + (ah)")m 

(5.4) 

where O is the volumetric water content, Os  is the saturated water content, °r  is the 

residual water content (O at which there is little or no change in Ov  with 

increasing pressure, h), h is the pressure head in cm and a, n and m are fitted 

parameters (van Genuchten 1980, van Genuchten and Neilsen 1985). Parameters 

were optimised using the non-linear estimation module of Statistica (StatSoft Inc., 

Tulsa OK.). 

This exercise was limited since data from Calder and Day (1982) did not include 

water content at saturation (0.01 MPa). Curves were therefore fitted for a range of 

O (0.25 - 0.5 m3  m 3), with Or treated as a fitted parameter. However, for soils in 

the upper 1.0 m, minimum measured water contents were very low (< 0.05 m3  

m 3) and °r  was not this low when estimated as a fitted parameter. Since a water 

release characteristic is only useful if it can describe the entire range of water 

contents experienced (van Genuchten 1980), curves were developed for a range of 

O- (0.01 - 0.04 m3  m 3). Curves were then applied to actual soil water content 

data as measured by TDR probes at the study site. From the range of curves 

developed for each horizon, the most appropriate one was selected on the basis 

that it a) predicted soil matric potentials across the entire range of water contents 

as measured by TDR during the measurement period; b) predicted reasonable soil 
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matric potential at both wet and dry ends of volumetric water content data; and c) 

fitted the data of Calder and Day (1982) appropriately. 

5.3 Results 

5.3.1 Soil water dynamics 

Annual patterns of soil water dynamics were characterised by four stages: 1) pre-

monsoonal wetting up, 2) wet season, 3) early dry season and 4) late dry season. 

At installation of the TDR probes in Pits 1 and 2 in October 1998, no significant 

rainfall had occurred since April. Volumetric soil water content (Ow)  was very 

low, ranging from 0.029 m3  m 3  at 0.2 in to 0.26 m3  m 3  at the deepest probe (Fig. 

5.4a and b). 

Pre-monsoonal wetting-up of the soil profile began three days after logging began, 

when 58 mm of rain fell at the site. Volumetric soil water content increased at 0.2 

and 0.5 in depth. Increases in O were not seen at the 0.7 in probe until a further 

70 mm of rainfall was received; 220 mm of rain fell before the probe at 1.2 in 

showed an increase in 0 (Fig. 5.4a and b). Cyclone Thelma passed the site on 8 

and 9/12/98, with 183.5 mm of rain falling on 8/12/98 and 429.5 mm on 9/12/98. 

Volumetric water content of soil below 2.0 in in both Pit 1 and Pit 2 did not 

increase until this time. In Pit 1, soil water content at 2.9 in increased to 0.45 m3  

m 3  and at 3.5 m to 0.39 m3  m 3. In Pit 2, soil water content at 2.0 in increased to 

0.42 m3  m 3  and at 3.0 m to 0.43 m3  m 3. 

Throughout the second stage, the wet season, soil at depth was saturated and O., 

did not fluctuate. The largest range in Ov  was observed at 0.2 in depth, and 

corresponded closely to rainfall events. The magnitude of changes in O, in 

response to rainfall decreased with depth (Fig. 5.4a and b). 
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Figure 5.4: Volumetric water content (Ow; m3  m 3) measured in a) Pit 1 and b) Pit 2 at the 

Howard East Met tower between October 1998 and October 1999. Values are midnight 

measurements for probes at 0.2, 0.5, 0.7, 1.2, 2.9 and 3.5 m depth; for Pit 2 the deepest 

probe is at 3.0 m. 
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The early dry season dynamic began when wet season rainfall ceased in mid-April 
1999, after which time 0 began to decrease, first in the upper layers. Soil at 0.2 
and 0.5 in depth was close to the minimum O recorded (during October 1998) by 
the start of May 1999 (about 14 days after the last rainfall event), while soil at 0.7 
and 1.2 in was close to minimum O, by the end of May 1999 (four weeks after the 
last rainfall event). In both pits, O, of the lower layers of soil (2.90 and 3.5 in in 
Pit 1 and 2.0 and 3.0 in in Pit 2) did not begin to decrease until mid-May 1999. At 
the beginning of May 1999, standing water level (SWL) was 1.8 in below ground 
level, and mid-June SWL was 3.9 in below ground level. This decrease in O, at 
depth probably coincided with the recession of the water table past these depths. 

By the end of data collection in the late dry season (October 1999), 0, at 2.9 in 
(Pit 1) and 2.0 in (Pit 2) had returned to values similar to those measured during 
the late dry season 1998 (Fig. 5.4a and b). However, 0, at 3.5 in (Pit 1) and 3.0 in 
(Pit 2) was still approximately 15% (Pit 1) and 30% (Pit 2) higher than 0, at the 
end of the dry season 1998, which was 0.3 m3  m 3  (Pit 1) and 0.13 m3  m 3  (Pit 2). 

5.3.2 Total profile storage 

Soil water store (S, mm) was calculated by integrating midnight values of O, over 
each depth zone that a TDR probe was assumed to represent. Midnight values 
were chosen since O, is at equilibrium with bulk soil by this time. These values 
were summed to give a total profile storage over 4 in of soil. Total profile storage 
for each pit is shown in Fig. 5.5a and b, with rainfall measured at the Met tower at 
the same site over the measurement period. Changes in storage are closely 
correlated with rainfall events, with a large increase of 780 mm coinciding with 
more than 800 mm of rain during Cyclone Thelma. Maximum observed soil 
water store was 1645 mm for Pit 1 and 1653 mm for Pit 2 following Cyclone 
Thelma. Minimum store was recorded at the end of the 1998 dry season and was 
745 mm for Pit 1 and 405 mm for Pit 2. Total storage was higher at the end of the 
dry season 1999 than the same period during 1998; in Pit 1, S was about 80 mm 
higher (745 compared to 830 mm), while in Pit 2, S was 160 mm higher (405 
compared to 566 mm) than the same period during the previous year. 
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Figure 5.5: Total profile storage and rainfall (mm) for a) Pit 1 and b) Pit 2 at the Howard 

East Met tower between October 1998 and October 1999. 
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TDR probes installed below 1.2 in depth were below the laterite layer in both Pit 1 
and Pit 2. Profile storage was partitioned into upper (0 - 1.2 m) and lower (1.2 - 
4.0 m) storage, reflecting the features of the soil profile (Fig. 5.6a and b). Most of 
the stored soil water was located in the lower layer, while most of the changes in 
storage occurred in the upper layer. Storage per unit volume of soil (mm) in the 
upper zone was typically between 30 and 50% of water stored in soil below the 
duricrust, except during periods of high rainfall, when the upper soil became 
saturated for short periods (Fig. 5.6a and b). 

5.3.3 Plant available water 

Water release curves were not measured for soil from the TDR pits, since 
appropriate equipment was not available. Data from a site with the same soil type 
and similar vegetation (Calder and Day 1982) were used to estimate plant 
available water (PAW) for the experimental site. Water retained between -0.01 
MPa (field capacity; water content of soil once drainage has ceased) and -1.5 MPa 
(wilting point) is assumed to be the amount of water extractable by vegetation. 
The definition of wilting point is based on sunflowers (Cassel and Nielsen 1986) 
and is probably inappropriate for savanna trees. Large trees can generate more 
negative xylem tensions; mid-day leaf water potentials of lower than -2.0 MPa 
have been recorded forE. miniata and E. tefrodonta (Chapter 3; Prior 1997). It is 
likely that these trees extract water from soil with matric potentials lower than 
-1.5 MPa. Plant available water is useful for comparing soil profiles and 
vegetation types, but is limited with respect to natural ecosystems. 

Plant available water was calculated for each depth zone, by subtracting the total 
storage at field capacity and wilting point (assumed to be -0.01 and —1.5 MPa 
respectively), using tensions measured by Calder and Day (1982). Depths at 
which Calder and Day (1982) measured matric potential do not correspond 
exactly to those measured by TDRs for the present study, so data for the nearest 
depth were used. Data for depths below 1.2 m were not available, so estimates of 
PAW below 120 cm were based on data for the 1.2 m layer, since soils at these 
depths are similar in texture. Calculated PAW totals are presented in Table 5.2. 
Plant available water (mm) tended to decrease with depth, as clay content 
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increased and pore size decreased. Total PAW for the profile was 537 mm for 

both Pit 1 and 2 (over 4 in; Table 5.2). 

Table 5.2: Plant available water (PAW) at different depths for soil in Pit 1 and Pit 2 at 

the Howard East Met tower. PAW and Total PAW were derived from water release 

curves of Calder and Day (1982) for Stuart red earth. Actual PAW represents PAW 

based on minimum values of O. as measured in the field. Upper profile refers to 0 - 1.2 

in, and lower to 1.2 - 4.0 in depth. 

Pitl Pit2 

Depth 

zone (m) 

PAW 

(mm rn') 

Total 

PAW 

(mm) 

Actual 

PAW 

(mm) 

PAW 

(mm rn') 

Total 

PAW 

(mm) 

Actual 

PAW 

(mm) 

0.2 164.9 57.7 63.9 164.9 57.7 62.1 

0.5 152.0 38.0 59.3 152.0 38.0 44.0 

0.7 156.0 54.6 73.9 156.0 54.6 63.7 

1.2 126.8 63.4 175.9 126.8 63.4 147.9 

2.9/2.0 126.8 196.5 258.6 126.8 133.1 248.7 

3.5/3.0 126.8 126.8 121.2 126.8 190.1 449.3 

Upper 213.7 373.1 213.7 317.8 

Lower 323.2 379.7 323.2 698.0 

Total 536.9 752.8 536.9 1015.8 

Upper and lower O, at field capacity and wilting point are shown in Fig. 5.7a (Pit 

1) and 5.7b (Pit 2). Also shown are the actual maximum (0) and minimum 

(9 mn) water contents measured by the TDR probes between October 1998 and 

1999. Minimum recorded Os., at both Pit 1 and Pit 2 were generally lower than that 

estimated at wilting point, suggesting that extraction can occur below -1.5 MPa. 

Where O ni,, was less than that estimated at field capacity, actual PAW was 

calculated to include water extracted below -1.5 MPa (Table 5.1). This increased 

estimated PAW for the profile to 752.8 mm for Pit 1 and 1015.8 mm for Pit 2. In 

addition, field capacity was estimated from TDR measurements after several days 

of drainage from saturation (Fig. 5.7a and b). Field capacity Ov  estimated from 
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field data were similar to those calculated from measurements by Calder and Day 

(1982). 
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Figure 5.7: Theoretical plant available water (PAW) shown as a maximum (•) and 

minimum (C') values with depth in a) Pit 1 and b) Pit 2, calculated using soil water 

characteristic of Stuart red earth (Calder and Day 1982). Also shown are observed 

maximum (.) and minimum O, (o) as measured by TDR probes and water content at field 

capacity (x) estimated from field data. 
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Fractional PAW (PAWf) represents PAW at a given point in time as a proportion 

of total PAW (after Black 1979). PAWf  was calculated for each soil layer after 

actual PAW was calculated using field-observed °min  (after Black 1979): 

PAW = 
St Smm = St Smu, 

(5.5) 
S— S min  PAW 

where St is the current water storage (mm), 5min  is the lower storage limit (mm) 

and Sn. is the upper storage limit (mm), as estimated from soil water content at 

wilting point and field capacity (except where lower limit reset as above). PAWf  

would be greater than 1 when soil is wetter than field capacity, ie. saturated, so 

was set with the value 1 as a maximum. These data from 0.2, 0.7, 1.2 and 2.9 (Pit 

1) or 2.0 m (Pit 2) depths are shown in Fig. 5.8a and b. The volume of available 

water was largest in the surface layers during the wet season, but these layers 

were also exhausted most quickly after the end of the wet season. At 0.2 m, 

PAWf  was less than 10% by the end of May 1999 (Fig. 5.8a and b). The upper 

soil showed the largest fluctuations in available water. 

5.3.4 Water release characteristic and soil matric potential 

Soil matric potential for each soil horizon was predicted by solving water release 

functions for matric potential using equation 5.4 ie. matric potential was a 

function of water content as measured by TDR. Data from Pit 1 was used, 

specifically for soil layers at 0.7 and 3.5 m, as representative of soil above and 

below the laterite layer. Both Os  and Or were treated as constant in a fitting 

algorithm for water release curves at 0.7 in, while the most appropriate curve for 

soil at 3.5 m was developed with only O treated as a constant. Constant values 

were chosen after curves were fitted for a range of values (for example, Os  was set 

at a range of values between 0.3 to 0.5) and the best-fitting curve was used. These 

estimates and the fitted parameters a, n and m are presented in Table 5.3. 
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Figure 5.8: a) Fractional plant available water (PAWf) with time, at 0.2, 0.7, 1.2 and 2.9 
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and 2.0 m depth in Pit 2. When minimum observed 0, was less than estimated 0 at 
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109 



Chapter 5 

Table 5.3 Parameter estimates for water release characteristic curves for soil at 0.7 and 

3.5 in depth in Pit 1. e was fixed for both depths; Or was fixed for 0.7 m depth. 

Depth (m) 

Parameter 0.7 3.5 

0.4 0.45 

Or  0.03 0.151 

a 0.827 0.164 

n 4.549 0.694 

m 0.0535 0.254 

Prior to the onset of wet season rains, iim was so low as to be difficult to describe 

at 0.7 m. At very low water contents, van Genuchten's equation is very sensitive 

to small changes in water content and produced unrealistically large changes in 

Wm and estimates of -20 MPa or less. Small rainfall events during October and 

November 1998 increased I1m,  but OS,, was still very low (Figs. 5.4a and 5.9). Soil 

matric potential quickly decreased when infiltration from the surface soil ceased. 

