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Abstract

The water use strategy of Melaleuca halmaturorum was investigated in the saline

ephemeral swamps of South Eastern South Australia to understand (1) the effect of the

wetland vegetation on the groundwater balance and (2) the survival mechanisms and

reasons for the decline in health of M. halmaturorum in the region.

Trees were investigated over a 12-18 month period at four sites in the region which

differed in groundwater salinity and degree of waterlogging. Water use was quantified

primarily with the heat pulse technique combined with short term measurements of

transpiration at the leaf and canopy level. The proportion of groundwater used was

quantified by identiffing the sources of the water in the trees using the naturally occurring

stable isotopes of water and measurements of root distribution. Soil and plant water

potential, soil waterlogging and groundwater fluctuations were measured to identify the

conditions in the root zone and the physiological limits to plant water uptake.

Results indicated that M. halmaturorum used 0.7 to 4 mm/day of water (250-800 mm/yr).

The differences in transpiration rate were controlled by differences in leaf area index and

sapwood area among sites and depended on groundwater salinity and the presence of

waterlogging. Soil water potential was dominated by osmotic potential and reached -I2

MPa in the surface soils. Water use was significantly below potential evapotranspiration

when groundwater salinity was high. Water was taken from saline groundwater and soil as

a result of the ability of M. halmaturorum to rcach low leaf water potentials (<-5 MPa).

Evidence of soil waterlogging was found in soils at some of the sites, and where this was

combined with salinity there was a further decrease in water use.

In the ephemeral swamps Duck Island, Hanson, and I-esrof, M. halmaturorum used

groundwater from the soil surface at the end of winter in response to groundwater rise and

inundation of the soil profile. 'Water was then used from deeper in the soil profile over the

summer in response to salt accumulation in the surface soils. Where groundwater salinity

was lowest (Hansons and Jaffray; 8 - 14 dS/m), 1.5 to 3.5 mm/day of groundwater was

used and annual groundwater use was -280 mm. Where groundwater salinity was high

(Duck Island; 63 dS/m), 0.5 to 2 mm/day of groundwater was used and annual groundwater

use was -600 mm. Where groundwater was higtrly saline, groundwater use by M.

halmaturorum resulted in annual net groundwater discharge of -100 mm. Where
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groundrwater was of a lower salinity, annual net groundwater discharge was estimated at

-500 mm. At Lesron, where long term waterlogging was combined with high salinity,

-0.6 mm/day of water was used from the top 20 cm of the soil surface. A large proportion

of this water source may have been groundwater, carried to the root system by capillary

rise, resulting in annual groundwater use of -150 mm. As a result of the shallow rooting

depth at this site, salt accumulation in the surface soil over summer resulted in a decline in

health.

These processes of root water uptake in response to a falling watertable and salt

accumulation were represented through a simple analytical model which simulated the

change in groundwater depth (Zgw) and the salt front (Zth) in response to groundwater use

by M. halmaturorum. The basic assumptions of the model were that (1) root water uptake

occurred from the shallowest depth where water was available, (2) the minimum leaf water

potential represented the plant threshold to water uptake and (3) the transpiration rate was

constant and was dependent on the leaf area and the distance of roots from the

groundwater.

It was concluded that Melaleuca halmaturorum used significant amounts of groundwater

as a result of a combination of plant ecophysiological and site environmental

characteristics. The ability to use saline groundwater was enhanced by low leaf water

potentials and a dynamically responsive root system along with environmental

characteristics such as annual groundwater fluctuations that maintained salinity in the root

zone at baseline levels. The presence of a dynamically responsive root system allowed the

rapid response to adverse conditions in the root zone and the physiological ability to take

up water from saline soils resulted in the ability to use soil and groundwater over a range of

salinities. The rise of groundwater to the soil surface every year resulted in the dilution and

leaching of salt in the unsaturated zone. Although this groundwater was saline it was often

fresher than water in the unsaturated zone. These groundwater fluctuations assisted in

maintaining the health of Melaleucd coÍrmunities in these groundwater discharge areas.
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Chapter 1: General Introduction and Literature Review

1,.L General Background

The ways in which trees use water in the presence of a saline groundwater table has a

number of hydrological and ecophysiological implications. From a hydrological

perspective it is necessary to understand the role that vegetation plays in the water balance,

in particular the groundwater balance. This may assist in an understanding of the use of

trees to lower saline groundwater where dryland salinity occurs. From an ecophysiological

perspective, what is of interest is the tolerance mechanisms of plants in environments

where salinity and waterlogging are primary stresses. To understand how trees survive in

these environments requires knowledge of above ground processes, below ground

processes, and how these processes interact. This information will contribute to a general

understanding of the water use strategy of trees in saline environments. To introduce this

study of groundwater use by Melaleuca halmatltrorum, I will begin by reviewing the

interaction of the ecophysiological response of plçnts to salinity, waterlogging, and the

combined influence. I will then discuss the wh'óle plant water use strategy response where

these conditions occur and finally the groundwater use by trees in saline and waterlogged

areas. The particular species under investigation in this thesis, M. halmaturorunn, will be

described, as well as the region under investigation.

L.2 Ecophysiological Response to Salinity and Waterlogging

A saline environment for plants is one in which there is a high concentration of soluble salts

in the soil or the solution in which plants grow (Flowers and Yeo, 1986). This reduces the

free energy of the water available to the plant. High salt concentrations in the substrate can

therefore reduce plant growth by osmotic effects, leading to water stress. Ion specific effects,

which lead to ion imbalance or toxicity, can also reduce plant growth (I-rssani and

Marschner, 1978).

'Waterlogging 
can occur with salinity in coastal swamps, in poorly drained inigated soils, and

in low lying land subject to primary or secondary salinisation (Barrett-I-ennard, 1986).

When an environment is waterlogged, the availability of oxygen to the plant is reduced.

Gases generally diffuse 10,000 times more slowly in water than in air therefore oxygen,

required for root respiration, will be less available in the rooting medium in waterlogged

environments, and carbon dioxide and ethylene will tend to build up in the medium close to

the root (Setter and Waters, 1989). Nutrient imbalance may also affect plants in waterlogged
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environments, as some ions are made more available in the anoxic environment

(Ponnamperuma, 1972). Waterlogged environments have also been observed to increase the

adverse affects of salinity (i.e. Allen et al, 1996). The evidence for this salinity/waterlogging

interaction will be the focus of the review of waterlogging.

Some plants have mechanisms which provide a tolerance to saline and waterlogged

conditions. Many of these mechanisms influence plant water use strategies. These will be

summarised in the following sections in relation to ion and water relations, water use, and

root dynamics. Mechanisms of tolerance in halophytes were reviewed by Flowers et al

(1977) and by Greenway and Munns (1980) for non-halophytes. For a wider review of the

response of plants to flooding and waterlogging, see Hook (1984). For a review of the

adaptation of plants to flooding with salt water see Wainwright (1984).

1.2.1 lon andwater relations

Excess salts in the environment result in a decrease in growth of many plants (Munns and

Termatt, 1936). This is primarily caused by a decrease in new leaf expansion and

subsequently by an increase in oldfeaf 
*:in 

(Munns, L993). The decline in new leaf

expansion is thought to be a result of a^message from the root to the shoot in response to

drought in the root zone (Munns and Termatt, 1986; Ortiz et al, 1994). Old leaf death is a

secondary response and is thought to occur as a result of salt import into the leaf (Oertelli,

1968; Greenway and Munns, 1980). It has been recently argued that salt taken up by the

plant does not directly control growth by affecting turgor, photosynthesis or the activity of

enzymes but rather the build up of salt in the leaves hastens their death (Munns, 1993).

The loss of leaves affects the supply of assimilates or hormones to the growing region, and

thereby affects growth (Munns, 1993).

Many plants have mechanisms to prevent salt entering the leaf cytoplasm. These

mechanisms can occur at the root cell membranes or the leaf cell membranes and serve to

sequester salt in vacuoles, export it from the leaf, or transport it around the plant (Wickens

and Cheesman, 1989; Braun et al, 1986; Blumwald and Poole, 1985; Garbarino and Dupont,

1988; Hajibagheri et al 1985;Watad et al, 1986; Sze, 1983; l,auchli, 1912).

Some plants are able to remove ions from the cytoplasm of leaf cells by compartmenting

them in the vacuole using similar active and passive flux mechanisms as in the root cells

(Munns et al, 1983; Yeo, 1981; Kolb et al,1987; Hedrich and Schroeder, 1989; Marcar and

Termaat, 1990). Compatible solutes are used in the cytoplasm to balance the potential
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gradients, prevent dehydration of the cytoplasm, and maintain cell turgor (Flowers et al,

L977; Field, 1985; Morris, 1980). Compartmentation in the vacuoles of leaf cells of

halophytes maintains osmotic potential, and so turgidity of the leaves, while at the same time

preventing metabolic damage to the leaves (Flowers and Yeo, 1986). Compartmentation also

ensures that these plants can survive through maintaining a high cell water content in the

presence of a low external water potential caused by high salinity (Flowers et aI, 1977). Non-

halophytes, however, may rely on organic solutes for osmoregulation, because of the

inability to compartmentalise ions in the leaf cells. More tolerant plants are able to

osmotically adjust using Na and Cl ions, therefore not having to expend energy to produce

organic solutes (Alarcon et al, 1993). Osmotic adjustment has been found to occur in

response to salinity in many plants including tomato cultivars (Alarcon et al, 1994, 1993),

Casuarina and Allocasuarina (Luard and El-I^akany, 1984), Atriplex species (Glenn et al;

1992), and mangroves (Naidoo, 1985).

Some plants may also transport Na and Cl ions out of the leaf, through salt glands or bladders

in the leaf (Sutcliffe, 1986; Hill and Hill, 1976), or through phloem translocation (I-essani

and Marschner, 1978). These glands and bladders are found in some Atriplex species and

some Mangrove species (Sutcliffe, 1986).

The reduction in available oxygen in waterlogged environments will result in an energy

deficiency for aerobic metabolic processes. This causes a break down of the active transport

processes in cell membranes and therefore the ion permeability properties of plant cells

(Setter and'Waters, 1989). \Waterlogging under saline conditions has been found to increase

the uptake of Na and Cl into shoots and decrease K and Ca as a result of a decrease in the

selectivity of K over Na (Barrett-I-ennard, 1986; Kriedman and Sands, 1984; West, l9l8:'

John et al, 1977; Galloway and Davidson, 1993; Marcar, 1993; Craig et al, 1990) . The

accumulation of salt in the shoot leads to shoot senescence and adverse effects on growth, as

mentioned previously (John et al, 1971, 'West and Black, 1978; West and Taylor, 1980a;

'West 
and Taylor 1980b; Kriedemann and Sands, 1984).

Water absorption is also reduced in waterlogged environments as a result of reduced

hydraulic conductivity in the radial pathway of the roots (Azaizeh et al, 1992). Therefore,

plants that are under stress in water logged environments will show the symptoms of water

stress (Blake and Reid, 1981). 'When Atriplex amnicola was treated with both salinity and

hypoxia, there was no appa.rent interactive effect on leaf water potentials (Galloway and

Davidson, 1993), although leaf osmotic potential was observed to decrease in response to the
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combined effects of salinity and waterlogging in sunflower (Kriedemann and Sands, 1984).

Salinity alone has also been shown to induce a progressive reduction in leaf water potential

in many plants (Alarcon et al, 1993; Flowers and Yeo, 1986; Katerji et al, 1994 ).

Structural modifications such as increases in wall extensibility, and permeability of the

roots to water or leaf thickness, also help to maintain leaf water potentials in saline

environments (Greenway and Munns, 1980).

Summary: Salinity results in a reduction in water potential, and osmotic adjustment often

occurs to maintain turgor. Waterlogging results in an orygen deficiency in the roots, which

can¿ses salt to accumulate in the shoots.

1.2.2. Plant growth and water use

'Water uptake is a function of leaf area and leaf conductance to water. Salinity is commonly

found to reduce water use of crop plants, initially through influences on stomatal

conductance, and in the long term through a decline in leaf area (as discussed above) (Munns

and Termaat, 1986; Kriedemann, 1986). 'Water 
use has been found to decrease in apple

trees (El-Siddig and Luedders, 1994), and evapotranspiration has been found to decrease in

response to irrigation with saline water (Katerji et aI, 1994; Nicolas et al, 1993). 'Water

uptake by single lupin and radish roots is reduced as a result of salt accumulation around the

root (Hamza and Aylmore, 1992). Reduced water use in trees and shrubs in response to

salinity has been observed (van Hylckama, 19'14; Greenwood et al, 1982; George I99I;

Thorbum et al, 1993a:; van der Moezel and Bell, 1991). Stomatal conductance is decreased

in many plants in response to salinity (Golombek and Ludders, 1993; Pezeshki et al, 1986;

Ball and Farquar, 1984 a and b; Katerji et aJ, 1994).

Photosynthesis is also reduced in response to salinity. Reduced stomatal conductance in

E.camaldulensis seedlings irrigated with saline water has been associated with a reduction

in photosynthesis and transpiration (van der Moezel et al, 1989). The salt marsh halophyte

Plantago maritima L. (Flanagan and Jefferies 1988; 1989b) has reduced photosynthesis in

response to salinity, which is a result of a reduction in stomatal conductance rather than in

photosynthetic capacity. Water use efficiency has also been found to increase in response to

salinity in a similar way as is often found under drought conditions, and this is thought to be a

result oflow leafconductance (Flanagan and Jefferies, 1989a).

This low stomatal conductance is thought to be regulated in response to hormonal (ie

ABA) messages from the root in soils of low water potential. ABA has been found to be
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produced in response to low water potentials in the root zone caused by salt in barley,

cotton and saltbush (Kefu et al, 1991). An increase in ABA in the transpiration stream

correlated with a decrease in leaf transpiration, leaf conductance, and shoot growth (Kefu

et al, 1991). In addition, the adaptation to osmotic stress, and production of ABA, is

thought to contribute to the resistance to low root oxygen in some plants (Mizrahi et al,

1972). Decreasing the transpiration rate in response to salinity is one of the mechanisms

which enables the plant to improve the leaf water status and slow down the accumulation

of Na and Cl in the leaves (Munns and Termaat, 1986). Plants that do not have regulatory

mechanisms such as salt glands to export salt are at the mercy of the transpiration stream as

to how much salt the leaves accumulate. Therefore, the control of transpiration by stomata

is likely to be important in the regulation of salt concentration in the leaf tissues (Perera et

al,1994).

Flooding alone has also been found to reduce stomatal conductance in many plants, including

Melaleuca species (Sena Gomes and Kozlowski, 1980). The effect of salinity, combined with

waterlogging on water use, has been less investigated (Banett-Lænnard, 1986). Seedlings of

Eucalyptus species were found to reduce their leaf conductance, whole plant water use, and

growth, in response to combined stresses of waterlogging and salinity (van der Moezel et al,

1989; Marcar, 1993). Sunflower has reduced stomatal conductance in response to these

influences (Kriedemann and Sands, 1984). Photosynthesis rates were also reduced under

salinity combined with waterlogging in Eucalytus species (van der Moezel et al, 1989), and in

marsh grasses (Naidoo and Mundree,1993). Hypoxia reduced the stomatal conductance and

transpiration of Atriplex amnicola, however high salinity combined with this did not cause

further declines (Galloway and Davitlson, 1993). However, where vapour pressure deficits

were higher, the demand on transpiration was higher, and this resulted in a reduction in

stomatal conductance in response to salinity combined with hypoxia (Ali, 1988).

Waterlogging combined with salinity reduced the water uptake in apple trees (West, 1978).

'Waterlogging combined with salinity reduced shoot growth in barley, which showed signs of

salt damage upon waterlogging (V/est and Taylor, 1980a), but not in rice, which has well

developed aerenchyma in the roots and stems (John et al, I97l). Growth of Eucalyptus,

Melaleuca, Casuarina and Acacia seedlings was reduced in response to the combined effects

of salinity and waterlogging (van der Moezel et al, 1988 and 1991; Marcar 1993; Crug et al,

1990). Growth and water use of marsh plants was also reduced under these conditions

(Naidoo and Mundree, 1993; Giurgevich and Dunn, 1982; Howes et al, 1986; Haller et al,

1974; Pezeshki et al, 1987 Glenn et al, 1995; Adams and Bate, 1994). Investigations of the
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effect of salinity combined with flooding on bald cypress (Taxodium distichum) showed that

growth and assimilation decreased and plants died after 2 weeks of flooding with 10 g/l NaCl

water (Pezeshki, 1990; Conneg 1994).It was suggested that for bald cypress, photosynthesis

may have declined in response to relatively small increases in salt concentrations in the leaves

and this may have caused leaf mortality and inhibition of root functioning (Pezeshki et al,

1988; Alam, 1993). Mangroves are adapted to anaerobic saline conditions, however, high

substrate salinity has been found to reduce transpiration rates through salt accumulation

(Naidoo, 1985; Ball 1988). Salinity also results in reduced photosynthesis as a result of both

stomatal limitation and photosynthetic capacity @all and Farquar, 1984a; Ball and Farquar,

1984b). Transpiration in mangroves is closely correlated with the COz assimilation rate,

resulting in a high water use efficiency (Andrews and Muller, 1985).

Summary: Transpiration is reduced in response to salinit!, as a result of stomatal closure

and leaf decline. Waterlogging results in afurther decline in water use via a decrease in root

permeability, unless root aeration is increased by morphological chnnges.

1.2.3 Anatomy andmorphology adaptations: Response of the root system

Salinity and waterlogging influences root growth and development in a number of ways. The

reduction in root growth in response to salinity has been seen in many plants (Katerjiet et al,

1994). The distribution and morphology of roots also changes in saline environments. Root

growth was shown to increase in the shallow depths of soils in response to salinþ (Rogers

and'West, 1993). Many studies have shown the increase in fine roots in response to saline

conditions in the soil. Waterlogging in saline environments decreases root growth, which may

reduce growth of shoots (Barrett-Iænnard, 1986). Atriplex amnicolø responded to combined

salinity and root zone hypoxia by reduced root growth and increased death of root apices

which did not recover when re-aerated (Galloway and Davidson, 1993). However,

Myriphyllum brasiliens¿ showed an increase in root growth, which increased the root surface

area and overcame a water deficit in response to waterlogging with saline water (Haller et al,

r974).

Roots play a role in mediating shoot growth by producing hormones that control shoot

growth and conductance to water as discussed in the previous section in relation to ABA and

leaf conductance (Kuiper et al, 1988 and others). Therefore, the inhibition of root growth by

salinity (Kurth et al, 1986; Ziden et al, 1990; Azuzeh et al, 19921' Neumann et al, 1994) may

limit shoot growth by reducing the conductance of water, nutrients, and growth regulators to

the developing shoot (Wadleigh et al, 19 47 ; Zhang and Davies, I99 I ; 7idart et al, 1992).
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In waterlogged environments, plants need to adopt transport processes which increase the

availability of oxygen to the root system. Morphological adaptations such as

pneumatophores and aerenchyma are present in plants characteristic of waterlogged soils

which enable them to maintain adequate internal aeration, and so maintain ion regulation and

root growth (Wainwright, 1984; Naidoo and Mundree, 1993). The forrration of aerenchyma

extemal to vascular elements and the production of adventitious roots is stimulated by

ethylene production (Kriedeman and Sands, 1984). This facilitates gas exchange with the

aerial environment, allows oxygen to be transported to the roots, and also allows potentially

toxic gases formed through anaerobic respiration, such as ethylene, to be dissipated @rew et

al, 1979; Kriedeman and Sands, 1984; Blake and Reid, 1981; Sena Gomes and Kozlowski

1980). Anatomical adaptations in the root, such as a second root endodermis which acts as a

barrier to salt (Kriedeman and Sands, 1984), and barriers to oxygen leakage to conserve

oxygen in the root (Youssef and Saenger, 1996), may also contribute to the sallwaterlogging

tolerance of some plants.