Very small changes in O resulted in large changes in Wm  at these low O,. At 3.5 

in, 'm  was less than -1.0 MPa prior to the start of wet season rains, and these 

small events did not increase either Ov  or Wm  significantly. 

Soil matric potential increased rapidly at both 0.7 and 3.5 in after the very large 

rainfall events associated with Cyclone Thelma on December 8 - 11, 1998 (Fig. 

5.9), and Wm  was very close to zero at both 0.7 and 3.5 m following the cyclone. 

During the remainder of the 1998 - 99 wet season, Vm  remained near saturation. 

Small fluctuations in I'm  at 0.7 m were not reflected at 3.5 m. At the end of the 

1999 dry season l'm  was -0.5 MPa at 0.7 m and -0.3 MPa at 3.5 m. 
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Figure 5.9: Soil matric potential (-MPa) and soil water content (m3  m 3) at a) 0.7 and b) 
3.5 in as calculated from volumetric soil water content and parameters from van 
Genuchten's equation. Note that soil matric potential is plotted on a logarithmic scale for 
clarity. 

5.3.5 Saturated flow into the laterite layer 

Drainage out of a soil layer is often estimated using models based on Darcy's law, 
with water moving across a single hypothetical plane (Allison et al. 1983). This 
requires measurement of soil matric potential at the bottom of the root zone and 
predicting flow based on Wm  and unsaturated hydraulic conductivity at this 
potential. However, given the difficulty with modelling Y. (section 5.3.4), the 
Darcian approach to estimating drainage was not useful. Drainage (D) is a 
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combination of both saturated (Ds) and unsaturated (Du) flow (Marshall and 

Holmes 1988). Soils at the study site are sandy barns, and Ds would account for 

most of the drainage from these layers following large, high intensity rainfall 

events (Marshall and Holmes 1988), which can be estimated as the relative 

change in soil water store. This approach was used to calculate saturated flow 

past the 1.2 in layer of Pit 1 during the 1998-99 wet season. Saturated drainage 

was calculated from the relative change in soil water store at 1.2 in after 0 

reached or exceeded field capacity at the probe above (0.7 m). Figure 5.10 

describes changes in soil water store and rainfall between October 1998 and April 

1999. There were five discrete drainage events, the largest (173 mm) following 

Cyclone Thelma in December 1998 which accounted for 40% of annual drainage. 

Estimated drainage for the 1998-99 wet season (Ds) was 431 mm (Fig. 5.10). 
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Figure 5.10: Saturated flow (mm) into soil at 1.2 in during the 1998-99 wet season. Also 

shown are soil water store (mm) at 1.2 m and rainfall (mm) for the same period. 
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5.3.6 Wet-to-dry season transition 

Following the cessation of wet season rains (26th April 1999), a third stage in the 

annual soil water dynamic was characterised by a decrease in soil water content in 

all layers. For the upper layers, this decrease took the form of several 

recognizable phases of different duration. Each phase of water loss from a depth 

zone was identified as a linear period of decreasing S, followed by a noticeable 

change in slope. The rate of change in S was calculated for the linear period 

(mm d'; Table 5.4). For soil at 0.2, 0.5, 0.7 in, there was an initial, brief period 

(<24 h) of very rapid water loss, dominated by saturated flow (Ds). Once soil 

had drained to field capacity, unsaturated flow and evapotranspiration would 

dominate AS (since Ds would have ceased), for a period of 11 days to 2 weeks. 

Rate of water loss during this phase was around 2 mm d' from each layer (Table 

5.4). A third phase began around the start of May 1999, during which water loss 

from the profile was dominated by ET at a rate of 0.2 - 0.3 mm d from each 

layer. Summed over 0.7 in, this approximated tree transpiration (Chapter 3). 

Water loss from the 1.2 in depth zone did not follow a similar pattern to the upper 

profile. A very short period of drainage (less than 6 hours) at a rate of 12.4 

mm d' was followed by a prolonged period during which AS was 2.4 mm d' and 

remained the same for several weeks. During late May 1999, when AS was 

assumed to be dominated by ET, the rate of water loss from the upper soil profile 

(0 to 1.2 m) was 3.2mm d' (Table 5.4). 
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Table 5.4: Different phases of water loss from the upper soil profile, at 0.2, 0.5, 0.7 and 

1.2 in depth during the wet to dry season transition (26 1h  April - 31s' May 1999). 

Duration of each phase is in days, and rate of change in soil water store (AS) in mm d'. 

Each phase consists of a combination of saturated flow (D), unsaturated flow (Du) and 

evapotranspiration (ET). 

Depth (m) Phase Duration (d) AS (mm d') 

0.2 Ds + D + ET 0.5 79.3 

D+ET 11 2.9 

ET 24 0.2 

0.5 Ds + Du + ET 0.5 18.3 

Du±ET 15 1.7 

ET 22 0.3 

0.7 Ds + Du + ET 0.8 23.5 

Du+ET 12 2.3 

ET 18 0.3 

1.2 D + Du + ET 0.25 12.4 

Du+ET 40+ 2.4 

5.3.7 Water loss during the dry season 

In the upper soil, the lowest rates of steady-state AS were established by mid-dry 

season 1999 (end of July). Data logger failure at this time prevented 

determination of the point of change between previous, higher rates and these 

lower rates. Rates of water loss for each soil layer in both Pit and Pit 2 are shown 

in Table 5.5. Very low rates of loss were seen in the 0.2 m layer (0.01 mm d1) 

and all other changes in store occurred at the lower two sensors. Water loss from 

soil at 2.9 in in Pit I was 0.15 mm d 1, and AS at 2.0 m in Pit 2 was 0.02 mm d'. 

At the deepest sensor, was 0.54 and 0.63 mm d' for Pits 1 and 2 respectively 

(Table 5.5). Water loss for the whole profile was 0.69 and 0.65 mm d' for the 

period between July 27 and September 16 1999. 
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Table 5.5: Change in soil store (AS; mm d') for the period July 27 to September 16 1999 
for Pit 1 and Pit 2 at each TDR probe depth (m). 

Depth (m) Pit 1 Pit 2 

0.2 0.01 0.01 

0.5 0 0 

0.7 0 0 

1.2 0 0 

2.9/2.0 0.15 0.02 

3.5/3.0 0.54 0.63 

Total (mm d 1) 0.69 0.65 

5.3.8 Saturated hydraulic conductivity 

Saturated hydraulic conductivity (Ksat; in d 1 ) was measured at three sites: a 
eucalypt open-forest (the same site at which the TDR pits were located), a 
Melaleuca swamp forest and a wet monsoon forest (see Chapter 2) at a range of 
depths. Mean values of Ksat  with depth are shown in Table 5.6. 

At all sites, Ksat  was highly spatially variable. In a pilot study at the eucalypt 
open-forest site, one series of three holes, 1 in apart and to 0.5 in depth, had 
conductivities ranging from 0.4 to 2.8 in d' (these data were not included in the 
table above). At the Melaleuca swamp forest and wet monsoon forest sites, Ksat 
decreased with depth, being around 0.01 in d' at 0.7 in in the wet monsoon forest 
and similar rates at 1.5 in in the swamp forest. At the eucalypt open-forest site, 

Ksat increased with depth, in some instances being faster than the constant head 
permeameter could measure (3.0 in d'). Below 2.0 in, conductivities in excess of 
3.0 in d' were measured. 
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Table 5.6: Saturated hydraulic conductivity (K; in d') at eucalypt open-forest (EOF), 

Melaleuca swamp forest (MSF) and wet monsoon forest (WMF) sites. Standard 

deviation from the mean is indicated in brackets. 

Depth (m) Mean Ksat  (m d) 

Eucalypt open-forest 

0.2 0.44 (0.14) 

0.5 0.51 (0.08) 

0.7 0.57 (0.11) 

1.2 0.96 (0.24) 

2.0 1.28 (1.13) 

3.0 >3.0 

4.0 2.5->3.0 

Melaleuca swamp forest 

0.5 1.43 (2.1) 

1.0 <0.01 

1.5 <0.01 

Wet monsoon forest 

0.25 0.54 (0.76) 

0.4 0.20 (0.30) 

0.7 0.01 (0.006) 

5.4 Discussion 

Changes in soil water stored in the top 4 in of the soil profile correspond closely 

to rainfall events at the start of the 1998-99 wet season. Between 17 October and 

11 December 1998, 1123 mm of rain was recorded. During this period, soil water 

store at Pit 1 increased by 979 mm and at Pit 2 by 1086 mm. TDRs proved to be a 

very reliable method of measuring soil water content, accounting for most of the 

incoming water, even during high intensity rainfall events associated with 

Cyclone Thelma. 
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Relatively high saturated hydraulic conductivity in the top 0.2 in of soil support 

measurements which indicate that most rainfall can enter the soil profile and that 

surface runoff was low. During the two days of heaviest rainfall resulting from 

the cyclone, average rainfall intensity was 7.6 mm h 1  and 17.9 mm h' 

respectively. Mean Ksat  at 0.2 in was 18.5 mm W. Maximum recorded rainfall 

intensity was 71 mm h' and during such heavy events conductivity of the soil 

would not have been high enough (mean Ksat  was 18.5 mm h 1) and surface runoff 

would have resulted. Savanna soils typically have high surface infiltration rates, 

but runoff may be as high as 80% during very heavy rainfall (Cook et al. 1998). 

In a South American savanna, runoff from a sandy loam soil overlying laterite 

was only between 0.7 and 2.7% of annual rainfall, where surface Ksat was 223 mm 

h (San José etal. 1995). 

5.4.1 Changes in soil water store during the early dry season 

Analyses of rate of change in soil water store of each depth zone indicate different 

phases of water loss from the profile during the wet-dry season transition. At 0.2, 

0.5 and 0.7 in, there was an initial period of very rapid water loss following the 

last significant rainfall of the wet season on 26th  April 1999. Water lost during 

this phase would be due to a combination of drainage, lateral flow and 

evapotranspiration. At the three upper probes, this first phase lasted for about 12 

hours; at 1.2 in, this phase was only about 6 hours long. Ksat at these depths was 

around 0.5 in d'. 

Saturated flow ceases when soil reaches field capacity. The next phase of water 

loss, during late April and early May 1999, would therefore represent water loss 

due to unsaturated vertical and lateral flow and evapotranspiration. Unsaturated 

hydraulic conductivity (Ku) is a complicated function related to soil water 

potential ('I'soil)  and water content (0), and is difficult to measure directly 

(Marshall and Holmes 1988). Models of Ku  rely on an accurate description of the 

W(0) relationship, which was not successfully determined for the soils at this site. 

An important direction for future work on the water balance of the Howard East 

catchment is the characterisation of the W(0) and K(0) functions. However, E 
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was estimated at 1.3 rmn d' and E at 2.8 mm d' during the early dry season 
(Hutley et al. 2000), suggesting the remaining water loss from the profile (about 
5.2 mm d 1 ) was due to unsaturated flow. 

Unlike the upper probes, at 1.2 in there was a single phase of redistribution 
following the initial period of rapid decrease in S. This rate remained unchanged 
at 2.4 mm d' until the end of May. 

The third phase of AS identified was 0.2 mm d 1  at 0.2 in, 0.3 mm d' at 0.5 in and 
0.3 mm d' at 0.7 in. This rate of water loss was presumably dominated by ET, 
and had a small component representing unsaturated flow. Ku  would have been 
very low at this time, since O had decreased significantly. This phase lasted 
about 3 weeks until the end of May 1999. This rate, where AS is very similar to 
ET, represented water loss primarily due to overstorey transpiration, soil 
evaporation and a small amount of understorey transpiration. Annual grasses, 
which dominated understorey transpiration, had died, and ET was then dominated 
by tree water use. Hutley et al. (2000) estimated ET at this time to be 2 mm 
tree water use at a site similar to the one used for the present study was 1.3 mm d' 
(Chapter 3). Rate of water loss from the upper profile (to 1.2 m) was 3.2 mm d 1 . 
This can be partitioned into evaporation and tree transpiration from the 0.2, 0.5, 
0.7 and 1.2 in layers, with some unsaturated flow out of the 1.2 in layer still 
occurring (the difference between ET and AS). 

5.4.2 End of dry season water loss 

Mid- to late-dry season rates of water loss from the soil profile indicate that there 
was no change in S for the upper 1.2 in. The small amount of water lost from the 
0.2 m layer was clearly due to evaporation. In order to continue to transpire and 
maintain high pre-dawn leaf water potentials (Chapter 3), trees must access water 
from below the laterite layer. Measurements of root distribution confirm the 
presence of roots at depths of 3 - 4 in. Similar excavations of eucalypt open-
forest in Kakadu National Park found roots did not penetrate the laterite layer, 
which had an average depth of 0.6 in (Werner and Murphy 2001). Soil water 
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storage data from the present study indicate it is unlikely that sufficient water 

could be stored in 0.6 in of soil to maintain dry season tree water use. 

Tree water use by eucalypt open-forest was 0.9 mm d' during the late dry season 

(Chapter 3). Water stored in soil between 1.5 and 4 in depth at the end of the dry 

season (July - October) accounts for about 75% of this transpiration rate (Table 

5.5). If the depth zone for the bottom probe is extended to 5 in (assuming soil 

below 4 m is similar to that in the zone 3.5 to 4.0 m), then mean AS for the profile 

is 1.1 mm d', sufficient to account for tree water use. Given that groundwater 

levels are 10 - 12 m below the soil surface by the end of the dry season (Cook et 

al. 1998), it is unlikely that savanna trees utilise groundwater to maintain 

transpiration through the dry season. This is in contrast to suggestions that 

eucalypt open-forest may rely on groundwater as a water source (Prior et al. 1999, 

O'Grady et al. 1997). 

There was a net gain in soil water store during 1999 as a result of the larger than 

average wet season. In northern Australia long-term groundwater records reflect 

annual rainfall (Jolly and Chin 1991). The water table is closer to the soil surface 

following large wet seasons, and does not decline as far below the surface during 

the subsequent dry season. Similarly, soil water store would be expected to show 

a net loss following lower than average wet seasons. While measurements from 

the 1998-99 wet-dry cycle indicate that there was sufficient water to account for 

ET in 5 m of soil, these measurements followed two of the largest recorded wet 

seasons of the 20th Century (1997-98 and 1998-99). One or several lower than 

average wet seasons could see a decline in soil water store, and trees may have to 

exploit a larger volume of soil to maintain transpiration rates. It is unlikely that 

trees would be able to exploit groundwater, as asserted by O'Grady et al. 1999, 

since minimum groundwater depth during a dry season is directly resultant from 

the amount of rainfall during the previous wet season (Jolly and Chin 1991). One 

or several lower than average wet seasons would therefore see minimum 

groundwater depth decline, and groundwater would be further out of reach of tree 

roots. 
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Estimates of PAW indicate that there should be sufficient water between field 

capacity and wilting point to account for annual ET of 958 mm (Hutley et al. 

2001) in the top 4 in of soil. However, O(ji) measurements were made under 

laboratory conditions on samples removed from the profile, not in-situ. This 

removed any overburden pressure that would reduce the volume of water held at a 

given wm;  this is especially relevant since Cook et al. (1998) suggested soils at 

depth are swelling clays. Hence PAW was likely to be an over-estimate. In 

addition, estimated PAW was increased when water extracted below estimated 

wilting point was included. While trees can extract water from soils with Wm 

below wilting point (as evidenced by mid-day leaf water potentials of around -2 

MPa, Chapter 3), vapour flux out of the soil is likely to account for much of the 

water lost below wilting point in the top 1 in soil. Measurements of 0, below 

wilting point at 1.2 in, however, are probably due to root water extraction. Cook 

et al. (1998) also reported extraction below wilting point between 1.5 and 2.5 in 

depth. Using real-time data to determine changes in soil water store were much 

more useful than PAW for accounting for ET and determining likely rooting 

depth. 

Estimates of field capacity from drying curves indicate that the field capacity 

water contents taken from Calder and Day (1982) were quite useful. Water 

contents at field capacity have been reported in the range 0.27 - 0.42 m3  m 3  for 

Australian red earths (Stace et al. 1968, Calder and Day 1982), which correspond 

well with the range estimated from volumetric water contents measured in the 

present study. 

5.4.3 Drainage and Ksat  in a eucalypt open-forest 

Standing water level was approximately 1.5 in below the soil surface at the end of 

the 1999 wet season. It was not until the water table receded that soil below the 

laterite layer began to drain, which occurred about three weeks after the last 

rainfall. At 2.0 in in Pit 2, soil began to drain from saturation more than a week 

after soil at 1.2 in had reached field capacity. At 2.9 in in Pit 1, however, drainage 

did not begin until a month after soil at 1.2 in had drained. Changes in S at both 
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Pit 1 and 2 were rapid, at 8 mm d for Pit 1 and 4.5 mm d' for Pit 2. Saturated 

flow from the 3.0 in layer of Pit 2 was also extremely rapid. It is unlikely that this 

pattern was an instrument error or artefact, since soil water store above the lower 

sensors decreased before the lower sensors detected any change (ie. water from 

upper soil drained into the lower layers). Ksat  at these depths is very high (> 3.0 in 

d'), and also highly spatially variable. Clay content increased with depth (Cook 

et al. 1998), and consequently Ksat  should decrease with depth (Youngs 1991). 

Williams et al. (1980) observed this pattern in red earths at Katherine (N.T., 

Australia); Ksat  decreased with depth to 0.01 in d' at 4 in. In the present study, 

the opposite pattern was observed. Large macropores were observed in the lower 

soil profile (Plate 5.2). Such structures, possibly old root channels or preferential 

flow paths, would enable free water in saturated soil to move away very quickly. 

Very high Ksat  values and rapid drainage at depth may be explained by the 

presence of these macropores. The observed differences in S between Pits 1 and 2 

may also be explained by spatial variation in the presence of macropores, if more 

macropores were close to Pit 1 than Pit 2. Ruprecht and Schofield (1993) found 

that laterite imder jarrah forest in Western Australia had high rates of Ksat  (2.7 in 

d 1 ), and that the gravel-filled macropores within the laterite had extremely high 

Ksat  (around 10 in d). In lateritic soils, macropores may account for almost 

100% of recharge through the laterite layer (Sharma etal. 1987). 

Saturated drainage into the 1.2 in soil layer was estimated to be 431 mm during 

the 1998 - 99 wet season (Fig. 5.10). This agrees well with Cook et al. (1998), 

who estimated shallow throughflow and drainage at 410 mm. Water moving into 

the 1.2 in layer would either drain vertically into deeper soil, or be directed 

laterally by the laterite layer into streams and swamps. The presence of 

macropores would result in high spatial variability in the amount of water moving 

either laterally or vertically. 
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Plate 5.2: Macropores observed during an excavation for root biomass under a eucalypt 

open-forest near Darwin, Australia. These photos were taken at 3.5 m depth. 

Wristwatch and pen show scale. 
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5.4.4 Soil matric potential 

Despite being reasonable estimates of field capacity, Calder and Day's (1982) data 

were not useful for modelling (0) at all depths. Saturated water contents were 

not given, and had to be estimated either as part of the model, or from TDR data. 

Both approaches were unsatisfactory, resulting in poorly fitting curves and 

unrealistic parameter estimates. Models for the upper soil failed when observed 

O, was lower than residual water contents predicted by the models. Although this 

exercise suggested that 11rn  of soil at depth was sufficiently higher than wilting 

point to enable trees to utilise water there, it highlights the difficulties of 

modelling (0) and the importance of obtaining site-specific N/rn  data. 

It is unlikely that soil below the laterite layer reached N/rn  of lower than -1.5 MPa 

by the end of the dry season. Volumetric water content of upper soil (0.2 and 0.5 

m) became very low during the dry season (for example, in Pit 1, 0.03 and 0.13 

m3  m 3  respectively) and N/rn  would have been below wilting point. Water content 

at wilting point in other red earths ranges from 0.08 - 0.27 m3  m 3  (Stace et al. 

1968). Soil at depth, however, was sufficiently above wilting point and roots 

found at these depths confirm that trees use water from below the laterite layer. 

5.4.5 Saturated hydraulic conductivity and riparian communities 

Measurements of Ksat  indicated high spatial variability. This is a common 

observation, particularly in surface soils (Bridge et al. 1983, Ruprecht and 

Schofield 1993, San José et al. 1995). The differences in estimates of Ksat  

between three communities clearly explains the difference in vegetation types: 

run-on sites have very low Ksat  with depth and so remain flooded and unsuitable 

for trees which cannot tolerate waterlogged conditions. Areas where open-forest 

is found have rapid drainage, a feature common to savanna vegetation (Goldstein 

and Sarmiento 1987). 
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5.5 Summary and conclusions 

Despite the suggestion that eucalypt open-forest may be reliant on accessing 

groundwater to maintain dry season transpiration, analysis of soil water dynamics 

of the upper 4 in of soil indicate that it is unlikely that trees in this community 

utilise groundwater. During the wet season, changes in soil water store suggest 

that both overstorey and understorey vegetation used water in soil above a latente 

duncrust layer at 1.2 in. Drainage to the laterite layer was dominated by saturated 

flow, and occurred in discrete events. One event following Cyclone Thelma 

accounted for 40% of annual recharge. Following the cessation of wet season 

rains, soil water store in the upper soil was sufficient to maintain understorey 

transpiration for several weeks. Trees used water from both above and below the 

duricrust layer during the dry season and exclusively from soil below the duricrust 

by the end of the 1999 dry season. Change in soil water store to 4 in accounted 

for around 75% of late dry season transpiration. 100% of transpiration can be 

accounted for if rooting depth is set to 5 m. 

These data have important implications for hydrological models. Groundwater is 

an important resource in the Top End of Australia, where increased horticultural 

activity and urbanisation have dramatically increased anthropogenic use of 

groundwater. Hydrological models traditionally account for soil water dynamics 

only in the top 1 in of soil, justifying this from extensive evidence that most roots 

are concentrated here (Holbrook et al. 1995, Canadell et al. 1996). In wet-dry 

savannas, however, the remaining fraction of deep roots may be critical for the 

survival of overstorey vegetation (Le Maitre et al. 1999). 
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Chapter 6: Idenfification of water sources of Melaleuca viridiflora using stable isotopes of water 

6.1 Introduction 

Melaleuca swamp forests, found in many low-lying areas throughout the Gunn Point 
region near Darwin, become inundated during the tropical wet season and often 
remain flooded for part of the dry season (June - July). These areas are important 
refugia for birds and animals during the dry season. In these communities, 
groundwater declines to 3 in below the surface by the end of the dry season, while 
flooding during the wet season to approximately 0.5 in above the surface. There is 
substantial evidence that plants which experience seasonal drought may utilise 
groundwater when soil water availability is low (Mensforth et al. 1994, Thorburn and 
Walker 1994, Dawson and Pate 1996). While there is no evidence that trees in 
eucalypt open-forest adjacent to Melaleuca swamp forests use groundwater during the 
dry season (Chapter 5), given the closer proximity of groundwater to the surface at 
Melaleuca swamp forest sites, trees here may utilise groundwater at some time during 
the year. Furthermore, a recent report on groundwater dependence of ecosystems 
throughout Australia suggested that Melaleuca swamp forests may be rhighly  
dependent' on groundwater (Hatton and Evans 1998). 

6.1.1 Plant water uptake 

Root mass density of trees is largest in the upper soil profile, and decreases with depth 
(Kimber 1974, Kummerow et al. 1990, Jackson et al. 1996). A single tap root or 
several large sinker roots, which give rise to fine laterals in the sub-soil, may also be 
present (Crombie et al. 1988, Jackson et al. 1996). Mensforth and Walker (1996) 
found that Melaleuca halmaturorum had the largest root mass in the top 0.2 in of soil 
and that mass decreased with depth. Growth of root tips in M. halmaturorum is 
seasonal, with new roots appearing deeper in the profile as groundwater recedes and 
water availability in the upper soil decreases (Mensforth and Walker 1996), indicating 
that these trees can adjust the location of active roots responsible for water uptake in 
response to changes in water availability through the soil profile. 
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The presence of roots, however, does not indicate whether they are active in the 

absorption of water (Elerhinger and Dawson 1992). Water may be absorbed from 

several sources by trees: soil water, groundwater or ponded surface water. Small 

rainfall events will hydrate only the upper soil; however, evaporation may remove 

most of this water before it is used by plants (Passioura 1988). Larger rainfall events 

may drain to deeper parts of the soil profile and eventually the water table. Soil water 

at depth may also be derived from groundwater, if capillary action draws water into 

the unsaturated zone (Barnes and Allison 1988). 

A number of methods have been used to investigate the source of water used by 

plants. Seasonal behaviour of tree leaf water potential and stomatal conductance have 

been used to infer root distribution and thus the zone of water extraction, (Cermak et 

al. 1980, Crombie et al. 1998). Once drainage has ceased, changes in soil water 

content and water potential with time and depth can indicate where roots are actively 

removing water from the surrounding soil (Dye 1996). In addition, where soil is 

heterogeneous, it can be difficult to accurately estimate the uptake of water from a 

particular zone. Introduced tracers such as 32P (Jamaludheen et al. 1997) and lithium 

(Sayre and Morris 1940, Haase et al. 1996) have been used to label groundwater or 

soil water at a particular depth; the appearance of the tracer in the plant indicates 

uptake from that depth. 

More direct methods of root observation are commonly used to determine sources of 

plant water; for example root excavations (Kimber 1974, Becker and Castillo 1990, 

Seghieri 1995) and soil cores (Franco and Abriqueta 1997). These direct methods are 

destructive, expensive and slow and provide only a single measurement of spatial and 

temporal root distribution. While root observation chambers (Nicoullaud et al. 1994, 

Robertson 1997) can provide information about temporal as well as spatial changes in 

root distribution, the presence of roots may not be a reliable indicator of their activity 

(Ehleringer and Dawson 1992). Observations of roots are therefore able to infer 

likely patterns of water uptake only. One method that has been used to non-

destructively determine both spatial and temporal aspects of sources of plant water 

uses naturally occurring stable isotopes of hydrogen, deuterium (2H) and oxygen, 

oxygen-18 (180) 
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6.1.2 Using stable isotopes to identj5' water sources 

Stable isotopes have been used for various hydrological studies of the unsaturated 

zone of soils (Barnes and Allison 1988) and to determine the source of aquifer 

recharge (Mazor 1991) and transpiration of leaves (Allison et al. 1985). Dawson 

(1993) reported the use of 2H and 180  to determine root function in a semi-arid 

community, and the relationship of root function to distribution of local species and 

competition amongst them. A common use of stable isotopes is to identify the source 

of water used by plants. The technique has been applied across a wide range of 

species and habitats (eg. Brunel et al. 1990, Jackson et al. 1995, Thorburn and 

Ehleringer 1995). 

The technique relies on the measurement of the ratio of the heavy isotope 180  relative 

to the more abundant 160 (18O) and the ratio of the heavy isotope deuterium 2H to 

protium 'H (62H). Values of 6180  and 62H in xylem water are compared to those in 

water of various components of the environment (upper or sub-soil, groundwater, 

surface or stream water) from which the plant may be obtaining its supply. The ratio 

of heavy to light isotopes found in the tissues of the plant is assumed to most closely 

reflect the isotopic composition of the source. Successful application of the method 

relies on possible sources of water having different isotopic signatures. 
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Figure 6.1: Long term monthly means of 2H  values (%o, ± SD) for rainfall at Darwin airport 

a) for each month and b) as a function of mean monthly rainfall (mm). Data from 

International Atomic Energy Agency (1992), collected between 1962 and 1987. Rainfall data 

from Bureau of Meteorology, Darwin; long term mean rainfall calculated from data collected 

between 1941 and 2000. 