Summary: Salinity often increases root growth, and roots are often concentrated in surface

soils. Waterlogging results in anatomical and morphological chnnges to roots to ingrease

aeration.

L.3 Water use strategies of trees in saline and waterlogged e¡nvironments

Saline and waterlogged conditions in the field may occur naturally or as a result of man

induced changes. Although the causes of soil salinity and waterlogging are diverse, there

are many commonalities in the response. By reviewing existing knowledge of the plant

response to salinity and waterlogging, we can better understand plant water use in saline

areas. This section reviews the work on water use strategies of plants, in a variety of saline

and waterlogged environments, to examine how plant water use responds in an integrated

way to salinity and to waterlogging. Where plants need to tolerate saline environments (and

perhaps waterlogging), they will often combine a number of plant response mechanisms to

maintain water use. This is termed a "water use strategy". The following section focuses on

whole plant response studies, field studies, and studies of groundwater use by plants in

saline environments.
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Plants in marshes and coastal systems represent the extreme of fluctuating salinity conditions.

Although these systems are often altered and can become more saline or flooded, they are

usually naturally anaerobic and saline as a result of tidal inundation and naturally occurring

saline soils and groundwaters. Many of the plants that occupy these environments have

specialised morphological adaptations which allow them to survive under conditions of

salinity and waterlogging, Many of the responses are more generic, and may be useful in

understanding the water use of trees in saline and waterlogged areas.

(a) Coastal environments

Mangtoves include many tree species known to be tolerant of waterlogging under saline

conditions. Mangroves are found in coastal environments which are usually regularly

flooded with sea water. There may also be fresher water derived from rainfall in the surface

soils or as lenses on top of the saline water (Waisel et al, 1986; Gill and Tomlinson, 1917).

The soil salinity often fluctuates dramatically in these environments in response to tidal

events and high potential evapotranspiration (PET). Substrates of the mangrove environment

are often anaerobic as a result of inundation. Mangroves take up some salt through the roots

but 80 Vo of the salt is left behind in the root zone (Waisel et al, 1986). This results in build

up of salts surrounding the roots. As previously discussed (section 1.2.2) low rates of water

use (0.69 to 2 mm duy t) due to salinity and waterlogging have been documented for many

mangroves (Miller, l9l2; Wolanski and Ridd, 1986). Salinity limited transpiration has been

modelled for mangroves by Passioura et aI (1992). In this model a quasi-steady state is

assumed in which the flow of salt into the soil by convection in the water travelling to the

roots is matched by the diffusion of the concentrated salt back to the soil surface. The

transpiration rate is limited by this concentration of saline water.

Many mangroves have shallow root systems and areal roots (pneumatophores) which allow

oxygen diffusion to the root system below ground, maintaining aerobic processes so that

water uptake is not affected by waterlogging (Chapman,1976). However in some mangroves

the source of water used varies in response to salinity. In studies of mangrove water sources,

in response to availability of fresh water versus ocean water, it was found that mangroves

generally used ocean water, but were capable of using fresh water when it was available

(Sternberg and Swart, 1987). The water sources used by the red mangrove (Rhizophora

mangle Z.) were investigated in more detail in response to tidal inflows and rainfall along an

elevation gradient. At lower elevations roots of the red mangrove (tall form) were regularly

bathed in sea water which is used at all times (Lin and Sternberg, 1992b). However where
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this mangrove occurs at higher elevations (dwarf form) it uses rainfall during the wet season

and sea water during the dry season at high tides. These mangroves were faced with very

high soil salinities during the dry season and consequently a high water use efhciency (Lin

and Sternberg,1992 a). The use of surface water by red mangrove was further investigated by

Lin and Sternberg (1994) where it was found that surface water was used at most times by

both forms of red mangrove despite groundwater of lower salinity often being available.

Furthermore there was little change in uptake pattern with salinisation of the root zone or

freshening of the groundwater. However there was an increase in fine roots in the surface

soil when rainfall was high. Anaerobic conditions are thought to be often responsible for the

concentration of mangrove roots in the surface soil (Gill and Tomlinson, 1977).

The ability to withdraw water from these saline substrates is thought to be due to the

generation of low leaf water potentials. Minimum leaf water potentials of -5 MPa have been

found for mangroves (Scholander, 1968; Clough, 1984). Red mangrove leaf water potential

has been found to decrease over summer in response to salt accumulation in the surface soils

and sea water intrusion and increase in the winter in response to rainfall (Lin and Sternberg,

1992b; 1994).

Studies of plant water use strategies have also been conducted in coastal brackish and salt

marshes. Tidal inundation can result in large and rapid changes in soil salinity (Jeffries et al,

1979). The studies of herbaceous wetland plants rarely discriminate between water sources.

These plants are usually considered to be shallow rooted and so will only respond to changes

in the substrate conditions at the soil surface. However there have been some studies which

have found a different response. Arctic salt marsh plants such as Puccinellia species and

Carex ursina which occur on the ocean fringe may use fresh water lenses on top of sea water

so maintaining a higher plant water potential than would be expected if sea water was being

used alone (Dawson and Bliss, 1987). Conversely,, marsh species, where the soil was

irregularly floodedrhad higher than expected plant water potential. This was considered to be

a result of the use of deeper, fresher water sources (DeJong and Drake, 1981). Studies of

water sources of hatophytes on the Dead Sea shores indicated that fresh flood waters were

used selectively over saline water (Yakir and Yechiell, 1995).

Summary: Plants that occur in coastal environments have plant water use strategies that are

naturally adapted to these environments. This includes low water use, low leaf water

potentials, the use of fresh water sources when they become available and tolerance of

waterlogged soils through anatomical adaptations to roots.
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(b) Floodplain environments

Floodplains are often underlain by saline gtoundwater and may suffer waterlogging as a result

of floods and rising groundwater. These conditions result in tree/groundwater interactions and

water use strategies which may be influenced by both salinity and waterlogging. The

evapotranspiration and ground water use of salt cedar (Tamarix pentandra) was investigated

on the floodplain of the Gila River in the USA using evapotranspirometers (van Hylckama,

1974). Water use decreased (2550 to <1000 mm/yr) with a decline in water table (1.5 m to

2.7 m) depth. An increase in salinity from l0 to 30 dS/m also resulted in a 507o de,crease in

water use.

Salinity limited transpiration was also observed for floodplain trees on the Chowilla

floodplain in South Australia, The water use strategy of Eucalyptus largiflorens was studied

on the Chowilla floodplain of the Murray River in South Australia. Groundwater fluctuates

between 2 and 4 m and is influenced by floods (2-25 years) and fluctuations in adjacent

watercourses. Groundwater salinity ranges from 10 to 60 dS/m. Eucalyptus largiflorens is

primarily reliant on saline groundwater for transpiration and combines this source with water

from the surface soil after rain or a flood event (Thorburn et al, 1993a; Jolly and Walker,

1996; Richter et aJ, 1996). Groundwater is usually taken from the capillary fringe but roots

have often been observed below the watertable and have also been observed to proliferate in

the surface soils after a flood (Richter et al, 1996). The uptake of saline groundwater results

in an accumulation of salt above the groundwater table (Thorbum et al, 1993a) and this

progresses to the surface over time resulting in less gtoundwater being able to be used at the

more saline sites. This process was modelled by Thorbum et al (1995). 'Water use was

limited to 0.1 to 0.2 mm/day and most of this contributed to groundwater discharge

(groundwater loss through the vertical flux of groundwater to the atmosphere by

transpiration and evaporation) (Thorburn et al, 1993a). A factor controlling the groundwater

able to reach leaf water potentials of -2.5 to -3.5 MPa permitting the uptake of water where

salinities were up to 40 dS/m (-3 MPa) (Eldridge et al, 1993).

The basis of this model of salinity limited transpiration (Thorburn et al, 1995) was the

interaction of floods with the process of salt accumulation. Infiltrating flood waters pushed

the accumulated salt bulge back down towards the groundwaterrhence maintaining the water

uptake of Eucalypfzs trees (Thorburn et al, 1995). The transpiration rate does not appear to be

further affected by extended flooding (Jolly and Walke1 1996; Richter et aI, 1996). This is
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thought to be a result of low oxygen consumption by roots (Heinrich, 1990). Investigations of

the water use strategies of E. largiflorens under flooded conditions indicate that soil tlpe is

instrumental in controlling the water use response through controlling the rate of infiltration

of the floodwaters (Richter et al, 1996).

In the same study, the water use strategy of Eucalyptus camaldulensis, occurring adjacent to

ephemeral and permanent watercourses, was investigated (Mensforth et aI,1994; Thorburn et

al, I994b; Thorburn and 'Walker, 1994). E camaldulensis used saline groundwater rather

than fresh creek water when situated within 20 m of the creek but when situated directly on

the creek used up to 50Vo creek water. When overþing saline groundwater (30 dS/m) the

transpiration rate was limited to 0.1 mm/day but when groundwater was of moderate salinity

(10 dS/m) the transpiration rate was up to 2 mmlday. In response to rainfall E. cam"øl"dulensis

used fresh water from the surface soil (Mensforth et al 1994). In response to flooding E

camaldulensls develops adventitious roots (Heinrich, 1 990).

Summ.ary: Floodplain trees use saline groundwater at rates thnt are limited by groundwater

salinity and groundwater depth. Uptake of saline groundwater is dependent on the plant

water potential threshold to water uptake, and accumulation of salt in the root zone.

I. 3.2 Agricultural Systems

Few studies of the water use strategies of plants in agricultural systems in response to salinity

and waterlogging have been conducted in environments that are underlain by saline

groundwater. Investigations of trees, shrubs and pastures have been conducted in the field

and in lysimeters to gain an understanding of their water use strategies and the implications

for groundwater use.

(a) Trees and shrubs

'Where trees have been planted in groundwater discharge areas, where they might interact

with saline groundwater, groundwater levels have dropped (Bari and Schofield, 1991;

Biddiscombe et al, 1985; George, 1991). This is often taken as evidence of groundwater

uptake by the trees. Also an evapotranspiration higher than rainfall has been found in

many areas where trees overlie saline groundwater (Greenwood et al, 1982, 1985 1992).

Direct evidence of groundwater use by trees has rarely been shown and only a few of these

studies have actually examined the water use strategies used by these trees in response to

the saline groundwater (Thorburn et al, 1993a; George 1991).
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Greenwood et al (1982, 1985, L992) made numerous studies of tree water use in areas

affected by secondary salinity using a ventilated chamber including studies of Eucalyptus

plantations. Trees were investigated at up-slope and mid-slope positions in the landscape.

Annual evaporation ranged from 2300 to 2700 mm/yr at the upslope, where groundwater

was 8-10 m deep on average, to 1600 mm/yr at the mid slope, where groundwater was

shallower but was confined by a siliceous aquiclude which roots could not penetrate

(Greenwood et al, 1992). Groundwater salinity was -2 glL Cl (3 dS/m). These

evapotranspiration rates were higher than rainfall (680 mm) indicating that up to 2000

mm/yr of groundwater was being used at these sites. However analysis of the available site

groundwater and soil Cl data indicate that this may be have been an overestimation of the

groundwater discharge (see Thorburn, 1993 p 16), highlighting the difficulties in

quantifying groundwater discharge without an understanding of the water use strategies of

plants in these sorts of environments.

Further studies of root distribution (Greenwood et al, 1992) found that roots of Eucalyptus

globulus and E. cladocalyx were concentrated in the surface 1 m of the soil profile at all

times but extended well into the fluctuating unconfined aquifer. The authors suggested that

the roots would have survived this waterlogging because the oxygen content of the

groundwater was satisfactory (Greenwood et al, 1992). In the seepage area, where

groundwater would have been shallowest and most saline, the trees were thought to be

temporarily phreatophytic on the seasonal perched groundwater aquifer (Greenwood et al,

1992). Evidence of an upward redistribution of chloride from the groundwater at 4-6 m

also provided evidence for groundwater uptake by roots at this depth.

In an investigation of the potential of trees (Eucalyptus species) to reclaim sandplain seeps,

George (1990, 1991) measured groundwater discharge through piezometric techniques.

Lower values for groundwater discharge were found than in studies by Greenwood et al

(1985). However it was observed that during the study perio$perched water tables were

progressively lowered and the seep reclaimed despite above average rainfall (George,

1990). In this study, groundwater discharge fluxes of 0.5 mm/day (100 mm/yr) were found

for Eucalypløs species overlying groundwater of 4.3 glL CI (7 dS/m) at2 m depth.

Preliminary measurements of groundwater discharge by Fraser et al (1995) (Eucalyptus and

Casuarina species) in areas with shallow saline groundwater (l-2 m deep and 8-11 dS/m)

in Queensland, Australia, found transpiration rates ranged from 10-1307o of rainfall and



colïesponded to differences in tree growth. Transpiration remained constant ttrougtrout ti3

1 year study period and was limited below potential evpotranspiration (PET) by root zone

salinity. Preliminary results indicated that trees were obtaining 50-100Vo of their water

from the groundwater (Fraser et al, 1995) and groundwater discharge was estimated at 0.í-

2.2 mmlday. Casuarina glauca was investigated in the study of Fraser et al (1995 (also

Fraser and Thorburn, 1996) and was found to have higher growth rates and water use than

Eucalyptus camaldulensis under similar groundwater conditions. C. glaucd was found to

beusingatleast 160mm/yrof groundwaterwheregroundwatersalinitywas 11dS/m atl.6

m depth.

'Water table levels under trees have been compared to those under pastures to investigate

the role of trees in saline areas (Bari and Schof,reld; 1991 , L992; Schofield and Bari; I99I).

As with the other studies discussed, revegetation resulted in a lowering of water tables

(decline of 1.5 m in 9 years). The yearly minimum groundwater levels decreased with the

increasing proportion of afforestation and tree leaf area (Bell et al, 1990; Schofield, 1990).

However it was suggested that the declining groundwater levels could also have been

associated with the below average rainfall conditions during the study period (Bari and

Schofield, 1991). The mechanism by which the trees reduced groundwater levels is not

clear from these studies. A decline in groundwater salinity (9 to 30 Vo) was also observed

(Schofield and Bari, l99l). This differs from the prediction by many authors (Morris and

Thomson, 1983; V/illiamson, 1986). Some of the processes that were hypothesised to lead

to this decline in salinity include horizontal flux of salt discharge from the site and

deposition of salt in the unsaturated zone (Schofield and Bari, 1991).

Huperman (1995) investigated the tree/watertable interactions of Eucalyprzs species in a

plantation and found increases in salinity of the groundwater. Watertable drawdown of 2-4

m was observed under the plantation. This resulted in a reversal of the hydraulic gradient

underneath the plantation, essentially converting the plantation site into a discharge area.

This resulted in a build up of salinity under the trees and salinity increases in the

groundwater (up to 15 dS/m). Trees were planted in 1976 and watertables under the trees

started to rise after 1982 (6 years later) as a result of increasing irrigation outside of the

plantation or reduced water use as a result of build up of salt around the root system

(Huperman, 1995). Studies of root distribution under the plantation indicate that the

highest root densities were found in the surface 50 cm. Roots were present throughout the

soil profile including the permanently saturated zone and appeared to bypass saline soil
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layers and access deeper, less saline groundwater in the saturated profile (Huperman,

1995). This was considered to be a possible water use strategy to avoid or delay growth

reduction caused by salt accumulation.

Salt bush (Atriplex species) are often thought of as plants that are tolerant of arid

environments but they may also be salt tolerant and waterlogging tolerant (see section 1.2).

The water use strategies of Atriplex species in response to saline groundwater has been

investigated in a number of studies. Greenwood and Beresford (1980) estimated evaporation

rates from plots of Atriplexvesicaria of varying plant densities. Groundwater was 1.2 m deep

and salinity was 24000 mglL Cl (40 dS/m). Evaporation from plots ranged from 3.3 to 1.3

mmlday depending on plant spacing. Groundwater depth increased where plant spacing was

higher (plants were denser) but the proportion of evapotranspiration that was derived from

groundwater use was not calculated. Similarly, Barrett-Lennard and Galloway (1996) also

observed an increase in water table depth under river salt bush plantations and attributed it to

transpiration rates of 0.7 mm/day where the groundwater depth was 1.2 m (salinity not

known). No estimate of groundwater use was made here either, with the role of these shrubs

in recharge reduction through use of rainfall not being separated from potential groundwater

use.

Slavich et al (1996) attempted to quantify groundwater discharge ftom Atriplex nummularia

overlying groundwater of 10,000 mg/l Cl (17 dS/m) at -2 m depth. Very low transpiration

rates were recorded (<0.2 mm/day) and groundwater was only used at the end of summer

when the surface soils were dry. Low plant water use was associated with low leaf areas, low

leaf conductance and low xylem water potentials.

Summary: Tree and shrub water use is often limited by salinity and is dependent on leaf area

index. There is indirect evidence for the impact of trees and shrubs on watertables where they

are planted in groundwater discharge areas but it is unclear what role trees and shrubs play

in saline agricultural landscapes. This includes confusion about the role of trees in the

groundwater balance (control of groundwater recharge or discharge) and salt accumulation.

It appears that the deeper root systems of trees may be important in groundwater use but

information on tree water sources is scarce.

(b) Salt tolerant crops and pastures

While the plant types discussed up until now have been dominantly perennial, there have

been investigations of ephemeral crops and pastures which have implications for the water
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usê strategies of plants in response to saline groundwater, particularly during the growing

season, and when irrigation ceases. These studies are often carried out in lysimeter

experiments, although there are some field studies. They provide useful information about

the processes involved in groundwater uptake by these plants.

Talsma (1963) investigated capillary upflow (the vertical flux of water from the

groundwater) under a number of pastures. Capillary upflow was found to be greater in

intermediate textured soil than in clay soils of low hydraulic conductivity. Investigation of

a rye-grass-sub-clover pasture found groundwater use of -2O0 mmlyr where groundwater

salinity was 10-20 dS/m and depth was 1.3 m.

The water use strategy of lucerne in response to fresh groundwater at a number of depths

and the response to draw down after the cessation of irrigation has been investigated in

lysimeter studies (Thorburn et al, I994a; Smith et al, 1995). When a fresh watertable was

maintained at 60 cm depth, leaf area index reached a maximum of 4. Water use was

associated with changes in leaf area with evapotranspiration ranging from2 to 16 mm/day

(equivalent to groundwater use of 230 to 360 mm/yr). Capillary upflow was lower in clay-

loam than loam and was associated with lower growth. Plants were observed to drop the

free water surface through evapotranspiration which may have allowed aeration of

previously unavailable soil layers (Smith et al, 1995). 'When the fresh groundwater was

dropped to 1 m during a long period without irrigation root growth was stimulated

downward and root length density increased above the water table (Smith et al, 1995).

There was a marked increase in upflow as a percentage of evaporation but there was still

water being taken from the surface soils (Smith et al, 1995).

Capillary upflow in the loam soil accounted for up to 55Vo of evaporation when the

groundwater was fresh but when saline groundwater was introduced (13 dS/m) this was

halved. Water use efficiency also increased with the introduction of the saline watertable.

The reduction in upflow due to the saline watertable occurred despite only a small

reduction in root length density above the watertable. The saline groundwater was also

associated with a reduction in growth. As the salinity increased above the watertable and a

"bulge" of salt was formed, the roots were replaced with numerous smaller diameter roots

(Smith et al, 1995). Isotopic evidence indicated that the plants relied primarily on water of

low salinity stored in the soil profile during this time, with saline groundwater flowing

upward to replace this soil water (Thorburn et aI, 1994a).
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In a similar study of maize (King et aI, 1995)rsaline groundwater (15 dS/m) was introduced

at depths of 60, 90 and 120 cm in lysimeter studies which also incorporated four different

soil types and only minimal irrigation. Depth to the saline water table determined how

much water was used by the crop. Evapotranspiration usually declined with increasing

watertable depth and was well correlated with plant height and dry weight (King et al,

L995). Capillary upflow from the watertable declined with increasing watertable depth and

was greatest in medium to coarse textured soil. The capitlary upflow as a proportion of

potential evapotranspiration increased with shallower water-tables. The proportion of

evapotranspiration from capillary upflow was greater with the saline water tables at 60 cm

depth thanwith the fresh water tables at a similar depth (King et al, 1995). Capillary

upflow from the watertable was correlated with an increase of salinity above the

watertable.