Differences in isotopic composition of water from different sources may arise from 

several causes. First, the isotopic composition of atmospheric water is a function of 

temperature (Clark and Fritz 1997), which can lead to marked differences between the 

isotopic composition of rain falling in winter and summer (Mazor 1991) and across 

latitudinal and elevational gradients (Ehleringer and Dawson 1992). Second, isotopic 

composition of rainfall is also influenced by the 'amount effect': the heavier the 
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rainfall event, or the larger the amount of monthly precipitation, the more depleted the 
signature (Mazor 1991). This has particular relevance to tropical monsoonal climates, 
where rainfall is highly seasonal and monsoon rains extremely intense. To 
demonstrate this, mean monthly deuterium composition and the relationship between 
mean monthly rainfall and mean monthly isotopic composition of rainfall for Darwin, 
Australia, are shown in Fig. 6.1 (International Atomic Energy Agency 1992). The 
isotopic composition of rain falling during the monsoonal wet season (December to 
April) tends to be more depleted (ie. more negative in value) than for rain falling 
during small, isolated events that occur during the dry season. 

A third source of variation in the isotopic composition of water is evaporation from 
bodies of water or surface soil. This results in the remaining water being enriched in 
heavy isotopes, since isotopically light water molecules evaporate more efficiently 
than heavy ones (Mazor 1991). The isotopic signature of surface waters can also 
depend on upstream environment and rainfall. When entering the soil profile, rainfall 
may become further fractionated as a result of evaporative processes; this will be most 
prevalent in the upper soil layers. In addition, fractionation may also occur through 
the unsaturated profile due to vapour movement from groundwater into the soil profile 
(Mensforth 1996). As a result, groundwater may have an isotopic signature different 
to that of rainfall or soil water, depending on the source, time of recharge and age of 
groundwater. 

The use of naturally occurring isotopes to determine sources of plant water is based 
on a number of assumptions that allow the isotopic composition of plant water to be 
compared to that of possible sources. It is assumed that there is no isotopic 
fractionation of either hydrogen or oxygen isotopes during water uptake and 
subsequent transport between roots and shoots, until it reaches the tissues undergoing 
evaporative loss (ie. leaves) where evaporative enrichment occurs (Ehleringer and 
Dawson 1992). This has been demonstrated in a number of studies of various 
species, including Eucalyptus species (Brunel et al. 1990, Walker and Richardson 
1991, Thorburn et al. 1993), Melaleuca halmaturorum (Mensforth and Walker 1996), 
Callitris preissii and Casuarina glauca (Walker and Richardson 1991) and Agropyron 
elongatum (Bleby et al. 1997). Numerous studies have shown that leaves, being the 
site of evaporation, are enriched compared to non-evaporative parts of the plant 
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(Brunel et al. 1990, Bleby et al. 1997). Furthermore, xylem sap from twigs of two 

Eucalyptus species was not significantly different in isotopic composition from sap 

obtained from core samples of the trunk (Thorburn et al. 1993). A further assumption 

of the method is that extraction itself does not result in any change in isotopic 

composition of water. This has been demonstrated for both soil and plant material 

(McEwan and Leany 1996). 

Studies using stable isotopes of water to determine the source of plant water have 

been conducted in a wide range of communities including semi-arid (Brunel et al. 

1990), temperate forest (White et al. 1985, Dawson and Pate 1996, Farrington et al. 

1996), tropical forest (Jackson et al. 1995), riparian (Busch et al. 1992, Thorbum and 

Walker 1993, Mensforth et al. 1994) and plantation forests (McEwan and Leany 

1996). In one of the earliest studies, White et al. (1985) demonstrated that trees in a 

white pine forest alternated water uptake between deeper and surface soil layers, 

depending on the recent pattern of rainfall. Brunel et al. (1995) combined 

measurements of soil water potential and stable isotope composition to demonstrate 

that mallee eucalypts used water principally from the unsaturated zone, only using 

groundwater during the dry summer period. Flanagan and Ehleringer (1991) showed 

that two species in a semi-arid ecosystem in Utah did not utilise soil water resulting 

from summer rainfall, which represented 3 0-40% of annual rainfall, but instead used 

groundwater. However, two other species in the same community did use soil water 

resulting from summer precipitation (Flanagan and Ehleringer 1991). These different 

strategies for plant water use can be related to the rooting patterns of each species; 

those which were able to exploit surface soil water had a much larger distribution of 

lateral roots, particularly in the soil layers close to the surface (Flanagan and 

Ehleringer 1991). 

Thorbum and Walker (1993) showed that Eucalyptus camaldulensis on a saline 

floodplain of the river Murray of South Australia switched from saline groundwater to 

less saline soil or stream water as these became more available. Related studies 

suggest that it was not creek water but soil and groundwater that were the main 

sources of water for these trees growing at the creekside (Mensforth et al. 1994). 

Jackson et al. (1995) compared the phenology and isotopic signatures of species in a 

lowland tropical forest in Panama and found that evergreen species had access to 
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more abundant soil water at depth than did deciduous species. While Jackson et al. 

(1995) were able to use only 62H to clearly identify water sources, using only one 

isotope to identify water sources of E. camaldulensis did not provide a definitive 

result (Thorburn and Walker 1993). In this case both isotopes were used to 

distinguish between possible sources with similar 62H but different 180 where 

measurement of 2H alone did not detect differences. 

Recent attempts have been made to apply the technique of stable isotope analyses to 

determine the source of water used by communities in wet-dry tropical savannas of 

the Northern Territory. Sampling of groundwater and soil from a eucalypt-dominated 

savanna site showed very little difference in isotopic composition between soil water 

and groundwater (Cook et al. 1998). Soils in these savannas have an extremely high 

transmission rate (Chapter 5), especially following heavy monsoonal downpours, 

leading to a lack of fractionation of isotopes of soil water. However, soils of 

Melaleuca swamp forests tend to be less transmissive, and groundwater is closer to 

the soil surface throughout the year. Given previous investigations of Melaleuca 

species (Mensforth and Walker 1996) and preliminary studies of M. viridifiora in a 

Melaleuca swamp forest (Hatton et al. 1998), the application of isotopic techniques to 

determine sources of water used by M viridiflora may be appropriate in this tropical 

wetland system. 

This chapter reports the use of stable isotopes to determine the source of water used 

by M. viridflora in a seasonally flooded swamp forest in the Howard River East 

catchment. In order to maintain transpiration throughout the year (see Chapter 3), it is 

hypothesised that M. viridflora will adjust the location of water uptake to reflect 

water availability; that is, to where water is most easily available. This source may be 

the unsaturated zone of the upper soil or, during the late dry season when water 

availability in the upper soil is very low, the source may be groundwater. Trees may 

also use a proportion of both soil and groundwater. The aims of this study are (1) to 

determine the source of water use by M. viridflora, whether soil water, groundwater 

or a combination of both; and (2) to determine whether seasonal changes in 

groundwater depth and soil water availability result in a change in the use of these 

sources by M. viridijiora. 
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6.2 Methods 

6.2.1 Sampling of groundwater, soil and plant material 

To investigate the likely source of water taken up by M. viridiflora at different times 

of the year, samples of branches, soil and groundwater were taken in July (dry season) 

and October (late dry season) 1998, and May (wet season), August (dry season) and 

October (late dry season) 1999. The area was inundated during the May 1999 

sampling, with surface water being 0.5 - 0.7 in deep in the sampled area; at this time 

surface water was also sampled. 

6.2.1 .a Groundwater 

Groundwater samples were taken from three piezometers installed in the main area of 

the swamp (NT Power and Water Authority identification numbers 39082, 39083 and 

39084). These were pumped empty to remove the standing water that had been in 

contact with the atmosphere and may have become enriched through evaporation, and 

allowed to refill for several hours. Groundwater from each bore was then sampled in 

20 ml bottles with screw lids. The lids were sealed with plastic film and stored 

inverted. In November 1998, bore 39082 was dry, and so only bores 39083 and 

39084 were sampled. 

6.2.l.b Soils 

Soil samples were taken using a 10 cm diameter hand auger. In July 1998, three cores 

to 1.5 in (intervals 0 - 0.5, 0.5 - 1.0 and 1.0 - 1.5 m) were taken to assess spatial 

variation in isotopic composition. Variation between samples was similar to that 

expected from experimental error (approximately ± 1 .3%o). To demonstrate this, in 

Fig. 6.3a error bars represent experimental error, while in Fig. 6.3i (July 1998 

samples) error bars show variation between three samples at each depth. Thereafter a 

single core was taken, in a randomly selected area at least 20 in into the swamp. 
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Further sampling in August and October 2000, with replicated soil cores, has not been 

analysed due to difficulties sourcing depleted uranium for the mass spectrometer. 

In November 1998 and October 1999 soil was sampled to 2.3 in and 2.0 m 

respectively, at the following intervals: 0 - 0.1, 0.1 - 0.3, 0.3 - 0.5, 0.5 - 0.75 and 0.75 

- 1.0 m (both sample times); 1.3 - 1.6, 1.6 - 2.0, 2.0 - 2.3 and 2.3 - 2.6 m (1998) and 

1.3 - 1.5, 1.5 - 1.7, 1.7 - 1.9 and 1.9 - 2.0 in (1999). In August 1999 samples were 

taken to the groundwater (0 - 0.1, 0.1 - 0.3, 0.3 - 0.5 and 0.5 - 0.75 m). Although the 

site was inundated in May 1999, a metal frame was used to create an area where the 

surface water could be pumped out and two soil samples (0 - 0.2 in and 0.2 - 0.4 m) 

were taken. 

Samples were stored in clean glass jars with screw lids, which were sealed with 

plastic film and stored inverted to prevent any enrichment due to evaporation. 

6.2.1 .c Plant material 

Plant material was taken from three individual mature M. viridfiora trees at each 

sampling time. A number of branches of at least 1 cm diameter and from the 

secondary and tertiary branches were cut from several areas of the canopy, in order to 

estimate variability and provide a sample representative of the whole canopy. 

Samples were cut to 5 cm lengths, placed in screw lid jars full of kerosene and sealed 

with plastic film. 

6.2.1 .d Surface water 

Surface water was sampled in May 1999; it was not present during other sampling 

times. Three samples were taken from undisturbed water 0.2 in below the water 

surface and stored in 20 ml screw lid bottles, sealed with plastic film and stored 

inverted. 

6.2.2 Analysis 

Plant material and soils were azeotropically distilled in kerosene, following the 

methodology of Revesz and Wood (1990) and Thorburn et al. (1993). This method is 
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based on the principle that an azeotrope has a boiling point different from either of its 

constituents (Revesz and Woods 1990). The distillation of the sample with kerosene 

forms an azeotrope between the kerosene and water in the sample. The water then 

condenses out of the azeotrope and can be retrieved, since it is immiscible with 

kerosene at ambient temperature. Distillation took place in a Dean-Stark apparatus 

(Revesz and Woods 1990) and retrieved water was collected and stored in glass jars 

with screw lids. Wax was melted on the surface of the water to remove any residual 

kerosene. 

Surface and groundwater, and water extracted from soil and branches, was analysed 

for 82H through stable isotope mass spectrometry for 62H by reducing 25 .t1 of water 

to H2  over uranium at 800 °C. For the measurement of 6180  one ml of water was 

equilibrated with CO2  in a small, pre-evacuated rubber-top vial. Samples were 

analysed using a dual inlet gas ratio mass spectrometer (Europa Scientific Ltd.). 

Isotopic concentrations were expressed as delta (6) values per mille (%o) relative to 

the standard SMOW (Standard Mean Ocean Water). The isotopic composition of 

SMOW is known, and the absolute isotopic composition of the sample was compared 

to this. Delta values were calculated using the formula: 

R1  
R5 —1 

(6.1) 

where R is the ratio of heavy:light isotope, I is the isotope sample, s is the standard, 

81H refers to 2H and 8180  to 180  Sampling and analysis precision is approximately 

±1.3 %o  for 62H and ±0.3 %6o for 6180 values for soils (Revesz and Woods 1990) and 

plant material (E. camaldulensis, Thorburn etal. 1993). 

6.2.3 Soil matric potential 

Soil matric potential (Wsoii)  was measured on soil sampled at the same time as samples 

for isotopic analysis were taken. Matric potential was measured using the filter paper 

134 



Chapter 6 

method (Fawcett and Collis-George 1967) using the calibrations of Greacen et al. 

(1989) for Whatman No 42 filter papers. 

Filter papers were oven-dried at 105°C for several days before use. Three filter 

papers were individually pre-weighed and placed between two layers of soil in a 120 

mm diameter tin. The tins were sealed and allowed to equilibrate in a constant 

temperature room at 22°C for between five and ten days. The papers were removed, 

and the middle one was quickly weighed. The filter papers were then oven-dried at 

105°C for three days and carefully re-weighed to account for any soil particles lodged 

on the paper. The relative water content of the paper was then used to calculate 's0j1 

using calibrations of Greacen et al. 1989. 

6.3 Results 

All groundwater, soil and branch samples were analysed for 62H. Following the 

examination of these data, selected samples were analysed for 6180  so that sources of 

water used by M. viridflora could be more clearly determined. These data are 

presented in several formats in this section. Fig. 6.2 presents 62H data from 

groundwater, branches and soil between 0 and 0.75 in depth as a time series between 

dry season 1998 and late dry season late dry season 1999, so that changes in isotopic 

signature between sampling periods were clear. Fig. 6.3 presents these data, plus any 

additional (deeper) soil data, with depth for each sampling period. This provides 

more spatial and temporal detail than Fig. 6.2, and a clearer understanding of 

similarities between 62H signatures of plant material and soil and groundwater 

signatures during each sampling period. Fig. 6.4 presents both 62H and 6'80 data, 

where applicable, in a two-dimensional plot so that signatures of both isotopes in 

plant material could be compared to possible sources of water. 