Roots were concentrated in the soil surface 50 cm (King et al, 1995) and were denser than

found in another study with fresh water tables (Smith et al, 1993). Root density below the

saline water table was less than that found below fresh water tables (Smith et al, 1993).

The highest proportion of shallow roots were found when groundwater was at 60 cm depth

where roots appeared to prefer irrigation water to groundwater. The highest proportion of

deep roots were found when groundwater was at 90 cm (King et al, 1995). Root density,

when groundwater was at l2O cmlwas similar to 60 cm probably because of the shallow

rooting nature of maize. The distribution of roots did not limit capillary upflow (King et

al, 1995)

Water use by TallWheat Grasswas investigated in the Upper South East of South Australia

in response to a shallow saline groundwater (5-7 dS/m) which fluctuated in depth between

the surface and 1 m @leby et aI, 1996). Plant water use reached a peak of 4 mm/day in

summer; plants then senesced over the late suÍrmer period and winter with water use being

reduced to < 0.5 mm/day. Roots were concentrated in the top 10 cm but also extended to

the groundwater. Groundwater was thought to be used by the grass in suÍrmer as a result of

salt accumulation in the surface soil, while soil water was used in winter and spring, a

pattern also indicated by increases in surface soil roots during this time. Stomatal

rèsistance was higher and leaf water potential was lower during the time of groundwater

uptake in early Summer.

Summary: In shallow groundwater systems the groundwater use of pasture plants is

dependent on rooting depth, groundwater salinity, and plant tolerance to salinity as weII
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as time of senescence. Higher rates of groundwater u^se were reported for pastures

overlying shallow saline groundwater than for trees (deeper groundwater systems)

because of the greater groundwater capillary upflow.

"' 1.4 Melaleuca hahnaturorum

The genus Melaleuca is a member of the family Myrtaceae and is widespread in Australian

tropical, arid and cold coastal areas occurring in forms ranging from ground cover to trees.

V/ithin Australia there are -200 species and -8 have been recorded outside Australia in the

tropical regions north of Australia. Common names of Melaleuca species include paper-

bark, honey-myrtle, and tea-tree. Many melaleucas grow near water, often in swamps and

estuaries, or along stream banks, although others a¡e found in sandy heaths of low to

moderate rainfall, and in coastal areas. The invasionby Melaleuca quinquenervia into the

freshwater wetlands of the Florida Everglades USA, displacing native species, has been

associated with the ability of the species to tolerate a broad range of environmental conditions

from flooding to drought, and also fue (Ewel, 1986; Hofstetter, 1991).

Members of the genus Melaleuca are some of the few tree species that occur on sites that are

naturally waterlogged (Froend et al, 1987), These environments are also often saline and the

health of mature melaleuca trees has been found to decline at soil salinities greater than

approximately 540 mg CL/kg (dry soil) in ephemeral wetlands in'Western Australia (Froend

et al, 1987). Results from these studies indicated that health of M. strobophylla declined as a

result of dryland salinity either due to salinity or waterlogging or the two combined. Such

salinisation is caused by vegetation c.learance on suffounding agricultural land (Froend et aI,

1987). M. cuticularis, considered to be tolerant to flooding, suffered mortality after

6 years of flooding (Froend and van der Moezel, 1994). A decline in health of M.

halmnturorum inthe Upper South East of South Australia is considered to be associated with

an increase in soil inundation and rising saline watertables. (Webb, 1993).

Seedlings of M. ericiþIia showed tolerance to waterlogging with seedling growth and

adventitious root development actually being increased by waterlogging (Ladiges et al, 1981).

Flooding of M. quinquenervra seedlings to 3 cm above the soil surface resulted in the

production of adventitious roots and only a slight reduction in shoot growth and roots (Sena

Gomes and Kozlowski, 1980). However flooding of M, halmaturorum seedlings to IOO 7o of

their initial height for 6 weeks reduced growth and survival while flooding to 50 Vo of initial

height did not (Denton and Ganf, 1994). Likewise seedlings of twenty melaleuca species

were tested for salt and waterlogging tolerance (van der Moezel et al, 1991) and were found
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to have little growth reduction under conditions of waterlogging and had higher survival rates

than eucalypt species under conditions of salinity combined with waterlogging. Melaleuca

ericifolia seedling growth declined in response to salinity (I-adiges et al, 1981).

In response to drought and salinity stressrM. lanceolata and M.uncinata showed osmotic

adjustment and increased proline levels (Naidu et al, I987).In addition to proline, nitrogen

containing compatible solutes were found in 15 melaleucaspecies that were examined (Naidu

et al, 1987; Poljakoff-Mayber et al, 1987). M. styphelioides showed high sap flux under

conditions of drought (Mishra and Sands, 1992). Drought survival in sub-tropical M.

quinquenervia may involve increased leaf longevity (Greenway, 1994) and in M. scabra and

M. seriata may involve a deep rooting system and the production of additional stems (Dodd

and Heddle, 1989).

Melaleuca halmaturorum var halmaturorum F.mteIl. ex Miq. (South Australian Swamp

Paperbark) occurs in the more temperate, low lying parts of South Australia, particularly the

south-east, and in 'Westem Victoria. It forms dense woodlands around the perimeters of

ephemeral wetlands (Cooke, l987)nermanent wetlands (Rea, 1992), and in ephemeral often

saline srwamps. It favours low-lying sites and will generally grow in these sorts of

environments where other trees will not grow (Holiday, 1989). It grows to 10 m high

(Barlow and Cowley, 1988) and has a growth form that is usually irregular or crooked with

thick whitish papery bark and a dense crown. Although the growth of seedlings was

investigated under flooded (Denton and Ganf, 1994), saline and saline and waterlogged

conditions (van der Moezel et aI, I99I) little is known of the water use strategies of M.

halmaturorurnc in response to these conditions.

Melaleuca halmaturorum was investigated in the Upper South East of South Australia (see

Chapter 2). This region is under investigation as a result of massive dryland salinity

problems which have resulted in a loss of agricultural productivity. M. halmaturorum is a

dominant species on the inter-dunal flats where it dominates natural groundwater discharge

areas. Its water use and specifically groundwater use, is under investigation in order to

understand the role that the vegetation plays in the hydrology of the Upper South-East.

Transpiration of groundwater by M. halmaturorum may have a significant impact on the

groundwater balance especially if it uses groundwater for a large proportion of the year. ff so,

this information will be useful when examining the water balance of wetlands and the

groundwater balance in the whole south east region of South Australia.
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In addition, there has been a decline in the health of M. halmaturorum in some areas. Rising

gtoundwater levels in this region may have reduced the volume of soil available for

root exploration and so decreased the time taken to reach maximum soil salinities. Thiycombined

with possible waterlogging effects/may be responsible for tree death in the region. It is

important to understand the factors resulting in this decline of health of these trees along

with their role in the water balance.

Summary: Members of the genus Melaleuca are tolerant to drought, salinity, waterlogging

and flooding. Melaleuca halmaturorumr is one of the most salt and waterlogging tolerant

.melaleuca:s and occurs in natural groundwater discharge areas of the Upper South East of

South Australia. Seedlings have been shown to tolerate salinity, waterlogging and

flooding however little is lcnown of the water use strategy of mature,M.halmaturontwt trees

in response to these conditions in the field.

In general sumrnary;

Transpiration ß often limited hy sølinify but liftle ß known of the groundwater use of

plants ín response to salinity and waterlogging combined. The water use strategics of

planß across dffirent environments appear to be dominafed by plant water potential,

rooting depth, groundwater salinity and groundwater depth. The interacti.on of plant

physinlogital and environmental mechanßms in groundwater uptake a.ppears to be

importaú where saline groundwater occurs.

1.5 Aims of this project and rationale for methodology

The general aim of this study was to identiff the water use strategy of M.halmaturorum in

response to salinity and waterlogging in the root zone and through this quantify groundwater

use and the role of M.halmaturorum in the water balance. Thehypothesesto be tested were;

o M.halmaturorum uses water at a rate that is limited by groundwater salinity as a result of

reduced leaf area and leaf conductance.

o 'Water 
uptake is maintained by a high plant threshold to water uptake reflected in a low

leaf water potential for M.halmaturorum.

o Groundwater is used at all times as a result of the response of the root system of M.

halmaturo rum to salt accumulation.

o When waterlogging is combined with salinity, transpirationby M. hqlmaturorum is further

reduced.
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The investigation was conducted by breaking the water use strategy into three components;

1) transpirational response 2) root system response 3)water relations response. These

components are all related to each other but each needs to be understood in order to

identify the water use strategy and therefore quantify the annual groundwater use. The

quantity of groundwater used depends on the transpiration rate and the rooting depth and

both will change with time. This will be determined by the dynamic changes in water use

strategy as the environmental conditions change.

A series of field sampling and measurement trips were conducted over an 18 month period

(October L993 - February 1995) at four sites that differed in degree of salinity and

waterlogging (see Appendix 1 for specific sampling dates). Description of these sites are

outlined in Chapter 2 along with a general descrþtion of the environment of the Upper

South East. One of these sites (Duck Island) was investigated intensively, the other three

less so. Tree water use was quantified over the sampling period and this is outlined in

Chapter 3. The partitioning of this water use into use of groundwater and rainfall is

outlined in Cbapter 4 and Chapter 5. Chapter 6 brings all of this information together to

characterise a water use strategy for M.halmaturorum and quantify groundwater discharge

using a model of root water uptake. Chapter 7 provides a general discussion of the results

and conclusions from the study. The thesis outline is described in Fig 1.1.

Thesis outline

Figure 1.1: Outline of thesis chapters
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Chapter 2: Site Description

2.1 Environmental Description of the Upper South East of South Australia

The Upper South East of South Australia is an area of 680 000 ha as defined by the towns

of Keith, Naracoorte, Kingston and the Coast (Coorong ) (Fig 2.1). Main landuses are

cropping and pastoral with significant wetlands occurring amongst these farming systems

(Fis2.2).

2.1.1 Climate

The Upper South-East of South Australia has a Mediterranean climate with wet winters

and dry summers. Average annual rainfall ranges from 340 mm at Keith to 420 mm at

Naracoorte. Compared to other parts of South Australia, rainfall for the Upper South East

has a low to moderate variability (Engineering and Water Supply Department, 1987).

Potential annual evapotranspiration (PET) averages 1500 mm. Daily maximum

temperatures may reach up to 40oC in summer and frosts occur in winter.

2.1.2 Topography and Soils

Taylor (1933) divided the upper south-east into three topographic zones: Hill country, plain

country and swampy flats. The plain country, where it was waterlogged, contained tea-tree

(M. halmaturorum). The swampy flats where it was less saline also contained tea-tree,

along with cutting grass. In low lying swamp country, that was wet and annually flooded,

samphire occurred with tea tree (Taylor,1933).

Jackson and Litchfield (1954) described the dominant landscape in the upper south-east as

being an extensive plain transected by belts of sand dunes and swamps. A flat dune system

is shown in Figure 2.3. The most important topographic feature of this region is the series

of stranded coast-line ridges (dunes) parallel to the present coast and less than 30 m high.
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The plains between the various ranges (flats) are 1-10 km wide and slope gently down from

east to west and from south to north. In some parts the flats were smooth and featureless

for miles but other parts included swamps along the western side of the plains, lagoons

taking the discharge of creeks and watercourses, and lunettes on the eastern margins of the

lagoons (Blackburn, 1964).

A very large proportion of the land is flat, stony and low-lying. Natural drainage is

hindered by the series of ridges parallel to the coast, causing temporary flooding at the end

of the wet season (see next section). This has led to the need for artificial drainage for

agricultural production. Low lying areas are characterised by swampy flats and small,

shallow seasonal lakes. Shallow saline groundwater historically underlay much of the area

(Jackson and Litchfield; 1954) but has risen and caused dryland salinisation (see next

section). In places, the water-table reaches the surface during some portion of the year and

forms the seasonal lakes and saline flats typical of the Lake Ellen Association (Jackson and

Litchfield; 1954).

There were two very recent episodes in geological history which have determined the

topography and soil type of the region. First was the withdrawal of the sea from the

limestone sedimented Murravian Gulf and the emergence of the South East as low, flat

land ridged in an extreme way. As regional uplift shed the sea westwards and exposed flat

land for colonisation of terrestrial plants, the parallel ridging was developed by global sea

level rises which counteracted the uplift and caused temporary halts in the westward

coastline migration, building the ridges at the rate of one every 100,000 years (Lange,

1981). This was followed by extensive mantling with windblown siliceous sand during the

great Australian arid period 3000-9000 years ago (Crocker and Wood, 7947) or 18000 yrs

ago (Dodson,1974).

There is much spatial variation in soil type. There is often an abrupt change from black or

grey clay to light grey sand which is linked to changes in topography and drainage

(Blackburn,1964). Soils are predominantly grey brown sandy at the surface with finer

textured subsoils of a bleached nature overlying higttly calcareous substratum. These are

combined with deep sands on the dunes and medium to fine textured saline soils in the

swamps. These soils on the flats are often waterlogged with saline water.

The soils of the swamp country @ake Ellen Association; Jackson and Litchfield; 1954)

were described by Taylor (1933). The swamp country occupied the low-lying flats which
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were permanently swampy or annually flooded in winter. They were distinguished,

according to the degree of flooding and salinity, as flats with cutting grass with or without

small tea-tree or flats with samphire, tall tea tree and salt lakes. They include a great

variety of very poorly drained saline soils, occurring on low lying flats, many of which are

inundated by salty water throughout a portion of each year due to the shallow watertables.

Surface soils were saline, medium textured and large amounts of lime was present at

shallow depths. Some degree of waterlogging, at least in the lower horizon is always

present with the saline soils resulting in mottling and discolouration of the subsoils

(Jackson and Litchfield, 1954). The vegetation is usually samphire (Salicornia species)

and Melaleuca halmaturorum. The soils of this swamp country are alkaline (pH 9) and

saline and consist of a dark grey sand (up to 12 inches) or loam overþing a dark grey clay

or clay loam, a. grey clay (35Vo clay) and then limestone. The chief constituent of the

soluble salt is sodium chloride (Taylor, 1933). The Monkoora soil association, which is

characterised by saline subsoils also may carry melaleuca swamp vegetation (Jackson and

Litchfield, 1954). The Monkoora sand (Taylor, 1933) generally consists of a shallow

surface grey sand over a white sand and greyish yellow sandy or medium textured clay.

This is underline by a limestone. The soils are usually saline and sometimes waterlogged

and the salinity is related to the dominance of M.halmaturorum.

'When these initial investigations were undertaken(Taylor, 1933; Jackson and Litchfield,

I954)the effect of salt did not appear to be spreading to adjacent soils and it appeared that

leaching and drainage had reached a natural equilibrium on the flats with the mature

formation of saline flats and swamps. Today it appears that the rising groundwater has

enhanced the spread of these landforms to adjacent parts of the landscape.

2.1.3 Hydrology

(a) Surface water

The Mediterranean climatic conditions combined with the geomorphology of the region

produces a hydrological regime where winter rains fill the interdunal flats and summer

temperatures dry them out. Winter precipitation is the most critical factor in establishing

the amount and length of time a wetland is inundated and evaporation during summer is

critical in defining the capillary rise of groundwater to the surface in dried wetlands and so

the deposition of salt. Due to these climatic conditions most of the wetlands are only

seasonally or semi-permanently inundated.
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Surface water flows are produced when winter rainfalls are high, intense and late in the

winter season. Settlement in the Upper South East has resulted in increased surface flows.

This, combined with high watertables, has caused increased catchment wetness,

groundwater recharge, increased surface water flows reaching the downstream end of

watercourses and increased wetland storage (Clark et al, 1991). Surface water moves along

watercourses (flowing SE to NW) which consist of a series of swamps located on the

western side of the interdunal flats (South East Drainage Board, 1980; Jensen et al, 1983;

Clarke et al, 1991) (Fig 2.2). In very wet years entire inter-dunal areas may be flooded.

During winter, water flows westward on each flat and then ponds against the dune range.

Surface water flows almost at right angles to groundwater flows (towards the coast)

because of the dune ranges that prevent flow of surface water to the coast. V/hen this

happens the low inter-flat passages can breach and waters flow in a NW direction at a rate

dependent on the extent of the drainage works and on the volume of water generated. The

inter-dunal flats are connected through openings in the dune systems, so that the water

course system is contiguous from the south to the north of the region (Fig 2.2). Surface

water flows from south to north where a continuous dune complex blocks further

northward movement. In very wet years water can flow west to Salt Creek and the

Coorong, but generally the northern end of the water course system is the terminus for the

entire system.

Historically very large areas of inundation were needed to produce these water flows.

Higher runoff as a result of vegetation clearance and drainage diversions have increased

this process. In response, local land holders created diversion drains and stop-banks to

hasten the movement of surface water from their land (USEDSFMPSC, 1993). This

occurred along the length of the water courses and resulted in increased flow of water to

the northern terminal area of the system. High annual flow in 1988-1991 caused larger

than usual periods of inundation of the flats, accumulation of water in the landlocked ends

of the water courses and therefore elevation of watertables leading to dryland salinisation

during sunìmer. In addition extensive areas of wetland habitat along the watercourses are

now receiving water more frequently, increasing the period of inundation. High flows can

be explained by the seasonal timing of the rainfall (wet winters), increased runoff from

drainage works and higher groundwater levels under the flats.

Surface water quality changes with season and flow conditions. Low flow conditions will

result in higher levels of salinity in the surface water as a result of seepage of shallow

groundwater and runoff from upper parts of the catchment. Conditions are more saline in
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the Lesron Conservation Park (Fig 2.2) due to evaporative concentration of ponded surface

water and shallow groundwater through summer. Salinities in Jip Jip (Fig 2.2) runge

ranged from 1000 mgll- Cl (2 dS/m EC) at the end of winter to 8000 mgtL (13 dS/m EC) in

summer. At Cortina Lakes in the V/atervalley Wetlands (Fig 2.2) surface water salinities

has reached up to 100 dS/m EC at the end of summer (White and Brake, 1995). As

groundwater salinity levels increase towards the north-west of the Upper South East

(Nicolson, 1993) the wetlands located in that region are at risk of salinisation problems,

because of runoff and groundwater.

(b) Groundwater

The groundwater system in the Upper South East is a regional system with perturbations

due to local recharge and discharge (Fig 2.3). Groundwater is found in the unconfined

aquifer system and the deeper confined aquifer which consists of limestone and

unconsolidated sediments (Shepherd, 1978). Groundwater flows in a'W to NW direction

toward the coast at right angles to the surface flow (Fig 2.4) and is relatively slow

(estimated to be 0.001-0.01 m duy-t). The slow movement is in response to low gradient

and transmissivity of the aquifer. The groundwater hydraulic gradients are not uniform over

the whole area. The differences in hydraulic gradients result from variations in the rock

type, thickness of the aquifer and differences in local aquifer recharge and discharge rates.

There is a low hydraulic gradient in the Lesron area associated with the higher evaporative

loss of groundwater from the shallow watertable in the area (MacKenzie and Stadter,

t9e2).

In addition to the lateral groundwater flow, recharge also occurs when rainfall (P) exceeds

potential evapotranspiration (PET) (April-October). Groundwater rises to the soil surface

in most years due to recharge through the dunes and surface flows along the water courses

within the flats. Recharge depends on soil type, watertable depth, nature of the vegetation

cover and land management practices. Recharge can be as high as 100 mm/yr under

degraded annual pastures and as low as a few mm/yr under lucerne and native vegetation.