6.3.1 Groundwater deuterium composition 

Standing water levels in the Melaleuca swamp forest ranged from —3.5 in at the end of 

the dry season to +0.15 in during the wet season. This meant that the shallowest bore, 
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which is screened at 2.5 - 3.0 in, was dry and so could not be sampled at the end of 
the dry season in 1998. The 62H composition of groundwater sampled from the three 

piezometers remained reasonably constant between sampling periods. Mean isotopic 
composition throughout the study was -30.9 %o ± 1.7, -26.2 %o ± 0.7 and -29.4 %o ± 

1.1 for the shallowest to deepest bores respectively (Fig. 6.2). Due to inaccessibility 
of the site during the 1998-99 wet season, the bores were not sampled mid-wet 
(January). 

Surface water was present during the end of the 1999 wet season sampling at an 

average depth of 0.50 in, and a mean (n = 3) 62H value of-38.8%o ± 1.36 (Fig. 6.3f). 
This value agrees with that recorded by Hatton et al. (1998) from surface water 
sampled in March 1998. 
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Figure 6.2: a) Deuterium values ( 2H; 96o) for plant water, soil water at 0-0.1 m, 0.1-0.3 m, 

0.3-0.5 m, 0.5-0.75 m and groundwater from three piezometers: 30982, 30983 and 30984 

from July 1998 to October 1999 and b) Total monthly rainfall (mm) at Darwin airport 

between April 1998 and December 1999 (Bureau of Meterology, Darwin). 
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Table 6.1: Groundwater depth below ground level (m BGL), isotopic composition (960) and 

rainfall (mm) in the 30 days prior to sampling. Negative values of standing water level 

(SWL) indicate a water level above the ground surface. Dates with an * indicate data taken 

from Hatton et al. (1998). 

Piezometer ID 

and screen depth 

Sample date SWL 

m BGL 
6211 ' I8O rainfall in 30 

days prior (mm) 

30982 

(2.7-3.0m) 

912.09.97* 1.27 -32.9 -4.9 0 
13.01.98* 0 -31.5 -5.26 484 

23.07.98 1.1 -31.4 -5.16 0 

13.11.98 >3.0 - 232 

26.05.99 -0.15 -32.8 0 

19.08.99 0.75 -32.9 0 

06.10.99 1.63 -33.53 -5.62 0 

30983 
(5.0-5.5m) 

912.09.97* 1.35 -25.1 4.36 as above 
13.01.98* 0.03 -26.2 4.43 

23.07.98 1.3 -24.9 -4.23 

13.11.98 3.3 -25.0 

26.05.99 0.17 -26.6 

19.08.99 0.9 -28.6 

06.10.99 1.9 -25.5 4.60 

30984 

(7.0-7.3 m) 

912.09.97* 1.31 -31.4 -4.63 as above 
13.01.98* 0.05 -30.7 4.71 

23.07.98 1.25 -28.6 4.65 

13.11.98 3.05 -26.5 

26.05.99 -0.35 -29.4 

19.08.99 0.8 -26.2 

06.10.99 1.7 -28.3 -4.78 

6.3.2 Isotopic composition of soil water 

In contrast to groundwater, the isotopic composition of soil water showed 

considerable variation between seasons, with 62H values ranging from -0.25 96o to -44 

% (Fig. 6.2a). The largest variation in signature occurred at 0 - 0.1 in depth, where 

2H values ranged from -0.25 %o  to -39.98 %o (Fig. 6.2). Soil water at this depth was 

most depleted at the end of the wet season 1999. The 62H value decreased during the 
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wet season, then became more enriched (ie. less negative in value) during the dry 
season due to evaporation from the soil surface (Fig. 6.2). Soil from 0 - 0.1 in was 
highly enriched in November 1998 (Fig. 6.3d) as a result of rainfall during the 30 days 
preceding sampling. Rain during November was usually highly enriched (Fig. 6.1 a). 

The 62H values of soil water from 0.1 to 0.75 in showed less variation with time (e.g. 
5.0 9/oo at 0.5 - 0.75 m) compared with 0 - 0.1 in and were also more negative (Fig. 
6.2). When soil was sampled deeper than 0.75 in (late dry season 1998 and 1999), 

2H values were similar to the upper soil (0.1 - 0.5 m), with the exception of the 
enriched surface soil (0 - 0.1 in; Fig. 6.3a and i). Soil at depth (1.5 —2.0 m) was also 
more enriched at the end of the dry season in 1998 than 1999 (Fig. 6.3d and i). 
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Figure 63: Branch, soil, groundwater and surface water 62H (%o) values and soil matric 

potential (-MPa) data for 1998-99. Soil values (,) are presented with technique error of ± 

1.3 %o. the vertical solid bar (with standard error of the mean) are mean values for branches. 

The symbols (is), (0) and (u) represent three bores (ID 30982, 30983 and 30984 respectively) 

from which groundwater was extracted. 

a) and b) late dry season 1997; 

dry season 1998; 

and e) late dry season 1998. 

Data for late dry season 1997 taken from Hatton et al. (1998). (Figure continued next page) 
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Soil matric potential varied with depth and season, ranging from close to zero during 

the dry season to more than -2.0 MPa during the late dry season 1998 (Fig. 6.3). It 

was higher than -1.0 MPa during all sampling times (Fig. 6.3b, h and j), except for 

late dry season 1998, when Wsoil  was less than -1.2 MPa between 0.7 and 2.5 m (Fig. 

6.3e). During late dry season 1997 and 1999, 41soi1  was lower in the upper soil (0 - 0.3 

m) than at depth (0.5 - 2.0 m), where it was close to zero (Fig. 6.3a and j). A region 

of lower '.Vsoil,  about -0.8 MPa, was found at 1.7 m depth during the late dry season 

1999 (Fig. 6.3j). Soil was considerably wetter during the dry season 1999, with Wsoil 

higher than -0.01 MPa between the surface and 0.75 in depth (Fig. 6.3g). 

6.3.4 Deuterium composition ofplant water 

Branch 62H values represent the mean of material from three trees, with the three 

samples generally within several %oo of each other at any given  time. Values follow a 

broadly similar seasonal pattern to that of the upper soil (Fig. 6.2), being most 

depleted at the end of the wet season (43.1 %o), becoming more enriched throughout 

the dry season to reach -2.63 %o (late dry season 1998). Although 62H values at the 

end of the dry season 1998 were much more enriched than the similar period during 

1999 (-2.63%o compared with -36.7%o), branches sampled during the late dry season 

1999 were still more enriched than during the wet season of the same year (43.1 %o). 

The 62H values of branches typically lay between the values for soil and groundwater, 

except during the wet season, when values were much more negative than 

groundwater (Fig. 6.30 and the late dry season 1998 when branch 62H values were 

very similar to those of upper soil (Fig. 6.3d). 

6.3.5 8H- 6180  Comparison 

Not all samples were analysed for 6180  due to the cost of the analysis and access time 

to the equipment. Groundwater samples from the 1998 dry season and 1999 late dry 

season were analysed in order to clarify sources of tree water. 62  H 
- 6180 plots show 

that signatures from Melaleuca swamp forest groundwater were more enriched in both 

isotopes than samples taken from groundwater under the nearby eucalypt open-forest 

during wet and late dry seasons of 1995 (see Cook et al. 1998; also Fig. 6.4). The 
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signatures of Melaleuca swamp forest groundwater were quite similar to the Darwin 
mean rainfall signature (Fig. 6.4). 

- 180 signatures of soil samples were usually more depleted compared with 
groundwater signatures during the dry season (1998) or late dry season (1999; Fig. 
6.4b and e). However, data from Hatton et al. (1998) taken during the late dry season 
1997 show that soil isotope signatures were more similar to groundwater signatures at 
this time (Fig 6.4a). 
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of Darwin rainfall. (continued next page) 
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6.4 Discussion 

6.4.1 Sources of water used by M. viridiflora 

Sources of water used by M. viridflora were determined, in the first instance, by a 

comparison of the 62H values of xylem water with those of soil and groundwater 

samples. If there was not a unique solution (ie. tree water 62H composition suggested 

a number of possible sources), then information about soil water potential (Wsoii)  were 

used to eliminate possible sources where 1lsoil  was low and so less available for 

extraction by plant roots. Finally, if any further evidence was required, 6180 data 

were combined with 62H data in a 2-dimensional plot to determine the most likely 

source of plant water (Fig. 6.4). 

Data for late dry season (September) 1997 are from Hatton et al. (1998) and are 

included here for comparison. During this time, 82H data were ambiguous (Fig. 6.3a). 

Soil matric potential was higher than -1.0 MPa throughout the profile (Fig. 6.3b), 

however, in the upper 0.5 in, qisoil was lower than at depth. A plot of 2H - 

signatures indicated tree water was likely to be sourced from soil water at 0.5 - 1.0 in 

depth (Fig. 6.4a). No significant rain had fallen since April 1997, and so it is 

reasonable to expect that fine roots would be growing in the lower profile as the water 

table receded (Mensforth and Walker 1996) and matric potential decreased in the 

upper soil. Trees were therefore more likely to use soil water at depth (0.5 - 1.0 m) 

where Wsoil  was more favourable. 

During the dry season (July) 1998, trees were sourcing water from soil at 0 - 0.5 in 

depth, as indicated by the 62H - 00 plot (Fig. 6.4b). Soil water availability data were 

not available for this time, and the large sample intervals do not allow enough 

resolution to determine if soil water at the surface or at 0.5 in was being used. There 

is one sample of tree water that is quite different from the others and lies closer to the 

groundwater signatures than any soil water signatures. There are two possible 

explanations for this anomalous sample. The most likely is that the sample jar may 

have been improperly sealed and allowed some enrichment of the sample due to 

evaporation. Alternatively, that particular tree may have accessed groundwater while 
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other, smaller, individuals were using soil water. Standing water level at this time 

was 1.2 m, and so it is possible that the 'outlier' tree had a deeper root system than the 

other trees and could access groundwater. 

Samples taken during the late dry season of 1998 indicate trees were sourcing water 

from soil at both 0 - 0.1 and 0.1 - 0.3 in (Fig. 6.3d). 62H data were supported by high 

Vsoi1 (-0.05 to -0.35 MPa) in the top 0.5 in of soil. Local rainfall records show 232 

nmi of rain fell in the 30 days preceding the sample collection date, which would 

significantly increase water content in the top 0.5 in of soil. Soil samples at depths 

below 0.5 in had matric potentials of approximately -1.5 MPa (Fig. 6.3e). Following 

a large rainfall event, drainage would reduce Wsoil  to field capacity (-0.03 MPa). Prior 

to the rain that increased water availability in the upper soil, trees were probably 

extracting water from soil at 0.5 to 2.0 m depth, resulting in decreased Wsoil  of 

approximately -1.5 MPa (Fig. 6.3e). However, once the upper soil had become wet, 

extraction shifted to these upper layers, as indicated by close matching of 2H 

signatures of upper soil (0 - 0.3 m) and branches (Fig. 6.3d). 

2H data from the end of the wet season 1999 indicate that trees were not using 

groundwater (Fig 6.30. Signatures of soil and plant water do not completely match, 

with plant water error bars only just overlapping with soil water at 0.4 in. This 

suggests that soil water from deeper than 0.4 in may have been used. However, from 

these data it is difficult to exclude the possibility that trees are using either ponded 

surface water or soil water from 0 - 0.4 in depth. 

Groundwater had declined to 0.8 in below the soil surface by the dry season 1999. 

Again, the source of plant water was not clear as the 62H signature for plant water fell 

between the signature for surface soil (0 - 0.1 m) and those for samples to 0.8 in (Fig. 

6.3g). Soil matric potential was higher than -0.004 MPa throughout the profile to the 

water table (Fig. 6.3h) indicating that there was sufficient water for plant extraction. 

Further evidence in the form of 6180 data combined with 62H data indicates that trees 

were most likely sourcing soil water from 0.3 - 0.75 in depth (Fig. 6.4c). 

Groundwater recession during 1999 was less than during 1998, and there had not been 

any rain prior to sampling in contrast to 1998 (Table 6.1). Soil below 0.5 in was 
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wetter during the late dry season of 1999 than during the same period in 1998 (Fig. 

6.3e andj). Regions of lower i () ji in the surface soil to 0.5 in and at 1.5 -1.7 m may 

indicate areas where root water extraction had reduced Wsoil  (Fig. 6.3j), although for 

surface soil this was likely to be due to evaporation. A 62H  - 180 plot for this 

sampling period indicates that tree water samples fell between the signature for soil 

water from 0 - 0.1 in depth and groundwater from the shallowest bore (Fig. 6.4d). A 

simple mixing model (Thorburn and Walker 1993) can explain how the isotopic 

signature of plant material falls between the signatures of two different water sources. 

The signature that appears in the plant material is the result of a proportional 

combination of the signatures from the possible sources. Evidence from 62H - 6180  

plot, in addition to 1JsoiI  data, suggest that there were two regions of water uptake: soil 

at 0 - 0.1 m depth and the capillary fringe of the water table. 

Table 6.2: Summary of likely sources of water used by M. viridflora between 1997 and 

1999. Mean standing water level (SWL) of the water table is also shown. 

Sample time Mean SWL (m) Likely water source 

Late Dry 1997 1.3 soil water 0.5-1.0m 

Dry 1998 1.2 soil water 0 - 0.5 in; groundwater? 