Groundwater recharge also occurs from surface runoff from dunes, infiltration into dunes,

and from swamps and wetlands. Recharge on the interdunal flats has been estimated at 100

mm/yr (MacKenzie and Stadter, 1992).
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Figure 2.3: Cross section of a dune/ inter-dunal flat complex in the upper south-east of South Australia

indicating groundwater recharge (downward arrows), groundwater discharge (upward arrows) and

other groundwater flows (Kennett Smith et al, 1995).

The slow rate of groundwater flow in the region appears to preclude significant discharge

of local recharge through lateral movement. Therefore recharge to the water table on the

flats must discharge through evaporation and transpiration. The main groundwater

discharge process is evaporative loss of groundwater where groundwater is within 2 m of

the soil surface (USEDSFMPSC, 1993). Capillary rise causes salt to be carried up and

deposited throughout the soil profile as water evaporates, resulting in dryland salinisation.

This process dependsltoil type, vegetation, water table depth and evaporative rates.

Kennett-Smith et al (1995) suggested that the groundwater discharge from the flats is

effectively the sum of the recharge through both the dunes and the flats (Fig 2.3).

Discharge through the lateral flow of groundwater is predicted to be much less than IOVI of

the discharge through evaporation (Unpublished model data Kennett-Smith et al). The

main evaporative groundwater discharge rates occur in the interdunal flats, Lesron area and

the ephemeral lagoons of the Coorong (USEDSFMPSC, 1993).

The clearance of native vegetation, loss of lucerne from the aphid infestation of the early

1970's and the development of non-wetting sands have resulted in considerable increases

in recharge rates to the watertable aquifer. Clearing the dune systems of native perennial

vegetation and replacing it with annual pastures has been shown to increase recharge by at

least an order of magnitude (V/alker et al., 1992). Jackson and Litchfield (1954) in their

investigation of the potential land use of part of the Coonalpyn Downs warned that saline

soils were already present and it would be important to prevent the level of groundwater in

the district from rising, as this would be disastrous for large areas. They also recognised
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the importance of maintaining native vegetation on recharge areas, and warned that the

removal of native vegetation from these a¡eas would result in undesirable changes in the

groundwater level over wide areas (Jackson and Litchfield, 1954).

The removal of the native vegetation on both the dunes and the inter-dunal flats has

resulted in increased recharge to the water table beneath both areas. Data over several years

indicates that the groundwater table has been rising in the north-west of the Upper South-

East (MacKenzie and Stadter, 1992) and is expected to continue to rise. This has caused

groundwater rises over most of the region (0.05-0.1 m yr t). As water tables rose surface

flooding and waterlogging increased, reducing agricultural production. On the inter-dunal

flats water tables over much of the region are now within 1 m of the soil surface for most

of the year.

Local variations in groundwater salinity are common and result from changes in the

magnitude of local recharge and discharge rates and land management practices. Salinities

range from 5 dS/m EC in the South to 80 dS/m EC in the North (Fig 2.5). High salinities

result from evaporative discharge from the aquifer, poorly developed surface water

drainage, and inflows of surface water from upstream catchments. The lower salinities are

associated with the main dune ranges and the eastern side of the interdunal flats in the

southern part of the study area. The groundwater salinity within the remaining areas of the

interdunal flats is higher due to the evaporative discharge of groundwater from the areas.

The depth to groundwater varies both seasonally and geographically. Seasonal fluctuations

range from 0.05 to 1.5 m. The depth to watertable is related to the topographic elevation,

with shallow groundwater levels occurring in lower lying areas such as the interdunal flats

and landlocked depressions within the dune ranges. There has been a rising of

groundwater levels ranging from 0.5 to I m every 10 years as a result of increased recharge

to the aquifer. Groundwater levels in regions with a shallow depth to groundwater such as

the interdunal flats and the Mt Charles/ Bunbury locality have remained static over the

monitoring period apart from normal seasonal fluctuations (0.5 - 2.0 m). This may be

because the increase in aquifer recharge is balanced by an increased evaporative

groundwater discharge and/or increased groundwater outflow from these areas.

Monitoring periods may also have been too short to pick up the groundwater rises in these

areas. There is also a rise in groundwater next to some wetlands e.g. the Mandina marshes,

Bonneys Camp and Jip Jip. The groundwater elevations in each successive interdunal flat
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Figure 2.5: General patterns of groundwater salinity (mg¡L) in the Upper South-East of South

Australia (adapted from USEDSFMPSC, 1993)
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within the southern paft of the study area are lower than those in the preceding eastern flat

with a steeper hydraulic gradient through the dune range.

2.1.4 Vegetation of the Upper South East

The native vegetation of the Upper South-East was historically considered to have high

species and community variation (Litchfield, 1956). As the climatic gradients and changes

in soil fertility were apparently slight over large tracts, it was considered that the internal

water relations of the soils or their substrata, in particular the groundwater depth and

salinity, along with the topography and soil type, governed the distribution of many of the

larger plants (Litchfield, 1956). A more recent study of the upper south east (Sparrow

1991) identified 13 vegetation complexes. For the Marcollat water course (Fig 2.2) the

most important complexes are:

Banksia ornata - Allocasuarina pusilla found on siliceous sands or sands over alkaline

clays with rainfall400 - 600 mm p.a. Associated with typically heathland species e.g.

Le p t o s p e rmum my r s ino ide s, P hy ll o ta p I e ur andro ide s, C o r r e a r efl e x a.

Eucalyptus incrassata - Melaleuca uncinata found on calcareous loams and clay loams;

rainfall < 500 mm p.a. Associated species E. foecunda, E. dumosa, E.rugosa,

Melaleuca acuminata.

a

a

a

a

Melaleuca brevifolia found on grey, saline, heavy clays in seasonally inundated

interdune corridors; rain fall 500 - 600 mm p.a. Other species include Baumea juncea,

Gahnia trifida/Gahnia filum, Le pto carp us brownü.

Melaleuca halmaturorumfowd on very saline grey heavy clays in seasonally inundated

interdune corridors; rain fall 550 mm p.a. Other species include Sarcocornia spp.,

Wilsonia backhousei, Tetraria capillaris.

Eucalyptus camaldulensls found on red-brown to yellow clays or around water holes on

heavy mottled grey clays; rainfall 500 - 650 mm p.a. Other species include mostly

exotic pasture grasses and weeds, with many annual halophytic natives such as

Triglochin striata.

Today there is only 15% remnant vegetation left, with most occurring on the flats. A

dominant feature of the interdune a¡eas of the Marcollat water course is the presence of
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Eucalyptus camaldulensis as well as Melaleuca hamaturorum, M. breviþlia, M. uncinata

and M.oraria. The understorey is heath-like on the raised sandy areas but has generally

been replaced by halophytic annual species in the low lying areas where the pasture species

(tall wheat grass, barley grass and Pucinellia) are often stunted. The Melalezcø complexes

are associated with a trend towards increasing clay content, pH, total soluble salts, calcium

carbonate and an annual seasonal flooding pattern, whilst the Eucalyptus and Banksia

complexes are associated with areas of increasing sand content, lower pH and generally

absence of seasonal flooding. This vegetation pattern supports the hypothesis that soil

type, salinity and seasonal flooding patterns are the main determinants of the floristic

composition.

The Melaleuca species are associated with land types which are waterlogged for

appreciable periods and are often saline. However some species also experience seasonal

desiccation. Low lying flats with shallow soils often originally supported small trees of dry

land tea-tree (M.brevifolia). Low lying saline sand plain supported a low broom bush

(M.oraria) or where subsoil clay is heavier M. uncinata and mallee. M. halmaturorum

appeared around salt lakes or highly saline hollows or flats and today is closely associated

with highly saline habitats with shallow seasonal watertables where the only other plant

species- present are samphires (Jackson and Litchfreld, 1954; Sparrow, 1991). M.

halmaturorum often makes a dense fringing of low forest or tall scrub around salt marshes

and salt lakes. This species can occur when the watertable is <0.5 m below the surface and

may be obligate on shallow groundwater (<2 m; [,oan, 1993). The Melaleuca species are

distributed as follows;

o fu[. uncinata: occupies sandplain and hillslopes with degraded soils (solodic and

solonetzic sand-sheet) with tight clay subsoils under sand. Often extends into other

mallee and woodland communities

o [t[. breviþIia (was M. fasciculiflora, M. oraria and M. neglecta) reaches a high

frequency and is a lone dominant on much of the saline and seasonally waterlogged soils

occupied by Monkoora sands in the South. The relative tolerances of M. halmaturorum

and M. brevifolia to high salinity and lor very poor drainage in these areas is apparent

from their sharply defined fringing distributions around some of the salt marshes or salt

lakes with adjacent sand rises. M. halmaturorum forms an inner band and M. breviþIia

an intermediate one between the former and mallee heath or woodland on the rising

slope. Where there is improved drainage other communities exist, but M. breviþIlø will

extend sparse populations into these areas . M. breviþIia was found to be absent from
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soils of high groundwater levels and salinity (Loan, 1993). The health deteriorated at

some sites but it was not possible to identify the reason (Loan , L993).

o M. lanceolata (was M. pubescens); This species has the greater part of its distribution

on freely to excessively drained soils, but also occurs on waterlogged and saline

calcimorphic soils in the interdunal corridor, approaching the tolerance of M.

halmaturorum. A common factor in all recordings of associated soils is alkalinity and

the presence of free lime in either the profile or the substratum. M. lanceolata appears

to be less tolerant of both salinity and waterlogging than M. halmaturorum and occurs

further up slope where soil salinity is lower and groundwater is deeper (Loan, 1993).

o M.wilsonii: withmallee communities on poorly drained soils

o M.gibbosa.' In broombush-sedge communities on poorly drained flats. The habitats of

the species elsewhere indicates tolerance towards high water-tables.

o M. halmaturorum: as elsewhere in both littoral and inland areas the species is closely

associated with highly saline habitats with shallow seasonal watertables. This species

occurs when the watertable is <0.5 m below the surface and may be obligate on

groundwater <2 m (Loan, 1993). It often makes a dense fringing of low forest or tall

scrub around salt marshes and salt lakes. Entry onto the marsh floor probably indicates

slightly improved drainage. M. halmaturorum has been found to be predominant on

highty saline soils in frequently inundated areas, Gahnia on less saline soils where

rainfall exceeds 600 mm p.a. and M. breviþIia on the same where rainfall is less than

600 mm p.a. (therefore death of M.brevifoli¿ occurs where salinity increases) (Sparow,

1991). M. halmaturorum has an apparently wide ranging tolerance to salinity and

waterlogging which is indicated by its presence at soil salinity levels over 8000 mg[L

where the only other plant species present are samphires.

Poor condition of remnant Melaleuca stands should be taken as indicative of very saline

conditions which will not support agricultural species. A more sensitive indicator of

salinisation are stressed Eucalypløs complexes whereas the presence of the Banksia

complex would indicate soils unaffected by rising salinity levels.
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2.1.5 Effect of Rising Groundwater on Melaleuca communities

Rising groundwater has resulted in increased surface soil salinity, flooding and

waterlogging. Despite the high tolerance of M. halmaturorum to these conditions the

changes can result in the death of trees species and alterations in community composition.

Soil salinisation occurs when the evaporative discharge of groundwater (particularly saline

groundwater) at the soil surface exceeds the combined effect of leaching of salt from the

soil through rainfall, and redistribution of salt through the effects of rising and falling water

tables. It is generally acknowledged that where saline water tables are within l-2 m of the

soil surface for much of the year salinisation will occur.

'When water tables rise to the soil surfacersalts stored in the soil are dissolved in the rising

groundwater. As the water table falls the residual salinity of the soil is that of the

groundwater. However, in the case of saline groundwater the water left in the soil is saline

(1 - 60 dS rn:t). Therefore, to reduce salinitlrsignificant leaching of these residual salts

must occur. Soil data showrthat"someìeaching of the upper 30 cm of the soil does occur in

the upper south east soils (unpublished data). However, this is not sufficient to counteract

the continuous supply of saline water through capillary rise from the shallow saline

groundwater. Consequently, evaporation (and salt build up) continues even as the water

table is falling. Moreover,transpiring vegetation increases the salinity further by excluding

salt from the water it extracts. These processes result in a cycling of salts from the top of

the water table to the soil surface and back, and an increase in the mass of salt stored in the

top 2 m or so of the soil profile.

There is little information on the extent of salt removal from wetlands through surface

flow. However, salt which is transported in this way will be re-deposited down-stream and

can contribute to soil salinisation. This contribution will be additive to the effect of low

ground surface elevation in the north of the region which increases the evaporative

discharge in this area. In conjunction with thig these systems are often the termini for

surface flows. Together these conditions produce a higher rate of soil salinisation.

As explained earlier the wetlands of the upper south-east can be categorised as either

ephemeral or permanent and net groundwater recharge (groundwater is recharged from the

wetland) or discharge systems (groundwater is discharged into the wetland). There appear

to be net groundwater discharge and net groundwater recharge areas in both the ephemeral
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and permanent wetlands of the USE. The interactions that each type of wetland has with

the underlying groundwater system can be summarised as follows (see Fig2.2):

o Ephemeral system - net groundwater discharge eg Duck Island, Hansons Swamp, parts

of Lesron Conservation Park, Tilley Swamp

o Ephemeral system - net groundwater recharge eg parts of Jaffray Swamp.

o Permanent system - net groundwater recharge eg parts of Jaffray Swamp, Jip Jip
'Waterhole, Cortina Lakes

o Permanent system - net groundwater discharge eg parts of Lesron CP, Jacks Camp

In net groundwater recharge a¡eas in permanent wetlandy salinisation should not be a

problem because leaching should exceed the rate of salt build-up. However, in the net

groundwater discharge areas, salinisation will continue to increase until some balance is

reached. The rate of salinisation will depend on the depth to the groundwater and any local

freshening of the upper part of the water table. Note that even in net recharge areas there is

discharge occurring during drier months of the year.

The net recharge wetlands usually "leak" through a semi-permeable base. This may result

in groundwater mounding next to the wetland. 'Water in these wetlands will remain fresh

as long as salt exported through seepage is the same as that imported through rainfall or

inward seepage of saline groundwater. The other type of permanent wetland, namely a

swamp, is one which is an expression of the water table. A swamp is defined as a wetland

in which the ground surface is below the water table level. These wetlands will reflect the

surrounding water salinity if groundwater flow through the wetland is relatively fast.

However, if groundwater flow is slow, local rainfall and fresh water lens seeps may make

such wetlands notably fresher than the groundwater. In both the net recharge casegif water

tables become elevated (relative to some historical level) salinity increases may occur due

to increased inflow of saline groundwater.

In permanent wetlands where there is a net discharge of groundwater, salinity will not

increase if the flow of groundwatel through the wetland is sufficient to remove the excess

salts. This is likely to occur in swamps. However, net discharge of groundwater from

permanent wetlands with a sealed bed will result in salinisation unless sufficient fresh

surface water flow occurs.
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(a) Health of mature M. halmaturorum

The health of the Melaleuca communities affected by these changing conditions has

recently been investigated in the Upper South East. In the North of the region, as explained

above, surface water terminates at the end of winter and groundwater is closer to the

surface because of this increased recharge. As a result, watertables are at or above the

surface at the end of winter causing high evaporative discharge of groundwater over the

summer months. This has led to constant soil salinisation over the summer period.

Surface water salinities have also increased as a result of greater surface soil salinity and

runoff to the terminal basin (Webb, L993).

This process has resulted in a decline in the health of the Melaleuca vegetation (Webb,

1993). Vegetation health appeared to be determined by elevation (topography) and soil

type which influence capillary rise of salt into the surface soil. M. halmaturorum in this

area was most severely affected because of its preference for the low lying areas of the

interdunal plain with clay soils which are constantly saturated due to shallow saline

watertables (60-70 dS/m EC). The vegetation appears to be most vulnerable to degradation

during periods of extreme moisture stress when the saline groundwater is close to the

surface and subject to evaporation (Webb,1993).

(b) Community composition and regeneration of M. halmaturorum

If increased salinity and waterlogging result in the death or degradation of mature

individuals at lower elevationsrthen the continued survival of the population is dependent

on the successful recruitment of seedlings at higher elevations (Froend and van der Moezel,

1994). The community composition may therefore change in response to these conditions.

It is often found that during the dry season species richness declines with increasing

salinity and the number of species declines as salinities increase. Species more tolerant of

high salinity levels will invade the areas where the vegetation is less tolerant to these

changes (Loan, 1993).

Investigations in the North-West of the Upper South East where salinities are high have

found that where these Melaleuca communities have become degraded there is a reduction

in diversity and the understorey species have suffered in health with a shift to salt tolerant

species, particularly samphires (V/ebb, 1993). 'Where M.brevifolia, which usually occupies

higher ground, occurs in close association with M. halmaturorum on lower-lying areas the

species has died (V/ebb, 1993). Stressed sites support a greater number and mixture of

species as a result of the higher number of introduced species that occur and regeneration
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of M. halmaturorurn is limited (Webb, 1993). Sites that were classed as "dead" contained

a lower number of species and a deterioration in the health of the understorey (Webb,

1993). As salinity increases many of the herbs die out leaving opportunities for invading

weeds which in turn die out leaving only halophytic vegetation. The community is

generally a mixture of introduced and salt tolerant plants with a greater diversity and

abundance of samphire (Webb, 1993). Healthy M. halmaturorurz sites support a greater

range of small herbaceous plants and a healthier understorey than at stressed or "dead"

sites.

Investigations of M. halmaturorum at Bool Lagoon (ust south of Naracoorte; Fig 2.2)

indicate that regeneration is via an aerial seed bank. The species flowers in spring/early

suÍlmer, and seeds mature over suÍìmer. Seeds are retained on the mature tree but when

dislodged (often by bird activity) germinate on exposed mud flats but appear not to

germinate under flood. This is supported by studies of other Melaleuca species where

submergence has resulted in the delaying of germination (Ladiges et al, 1981). The

viability of the seeds from flowering trees at Bool Lagoon was high (ca.80 Vo; Ganf &

Muller unpublished). However, the probability of finding a seedling was dependent upon

the life stage of the tree. No seedlings were found in the vicinity of young trees, nor were

they found in association with old trees. Most seedlings were found with mature trees with

an intact ' trunk, prolific leaf growth, and flowering with a dense canopy. Although many

of the trees at Bool Lagoon have persistent viable seed banks and germination is a frequent

occuffence, the survival of seedlings is poor. Denton & Ganf (1994) demonstrated that

young seedlings (ca.6 months) died if top flooded for longer than 3 weeks, older seedlings

(1 and 2 years) were more resistant to top flooding but survival was poor (0 - l4%o) 1f

flooded for 9 to 12 weeks.

The present level of knowledge suggests that regeneration of M. halmaturorum is

dependent upon the age structure of the woodland, and the coincidence of seed drop onto

exposed flats which permits the establishment of seedlings to a height greater than the

surface water depth encountered during winter floods. These observations have been used

with success to encourage the regeneration of seedlings at Bool Lagoon. Although these

observations are generally applicable to M. halmaturorum Íegeneration in the Marcollat

watercourse, they will be influenced by soil and surface water salinities leading to episodic

germination and establishment events. Unless factors leading to successful flowering and

seed set occur at the optimum time for germination and establishment, the window of

opportunity for regeneration will not open (Froend et al 1993, Ganf and Muller
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unpublished). In addition, factors such as grazing can also influence regeneration.

However studies by Cooke (1987) found that M.halmaturorum was not as sensitive to

grazing by rabbits as other species because of the high seedling tolerance to grazing and the

seasonally flooded habitat.