Late Dry 1998 3.2 soil water 0-0.lm 

Wet 1999 -0.15 soil water> 0.4 in 

Dry 1999 0.8 soil water 0.3 - 0.75 m 

Late Dry 1999 1.7 soil water 0 - 0.1 in and groundwater 

6.4.2. Groundwater dependance of M. viridy'lora 

There was some evidence that M. viridflora used groundwater in addition to soil 

water during the latter part of the dry season. Soil water store at this site is 

approximately 340 mm between saturation at the end of the wet season and wilting 

point over a depth of 2.5 in (Hatton et al. 1998). Given that surface water has usually 

dissipated by the end of May and early wet season rains typically begin by the end of 

October, this store would have to supply tree water use for approximately five months 

of the year. During the period when the site was not inundated, stand water use of M. 

viridWora was estimated to be 200 mm (see Chapter 3). The soil water store is 
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therefore sufficient to supply tree water use through the dry season. There is 

evidence, however, that several species of trees will use groundwater even when there 

is sufficient soil water available (Flanagan and Ehleringer 1991), and this appears to 

be the strategy adopted by M. viridiflora. 

Groundwater was at the soil surface at the end of the wet season, and declined 

throughout the dry season (Table 6.1). M. viridiflora used soil water in the top 0.5 m 

at the end of the wet season. Observations of a M halmaturorum root system showed 

an increase in the appearance of new root tips at depth as groundwater receded and 

soil water availability in the upper soil decreased during summer (Mensforth and 

Walker 1996). In the Melaleuca swamp forest, soil matric potential decreased in the 

upper 0.5 in through the dry season (Fig. 6.3). It is likely that M viridiflora shifts the 

zone of root water uptake to reflect the most favourable region of soil water 

availability. As the dry season progressed and soil water in the upper soil decreased, 

the zone of extraction became deeper, and by the end of the dry season, M viridiflora 

may use groundwater, as seen from data from the late dry season 1999. Further 

evidence for root water uptake at depth was found during the late dry season 1998. 

Below 0.5 in, Wsoil  was very low, indicating water extraction by roots may have 

reduced 11soi1  (Fig. 6.3e). 

There is evidence that M viridiflora has active roots both at depth and also in the 

surface soil (0 - 0.1 m) at the end of the dry season. Observations of root presence 

when soil cores were extracted for analysis showed the highest density of fme roots in 

surface soils and very few roots deeper than 0.3 in. The soil at the surface of the 

profile is higher in organic material than the sandy clays at depth (Hatton et al. 1998); 

maintaining roots in the surface soil may facilitate nutrient uptake while deeper roots 

take advantage of the high 1lf soil at depth and may take up groundwater. Studies of 

Eucalyptus camaldulensis growing on stream-side floodplains in southern Australia 

have found a similar pattern (Thorburn and Walker 1993, Mensforth et al. 1994). 

Even when groundwater was saline, E. camaldulensis used a combination of both soil 

water and groundwater. Groundwater was considered a more reliable source of water 

in a region that experienced seasonal drought, although soil water was required to 

maintain nutrient supply (Thorbum and Walker 1993). There is evidence from other 
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ecosystems that experience seasonal drought that woody species may have a bimodal 

root system. For example, excavations of both Eucalyptus marginata and some 

species of Bankia in regions that experience a hot, dry summer and wet winter have 

shown that these species maintain lateral roots in the upper soil, and have a deep 

sinker root that gives rise to fine roots at depth, often in the capillary fringe of the 

water table (Kimber 1974, Pate et al. 1995). Furthermore, Dawson and Pate (1996) 

used stable isotopes of water to demonstrate that Banksia prionotes in south-western 

Australia used water in the upper soil, acquiring water by shallow lateral roots, when 

recent rain had wet this soil. As the dry summer approached, dependence on upper 

soil water decreased and groundwater became the principal source of water. 

Rain during the three weeks prior to sampling during the 1998 late dry season was 

unexpected, but it was clear that trees were quickly able to utilise water available in 

the top 0.1 in of soil. If sampling had taken place before rainfall in 1998 (as it had 

during the 1999 late dry season) then we would expect to have seen a similar pattern 

to 1999: zones of water uptake in both the surface soil and at the capillary fringe of 

the watertable. Walker and Richardson (1991) observed that before irrigation, 

plantation Pinus radiata extracted water from the deeper part of the profile (3.0 - 4.0 

m), while one day after irrigation, more than 60% of extracted water came from the 

surface soil (0 - 0.1 m). Increased fine root production has been observed following 

the wetting of soil in kiwifruit (Green and Clothier 1995) and in several species in a 

mixed hardwood forest (Pregitzer et aL 1993). Green and Clothier (1995) found that 

kiwifruit vines would preferentially draw upon near-surface water if available, and 

that roots were able to adjust their absorption capacity in response to water stress by 

reactivation and regrowth on wetting of previously dry soil. It is likely that M. 
viridflora uses two strategies to take advantage of an increase of soil water 

availability in the upper soil: the maintenance of fine roots in the surface soil (0 - 0.1 
m) which is highly organic and a flush of fine root growth in the upper soil. 

M. viridy?ora continued to transpire throughout the wet season, even though the site 

was inundated (see Chapter 3), indicating that the species is tolerant of waterlogging. 

Mechanisms of waterlogging tolerance have been extensively studied across a large 

number of species and are generally complex, involving morphological, anatomical 

and physiological adaptations (Kozlowski 1997). The implications of waterlogging 
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tolerance and sources of water used by M viridiflora will be discussed in conjunction 

with plant water use and soil physical data in the General Discussion (Chapter 7). 

6.5 Summary and conclusions 

M viridiflora in a tropical swamp forest used only soil water dunng both wet and 

early dry seasons, but a combination of groundwater and soil water by the end of the 

dry season. Groundwater declined to a depth of 3.0 m at the end of the1998 dry 

season, but to only 1.7 m at the end of 1999. There is evidence that during the late 

dry season of 1998, M viridiflora used soil water to a depth of 2.5 m. When rainfall 

resulted in increased soil water availability in the upper soil (0 - 0.5 m), M viridiflora 

responded by shifting root water uptake to use water entirely from surface soil. While 

M viridiflora uses some groundwater at the end of the dry season, soil water store 

may be sufficient to maintain dry season transpiration rates (Hatton et al. 1998). 

Contrary to suggestions by Hatton and Evans (1998), M viridiflora at this site is not 

highly dependant on groundwater to maintain transpiration throughout the dry season. 
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Chapter 7: General Discussion and Conclusions 

7.1 Introduction 

Despite the widespread occurrence of savannas in tropical and sub-tropical regions 

across four continents, there have been relatively few studies of the ecophysiology 

and soil water dynamics of these ecosystems (but see for example Scholes and Walker 

1993, LeRoux et al. 1995, Meinzer et al. 1999a, 1999b, Eamus and Prior 2001). 

During the past decade, an increased understanding of leaf-scale ecophysiology and, 

more recently, tree and community-scale water use of north Australian savannas has 

emerged. However, the ecophysiology of smaller, seasonally inundated vegetation 

communities that form within the savanna landscape, such as Melaleuca swamp 

forests and monsoon rainforests, has received little attention. These communities 

receive the same temperature, light and rainfall regime as the surrounding savanna, 

yet basal area and leaf area indices are considerably larger. The mechanisms that 

underlie these differences are not well understood. Given the proposed development 

of water resources in northern Australia, an understanding of the interactions between 

vegetation, soil water and groundwater in these communities has become a priority. 

Such communities contribute to the biodiversity, conservation, economic and 

aesthetic values of savannas. 

Savannas (and associated communities such as Melaleuca swamp forests and 

monsoon forests) occur in areas where rainfall is highly seasonal. This seasonality in 

water availability is expected to be reflected in physiology of savanna plants. At the 

leaf-scale, the physiology of woody species of north Australian savannas is highly 

seasonal: pre-dawn and mid-day leaf water potential are higher, and stomatal 

conductance and assimilation are larger during the wet season than the dry season 

(Duff et al. 1997, Eamus et al. 1997, Myers et al. 1997, Prior et al. 1997, Eamus et al. 

1999). Similarly, Prior (1997) found evidence that whole tree hydraulic conductance 

decreased during the dry season. In contrast, seasonality of rainfall is not reflected in 

savanna tree water use. Thus, tree water use scaled to stand level remained constant 

throughout the year (O'Grady et al. 1999). Furthermore, this lack of seasonality in 

tree water use was observed at several sites along a large (1200 mm) rainfall gradient 

(Eamus et al. 2000). It was concluded, therefore, that for savanna vegetation, dry 
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season conditions may determine tree water use during the wet season, possibly 
through an effect on hydraulic architecture (Eamus et al. 2000). However, soil water 
availability in low-lying communities, such as Melaleuca swamp forests and monsoon 
rainforests, remains high during the dry season when compared with open-forest 
savanna. These communities also have larger leaf area indices and basal areas (Table 
7.1). It was hypothesized, therefore, that increased water availability, LAI and basal 
area would result in increased tree water use by low-lying communities (Chapter 1). 

An improved understanding of water requirements of vegetation communities in 
northern Australia is needed to formulate useful management plans for the sustainable 
development of groundwater resources. A distinct gap in ecological knowledge is the 
dependence of vegetation on groundwater, and the relationships among tree water use, 
soil water dynamics and groundwater. The work presented in this study aimed to 
address some of these knowledge gaps. Such data are pertinent in determining the 
effect, on different vegetation communities, of the withdrawal of large amounts of 
groundwater for anthropogenic use. 

The present study therefore addressed the following issues: 
- how does tree water use vary seasonally within different vegetation 
communities in northern Australia? 
- Does stand water use vary seasonally? 
- Although they experience an identical climate, are there differences in water 
use, both at tree and stand scale, among vegetation communities? 
- Are there seasonal changes in whole tree hydraulic conductance of E. 
miniata, E. tetrodonta or M. viridiflora trees? 
- Is there sufficient soil water available during the dry season to account for 
evapotranspiration of a eucalypt open woodland, or do trees in this community 
access groundwater? 

- Can the rooting depth of savanna trees be inferred from soil water dynamics? 
- Do trees in Melaleuca swamp forest or wet monsoon forest rely on 
groundwater during the dry season? 
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7.2 Ecophysiological traits of three vegetation communities 

Despite some differences in physical conditions (particularly soil properties such as 

saturated hydraulic conductivity) at sites where Melaleuca swamp forest and eucalypt 

open-forest occur in the Howard River East catchment(Table 7.1), both sites were 

dominated by Myrtaceous species. There is evidence that individuals of one species, 

or similar species, may behave similarly under different soil conditions (Santiago et 

al. 2000, Eschenbach and Kappen 1999). In Hawaiian montane forest, Metrosideros 

polymorpha had similar rates of transpiration per unit leaf area whether growing on 

water-logged or well-drained sites (Santiago et al. 2000). Black alder had 

remarkably similar diurnal leaf water relations at both waterlogged and well-drained 

sites (Eschenbach and Kappen 1999). Is there any evidence that, in northern 

Australia, Myrtaceous species share common ecophysiological traits? 

Leaf water potential, both pre-dawn and mid-day, were similar at the eucalypt open-

forest and Melaleuca swamp forest sites, with little seasonal change (Table 7.1). Tree 

water use per unit leaf area (Qi)  was not significantly different between wet, dry and 

late dry seasons within a site, nor different between eucalypt open-forest and 

Melaleuca swamp forest sites (Table 7.1). Differences in stand water use (E') 

between the two sites were proportional to leaf area index (LAI). The ratio of stand 

water use to LAI during the wet season, when water availability was largest, was 

similar, and was 0.9 at the eucalypt open-forest site and 1.1 at the Melaleuca swamp 

forest site (Table 7.1). Furthermore, the ratio of E (mm d 1) to basal area per hectare 

was 0.1 for both eucalypt open-forest and Melaleuca swamp forest communities. 

These relationships have important implications for determining water use at the 

catchment scale, as data such as basal area and stem density are either easily 

measured or already available (Eamus et al. 2000, O'Grady 2000). 

Eucalypts and M viridflora in northern Australia also showed similar whole tree 

hydraulic conductance (per unit sapwood area; K; Table 7.1). A simple regression 

model showed that, for trees of a similar size, hydraulic conductance per tree was 

slightly higher for M viridflora than for the two eucalypt species (Table 4.3). There 

is some evidence that M viridiflora has smaller sapwood area and larger leaf area 

than the eucalypts, and should therefore have had higher hydraulic conductance. 
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However, in a model of carbon exchange and evapotranspiration for a Brazilian 

rainforest, Williams et al. (1998) found that when soil water was not limiting, water 

and energy fluxes could be maintained even when hydraulic resistance at the soil-root 

interface was high. This may be the case for M. viridJlora. The similarity of whole 

tree hydraulic conductance between the two sites (eucalypt open-forest and Melaleuca 

swamp forest) suggests that the potential for movement of water through the soil-

plant-atmosphere continuum was similar for trees of the same size, even though there 

are differences in soil type between the sites and seasonal differences in soil water 

dynamics. Furthermore, at these two sites, atmospheric evaporative demand and not 

soil water availability may be more important in determining hydraulic conductance. 

Different tree species growing under similar conditions of atmospheric demand can 

have similar hydraulic conductance, either in roots or shoots (Nardini and Tyree 

1999) or whole trees (Becker et al. 1999). 

The ecophysiology of eucalypts and M. viridflora growing in northern Australia is 

similar at both the leaf and the whole tree level. Meinzer et al. (2001) suggested that 

there is functional convergence with regard to water use at the whole-tree scale 

among several groups, including both temperate and tropical species. Thus, despite 

large differences between sites, such as soil type, position in the landscape and 

hydrological conditions, similar atmospheric conditions experienced by trees at both 

eucalypt open-forest and Melaleuca swamp forest sites has resulted in functional 

convergence in tree water use and whole tree hydraulic conductance. This suggests 

the importance of the atmospheric regime in a climate where radiation and potential 

evaporation are high and VPD is highly seasonal. 
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Table 7.1: A comparison of measurements made in eucalypt open-forest, Melaleuca swamp forest and wet monsoon forest communities. Note not all data 

available for wet monsoon forest. Data are means of all measurements of all species at each time. 

Eucalypt open-forest Melaleuca swamp forest Wet monsoon forest 

wet dry late dry wet dry late dry wet dry late thy 

LAI 1.0 0.6 0.7 1.6 1.8 1.1 - - - 

Sapwood area (m 2) 5.2 3.9 22.6 

Basal area (m 2  ha) 9.0 17.3 44.3 

Wpd (MPa) -0.2 -0.2 -0.4 -0.1 -0.1 -0.1 - - - 

Vm(MPa) -1.9 -1.7 -1.8 -1.8 -1.5 -1.2 - - - 

Q' (m3  d' m 2) 0.0008 0.001 0.0007 0.0007 0.0008 0.0005 - - - 

Q(m3  d' m 2) 2.7 2.4 1.6 2.2 2.9 2.4 1.6 1.9 2.1 

E(mmd') 1.1 0.9 0.7 1.7 1.0 1.1 1.5 0.4 2.5 

Annual water use (mm) 315 508 568 

E:LAI 1.1 1.5 1.0 1.06 0.6 1.0 

Basal area 0.12 0.1 0.07 0.01 0.05 0.06 0.06 0.02 0.1 

K(m2  s1  MPa) x 10 7  3.2 3.1 2.1 2.4 2.7 2.3 - - - 

K(m2 s'MPa'm 2)x 2.3 2.0 1.1 1.6 2.6 1.8 - - - 

Ksat  (upper soil) (m d') 0.44 1.4 0.5 

Ksat  (1.0 m) (m d') 0.96 <0.01 0.01 
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The pattern of tree water use (per unit leaf area; Qi)  observed in the present study in 
eucalypt open-forest was contrary to that observed by O'Grady et al. (1999), who 
reported an increase in Qi  during the dry season, measured at a similar site over three 
years (1996-1998). However, Eamus et al. (2000) did not find such an increase when 
Qi was measured during one year (1999). This highlights the scale of mterannual 
variation in climatic conditions, such as rainfall (amount and duration of wet season) 
and vapour pressure deficit (VPD), and their effect on tree ecophysiology. Both 
O'Grady et al. (1999) and Eamus et al. (2000) based their conclusions on two 
measurement periods during a wet-dry cycle. The importance of the dry-to-wet 
transitional period to leaf-scale ecophysiology and phenology has been reported 
previously (Duff et al. 1997). The results of the present study increase the 
understanding of seasonal patterns of water use, by taking into account this 
transitional period. It is during this time that many woody species flush, including 
evergreen species (Myers et al. 1997, Williams et al. 1997), often when soil water 
availability is very low before wet season rains begin. Young leaves may have poorer 
stomatal control of transpiration compared with mature leaves (Sobrado 1994) and 
thus extrapolating mid-dry season estimates of tree water use may not be appropriate 
for estimating late dry season/transition period water use. Understanding tree water 
use during this transition period is therefore important in understanding tree water 
requirements for an entire year. 

Despite seasonal changes in leaf area index of the eucalypt open-forest site, (Chapter 
3), water use scaled to stand level (Er) was not seasonally variable. In addition, whole 
tree hydraulic conductivity did not differ between seasons (Chapter 4). This is 
consistent with the hypothesis that hydraulic architecture of the dominant woody 
species in northern Australian savannas is determined by conditions during periods of 
least available water (Eamus et al. 2000). When vapor pressure deficit is high (dry 
season) and soil water content is low, plants are at risk of developing xylem embolism 
if tensions between the evaporative surface (leaf) and root-soil interface become too 
large. Embolism reduces transpiration, and therefore assimilation rate, though 
reduced stomata! conductance. If hydraulic architecture is adapted to reduce 
susceptibility to embolism (through narrower xylem conduits or narrower put pores), 
then assimilation and growth can continue throughout the dry season, albeit at 
reduced rates. However, because it is unlikely that conductance of xylem vessels 
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varies seasonally, then water use may be limited by structural attributes of xylem 

vessels during the wet season, when soil water availability is higher (Eamus et al. 

2000). That whole tree hydraulic conductance and stand water use did not vary 

seasonally in a eucalypt open-forest suggest that hydraulic architecture was 

determined such that transpiration is limited to avoid large tensions developing in 

conditions of high VPD and radiation. Water use during the wet season may therefore 

be limited by this architecture. 

In contrast to Qi,  stand water use (E1) was larger during the wet season than the dry 

season at the Melaleuca swamp forest (Chapter 3). This is also in contrast to the 

eucalypt open-forest where Et  was aseasonal. There is extensive evidence that 

Melaleuca seedlings are tolerant of water-logging (Sena Gomes and Kozlowski 1980, 

van der Mozel et al. 1991, Denton and Ganf 1994) and hence transpiration by adult 

Melaleuca trees is unlikely to be limited by water-logging. Soil water availability 

remained high throughout the dry season, with pre-dawn leaf water potentials 

showing minimal seasonal variation (Table 7.1). This suggests that water use per unit 

leaf area would be larger during the dry season, given increased VPD and radiation 

and apparently high soil water availability. Clay content of soils at the Melaleuca 

swamp forest site was high compared to the sandy loam soils of the eucalypt open-

forest. Clay content increased with depth, and was 26% at 0.4 in, increasing to 40% 

at 1.2 in and more than 60% below 2 in (Hatton et al. 1998). Soils with high clay 

content typically have very low hydraulic conductivity (Greacen and Williams 1983), 

and saturated hydraulic conductivity (Ksat) was extremely low (< 0.1 in d') below 0.5 

in (Chapter 5). Tree water use may therefore be limited by movement of water to the 

root-soil interface (ie. rhizosphere) as water in the rhizosphere decreases during the 

course of a day. Williams et al. (1998) found that the root-soil interface was the main 

source of resistance to water flow in the soil-plant-atmosphere pathway in a Brazilian 

rainforest. For this reason (low conductivity in the rhizosphere and at the root-soil 

interface), Et  was seasonal, despite relatively high soil water availability. 

Hydraulic conductance of the pathway between soil and leaves determines how much 

leaf water potential must fall below soil water potential during transpiration (Bodribb 

and Field 2000). Hence a decrease in water availability at the root-soil interface may 

decrease hydraulic conductance and depress midday leaf water potential. Despite 
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relatively high 'l1soil  during the late dry season (> - 1.0 MPa; Fig. 6.3), mean Nim  of M. 

viridflora was significantly lower than during the wet or dry seasons (Fig 4.1 a), a 

pattern not seen in trees of the eucalypt open-forest. Differences between whole tree 

hydraulic conductance (per unit sapwood area; K) measured in the morning and 

afternoon were also typically larger in M. viridflora than for E. miniata or E. 

tetrodonta (Table 4.1). Decreased K may be due to decreased water availability 

immediately around the roots. As soil water availability decreases, a signal such as 

abscisic acid (ABA) may move from roots to leaves and decrease stomatal 

conductance (Thomas and Eamus 1999). Whole tree hydraulic conductance would 

decrease, but y j  was maintained such that assimilation would continue. Many species 

have been found to maintain 'Vt  within a narrow range by modulating stomatal 

conductance (Eamus and Prior 2001). In addition, decreased water availability, and 

hence a larger gradient of water potential between roots and leaves, may have resulted 

in some xylem embolism, and thus reduced hydraulic conductivity. Furthermore, 

anoxic conditions resulting from waterlogging of the soil surrounding roots may 

reduce root function (Kozlowski 1997) and hence decrease hydraulic conductivity. 

Like the Melaleuca swamp forest (but unlike the eucalypt open-forest), seasonal 

differences in stand water use were observed at the wet monsoon forest site. Water 

use during the dry season was three times lower than during the wet and late dry 

seasons (Chapter 3). This can be attributed almost entirely to changes in leaf area 

index, and not changes in soil water availability, for two reasons. First, soil water 

content was high throughout the year in the upper 0.5 in of soil (Fig. 3.2b) and 

therefore not likely to be limiting to transpiration. Second, the ratio between stand 

water use and LAI was about 0.3 throughout the year, indicating that the observed 

decrease in E was proportional to the decrease in LAI. Furthermore, water use per 

tree of the two evergreen species measured did not change throughout the year (Fig. 

3.8). Leaf area index at the wet monsoon forest site was considerably larger, and 

hence the canopy more closed, than at either the eucalypt open-forest or Melaleuca 

swamp forest sites. A closed canopy is likely to be less well-coupled to the 

atmosphere (Jarvis and McNaughton 1986) and so stomata are less responsive to 

changes in atmospheric VPD. However, Meinzer et al. (1993) observed that the lack 

of a seasonal pattern of transpiration in a lowland tropical forest tree in Panama was 

159 



Chavter 7 

due to a stomatal response to VPD. Furthermore, Shuttleworth et al. (1984) showed 
that equilibrium evaporation occurred from a closed Amazonian forest all day. The 
forest is uncoupled from the atmosphere and yet canopy resistances varied three-fold 
over the course of the day in response to changes in VPD. Therefore the concept of 
uncoupled canopies not responding to VPD has been inva!idated by Shuttleworth et 
al. (1984) and may also not apply to in the wet monsoon forest. Physiological 
properties of wet monsoon forest trees at the leaf scale are largely unknown, and 
measurements of LAI at this site may be error-prone because of the complex canopy 
structure and height of the canopy. Changes in E1  were therefore due to changes in 
LAI, principally as a result of leaf loss by deciduous species although stomatal 
responses to increased VPD during the dry season may have contributed. 

In summary, seasonal patterns of tree water use were observed at two of the three 
study sites: the Melaleuca swamp forest and wet monsoon forest. Changes in Et  at the 
Melaleuca swamp forest site can be explained by decreased whole tree hydraulic 
conductance, most likely due to increased resistance at the root-soil interface. 
Seasonal patterns of Et  at the wet monsoon forest site were due to changes in LAI, 
rather than a response to decreased soil water availability, although decreased 
stomatal conductance may also have contributed. In contrast, stand water use was not 
seasonally different at the eucalypt open-forest site, suggesting that soil water 
availability was not limiting during the dry season. 

7.3 Soil water dynamics in a eucalypt savanna 

Monitoring soil water dynamics in a eucalypt open-forest showed that there was 
sufficient water between 0 and 5 in depth to account for transpiration during the dry 
season (Chapter 5). During the wet season, both grasses and woody species appeared 
to use soil water in the upper soil zones, mostly above the laterite layer at 1.2 m depth, 
since soil water content here was high and frequent rainfall events continually 
replenished this soil water store. 

Soil water availability of the upper soil zone (0 - 1.2 m) decreased once the wet 
season ended. Understorey evapotranspiration decreased from nearly 3 mm d' to less 
than 1 mm d' (Hutley et al. 2000) as annual grasses senesced. However, trees 
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continued to transpire at a rate similar to that observed during the wet season (Chapter 

3), and used soil water from progressively deeper in the soil profile (Fig. 5.4). Recent 

studies of fine root dynamics in the upper soil have found that tropical eucalypt open-

forests have a 'deciduous' root system (Janos et al. submitted, Chen 2001). Thus, the 

density of fine roots in the upper 1 in of soil was high during the wet season, but very 

low during the dry season. It is likely that trees use soil water in the upper soil during 

the wet season, when water is readily available and regularly replenished, but fine 

roots in the upper profile die when soil water availability decreases during the dry 

season. Carbon is presumably invested in growing fine roots deeper in the profile, 

where water availability is higher throughout the dry season. Chen (2001) found no 

increment in stem diameter of E. miniata and E. tetrodonta during the dry season, yet 

these trees continued to transpire and fix carbon during this time (Chapter 3). This 

suggests that assimilated carbon was invested in the growth of fine roots at depth, not 

in above-ground growth. For eucalypts growing in open-forests of the Howard River 

catchment, this means that to access soil water during the dry season, roots must grow 

through the laterite layer, which is typically found at 1 - 1.5 in depth throughout the 

catchment. This is supported by observations of soil water dynamics and personal 

observations of roots at depth. 

This conclusion is in stark contrast to the findings of Werner and Murphy (2001), who 

concluded that trees of eucalypt open-forest did not grow roots through the lateritic 

layer. However, roots have been observed at depths of up to 4 in in open pit 

excavations and 10 in in soil cores in savannas near Darwin (personal observation). 

Chen (2001) found that decreases in root biomass with depth were due to decreases in 

coarse root biomass, rather than fine roots. In southwestern Australia, where summers 

are hot and dry, with high VPD, and winters are wet, roots of eucalypts have been 

found growing through laterite duricrusts (Kimber 1974, Crombie 1992). While 

saturated hydraulic conductivity of soil below 2 in was very high (Table 5.6), 

suggesting water could move readily to the root-soil interface and maintain 

transpiration, the increase in distance between the root-soil interface and the leaf as 

rooting depth increases will increase resistance to flow. An estimate of maximum 

root depth and root length as a function of depth may therefore be important in 

increasing our understanding of water flow through the soil-plant-atmosphere 

continuum and constraints to movement of water. 
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Since there is virtually no rainfall during the dry season, evapotranspiration can be 

considered equal to changes in soil water store (Holmes 1984). Maximum root depth 

can therefore be inferred from soil water dynamics at the end of the dry season, when 

soil water availability is lowest, by observing changes in soil water store. Decreases 

in soil water store at the end of the dry season could be xplained by observed rates of 

evapotranspiration (Chapter 5, Hutley et al. 2000). About 75% of ET could be 

accounted for by changes in soil water store to 4 in. During the 1999 dry season, 

100% of ET could be accounted for if soil store was estimated over 5 in depth, 

suggesting that maximum depth of active roots in 1999 was approximately 5 in. This 

is similar to the conclusions of Cook et al. (1998) who estimated that soil water stored 

to a depth of 8 in could supply evapotranspiration during the 1996 dry season. Total 

annual rainfall for the 1995-6 year was 1474 mm, compared with 2782 mm during 

1998-9. During low rainfall years, the extent and duration of saturation of the upper 

soil may be less than during high rainfall years. Fluctuations of the water table are 

closely correlated to annual rainfall (Jolly and Chin 1991). The depth to which trees 

must grow fine roots in order to access sufficient water to maintain transpiration may 

therefore vary according to rainfall of the previous wet season. Given the two 

estimates of maximum root depth were made in two extreme years, the range of root 

depth can be estimated at between 5 and 8 in. Both these estimates are above the 

level of the water table during the late dry season, which is typically 10 - 12 in below 

ground. 