How salinity influences regeneration is largely unknown. However, observations in the

Upper South East (Loan, 1993) suggest that M. halmnturorum regenerates at medium to

high soil salinities in low lying areas where other species have died due to rising ground

water. In addition its tolerance to salinity and waterlogging may explain why it has

displaced the less tolerarft M. breviþlia in Tilley's Swamp. However in the highly saline

North of the Upper South East, the regeneration of individuals of M. halmaturorum is

apparently limited by high soil salinity levels, elevated ground water and reduced seasonal

fluctuations in watertable levels (Webb, 1993). Investigations found a range of M.

halmaturorum age classes occurred at the healthy sites (where subsoil salinity was lower

but surface soils salinities were often high; Webb, 1993) indicating a regenerating

sustainable population, while regeneration \ryas limited in the stressed sites and regenerates

were unhealthy. This may indicate that subsurface salinity is the dominant factor in

limiting regeneration rather than surface soil salinity. Investigations of the germination

requirements for other Melaleuca species have found that salinity often inhibits

germination (Ladiges et al, 1981; van der Moezel and Bell, 1987)

The interaction between water regime, surface water salinities and subsoil salinities is

complex. However, the available data indicate that salinity is a major factor limiting the

regeneration and inducing death of much of the native flora (as well as pasture species) in

the Marcollat watercourse. This suggests that the concentration of subsurface salts

severely limits the growth, survival and establishment of the vegetation (van der Moezel et

a1., 1991) in much of the low lying areas of the Marcollat watercourse. In the current study

M. halmaturorumrÍegeneration was not observed at any of the study sites (see next section).

The sites were therefore dominated by mature individuals. Based on tree ring analysis,

mature M.halmaturorum trees were considered to be greater than 30 years old at all sites,

and at some sites trees were thought to be -80 years old (Olga Barbourina, unpublished

data).
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2.2 Description of specifïc study sites.

Four sites were chosen based on predicted conditions of salinity and waterlogging from

hydrological information (see Fig 2.2). These were Duck Island, Lesron CP, Hansons

Swamp and Jaffray Swamp. As groundwater salinity increases from south to north (by up

to 100 dS/m EC) of the study area, two sites were chosen in the high groundwater salinity

region of the north and two in the south where groundwater salinity is lower. Soils at sites

in the current study consisted of a sandy clay with a hard calcrete layer at 30-50 cm depth.

Soils were sandier at I-esron than at Hansons and Duck Island. Soils at Jeffrey consisted of

very tight clays at depth in the profile. All soils were considered to be saline and

waterlogged to some extent (see section 2.2). Of these paired sites in each region, one was

chosen that was thought to be waterlogged for a significant amount of time and one was

chosen that was thought to be less waterlogged. This was determined by general regional

elevation information and knowledge of the position in the catchment where the wetland

was situated. The Lesron Conservation park site was situated in the terminus of the Duck

Island catchment which received the majority of surface water flows from the southern part

of the region. This also resulted in higher groundwater levels in wet years. The Duck

Island site was situated mid-catchment and so received throughflow of surface water.

There was therefore thought to be less potential for waterlogging (Fig 2.6). The Hansons

Swamp site was situated in the Watervalley wetlands watercourse catchment and although

was not an obvious terminus for surface water (Fig 2.2) had very flat elevation (Fig 2.6).

Surface flows were therefore very slow during the winter allowing water to lie for

appreciable lengths of time. In comparison the Jaffray Swamp site was at a higher

elevation, was less frequently flooded, and has the potential for less waterlogging. The

Jaffray Swamp site was hydrologically different than the other sites as it was a seasonal

wetland which in many years had permanent water. The Melaleuca vegetation investigated

at this site was on an elevated peninsula (Fig2.6 ) and so was not often flooded. The other

sites were ephemeral wetlands (swamps) and were flooded every year as groundwater

apparently comes to the surface and is met by rainfall resulting in surface flows, but was

always dry during summer.

The sites were described by a general vegetation survey and topographical elevation survey

in February 1995. A l2O m transect at Duck Island and Læsron and 250 m transect at

Hansons was surveyed in a N-S direction to incorporate the investigation trees (chapter 3-

5), the piezometers (groundwater observation), and the topographical variation at each of

the sites (Figure 2.6). A transect was not measured at Jaffray as a vegetation survey had

been recently conducted (McGibbon, unpublished data), but elevation was measured at two
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positions at the Jaffray Swamp site. Along the transects elevation was measured with a

dumpy level and related to the Australian datum height (AHDI with known elevations at

the piezometers which were at each of the sites (data from SA Dept of Mines and Energy).

Elevation generally decreased from the sites in the south ( up to 30 m AHD at Jaffray Fig

2.6) to the sites in the north (1S-20 mAHD at Lesron Fig2.6). Patterns of elevation across

sites differed between sites (Fig 2.6). General patterns of vegetation composition were

recorded along the transect as presence of species and Melaleuca health was recorded as

apparentþ healthy (no apparent signs of stress), unhealtþ (apparent signs of stress) or

dead. Signs of canopy stress included leaf death and discolouration, epicormic growth, and

numerous dead branches.

Duck Island was characterised as an ephemeral saline swamp as it is sometimes wet,

sometimes dry and has very high soil salinities during the dry times of the year. The

vegetation consisted of both the salt tolerant M. halmaturorum and the less salt tolerant M.

breviþliø (Fig 2.6 a). Elevation increased from the M. halmaturorum flats to the M.

uncinata and M. breviþIia òunes. Samphire was the ground cover under the M.

halmaturorum flats and Gania phylum was the ground cover under the dunes. G.phylum

also occurred on the flats but health was poor. The health of M. breviþlia was poor on the

low lying flats, maybe from rising saline groundwater, but good on the dunes. This site

was therefore characterised as highly saline with low waterlogging (Table 2.1).

Hansons Swamp was characterised as an ephemeral swamp and had very flat topography.

This site frequently showed large surface flows during winter which was considered to be

primarily a result of groundwater rising to the surface. Vegetation health was good at this

site and vegetation composition was reasonably diverse, dominated by M. breviþIia

shrubs. Melaleuca species were mainly M. breviþIia, with a line of M. halmaturorum

through the centre of the study site, and groups of M.uncinata tÍees (Fig 2.6 b). The

distribution of M. halmaturorum did not seem to be associated with elevation but may

have been associated with soil characteristics such as calcrete depth. This site was therefore

characterised as having medium waterlogging with moderately saline water (Table 2.1).

l.esron was characterised as an ephemeral, saline swamp and a terminal groundwater

discharge area. Lesron had undulating topography with a slope towards a low lying basin

and the topography was generally very low (Fig 2.6 c). Health of M. halmaturorum, which

occurred over most of the low lying a.rea, was generally poor and was dead in the lowest

parts. The vegetation in the study area was dominated by M. halmaturorum, while the less
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salt and waterlogging tolerant Melaleuca species were found outside of the study area on

the higher dunes. Species diversity was low with the more salt and flooding tolerant

species becoming dominant. This site was therefore characterised as higttly saline and

highly waterlogged (Table 2.1).

Jaffray Swamp can be cha¡acterised as a seasonal permanent wetland, consisting of a

wetland basin which is currently filled seasonally, and a fringing vegetation which is

thought to be flooded infrequently. Jaffray swamp species distribution was investigated by

McGibbon (unpublished data, 1996). M. halmaturorum lines the edges of the basin

There is a also a peninsula at a higher elevation (30 m ADH; Fig2.6) where the vegetation

includes Melaleuca halmaturorum, M. breviþIia, Eucalyptus camaldulensis, Hakea

rostrata and numerous ground-covers and shrubs such as Mimilus repens and Atriplex

species (McGibbon, unpublished data). The Melaleuca vegetation at this site is less

frequently flooded than at the other sites, the vegetation health is very good, and the

species composition is very diverse (37 plant species; McGibbon,1996). This site has

been characterised as , low salinity and low waterlogging (Table 2.1).

Table 2.1: Site characterisation, indicated as predicted degree ofsalinity and waterloggrng, for all sites.

Site Salinity 'Waterlogging

Low-Medium

High

Medium-High

Low

Duck Island

Lesron CP

Hansons Swamp

Jaffray Swamp

High

High

Medium-Low

Low
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Chapter 3: Thee Water Use

3.l lntroduction

Melaleuca halmaturorum naturally occurs in swamps and wetlands which are often saline

and waterlogged and so it appears to be able to tolerate these conditions (van der Moezel,

l99l). However it is not known to what degree extended periods of these soil conditions

influence transpiration of mature trees. This information would be useful when examining

the water balance of wetlands and the groundwater balance in regions, such as the Upper

South East region of South Australia. In these large areas, M. halmaturorum trees dominate

the groundwater discha¡ge areas, and so may be important in affecting groundwater

discharge. If transpiration is limited by satinity and waterlogging it may not be predictable

from potential evapotranspiration (PET). Salinity is commonly found to reduce water use of

crop plants, through influences on both stomatal conductance and leaf area but the effect of

salinity combined with waterlogging on water use has been investigated to a lesser extent (see

section 1.2.2). In order to characterise water use strategies and quanti$r groundwater

discharge, tree water use must be quantified. The aim of work outlined in this chapter was to

quantify the water use of mature M. halmaturorum and to identify errors associated with the

estimate. This necessitated an investigation of the issues of scaling from single tree estimates

to whole forest estimates of water use.

3. L 1. Mechanisms of tree water use

'Water is an important factor in determining both the distribution of plants over the earth's

surface and the characteristics of the individual plant. Water is the most abundant compound

in an active cell. It is required in the plant for the maintenance of turgidity so that

photosynthesis can be maintained (Cowan, 1982). 'Water is a raw material in photosynthesis,

a solvent for vital reactions, and a medium for solute movement (Oertli, 1966). The

metabolism and growth of plants are influenced by even mild water deficits in plant tissues.

These defrcits occur when the plant can not obtain adequate water supplies to fulfill its

requirements and will occur at different stages of water availability for different species, with

many drought tolerant species able to obtain water from sources of extremely low water

potential (Turner, 1986; Kozlowski, 1968).

The success and even survival of land plants depends on sufficient water moving upward

from the roots to replace that lost from the shoot by transpiration, and this will be influenced



by the processes at the leaf, in the conducting system and at the root. Water loss from nr*1:
in the form of vapour is the dominant process in plant water relations providing the energy

gradient that is the major control (aside from root pressure) on the absorption of water and

ascent of sap in trees. Sap is pulled upwards to the transpiring surfaces under high tensions

(Kramer and Boyer, 1995). This water tension is transferred to the roots where it causes an

inflow of water from the soil, thus in moist soil water absorption is controlled by

transpiration. However in soil of lower water status there will need to be a further drop in

plant water potential to absorb water through roots and there may be further resistances to

the uptake of water at the roolsoil interface.

Water loss from plants involves water moving down a water potential gradient from the

soil, through roots, stems, leaves, and boundary layer to the free air. At each step there is a

gradient in water potential and some resistance to flow. The largest gradient occurs

between the leaf and atmosphere where stomata also provide a large resistance. For water

absorption to roots thus;

Absorption =
V"r¡¡ -V rootsurface 

-l// 
,ootrr6or" -V roolryIem

fsoit froot

Where Y is the water potential and r is the resistance to water movement. The resistance at

the root soil interface may be the controlling resistances at times of water stress and many

stresses have been found to decrease the permeability of roots to water (section L.2.3).

Virtually nothing is known about the extent to which the movement of the root system

towards water and vis-versa, which determines the supply, is able to match the demand

imposed by the atmospheric foliage (Monteith, 1995). During dry weather, the maximum

rate of transpiration may be determined by the ability of roots to extend towards new

sources of water rather than by rates of diffusion of soil water to roots (Monteith, 1995).

Transpiration is dependent on the effects of a number of variables, some of which are

environmental and some of which are characteristics of the vegetation (Jarvis, 1981). The

rate of transpiration depends on the supply of water at the evaporating surfaces, the supply of

energy to vaporise water, the size of the driving forces and the resistances of the pathway

thus;



where T is the transpiration rate (g -' sec), C are the vapour concentrations of ui. u.r¿ tÍ3

evaporating surface inside the leaf (g -'), and r are the diffusive resistances of the paths

for vapour diffusion in the leaf and the through the air boundary layer (sec m-1). The

driving force for the transpiration flux is the difference between the vapour pressure of the

evaporating surface in the leaf, which depends on the leaf temperature and water potential,

and the humidity of the air, which depends on the water content and temperature. Two

groups of resistances affect transpiration, the internal resistance in the plant (canopy) and

the external or boundary layer resistance in the environment. Canopy resistance is

dominated by stomatal resistance (Jarvis, 1981).

Stomatal resistance is affected by radiation, saturation deficit, temperature and the external

concentration of COz (McNaughton and Jarvis, 1983; Jarvis, 1976). Stomatal resistance is

also affected indirectly by drought, salinity and flooding (see section 1.2.2). Stomatal

closure has been observed at large saturation deficits as a feedback response to low leaf

water potentials and low turgor, preventing further water loss and so leaf water stress

(Farquar, 1978). However the controls on stomatal resistance are not clear. For example it

has been recently suggested that the response of stomata to vapour pressure deficit (D) is

really a response to transpiration rate (Mott and Parkhurst, 1991). Hormonal messages

have also been shown to close stomata in response to root zone water deficits (Munns and

Termaat, 1986; see section 1.2.2).

Boundary layer resistance is chiefly dominated by wind speed, leaf size and shape and the

roughness of the canopy surface for a stand of plants (Stull, 1988). Boundary layer

resistance is usually the dominant resistance for grassland and heathland while canopy

resistance is usually dominant in forests (Jarvis, 1981). As boundary layer resistance is

lower for tall plants such as trees there is the potential that they will be well coupled to the

air around them (Jarvis, 1985; Montieth, 1981). The boundary layer resistance becomes

less important for transpiration as water stress increases and the stomatal resistance

becomes dominant.

The energy required to evaporate water from plants comes from direct solar radiation, from

radiation reflected or re-radiated from the soil and surrounding objects. 'When transpiration

occurs, energy changes water from the liquid state to the vapour state. The energy budget

for a leaf can therefore be partitioned as;

R,+H+î"8=0
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Where Rn (net radiation), H is the sensible heat flux and ÀE is the latent heat flux and if
any two of these fluxes are quantified the third can be estimated. This energy budget can

also be used to estimate transpiration and is incorporated into the, equilibrium evaporation

equation to estimate potential evapotranspiration (section 3.2.I), the Penman Monteith

equation to estimate transpiration (section 3.2.4) and the Bowen ratio methods (Appendix

s).

Leaf and canopy characteristics (including leaf area) can influence the absorption and

emission of energy and this will influence leaf temperature, vapour pressure and the rate of

transpiration. The degree of coupling between boundary layer and the leaf surface will also

influence transpiration and recent work has concentrated on the feedback mechanisms

involved in this relationship (Monteith, 1995). For example the closure of stomata may

result in a reduction in energy used for transpiration, increasing the transfer of sensible heat

which will increase the temperature of the boundary layer, making it warmer and drier and

increasing the evaporative demand (McNaughton and Jarvis, I99l; Monteith, 1995). In

addition, if the influence of radiation or vapour pressure deficit is to reduce stomatal

conductance then transpiration will not increase as anticipated, resulting in a positive

feedback (Jarvis, 1981). As soil dries, transpiration (E) will not only be sensitive to

changes in stomatal conductance (g) but also to the changes in vapour pressure deficit (D)

and temperature (T) that are associated with this (Jarvis and McNanughton, 1986). If
plants are well coupled to the atmosphere g and D will have a greater effect than Rn which

will dominate transpiration if the plants are not well coupled (McNaughton and Jarvis,

t99r).

This response of stomata to D has recently been interpreted as a response of stomata to

transpiration rate (Mott and Parkhurst, 1991) with g reaching a maximum value when E is

zero and g being minimal at a maximum rate of E (Monteith, 1995). The limiting rate of E

is thought to be related to the soil water content and the extension of the root system.

When equations relating the physiological dependence of g on E are combined with

equations relating the thermodynamic dependence of E on g it can be seen that g initially

increases in the morning in response to increasing irradiance partly offset by the increase in

transpiration rate and when a maximum irradiance is reached in the middle of the day g

declines with increasing E. As irradiance and D declines in the afternoon stomata continue

to decrease (Monteith, 1995).
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It can be seen from the previous discussion that the study of evaporation from vegetation is

an inter-disciplinary field of research encompassing meteorology and physiology, with

physiologists usually concentrating on processes at the leaf level, while meteorologists

have concentrated on measurement of the driving forces and so are most focussed on

processes at the boundary layer. The water use of vegetation is often considered at many

different spatial and temporal scales, from the leaf level to the catchment scale. Tree water

use can be measured at a number of scales, the leaf, the whole tree and the stand and then

converted to other scales by using scaling techniques (Fig 3.1). The objectives of the study

will determine the scale and so the methodology that is used to measure water use.

Leaf gas exchange measurements use the diffusion equation to calculate transpiration in

terms of a water vapour concentration difference and resistances across the stomata and

leaf boundary layer. The leaf to air concentration gradient is determined from the humidity

of the air and the vapour concentration of the intercellular spaces, which is assumed to be

the saturated vapour concentration at the measured leaf temperature. Leaf conductance, as

measured with a porometer, is dehned as the transpiration rate divided by the leaf to air

vapour concentration gradient. Boundary layer resistance can also be estimated by taking

into account the leaf size and shape and the wind speed. [.eaf measurements of

conductance can also be scaled up to tree water use by means of the Penman Monteith

equation and this methodology will be discussed further in response to scaling to canopy

fluxes. At the leaf scale, the significance of stomatal control of transpiration will depend

on how well the saturation deficit at the leaf surface is coupled to that of the ambient air

(Jarvis and McNaughton, 1986). However, leaf level estimates of transpiration may not be

readily scaled to a whole tree or canopy scale if aerodynamic resistances are different to

that measured in the porometer chamber (Pearcy et aL, L992).

The water use of a whole tree can be estimated in a number of ways (Pearcy et al, 1992)

including gravimetric and phytometric methods such as lysimeters (Dunin and O'Loughlin,

1988), cut shoots (Roberts, l97l), ventilated chambers (Greenwood and Beresford, 1980;

Dunin and Greenwood, 1986; Farrington et al, 1989), and sap flow velocity units

(Marshall, 1958). All of these techniques measure water use that is a composite of leaf

water loss from the entire canopy of a tree. The heat pulse technique which predicts single

tree water use from heat pulse velocity will be discussed in section 3.2.2. If stand

transpiration is required these estimates of single tree water use need to be scaled to the

stand level (Denmead, 1984). This has been attempted by a number of workers chiefly by
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the comparison of results from measurements at a number of scales (Hatton and Vertessy,

1990; Walker et al ,1989; Ham et al, 1990; Dawson, 1996; Kostner et al, 1992; Goulden

and Field, 1994; Dugas et al, 1993; 'Werk et al, 1988; Steinberg et aI,I99O; Kelliher et al,

1992; Schulze et al, 1985; Diawara et aI, I99I; Edwards and Warwick, 1984; Cermak et al,

1976; Rychnovska et al, 1980) but also by examination of the errors involved in using a

number of scalars (Cermak and Kucera, 1990; Hatton and Wu, 1995). Where communities

are heterogeneous and it is not practical to measure water use from every tree scaling effors

may occur (Hatton and Wu, 1995). Leaf area has been shown to be the most precise and

physiologically meaningful scalar to use in extrapolating from tree to stand (Cermak and

Kucera, 1990; Hatton et al, 1995).

Evapotranspiration can also be measured from a stand of plants from energy balance or

water balance methods. Water balance methods are reviewed by Holmes (1984). These

methods are based on the hydrological equation to estimate evapotranspiration (ET)

ET=P-RO-UD-LS
'Where P is precipitation, RO is surface runoff, UD is underground drainage and ÂS is the

change in water content of the soil (Moran and O'Shaughnessy, 1984; Sharma, 1984).

'Water balance methods have also been used to estimate groundwater use by vegetation

using hydrograph techniques (e.g. Salama et al, 1994).

Energy balance methods (Garratt, 1984; Majek and Bingham,1993) depend on the fact

that the amount of water lost from an area of land is by evaporation depends chiefly on the

energy available to evaporate water and the net radiation. An example of this approach is

the Bowen Ratio (Appendix 5). Energy entering the system as net radiation (Rn) is

dissipated as sensible (convective) heat and latent (evaporative) heat. The Bowen Ratio is

the ratio of sensible heat to latent heat (Appendix 5).

Transpiration can also be estimated from a stand of plants by incorporating information of

leaf conductance into models of evaporation such as the Penman Monteith equation which

incorporates the concepts discussed in the preceding section. A major issue that has arisen

from attempts to use the Penman Monteith equation to predict evaporation has been the

identification of an appropriate resistance factor (Denmead, 1984). Measurements of

stomatal resistance at various parts of a tree canopy need to be aggregated in a meaningful

way to produce a canopy surface resistance factor (Baldocchi et al, 1991). However, if
plant stands are closely coupled to atmospheric conditions, porometer data on stomatal
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conductance can be used to make reliable estimates of transpiration rates (Jarvis and

McNaughton, 1986). All of the concepts discussed in this section were used in the work

outlined in this chapter and will be discussed in the next section.

3.2 Methodology

Rationale for methodolo gy

Transpiration rates were estimated and compared to potential evapotranspiration estimates

to identify limits to transpiration. Sap flow techniques were used to obtain a continuous

record of single tree flux that could then be scaled to obtain areal fluxes. A methodology

was therefore established that allowed estimates of areal fluxes from single tree estimates

(Fig 3.1).

Methodology

Figure 3.L: Rationale of methodology; Methods of estimating transpiration at different scales.

Transpiration was estimated from the 4 sites described in chapter 2. Heat pulse velocity

was measured on 1-2 trees at the 4 sites and daily single tree sap flux (L) was estimated

from this. The first tree was used to obtain the baseline data and the second tree was

measured whenever equipment became available to check that the first tree was not

behaving abnormally and was fairly representative for the site. In addition, at Duck Island

there were consecutive measurements of flux taken from 8 trees during the scaling

experiment. The flux estimated by the heat pulse was compared to the amount of water

taken up by a cut tree to identiff the error involved in the single tree flux measurement.
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These measurements were scaled up to a forest estimate of water use based on tree

parameters. Duck Island was the major site and a longer term record of single tree sap

flux was obtained at Duck Island. A more intensive investigation was conducted at this

site of various scalars and the effors that are involved when using these different scalars.

This was done by measuring sap flux of a larger number of trees of varying sizes for a shorter

period of time during the study period. The best way to scale was identified by comparing

relationships between the different scalars and tree flux. The scaled estimate of transpiration

obtained from these trees during the intensive experimental period was then compared to an

estimate of evapotranspiration obtained with the Bowen ratio technique at this site at the

same time (Hatton and Vertessy, 1990). This allowed the examination of potential errors in

scaling with different tree parameters.

For the long term heat pulse measurements at the other sites (Lesron, Jaffray and Hansons)

and for the data obtained outside of the intensive sampling time at Duck Island, scaling

measurements were less intensive with the partial intention of relying on scaling

relationships obtained during the intensive measurements at Duck Island. The flux / tree

parameter relationship obtained for the individual study trees was used in combination with

the scalar information for the site to scale up to areal fluxes (see later). These

measurements were compared to Penman Monteith calculations of transpiration using leaf

resistance measurements.

3.2. I P otential Evapotranspiration

Potential Evapotranspiration (PET) is an estimation of the maximum amount of water that

can be transpired by trees under well watered conditions. Potential evapotranspiration was

estimated with the equilibrium evaporation equation (Slatyer and Mcllroy,196l);

)rE =( ' )- 1on - o¡
\s+T/

'Where E is the potential evapotranspiration (mmidÐ, À is the latent heat of vaporisation

(KJ/kg), Rn (KJ/m2lday) is the net radiation (shortwave + longwave), G (KJ/m2lday) is the

ground heat flux, s is the slope of the saturation vapour pressure curve at temperature T (C)

and yis the psychrometric constant. E was calculated on a daily time step with daily averages

used for all parameters. Temperature data was collected from the weather station and used to

calculate the slope of the saturation vapour pressure curve (the difference between e.(T+0.5)

and e.(T-0.5)), f, and T (Murray, 1967) where;

e = 6.to78ex'( 17'269T )r r \87.16+T )
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?u :2.501-0.0024* T

"{ =0.646+0.0006xf

Ground heat flux was considered to be negligible. Net shortwave radiation intercepted by the

canopy was estimated by;

Rsn: Rsd(l-cr)
'Where Rsd is the downward radiant flux at the surface of the canopy (Kllm2lday) and cr is

the albedo coeffiecient (0.3; Stewart, 1984).

Net longwave radiation was estimated as;

Rln : (Rld - Rlu)x dayl I IOOO

Where Rld is the incoming long wave radiation (Wm2) estimated according to Brustaert

(1982) as;

RId: e."oT:

Where eo is the atmospheric emissivity for clear skies, o is the Stefan- Boltzmann constant

(5.66918-8 'W 
m-2 I( a) and To is the air temperature (K) 'Where;

r :117

e = n+( 3-)
" \Ta)

Where e is the vapour pressure (mbar) and Rld is the incoming long wave radiation (Wm2)

and is estimated according to Brustaert (1982) as;

Rlu = e,oTo4

Where e. is the surface emissivity and is assumed 1.0

Rainfall data was also collected during this time and is presented in Appendix 2.

3.2.2 Heat pulse: estimated single treeflux

(a) Sap velocity

Sap velocity (cmlday) was measured (Greenspan Technology units) on 2 trees at each of the

sites over a 12 month period and 8 trees over an intensive 2 week period at Duck Island. The

Greenspan heat pulse instruments (Greenspan, 1996) use the compensation method (Huber

and Schmidt, l93l) to calculate heat pulse velocity. A pulse of heat is sent from the probes

into the stems. The time it takes for the temperature above and below the source of heat to

equilibrate is used to compensate for the effect of heat diffusion and identify heat
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convection. A maximum time of equilibration is set which represents no flow (set at 250

sec in this study).

The sap flow velocity is then estimated from the heat pulse velocity by making corrections

for sapwood water content and wood density (Marshall, 1958; Edwards and Warwick,

1984) and the wound caused when probes are inserted in the sapwood (Swanson and

\Mhitfield, 1981). Standatd probes were insertedat4 separate depths on two sides of the tree

or the branch if multþle stems existed. The insertion depths and depths to sapwood and

heartwood are shown in Appendix 3. Heat pulse velocity was then corrected to sap flow

velocity using parameters of wood density, water content and wound size which are shown in

Appendix 3.

(b) Sap flux

The resulting velocity estimates were used to estimate sap flux (Uday) using the method of

Hatton et al (1990) (Appendix 3). The weighted average technique (Hatton et al, I99O) was

used to estimate flux from these velocities which are obtained at more than one depth in

the sapwood to allow for differences in sap velocity radially with depth (Appendix 3).

Given a set of sapflow velocity estimates from n sensors placed at different depths between

the radius at the cambium and the heartwood, the annular cross section of the tree is

divided into n concentric annuli (Appendix 3). The flow within each annuli is calculated

from velocities measured within that annuli and weighted according to the fractional area

of sapwood that each sensor most closely represents (Hatton et al, 1990).

Sensors should be placed at a variety of depths to identify velocities at high and low

velocity parts of the sapwood. In the current study the tree sapwood were generally not

very extensive (1-2 cm thick) because of the nature of the environment and so the

placement of 4 sensors usually covered the entire sapwood. Tree sapwood area was

estimated from holes drilled at four compass points around the tree, with the change in colour

of wood from light to dark indicating the change from sapwood to heartwood.

The validation of flux estimates was tested through a cut tree experiment (Roberts, 1977). A

small (42 mm diameter) tree was cut at the base, re-cut under water in a bucket, and covered

in plastic to prevent evaporation. The cumulative volume of water taken up by the tree was

measured every 20 minutes over a t hour period (830 to 1730 hrs) by measuring the decline

in the water level and was compared to that estimated by the heat pulse technique.
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3.2.3 Stand Transpiration: Scaling single tree heat pulse estimates

To scale single tree estimates of transpiration in natural communities where tree spacings

are irregular it is necessary to find relationships between the flux of individual trees and

some easily defined parameter, which can then be related to ground area. The e11ors

involved in using different parameters to scale the flux were investigated in the following

section.

(a) Scaling experiment: Duck Island

Estimated fluxes from single trees (Uday) were scaled up to areal fluxes (I-lm2lday or

mm/day) based on the relationships between individual tree parameters and associated tree

flux. This was achieved by conducting measurements similar to those outlined in Hatton et al

(1995). Single tree fluxes were estimated as described above on 8 trees of various sizes. The

following parameters were measured on these trees along with the 15 additional trees in the

plot of 232 rÊ;leaf area, canopy projected area, sapwood area, trunk diameter, and tessellated

ground area (Appendix 4.).

I-naf area was measured using the Adelaide technique (Andrew et al, 1979). A hand held

module branch was identified and used to estimate by eye the number of such modules in the

canopy. l,eaves were then removed from the module and weighed. A relationship between

leaf dry weight and leaf area was used to calculate leaf area of the module and hence the tree

leaf area was found by multiplying module leaf area by the estimated number of modules

making up the tree canopy.

Sapwood area was estimated by drilling holes at four compass points around the trunk (30 cm

above the ground or the base depending on the length of the main stem). The apparent

boundaries of sapwood and heartwood were determined by colour change and the area of

sapwood was calculated from this and the mean diameter of the trunk at this point assuming a

circular cross-section.

Projected canopy area was determined by measuring the length and width of the canopy. The

projected area was treated as a rectangle and the area calculated in the normal way. The

location of each tree in the plot was recorded and ground area was apportioned to each tree

through a tessellation techique as outlined in Hatton and Vertessy (1990).
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Analysis of variance was calculated to identify the major factors influencing tree flux. The

regression equation for each tree parameter and flux relationship was used to calculate total

plot fluxes with the knowledge of the total sum of the tree parameter in the plot (Appendix

4). Regression analysis was conducted to determine relationships between single tree fluxes

and these parameters and these relationships were used to scale single tree fluxes to whole

plot fluxes using information of the tree parameters for each tree in the plot. The relationship

between the flux and the tree parameter was considered to be constant and was multiplied by

the relationship between the tree parameter and the ground area. Standard deviation on these

plot flux estimates were determined by the ratio method as was the variance (Cochran,

1953). Actual evapotranspiration (AET) was measured with the Bowen Ratio technique by

Frank Dunin and Wybe Ryenga (CSIRO Division of Plant Industry) and details of the method

and results are outlined in Appendix 5. The proximity of the resulting flux estimate to the

actual evapotranspiration, along with magnitude of the error and the 12 of the relationship was

used to determine the best scalar. The regression relationships calculated during the time of

intensive sampling were used to estimate transpiration rates which were then compared to

known evapotranspiration estimates at the time. This information was used to investigate the

differences between various scalars and which were the most reliable scalars.

(b) Seasonal transpiration and other sites

The relationship between tree parameters and flux may differ for different times of the year.

Therefore the regression relationships obtained using this technique could not be used to

determine transpiration rates at other times unless this intensive information relating sap flux

to tree parameter was collected at all other times and regression relationships determined at

these other times. As this was not possible at each time, the relationship between flux and

sapwood area (sap flux density) was calculated for the single tree at each site and for each

sampling date and multiplied by the total sapwood area for the site (the scalar).

ie. T(mmidÐ= F xS

SG

where F is single tree flux (IJday), S is the sapwood area (cm2) and G is ground area (m2).

The relationship between S and G was considered to be constant while the relationship

between F and S was thought to be variable, driving the seasonal variability in the

transpiration rate. This assumption is based on the fact that transpiration rate is limited by the

tree parameter at times (ie tree size) but at other times is limited by other factors such as

potential evapotranspiration therefore changing the relationship of F and S.
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At Duck Island, the scalar was as estimated during the intensive experiment (a) while at the

other sites the scalar was estimated by measuring tree circumference (or diameter), then

estimating sapwood area from this. It was assumed that the relationship between sapwood

area and circumference was the same for trees at other sites as at Duck Island. These two

pararneters were measured on only a few trees at the other sites (heat pulse trees) but were

plotted along with the Duck Island data to test the assumption. These various relationships

were used to estimate sapwood area for each of the trial plots at each of the sites and so

sapwood density for each of the sites.

3.2.4 Leaf resistance: NulI balance porometer

I-eaf resistance to water vapour loss was measured on leaves of 3 trees from Duck Island and

Hansons at sampling times from Nov 1993 to October 1994. This was done (1) to investigate

stomatal closure and patterns of resistance and the control of stomata on transpiration. (2) to

provide another estimate of transpiration. (3) to obtain information on minimum stomatal

resistance for Penman Monteith PET calculations.

(a) I-eaf resistance

I-eaf resistance was measured with a null balance diffusion porometer (Licor 1600). Null

balance porometers a¡e based on the solution for the following equation

F = gLqp

'Where F is the flux of water in transpiration, Âq is the difference in specific humidity

between leaf and air, g is the leaf conductance and p is the density of air. In the null balance

type of diffusion porometer the transpiration rate is determined from the rate of inflow of dry

air necessary to maintain the humidity in the chamber constant (Pearcy et aI, 1992).

Measurements were made in sec/cm and then converted to sec/m and also to conductance

values in mmolhtf lsec based on relationships with temperature and pressure (e.g. Pearcy et

aI,1992). Three trees were measured (n = 5 leaves on each tree) at regular (60 - 90 minute

intervals) throughout the day. Measurement branchlets (containing 6 - 10 leaves) were

marked and the resistance was followed throughout the day. Leaves were then removed at

the end of the day, dried at 90 degrees for 24 hours and then weighed. A linear regression
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was developed through weighing and measuring the leaf area (using a Licor leaf area meter)

of 30 leaves.

A = 3.59 x'W + 4.7099

Where A is the leaf area (ttuo1 and W is the dry weight of the leaves (mg). This was used to

calculate the leaf area of the measurement branchlets from leaf dry weights. Original field

resistance readings were then adjusted with the new leaf area to produce the final resistance

reading.

Canopy resistances (r.) were estimated from these leaf resistances (see 3.L2) by simply

treating the canopy as one stratum and dividing the mean resistance (of replicate leaf

measurements; ri) for every time interval by the leaf area index as the carìopy resistance is

reasonably approximated by the parallel sum of the individual leaf resistances (Li) (Jones,

1983).

'Where 
ry¡ is the mean leaf resistance per unit projected area in a given stratum and I¡ is the

leaf area per unit ground area or in a stratum of the canopy. Canopy resistances were also

estimated from the stand T and ET estimates (Bowen ratio and scaled heat pulse) using the

Penman Monteith equation with climatic data obtained from the weather station (see next

section).

(b) Estimated transpiration rates

These canopy resistance estimates (secim) from each time interval were used to estimate areal

transpiration rates for the day using the Penman Monteith equation. The Penman Monteith

calculation (Montieth, 1913) takes into account the specific aerodynamic effects of tree

canopies on resistance to water flux along with the energy balance (see PET 3.2.1) as follows;

À,8= SRr+pCs(er-e)/rs

S +y(1 +r,/ro)

rs
ri

Li
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'Where E is the evaporation rate, )v is the latent heat of vaporisation of water, Rn is available

radiant energy, os - o is vapour pressure deficit of the atmosphere, p is air density, Co is

specific heat ofair at constant pressure, S is the slope ofthe saturation vapour pressure curve,

y is the psychrometric constant and r. and ru are resistances to vapour transport from within

the plants to the bulk leaf surface and from the leaf surface into the atmosphere respectively.

S, 7 and l, are estimated as described in section 3.2.L p is obtained from temperature

(Murray, 1961);

P =1.292-0.00428*T

The net radiation intercepting the canopy is obtained empirically by using an exponential

function of the leaf arcaindex, analogous to the Beer-Lambert Law (Monteith, 1965a) thus;

Rn = Rd(l- o¿) * exp(k * IA,I)

'Where k is the light extinction coefficient (used -0.4), LAI is the leaf area index (as per table

3.2), and cr is the albedo coefficient (0.1; Stewart, 1984).

The aerodynamic resistance (ru) is a function of the canopy roughness and height and wind

speed (Monteith, 1965b; Stewart, 1984; Abtew et al, 1995);

,n( 
zm - d\* 

^( 
zh - ¿1

\ zo / \zoh)fo=
k2u

Where zm is the wind speed measurement height (m), d is the zero displacement height (m),

zo is the aerodynamic roughness (m), zh is the air temperature and humidity measurement

height (m), zoh is the roughness length for heat and vapour transfer (O.I7n), k is the Von

Karman constant for turbulent diffusion (0.41) and U is the wind speed at height z (ms-l)

measured over the study site (Abtew et al, 1995).

Data on leaf temperature, relative humidity, and radiation were collected with the porometer

on a hourly basis, averaged for the canopy and for the measurement period and used to

calculate the Penman Monteith predicted evapotranspiration for every time interval (1-2 hrs).

Data was also collected from the nearby weather station on a daily basis and was used to

calculate some of the parameters (ie ru).
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3.2.5 Water [Jse Efficiency: õ13C

The ratio of the carbon isotopes t3C / t2C in leaf material can be used to examine the water

use efficiency of C3 plants. There is a relationship between ô13C and intercellular COz

concentration and water use efficiency (Farquar et al, 1982) with a more negative ô13C

indicating a higher water use efficiency (molar ratio of photosynthesis to transpiration).

Leaves were removed from the ends of branches (young leaves which should reflect the

water use efficiency at that point in time) and the middle of the branches (old leaves which

should reflect the integrated water use efficiency over the long term) from 3 trees at each of

the sites. Leaves were sampled on 312/94 (summer) and 617 /94 (winter) to examine the

water use efficiency when there were potential extremes in soil water availability. Leaves

were dried at -70oC for 48 hrs, combined, and ground finely. Subsamples of -5 mg were

then analysed for ôr3C with a continuous flow IRMS (Barrie, 1990),

3.3 Results

3. 3. I P otential Evapotranspiration ( P ET)

Average daily equilibrium evaporation peaked in summer -6 mm/day and was lowest in

winter -1.5 mm/day (Fig 3.2 a). This pattern was in response to changes in net short-wave

(Fig3.2 b) and long-wave radiation, VPD and temperature (Fig 3.2 c).

3.3.2 Heat pulse: estimated single treeflux

(a) Sap velocity

Estimated sap velocities ranged from 3 - 46 cmlhr depending on season , tree variability

and site (Fig 3.3). Sap velocities were lowest at Lesron (Fig 3.3 b; 2-8 cm/trr),

intermediate at Duck Island and Hanson where they were similar (Fig 3.3 a and c 3-18 cm/hr)

and then highest at Jaffray (Fig 3.3 d;5-45 cm/tr; ). The highest sap velocities were

measured in January at all of the sites (Fig 3.3). The daily pattern usually showed a high sap

velocity early in the moming, followed by a decline mid-morning and then an increase in sap

velocity towards the middle of the day (Figure 3.4 a-d).
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(a)

z(b)
18

t6
t4
12

Oct.93 Dec.93 Feb.94 Apr.94 Jun.94 Aug.94 Oct.94 Dec.94 Feb.95

FÍgure 3.2: Estirnated potential evapotranspiration (equilibrium evaporation; (a)) from climatic data

collected at the Duck Island site. Also shown is net radiation (KJim2lday; (b)), average daily

temperature (oC; dotted line) and VPD (mb; solid line). Results are shown from October 1993 to

February 1995.
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(b) Sap flux

Single tree fluxes were estimated from these velocities, and adjusted for the wound diameter

and water content (as described in methodology). The diameter of the wound arising from

insertion of the probes was measured on some trees and averaged 3 mm (Appendix 3). This

was larger than expected based on the diameter of the drill bit (1.8 mm), but not unreasonable

(see discussion). The sapwood volume fraction of water averaged 0.4 (Appendix 3) but was

higher at Jaffray and lower at I-esron.