Werner and Murphy (2001) concluded that trees of a eucalypt open-forest in Kakadu 

National Park did not grow roots through the laterite layer, and therefore used soil 

water from only the upper 1 m of soil. The present study has shown that in soil above 

1 in water content is extremely low, and change in soil store is negligible, for several 

months during the late dry season (Chapter 5). Given such measurements of soil 

water dynamics in the upper 1 m of soil, it is not possible that this soil volume could 

support tree transpiration rates of almost 1 mm d* Between June and October 1999, 

there was no change in soil water store between 0 and 1.2 in depth (Table 5.5). These 

data, coupled with visual observations of significant biomass of roots between 3 - 5 

in, and up to 9 m, suggest it is unlikely that roots are restricted to soil above the 

laterite layer, as suggested by Werner and Murphy (2001). Observations of the 
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laterite during root excavations (Chen et al. 2002a) suggest numerous root channels, 

evidence of root penetration through this layer. 

Deciduous species may lose leaves during the dry season as a drought avoidance 

mechanism (Williams et al. 1997, Myers et al. 1997). Evergreen trees, therefore, 

must either tolerate drought, or have access to sufficient water so that they do not 

experience drought. Seasonal declines in pre-dawn leaf water potential in E. miniata 

and E. tetrodonta were much lower than declines observed in species from more and 

regions (Myers and Neales 1984), indicating that E. miniata and E. tetrodonta do have 

access to sufficient water to maintain transpiration throughout the dry season. Given 

the strongly seasonal rainfall regime of northern Australia, it was suggested that 

groundwater was this source of water (Myers et al. 1997). There is evidence that 

woody species in southern Australia access groundwater during seasonal drought 

(Thorburn and Walker 1993, Pate et al. 1995, Dawson and Pate 1996). However, it is 

clear that soil water stored in the unsaturated zone is sufficient to account for 

evapotranspiration of eucalypt open-forest without invoking groundwater use. 

Furthermore, estimates of root depth (between 5 - 8 m) are shallower than the depth 

of the water table during the late dry season (usually 12 in below ground level). In 

low-lying areas such as Me!a!euca swamp forests and monsoon forests, however, 

groundwater is closer to the surface throughout the year. Consequently groundwater 

is likely to be a more important source of water for plant communities growing there. 

7.4 Groundwater dependence of low-lying communities 

The use of stable isotopes of water to determine sources of uptake by M. viridiflora 

indicated that there is likely to be a component of groundwater used during the dry 

season (Chapter 6). The most likely explanation of the isotope patterns found in plant 

material is that water was being taken from both upper soil profile and capillary 

fringes of the water table. Soil below 0.3 m at the Melaleuca swamp forest site had a 

very high clay content, and little organic matter (Hatton et al. 1998). It is likely that 

fine roots are maintained in the surface soil to satisf' the nutrient requirements of 

trees, but water is also taken from depths close to the water table. Measurements of 

soil matric potential indicated zones of drier soil at the surface and at 1.5 - 1.7 in 

depth during the late dry season 1999 (Fig. 6.3). The drier soil at depth was just 
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above the water table. Therefore, there were two zones of water uptake: one close to 
the soil surface, and one at 1.5 - 1.7 in depth. Such a dimorphic model has been 
described for other communities where groundwater forms a component of water 
uptake (Dawson and Pate 1996). 

If soil above 1.5 in depth had high matric potentials, why did M virid flora  trees grow 
roots to depth rather than use water from shallower parts of the profile? Hydraulic 
conductivity of soil decreases with increasing clay content (Greacen and Williams 
1983). Similarly, water is held more tightly within the soil matrix as clay content 
increases, thus requiring larger potential gradients to withdraw it (Greacen and 
Williams 1983). Given the extremely high clay content of soils at the Melaleuca 
swamp forest site, even when the water content was high throughout the profile, the 
movement of water through the soil to the root would be very slow. This would 
create large potential gradients between the root-soil interface and the leaf, increasing 
the chance of embolism in xylem vessels. One way to avoid this would be to grow 
roots to the capillary fringe of the water table, where soil is close to saturation and 
thus conductivity is higher. Consequently, less tension would be required to draw 
water into the roots as transpiration continued throughout the day. Whole tree 
hydraulic conductance was similar during the wet and dry seasons in M viridflora, 
suggesting that seasonal decreases in conductance resulting from either xylem 
embolism or decreased conductance at the root-soil interface (Eamus and Prior 2001) 
did not occur. 

Given the likely dependence of Melaleuca swamp forest on groundwater during the 
late dry season, it is likely that wet monsoon forest also depends on groundwater, to 
some degree, to maintain transpiration throughout the dry season. During the long 
dry season, streamfiow can be attributed to groundwater discharge (Jolly and Chin 
1991); many moist forests, for example Black Jungle where the present study was 
based, are formed around perennial streams. Soil water content remains high 
throughout the dry season (Chapter 3), and the local water table is within 1 in of the 
soil surface throughout the year. The proximity of the water table to the soil surface 
will maintain high soil water availability through capillary rise. Wet monsoon forest 
trees probably have shallow roots, as do many species in wet forests (Vance and 
Nadkami 1992), and if groundwater were to retreat deeper during the dry season (as a 
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result of groundwater extraction, for example) then decreased soil water availability 

may induce water stress in wet monsoon forest trees. This may be exacerbated by the 

high clay content and associated low conductivity of soil below 0.3 m at this site, 

which would restrict movement of water through the soil. Analysis of stable isotopes 

of soil, plant and groundwater would provide a more conclusive determination of 

groundwater dependence in wet monsoon forest. However, groundwater and branch 

sampling was difficult at this site. There were no access bores at the site, and canopy 

height (around 25 m) meant that sampling of plant material was impractical using 

available methods. The cost of a replicated study was also beyond the scope of this 

project. However, such an analysis should be undertaken in the future to provide 

more definitive information about groundwater dependence in these communities. 

Where groundwater is close to the soil surface, the physiology of vegetation at that 

site is likely to be adapted to reflect this (Hatton and Evans 1998). Changes in 

groundwater recharge, following groundwater extraction, for example, may influence 

soil water dynamics and therefore have an impact on vegetation structure and 

function. The dependence of Melaleuca swamp forest and wet monsoon forest 

communities on groundwater has important implications for management of 

groundwater resources in northern Australia. 

7.5 Management issues in northern Australian savannas 

Use of groundwater resources in the Northern Territory has increased by 97% since 

1984-85 (Australian Water Resources Review 2000). There is an urgent need to 

implement sustainable management practices in northern Australia to ensure that 

development is not exploitative, as has occurred in areas of southern Australia. In 

addition, the Council of Australian Governments agreement on the provision of 

environmental flows needs to be taken into account in future management plans. 

While groundwater extraction may influence the natural landscape, there are 

additional management issues that will affect water resources in northern Australia, 

such as weed invasion, land clearing and possibly fire (Townsend and Douglas 2000). 

Extraction of groundwater can increase water table depth, and can have an impact on 

wetland vegetation (Bernaldez et al. 1993). In addition, lowering of water tables may 
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increase recharge, and thus reduce runoff and lateral flows to streams. Stomatal 

conductance and leaf water potential was reduced in riparian trees growing along 

streams where flows were diverted for agricultural irrigation (Smith et al. 1991). This 

impact was more pronounced during low rainfall years, especially for juvenile trees 

(Smith et al. 1991). While there is little evidence that eucalypt open-forest relies on 

groundwater to maintain dry season transpiration, Melaleuca swamp forest and wet 

monsoon forest communities in the Howard River catchment may be affected by 

declining water tables or reduced runoff from savanna communities that may result 

from extraction of groundwater. However, little is known about the spatial extent of 

groundwater extraction and its impacts on soil water dynamics in northern Australia. 

Despite estimates that more than 12,700 ha of land were cleared during 2000 in the 

Northern Territory, the impacts of clearing on adjoining areas of native vegetation are 

uncertain (Brock 2001). Given that annual tree water use of eucalypt open-forest is 

around 300 mm y 1  (Chapter 3), 100% removal of native cover will certainly change 

the hydrological regime of savannas. Recharge has been estimated at 200 mm y' 

(Cook et al. 1998a). Overstorey cover is typically 50% (O'Grady et al. 2000); 

removal of this could allow an increase in understorey grass cover of a similar 

amount. An increase in understorey cover would increase water use from 557 mm y 1  

(Hutley et al. 2000) to around 700 mm y (a 20% increase), and reduce competition 

between trees and grasses for soil water. Tree removal could create a surplus of 300 

mm y'; an increase in grass cover would use 150 mm of this surplus. Thus total 

overstorey removal has the potential to increase deep drainage by 100 to 150 mm y'. 

An increase in recharge may allow groundwater to reach the surface in areas where it 

previously has not, and hence increase the incidence of water-logging during the wet 

season, and prolong it in low-lying areas during the dry season. A shift in vegetation 

composition to more waterlogging-tolerant species may result. In addition to 

clearing, recharge may also be affected by land use, such as grazing (Bridge et al. 

1983), cropping (Bosch and Hewlett 1982) and fire (Townsend and Douglas 2000). 

Burning reduces litter cover and root biomass in surface soil, and thus can reduce 

infiltration and increase erosion (Bridge et al. 1983). However, soil structure, and 

hence hydrological properties, can recover in the course of a wet-dry cycle. The 

spread of weeds such as Gamba and Mission grasses can significantly increase fuel 
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loads in savannas. Increased fire intensity and frequency may not allow the recovery 
of the structure of surface soil, thus leading to degradation (Bridge et al. 1983). In 
addition, such weeds tend to be perennial, or persist longer into the dry season than 
native grasses, and would compete with sub-dominant trees and shrubs for water in 
the upper soil. This may have an impact on aquifers through decreased deep drainage 
and recharge. 

While groundwater extraction per se may have limited impacts on savannas, other 
communities, such as Melaleuca swamp forest and wet monsoon forest, may be 
affected. Other issues must be taken into account in the development of management 
plans including weed invasion, fires and tree clearing, which all influence aspects of 
the hydrological cycle, and hence must be included in an assessment of sustainability. 
This thesis aims to contribute to this knowledge for not only savannas, but important 
dry season refugia such as Melaleuca swamp forest and wet monsoon forest. 

7.6 Further work 

The relationships among LAI, basal area and tree water use, whilst well quantified for 
eucalypt open-forest (O'Grady 2000), still need further exploration in Melaleuca 
swamp forest and wet monsoon forest. Difficulties with the implementation of heat 
pulse techniques in M. viridiflora and poor or inadequate estimates of LAI in the wet 
monsoon forest community mean that these relationships remain imprecisely 
estimated. In addition, a better understanding of the impacts of inter-annual variation 
in rainfall and other climatic conditions on water use in Melaleuca swamp forest and 
wet monsoon forest communities is needed. However, present studies indicate that 
relationships among LAI, basal area and tree water use may well be similar among 
communities of the wet-dry tropics. 

A more complete understanding of tree water use may be gained by further 
knowledge of leaf-scale physiology of both M. viridflora and wet monsoon forest 
species. Stem hydraulic conductivity and photosynthesis have been found to be 
linearly related in rainforest trees of Tasmania and New Caledonia (Brodribb and 
Field 2000), and it would be pertinent to explore this relationship in wet-dry tropical 
species. Seasonal and diurnal patterns of water use and hydraulic conductance at the 
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whole tree scale are similar between eucalypts and M. viridflora, and it would be 

useful to understand how, or if, leaf-scale patterns differ. 

The hypothesis developed by Eamus et al. (2000) that, for eucalypt-dominated 

savannas, dry season conditions determine wet season water use as a result of 

constraints on hydraulic architecture, was supported by the present study. However 

there is a lack of knowledge of how whole tree hydraulic conductance varies diurnally 

and seasonally along a rainfall gradient. In addition, there is some evidence that the 

determination of hydraulic properties has a genetic component (Franks et al. 1995). 

Experiments to determine whether this is the case for trees of north Australian 

savannas may have important applications for forestry and revegetation projects in 

northern Australia. 

There is currently little understanding of the interaction between soil water and 

groundwater in northern Australia. In addition, the impact of groundwater extraction 

on hydrological cycles at both spatial and temporal scales needs to be understood. 

Such data would be important in the use of a locally calibrated groundwater model, 

such as Modflow, to model long-term groundwater management plans. 

Several herbaceous weeds are becoming increasingly common in savannas. These are 

often perennial, and may compete with trees and native grasses for soil water and 

increase fire intensity and frequency. Ecology and physiology of such weeds need to 

be understood in order to continue the sustainable management of catchments and 

water resources. 

7.7 Conclusions 

Tree water use per unit leaf area did not vary seasonally or between eucalypt open-

forest or Melaleuca swamp forest communities. Differences in water use between 

eucalypts and M viridijiora were small, and could be explained by similar 

relationships with tree size. Stand level water use was significantly higher during the 

wet season than other times of the year at the Melaleuca swamp forest site, indicating 

that M. viridflora is tolerant of seasonal inundation. Limitations imposed by 

hydraulic properties of the soils at this site may limit dry season water use. At a wet 
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monsoon forest site, seasonality in stand water use could be accounted for by changes 

in leaf area index. 
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