The daily pattern of flux (I/hr) was the same as sap velocity (Fig 3.a) with a maximum of 0.2

to 1 . 1 L/tn usually in the middle of the day depending on tree size, site and season (Fig 3.4 a-

d). The cumulative flux for the day ranged from 1.2 to 10 [,/tree depending on tree size, site

and season (Fig 3.5 b). The mean daily fluxes for each month were highest at Jaffray (4 - 10

Utreelday) as the sapwood area of the trees here were large as well as the sap velocities. The

mean daily tree flux was lower at Duck Island ( 1 .8- 3 Uday) and at Hansons (l .2 - 2.8 Llday)

and lowest at læsron (1.2 - 1.5 Uday) (Fig 3.5 b). The comparison of water taken up by the

cut tree and the heat pulse estimate indicated that the volume of water removed from the

bucket by the cut tree (1700 ml) was 377o higher than that estimated by the heat pulse

technique (1100 ml), when using a wound diameter of 3 mm (as indicated by dis-

colouration around the drill holes).

When these individual tree fluxes rwere normalised on the basis of sapwood area, differences

between the measurement trees at each of the sites were reduced (Fig 3.5 c). Sap flux density

ranged from an average daily winter flux of 0.09 to 0.I2 l-lcrtlday to an average daily

sunrmer flux of 0.1 to 0.Zl Ucr*lday (Fig 3.5 c). High sap flux density was estimated at

Jaffray (Fig 3.7 d) with an average of 0.13 tlcr*tday in winter and, 0.27 IJcnflday in

sunìmer. Smallest sap flux density was estimated at Irsron (Fig 3.6 b) with an average daily

flux of -O.lL/crÊlday. Intermediate estimates of sap flux density were found at Duck Island

and Hansons (Fig 3.6 a and, c) of 0.12-0 .18 Ucmzlday. In addition the second tree measured

at Duck Island, Hansons and Jaffray showed similar sap flux densities to the long term trees

(Fig 3.6) and at Duck Island during the intensive measurement period sap flux densities

averaged 0.06 to O.I4 Llcnfl hr between the 6 trees (Fig 3.7 b). The second tree measured at

Lesron showed sap flux densities that were initially similar to the long term measurement tree

but after June the flux became erratic which may have been associated with a decline in tree

health which was observed during this time.
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3.3.3 Stand Transpiration: Scaling single tree sap flux estimates

(a) Scaling experiment: Duck Island

Sapwood area for trees in the investigation plot at Duck Island ranged from 3.5 - 153 cm2 and

trunk diameter ranged from2.4 cm to 55 cm (Appendix 4). I-e,af area ranged from 0.4 m2 to

29.2lrP per tree and the projected canopy area ranged from 0.3 m' to 18.9 m2. Tessellated

ground arearanged from7.7 to 18.4 m2lAppendix 4).

The estimated total averaged for the five sampling days ranged from 0.5 to 0.9 mm/day

according to the variable used to estimate flux (Table 3.1). The relationship between canopy

area and tree flux (Figure 3.8 a) gave the highest estimate of total flux and the closest

estimate to AET which averaged 1.5 mm/day (Table 3.1 and Appendix 5). This relationship

also had the best coefficient of determination (r2; SlVo) and, the lowest standard deviation

(3OVo; Table 3.1). The relationship between flux and leaf area had the next best ? çe+Vo¡Aat

the estimated transpiration was low. The relationship between flux and sapwood area (Fig

3.S b) had a low 12 (4lEo) but a reasonable estimate of transpiration (Table 3.1). Tessellated

ground area has the worst relationship with flux (? =21 Vo).

Table 3.L: Regression relationships between scalars and flux for each tree parameter and estimated

flux indicating the slope and r2 of the relationship, the estimated total flux from the plot (L/day), the

estimated areal flux from the plot (mm/day), and the standard deviation and standard error on this

estimate. The mean actual evapotranspiration from the Bowen ratio is also shown.

lndependent

Variables

R2 as o/o Total

(Uday)

slope Flux Total Flux Stdev

(mm/day) (mm/day)

SE

(mm/day)

Sapwood Area 0.095

(cm')

Mean Diameter 0.024

(cm)

Leaf Area (m2) 0.417

Tess Ground 0.537

Area (m2)

Canopy Proj0.630

Area (m2)

Actual ET

(Bowen Ratio)

42.55 186.68 0.80

40.71 126.73 0.54

64.14

20.65

122.47

132.67

0.52

0.57

0.19

0.11

0.18

0.24

0.28

0.03

0.03

0.05

0.06

81.43 214.23 0.92

1.5 0.1

0.04
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Actual evapotranspiration as measured by the Bowen Ratio method (AET) on 2512 to

313194 (see Appendix 5) was highest mid-morning (up to 0.23 mmihr) and then fell to 0.1

mm/hr in the mid-afternoon (Fig 3.9). These estimates of AET could be compared to

hourly estimates of T with the heat pulse (scaled with sapwood area; Fig 3.9). It can be

seen that values for T (mm/hr) were similar to AET (0.03 to 0.16 mm/hr) but peaked in the

afternoon after low fluxes in the morning often in a reverse pattern to that that found for

ET (Fig 3.9).

(b) Seasonal transpiration and other sites

Average tree sap velocity and sap flux density was negatively correlated with groundwater

salinity (Fig 3.10 a) and positively correlated with tree size (sapwood area) across sites (Fig

3.10 b). Therefore the relationships between tree parameters (ie canopy area, sapwood area)

and flux at Duck Island (Fig 3.8) could not be extended to the trees at the other sites, even

during the intensive scaling time. Additionally the relationships between flux and sapwood

area during the intensive scaling time at Duck Island could not be extended to other

measurement times because the sap flux density also changed at other times of the year (Fig

3.7 a). It was therefore concluded that the sap flux density (as established in the previous

section) was variable and should be multiplied by one of the above scalars which were

considered to be independent and unchanging (ie the sapwood density of the plot) to give the

transpiration rate.

The different sites had different tree densities (Table 3.2), with the highest densities at

Hansons and Jaffray and the lowest at l,esron and Duck Island. Tree size was variable within

the plots and trees of different sizes had different sapwood areas (ie Appendix 4). The

sapwood area was measured directly at Duck Island and was well correlated with tree

circumference (Figure 3.1 1 a). It was therefore considered that the circumference of the trees

at other sites could be measured and related to this sapwood area lcircumference relationship

from Duck Island to estimate the total sapwood area in the plot and so the sapwood density.

The total circumference per unit ground area differed across sites, being highest at Lesron and

lowest at Duck Island (Table 3.2). However when the circumference/ sapwood area

relationship from the test trees from other sites were related to the Duck Island trees it was

concluded that trees at Lesron tended to have less sapwood area per given tree circumference,

the trees at Jaffray tended to have more sapwood area per given tree circumference and the

trees at Hansons tended to have similar relationships to the Duck Island trees (Fig 3.1 1 a).
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Therefore this methodology may have resulted in an over-estimation of total sapwood aÍea at

I-esron and an underestimation at Jaffray. These various relationships between circumference

and sapwood area were used to estimate sapwood at each of the sites. This resulted in the

following site sapwood density estimates (Table 3.2) with the highest sapwood area densities

at Hansons and the lowest at læsron.

Tabte 3.2: Estimated tree density (treel m2), circumference density (per ground area; mm/mz),

sapwood density (area per ground area; cmzlrrf), leaf area per ground area (leaf area index; mzlm'}

and canopy projection G*tmz),

plot

size

(-1

tree

density

(treelm2)

density

(mm/ m2)

est.sapwood

area density

, 2, 2,(cm /m)

est. leaf

area index

@2 t rÊ)

est.

canopy

density

çm2 t*¡

clrc

Duck Island

Lesron

Hanson

Jaffray

232

30

70

26

8.8

10

18

t3.4

91.1

202.5

181

119

10

8.6

2t

15.5

r.2

1.1A

2.4

T,]B

1.8

1.5

3.7

2.7

The leaf area in the plot and hence the leaf area index was also estimated for all of the sites

based on the sapwood arca I leaf area relationship established for trees at Duck Island but

using the sapwood area estimated above (Fig 3.11 b). However the relationships between

leaf area and sapwood area used to calculate the leaf area index may not have held for the

other sites (Fig 3.11 b). The tree atJaffray appeared to have a higher leal area / sapwood

area ratio and so would have had a higher leaf area index than calculated at Lesron.

It was concluded that sapwood was the most reliable estimated scalar from the data available

and it was multiplied by each sap flux density to get a transpiration rate (Fig 3.12 a-d). The

resulting transpiration estimates followed the same seasonal trend as sap velocity. For trees

at Duck Island, transpiration rates reached an average daily rate of 1.4 mm/day (stdev 0.3) in

surnmer and autumn and an average daily rate of approximately 1.2 mmiday (stdev 0.2) in

winter and spring (June - Nov) (Table 3.3). Transpiration rates at Hansons averaged 3

mm/day in summer (stdev 0.7) and 2 mm lday in winter (stdev 0.4; Table 3.3).
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At Lesron the transpiration rates averaged 0.7 mm/day at all times (stdev 0.1; Table 3.3). The

estimated transpiration rates at I-esron were lower than at the other sites despite tree densities

being similar and this site having the highest circumference density. This is because the plot

sapwood areas were lower because of the different relationship between tree size and

sapwood area. In addition the lower sap velocities of trees at l,esron resulted in lower single

tree transpiration rates and also resulted in a lower total plot transpiration estimate.

Transpiration rates at Jaffray averaged 3.4 mmlday in summer (stdev 0.8) and 2.2 mmlday

during winter (stdev 0.6; Table 3.3). Jaffray Swamp transpiration rates were higher than

transpiration rates from all other sites. Trees at Jaffray had much higher sapflux densities

than the other sites. Therefore despite tree densities and sapwood densities not being

significantly higher than the other sites the higher sap velocities resulted in higher

transpiration rates for M.halmaturorum at this site.

Table 3.3: Average daily water use and standard deviation for summer and autumn (December to

May) and winter and Spring (June to November) at each site.

SITE Avg T Summer/Autumn

(Dec - May)

mm/day

Avg T'Winter/ Spring

(June - Nov)

mm/day

DUCK ISLAND

LESRON

HANSONS

JAFFRAY

1.4 + 0.3

0.7 + 0.1

3.4 + 0.8

0.4+23+0.7

1.2 + 0.2

0.7 + 0.1

2.2 + 0.6

3. 3.4 Stomatal resistance

(a) Single leafresistances at all sites

Patterns of leaf resistance showed either a rising trend (Fig I3.I3 a, d and g), a falling trend

(eg Fig 13.13 e and h), and a more erratic pattern which included low resistances in the

middle of the day and plateaus (eg Fig 13.13 c and Fig 13.14 b). Trees at Duck Island had

minimum measured leaf resistances of - 1 50 sec/m (-200 mmol lm^2 lsec conductance) early

in the morning in the middle of summer (Fig 3.13 d) and maximum leaf resistances of 4000

sec/m early in the morning in Autumn (Fig 3.13 h). tæaf resistances were mainly high early

in the morning (Fig 3.13 e and h) or late in the afternoon (Fig 3.13 a and g) however there

was never a decisive closure in the late aftemoon.
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(b) Estimated canopy resistances and areal transpiration rates.

Estimated canopy resistances were greater than 100 sec lm at Duck Island; estimates using

the Bowen ratio were found to be lower than those obtained with the scaled heat pulse

estimate (Fig 3.16). Canopy resistances obtained with the porometer were higher than either

of the other estimates on ll3/94 at Duck Island (Fig 3.16 d). Transpiration rates estimated

with the Penman Monteith equation for Duck Island and Hansons were similar to that

estimated with the heat pulse technique (r2 = 0.8). Daily estimates of transpiration rates

ranged from2 mm/ day to 0.5 mmi day at Duck Island (Fig 3.17 a) and from 4 mmlday to 2

mm/day at Hansons Swamp (Fig 3.17 b). The transpiration estimates were found to be

slightly lower than the heat pulse estimates at Jaffray and slightly higher at Lesron (Fig 3.17 d

and Fig 3.18).
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Figure 3.18: Estimated transpiration (Llnztsampling time period) for trees at Lesron (a) and Jaffray

(b) at two times as estimated with heat pulse (HP) and the Penman monteith equation (Penmon).
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3.3.5 Water Use Efficiency

ôr3C values ranged from -25 8. (Lesron new leaves in summer) to -31 å" (Jaffray old leaves

in summer) depending on site and season (Fig 3.19). New leaves in summer at all sites had

higher (less negative) ô13C than old leaves indicating higher water use efficiency. For new
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leaves in summer (which should reflect the current conditions) ôl3C was highest for Lesron

and lowest for Jaffray (Fig 3.19). Differences between ô13C of leaves in winter were less

pronounced between sites. For both young and old leaves, Lesron had the highest ô13C

followed by Duck Island and Hansons. However for the winter sampling leaves from

Jaffray had higher ô13C than leaves from Hansons (Fig 3.19).
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Figure 3.19: ô13C (%ù of otd and new leaf samples in summer (S; 3t219Ð and winter (W;617194).

3.4 Discussion

3.4.1 Using the heat pulse method to estimate transpiration in saline environments

The heat pulse technique has been and is currently being used in many different environments

to gain an understanding of the hydrological role of trees, This study provides insights into

the errors that may be encountered when using the technique in a very saline system where

effors can occur at three scales; the single tree, the scaling to the test plot and the scaling to

the whole forest (Denmead, 1984),

During spring, summer and autumn at Duck Island the heat pulse, leaf conductance

measurements and canopy measurements of AET were all similar. However the

independent ET estimate obtained with the Bowen ratio during the scaling experiment was

-0.3 mm / day higher than the other estimates. The difference between these could have
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been a result of soil evaporation (Harn et al, 1990) or measurement errors in the Bowen ratio

(Angus and Watts, 1984) or the transpiration estimates (Banett et al, 1995). No

measurements of soil evaporation were actually made in the current study however soil

evaporation of 0.3 mm/day has been found for Atriplex plantations over shallow saline

groundwater (Greenwood and Beresford, 1980). The difference between transpiration and

evapotranspiration estimates could also be accounted for by effors in fetch for Bowen ratio

measurements, or variability between trees. Hatton and Vertessy (1990) found

evapotranspiration calculated from the Bowen ratio to be lower than estimated flux from test

heat pulse trees and suggested that the test trees may not have represented the whole forest

and may have overestimated the flux. Other studies have found lower estimates of

transpiration with the heat pulse compared to energy balance approaches (Kelliher et al;

1992; Diawara et al, l99I; Walker et al, 1989) while others have shown good correlations

between energy balance and sap flow measurements (Kostner et al1992; Dawson, 1996).

Leaf resistance measurements when used to estimate transpiration of the stand, produced a

similar result to the heat pulse estimated during summer and autumn. This is despite no

separation of the canopy into separate functional layers (Jarvis and McNaughton, 1986) a

process that is thought necessary for precise estimates of tree transpiration from leaf

estimates for the Penman Monteith calculation (Green, 1993). It has been suggested

(Barrett et al; 1995) that sap flux is overestimated at low sap flow velocities but this

apparently did not occur at this site. The good comparison between the heat pulse

estimates and Penman Monteith estimates of transpiration is probably a result of the

limited transpiration rate (see next section) which results in a low response of transpiration

to climatic factors and a high stomatal control. This is combined with a low leaf area index

and a canopy structure that results in leaves being concentrated at the top of the canopy

where most leaves are exposed to similar conditions and so may be expected to have a

similar transpiration rate.

However discrepancies did occur in winter between heat pulse and Penman Monteith

estimates of transpiration when low winter stomatal conductances combined with low

temperatures, low VPD, and low R resulted in low estimates of transpiration with the

Penman Monteith equation. During these times the heat pulse estimate of transpiration

was higher than the Penman Monteith estimate. Similar results have been found by many

workers (Cohen et al, 1985; Dawson, 1996; Dugas et al, 1993; Moreno et al, 1996).

Moreno et aL (1996) found an underestimation of transpiration by the Penman Monteith

method as compared to a heat pulse estimate of transpiration when using a canopy
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resistance from well watered plants but when they adjusted this value for a hypothetical

value for stressed plants found a good match with heat pulse method. A good match has

been found between heat pulse and Penman Monteith estimates in well watered irrigated

tree plantations (Myers et al, 1996; Schulze et al; 1985; Steinberg et al, 1990; Golden and

Field; 1994; Edwards and Warwick, 1984). Therefore the underestimation of transpiration

with the Penman Monteith equation could have occurred through errors in estimation of the

climatic variables, errors in the estimation of the average leaf resistance, or

underestimation of functional leaf area when scaling leaf resistances to canopy resistances.

Errors with the heat pulse technique may have occurred at the single tree level or at the

stand level. Single tree flux errors may occur through the misalignment of probes, and the

conversion of heat pulse velocity to sap velocity (Hatton et aI, 1995). For M.

halmaturorum in the current study sap velocity was always low (5 to 18 cmltr) and

although above the threshold representing significant error (and therefore overestimation of

flux) for rainforest tree species (Barrett et al, 1995) this range of velocities has been

accepted to represent true velocity in many tree species (Swanson and Whitfield, 1981;

Lassoie et aI, 19'77; Lopushinky, 1986). Errors in converting heat pulse velocity to sap

velocity may occur in the estimation of the wound size. An overestimation of wound can

result in a reduction in the velocity estimate (Swanson and Whitfield, 1981). The wounds

estimated in this study were at the large end of the range observed in many trees species

(Dye and Olbrich, 1993; Marshall et al, 1989; Barrett et al, 1995) and above those recorded

for others (Dunn and Conner, 1993; Edwards and Warwick, 1984; Hatton et al, 1995).

However the wound size has been found to be accurately represented by the colour change

in other species and so the estimates are probably reasonable (Marshall et al, 1989; Barrett

et al, 1995). Errors in single tree flux estimates are generally a result of incorrect

estimation of functional sapwood area (Hatton et al, 1995), the volume fraction of water

(especially in trees where seasonal water uptake is variable ie Caspari et al, 1993), and

spatial variability in the sap flux density profile in the tree (the largest source of error

according to Hatton et al, 1995) due to probe placement in non functional parts of the

sapwood (62 Vo', Streeter, 1993). Sap flux density estimates for Eucalyptus trees have been

shown to have errors of 13 Vo with additional errors involved in the calculation of single

tree fluxes from these sap flux densities estimated at 25 7o (Hatton et al, 1995). Cut tree

experiments to estimate errors in single tree estimates of flux by heat pulse have

underestimated flux by up to 15 % (Swanson and Whitfield, 1981; Green and Clothier,

1988; Olbrich, 1991: Dunn and Conner; L993;Barrett et al, 1995; Hatton et al, 1995). The
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cut tree experiment in the current study found a38 Vo underestimation of single tree flux by

the heat pulse estimate.

The second scale of effors occurs when scaling from single trees to plot fluxes. These have

been estimated to be 5 7o (in addition to the 387o enor in single tree flux estimates) by

Hatton et al (1995) assuming no bias, no effors on measurement of the scalar and no

compensating errors. For M. halmaturorum relationships between single tree fluxes and the

tree parameters (scalars) differed in their ? nngingfrom 21-81Eo withcanopy projected area

being the best fit and tessellated ground area being the worst fit. In the present study canopy

area had the best relationship with flux ( 12 = 0.81) and also the best estimate of the total

flux (stdev 30 Vo), indicating a good relationship between tree flux and canopy area. Good

estimates of transpiration were found when using this scalar for Kiwi fruit vines (Edwards

and'Warwick, 1984). I-eaf areahad a reasonable and linear relationship with flux (r2 0.0ì; I

but underestimated the total flux. Leaf area has been found to be a good scalar in many

studies where the trees are in a state of equilibrium with the environment (Hatton et al,

1995; Angelocci and Valanogne, 1993; Ham et al, 1990; Cermak, 1989; Greenwood et al

1985; Werk et al, 1988). The linear relationship between leaf area and water use mayi

indicate that the leaf area is in equilibrium with the environment and not dynamically,i

changing in response to changing water availability as is assumed for many water stressed

forests (Hatton and'Wu, 1995) where a curvilinear relationship develops (Greenwood et al,

1982; Thorburn, 1993; Hatton and'Wu, 1995). 
l

The relationship between these scalars sapwood area and diameter and flux was not as

good as the previously mentioned ones (r2 = 0.4I) indicating effors in the measurement of

these scalars or else poor functional relationships. Any errors in measurement of sapwood

area and diameter would have been propagated as these parameters were also used in

scaling from velocity to flux of single trees. Sapwood area has been found to be a good

scalar for eucalypts in a saline environment at most times, resulting in scaling errors of 8

to 26 % (Thorburn et al, 1993a), and for trees in other environments (Hatton et al, 1995;

Granier et al, l99O; Diawara et aI, l99l; Cermak and Kucera, 1987; Dunn and Conner,

1993). Despite the poor relationship in this study, it may be the case that sapwood area and

diameter are more practical scalars to use because of the ease of measurement (as

compared to leaf area). The worst scalar was tessellated ground area. Although this has

been found to be a good scalar of transpiration in regularly spaced plantations (Hatton and

Vertessy, 1990) it has been observed to be a bad scalar in other studies in natural

communities (Ladefoged, 1963; Hatton et al, 1995).
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Sap velocity of trees at Hansons was similar to Duck Island and differences in the areal

transpiration rates arose as a result of differences in the leaf area index between sites. This

was caused by higher tree densities at Hansons. Discrepancies between estimates obtained

with the heat pulse and estimates obtained with the Penman Monteith (PM) occurred in

sununer, with PM estimates being lower than heat pulse estimates. These differences are

probably not a result of overestimation by the heat pulse technique at low velocities as this

would have also occurred in winter when velocities were lower. However efrors may have

occurred in scaling the single tree heat pulse estimates to areal transpiration, resulting in an

overestimate of transpiration as discussed above. Conversely errors in the Penman

Monteith calculations may have been greater at this site as a result of the higher leaf arca

index and greater variability in net radiation entering the canopy, VPD, and leaf resistance.

As a result of these effors the actual transpiration rates at Hansons are probably somewhere

between the two estimates of transpiration (Fig 3.17 b).

3.4.2 Ecophysiological response o/ M.halmaturorum to groundwater salinity and

waterlogging

Estimated transpirationfor M.halmaturorum ranged from 5 to 0.6 mm/day depending on site

and season. Melaleuca species have been generally known to be high water users but up until

now this has not been quantified for saline environments. Melaleuca styphelioides in fresh

soil water was found to use up to 6 l/hr of water (Mishra and Sands, 1992). 'When this flux is

scaled to account for sapwood area, the resulting sap flux density is similar to that found in

the present study indicating that differences in fluxes between forests of Melaleuca may be

controlled by differences in density of trees (and so sapwood area) rather than differences in

flux capabilities of individual trees.

PET ranged from 6 mmlday in summer to I.2 mm/day in winter. The water use of trees at

Duck Island was limited to below PET during summer and was similar to PET in winter.

L¡w stomatal conductances and therefore low transpiration was probably associated with

salinity induced water stress during summer (Munns and Termaat, 1986) and transpiration

was limited by energy availability in winter. At læsron transpiration rates were estimated to

be below PET in summer and winter, probably as a result of salinity and waterlogging which

is known to reduce the growth of M.halmaturorum seedlings (van der Moezel et al, l99I;

see next chapter). Transpiration was closer to PET at Hansons and Jaffray Swamp which

are fresher sites although transpiration at Hansons still appeared to be limited below PET

in summer.
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The transpiration rates estimated in the present study (up to 5 mm/day) were larger than those

found for other trees species in saline environments and are similar to trees overlying

groundwater of much lower salinity (6 - 11 dS rn-l; Fraser et al, 1995; Greenwood et al, 1982;

Van Hylckana, 1974). For groundwater of similar salinity (30 - 55 dSml) Eucalyptus

largiJlorens on the Chowilla floodplain had transpiration rates of 0.1 to 0.3 mm dayl and

Eucalyptus camaldulensis had rates of 0.1 - 0.3 mm dayl (Thorburn et al, 1993a) Atriplex

species have been found to use only 0.2 mm dayl of water over saline groundwater of 30 dS

rn l lslavich et al, 1996). However mangroves, a plant type that is probably most similar to

M.halmaturorum in habitat type and salinity, are thought to use up to 1 mm/day of water, in

response to sea water salinity (Passioura et al, 1992).

Differences between the water use of different forests and plantations may be attributed to

differences in tree density (ie differences in sapwood areal leaf area in a plot). For example

M.halmaturorum had a leaf area index of 1.3 while Atriplex had only 0.34 (Slavich et al,

1996) and E. largiflorens 0.6 to 1.0, allowing greater water use by M.halmaturorumfrom a

groundwater of high salinity. Differences amongst site transpiration rates in the present study

were controlled by differences in tree densities and so leaf area between sites. l-eaf

conductance at the sites did not appear to differ significantly (being low at most times)

however there would have been an effect of long term leaf conductance to water that resulted

in differences in site leaf area. Water use efficiency was higher at the more saline sites. At

I-esron, where the site was appilently saline and waterlogged, long term growth rates were

low (Olga Barbourina; unpublished data). Where salinity was high, transpiration was

usually well correlated with stomatal conductance and was poorly correlated with VPD and

R indicating a stomatal control on transpiration. Good control of stomatal conductance may

result in low water use, low growth rates and high water use efficiency in these srüamps,

contributing to the survival of M.halmaturorum (e.g. Golombek and Ludders, 1993; Flanagan

and Jefferies, 1989a). Other factors (environmental and physiological) which may influence

the water use strategy and so contribute to these differences in transpiration will be explored

in the following chapters.
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3.5 Summary and conclusion

Transpiration rates were high and consistent amongst the 3 different independent

measurements with seasonal daily averages ranging from 0.7 mmlday ta 3.4 mm/day

(Table 3.3). Leaf area dominated the difference in transpiration rates between sites with

stomatal conductance not appearing to be important in the short term in controlling

transpiration. Transpiration decreased with groundwater salinity and may have been

influenced by waterlogging when combined with high salinity.
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Chapter 4: Soil and Plant Water Status

4.L Introduction

It is widely recognised that soil water availability influences the ability of roots to take up

water, and is a determinant of root density, distribution, and structure (Passioura, 1988;

Bresler and Hoffman, 1986; Neumann et aI, 1994). However, the manner in which different

species respond to water availability differs. For example Thorburn et al (1993a), studying a

Eucalyptus floodplain forest underlain by saline groundwater, found that some trees

responded to rainfall by changing their sources of water from saline groundwater to low

salinity surface soil water. Similarly Yakir and Yechiell (1995) recently provided evidence

for the selective uptake of flood waters by some halophytic species occupying hypersaline

environments. In contrast Lin and Sternberg (1994) studied the water sources of coastal red

mangrove in response to changes in surface soil salinity induced by sea water intrusion and

rainfall freshening of the surface soils. They found that mangrove roots were active in using

surface soil water and that there was little change in uptake pattern with salinisation of the

root zone or freshening of the groundwater.

It has been suggested that differences in response to soil salinity between species may be a

result of differences in root system structure (shallow rooted as compared to deep rooted; Lin

and Stemberg; 1994) and activity (Yakir and Yechiell, 1995). Differences between the same

species on different sites may be explained by differences in environmental factors (e.g. soil

waterlogging and presence of a permanent water source). It is apparent that the response of

tree root systems to soil water availability can not be predicted based on current information

and may be influenced by interacting plant and environment factors.

The previous chapter (Chapter 3) outlined the quantification of water use of

M.halmaturorum. To understand what implications this has for groundwater use it is

necessary to understand the sources of water. The aim of this chapter and Chapter 5 is to

identify the water sources of M.halmaturorum in response to changes in soil water

availability. This wili be done by identifying the zones of water availability (Chapter 4)

and then the water sources and root dynamics in response to these changing soil conditions

(Chapter 5).
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4.1.1 Soil and plant water potential

(a) Soil water potential

Soil water potential depends on four components of varying importance:

Vsa¡¡ :V. +V" *V, *Vo

Where Y* is the matric potential produced by capillary and surface binding properties, Y. is

the osmotic potential produced by solutes in the soil water, \ is the gravitational potential

due to the force of gravity operating on soil water and Yp is the pressure potential due to

external pressure, but can often be disregarded because the pressure is near atmospheric in the

root zone. The availability of water to plants decreases as the potential of the soil water

decreases (Marshall and Holmes, 1988).

The matric potential is influenced by the structure of the soil and the water content. The

structure of the soil also influences the level of contact of soil with the plant root (Passioura,

1988). Furthermore, it has been found that as plant roots are exposed to greater water

potential gradients in drying soil, the resistances of the roots to water uptake also increases

(Blizzard and Boyer, 1980). 'Water movement occurs by capillary flow in response to drying

by evaporation at the soil surface and drying of the prof,rle by roots. The matric potential and

gravitational potential are instrumental in determining water movement within the soil profile

and from the groundwater into the unsaturated zone above it. The matric potential is either

measured directly or indirectly from water contenl water potential relationships.

The soil osmotic potential is lowered by the presence of solutes in the soil solution. As

discussed in chapter I (LZ.I), salinity results in a reduction of soil water availability and

possible ion toxicity effects. The osmotic soil potential effect on the movement of water into

plant roots from soil arises because of the differentially permeable membranes that occur at

this interface (Kramer and Boyer, 1995). The osmotic potential is measured directly using

psychrometers or indirectly through established relationships between salt concentration in

the soil solution and water potential.

The effect of osmotic potential on water uptake by plants is generally thought to be additive

to matric potential (Marshall and Holmes, 1988). However it has also been suggested that as

the soil dries the matric potential will become the dominant force because of the effect of soil

drying on root contact and also because plants may be able to respond to osmotic potential by

osmotic adjustment, by using the solutes available to them (Shalhevet and Hsiao, 1986). In

some environments, osmotic potentials may dominate some parts of the prof,rle (ie deeper
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where there is a saline groundwater) and matric potentials may dominate other parts (ie

surface where there is soil drying) (Thorburn et al, 1993a). When this occurs water extraction

has been assumed to respond to the part of the profile were water is preferentially available

(Thorburn et aI, 1993a).

(b) Plant water potential

The availability of soil water to plants (as influenced by soil water potential) is determined by

the ability of plants to lower plant water potential. In order to absorb water roots must

generate water potentials low enough to create a water potential gradient from soil to root.

The lower limit for water availability (called pemanent wilting point) is determined by the

minimum possible plant water potential at which plants are able maintain turgor. This is

widely variable amongst species (see chapter 1.2.L ) and will be determined by a combination

of plant characteristics including ability to osmotically adjust and to withstand xylem

cavitation. The plant water potential is composed of:

V, =V, +V olY ^ 
*V 

c

Where the subscripts s, p, m, and g refer to the effects of solute, pressure, porous matrices

and gravity respectively (Kramer and Boyer, 1995). Gravitational potentials can usually

be ignored except in tall trees (>l m). The water potential components in the different

compartments of the cell differ. Solute potentials will occur in both cell components

although will be more significant in the interior of the celi (symplast). The cell symplast

has a dominating solute potential, pressure potential (at full turgor) and the matric potential

can be ignored. In the cell wall (apoplast) the matric forces can be important and the

pressure potential can be ignored. Pressure potentials are positive and solute potentials are

negative and so they often compensate for each other, except at full turgor. Water moves

from the outside of the cell to the inside in response to water potential gradients and a local

equilibrium is formed where:

V"<ol *V 
^@) 

= Vs(,,y) *V pt"yl

Where sy is the symplast (internal cell), a is the apoplast (outside cell), and s, m and p are

as previously outlined. If the water components of the plant equilibrates overnight (when

transpiration has ceased), the cell water potential should be reflected in the leaf water

potential (Fig a.1). The xylem water potential should also equilibrate with the leaf water

potential when transpiration has ceased. This is often measured to indicate the total cell

water potential. The pre-dawn leaf water potential gives an indication of the soil water

potential in the area from which the tree is taking water.
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Figure 4.1: Summary of the dominant components of water potential in the plant cell
wall (apoplast), cell interior (symplast) and the soil. Water potential in the cell wall is
dominated by solute (s) and matric potential (m) while the interior of the cell is
dominated by (s), which is compartmentalised, and pressure potential (p), at full cell
turgor. The soil water potential is dominated by solute (s) and matric (m)
components.
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The difference between the pre-dawn and the mid-day water potential gives an indication of

the extent to which the tree can lower its potential so as to extract water from the soil (Boyer,

1969) and the threshold to water uptake.

As a plant dehydrates, the plant water potential is altered by the reduction of the pressure

potential inside the cell (a decrease ofcell turgor) and this also concentrates the solutes and

alters the osmotic potential (usually inside the cell). Osmotic adjustment has been

suggested to occur in some plants in response to drought and salinity whereby a lower

(more negative) osmotic potential is generated by the introduction of solutes (from internal

or external sources) into the cells (see chapter 1.2.2). This will maintain turgor at a lower

plant water potentials. Changes in cell elasticity in response to drought will also result in a

maintenance of cell turgor at a lower plant water content (Tyree and Jarvis, 1982). The

change in the components of cell water potential in response to drought can be investigated

through pressure-volume curve analysis (see Fig 4.2 and section 4.2.3b).

4.1.2 Otherfactors affecting water availability to roots

Other factors that influence the activity of roots in various parts of the profile will also

influence soil water extraction. In environments which are waterlogged or are inundated for

long periods,low oxygen availability can effect plant roots (Chapter 1.2). While some plants

have the ability to use water from waterlogged parts of the soil profile (chapter 1.2.3), most

plants do not have the physiological characteristics to do this and so waterlogging will result

in a reduction in soil water availability. 'Waterlogging can be indicated by low redox

potential (indicating the prevalence of reduced ions and low oxygen concentration) and by the

presence of the reduced form of a number of ions. Both of these indicators can be used to

determine the parts of the profile that are unavailable for root water uptake because of

waterlogging. Soil waterlogging may also interact with soil salinity to make parts of the

profile unavailable for water uptake.

Other factors which may influence extraction of soil water include root system structure

(Fitter, l99l), the presence of soil layers that are difficult to penetrate (e.g., Misra and

Gibbons, 1996), nutrient concentration, heavy metal availability (Davies, 1991; Fitter, l99I),

and low temperatures (Callaghan et al, i991). These factors may influence the permeability

of roots to water uptake or the ability of roots to grow in particular parts of the soil profile.

These other issues are not investigated in this study as it was considered that they would be
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dominated by the soil water potential and soil waterlogging. However it is recognised that

other factors may be involved in determining the availability of water sources for M.

halmaturorum.

4.2 Methodology

Rationale for methodolo gy

Soil water potential was measured. It is expected that plants will extract water from areas

with a relatively low water potential. The water potential will also indicate the areas in the

profile from where the plant can not extract water, based on minimum (threshold) plant water

potential for plant water uptake. This technique has been validated for mallee species in a

semi-arid environment in Australia (Brunel et al, 1990). Soil waterlogging and groundwater

depth were also measured to identiff parts of the soil and groundwater system that were

unavailable for plant water uptake.

4.2.1 Groundwater depth and salinity

A piezometer was installed at each of the sites and groundwater depth (m below ground)

was measured at each sampling interval (Appendix 1). Groundwater samples were taken

from the bores after purging the bore and allowing it to refill. These samples were

analysed for Cl concentration. An electrical conductivity (EC) reading was also taken

from each bore using a EC meter.

4.2.2 SoiI water potential

Soil and groundwater samples were taken 10 times from October 1993 to January 1995. Soil

was sampled from under the trees at 0-10 cm incremental depths to the water table (or to the

calcrete hard layer if it was inpenetratable). Groundwater was sampled at the depth of the

watertable. The soil samples were collected in jars and then sealed with electrical tape to

prevent water loss. The total soil water potential was estimated by measuring and summing

the components of the soil water potential; the matric potential, osmotic potential, and

gravitational potential (0.0 I MPa/m).

(a) Matric Potential

The matric potential arises from the interaction of water with the matrix of solid particles

surrounding it. The matric potential was measured on the soil samples collected using the

filter paper technique (Greacen et al, 1989). The water content of three filter papers per

sample was brought to equilibrium potential with the soil water over a period of 6 days, and
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matric suction was determined from the water content of the paper and a moisture

characteristic curve of the filter paper (Greacen et al, 1989).

(b) Osmotic potential

The osmotic potential arises from the presence of solutes in the soil water (Marshall and

Holmes, 1988). The osmotic potential was estimated from the chloride content of the soil.

Soil chloride concentrations were measured on sub-samples of the soil sample taken in the

field. The subsamples were oven dried at 105oC. To this soil 50 mL of 0.1 M Ba(NO¡) was

added to 1 g of soil and shaken for 2 hours to extract the chloride. The extract was then

diluted and analysed colorimeterically (Taras et aL,7975). Total chloride in the soil sample

(grams of chloride per kilogram of dry soil) was converted to the concentration in the soil

solution using the gravimetric water content. The osmotic potential (MPa) was then

estimated from the concentration of Cl- per unit volume of moisture in the soil (assuming the

Cl- was present as NaCl) by taking into account the osmotic potential of a I M NaCl solution,

4.5 MPa, and the molar mass of chloride, 35.5 g. From this a conversion factor of 0.127 was

calculated and was multiplied by the concentration of chloride to give the osmotic potential.

Cumulative Cl content in the top 40 cm (mg/cm2) was calculated from the mass of Cl and

the water content of soil intervals to 40 cm and this was used to characterise the soil

salinity at the sites.

4.2.3 Leaf water potential

(a) Pressure bomb

I-eaf water potential was measured with a Scholander pressure bomb (Scholander et al, 1965;

Ritchley and Hinckley, 1975). The apparatus consists of a pressure chamber in which a leaf

is placed, with its petiole protruding through an aperture in the chamber lid, sealed with a

rubber washer. Pressure is added to the chamber from a nitrogen gas source, until water in

the xylem first appears at the cut surface of the petiole. This point represents the pressure

which is needed to balance the tension that was originally in the xylem vessels. It is assumed

that the symplastic water potential is in equilibrium with the apoplastic pressure potential (i.e.

apoplastic pressure; Scholander et al, 1965; see section 4.1). It must also be assumed that

osmotic potential of the apoplastic water is negligible (Ritchley and Hinckley, 1975). This

should occur after overnight equilibration within the plant (Passioura, 1982). Branches were

sampled for leaf water potential t hr to 30 min before sun¡ise (0300 to 0500 hrs) and at

midday at each sampling time (Appendix 1). Branches (10cm long) were removed from 3
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trees (n=9) and were stored in a plastic bag in the dark until measurement. The mean of all

measurements per site was calculated and a 957o confidence interval of the mean was

calculated using a t-test. It was assumed that the trees had equilibrated overnight with the

soil or gtoundwater. This assumption was tested by taking measurements every 9O to I20

minutes from 1600 to 900 hrs during February of 1995. Providing equilibrium is achieved

xylem water potential will be equal to the water potential of the source water at the depth of

plant water uptake.

(b) Pressure-Volume Curves

Pressure-volume curve analysis (Tyree and Jarvis, 1982) was used to examine the

symplastic osmotic (s) and pressure (p) potential of leaf water potential at times of high

water stress (end of summer) and lower water stress (end of winter). The curve that arises

from plotting inverse leaf water potential against RV/C during the dehydration process can

be used to identify the turgor loss point, estimate s at full hydration and estimate the cell

elasticity. (Tyree and Jarvis, 1982: Fig 4.1). As a fully hydrated leaf is allowed to

dehydrate the symplasmic p decreases and eventually reaches 0 (at turgor loss point).

After this point all values of leaf water potential will be equal to s and decline linearly as

relative water content (RV/C) declines (Tyree and Jarvis, 1982). Extrapolation of this line

Fig a.Ð back to the y axis provides an estimate of the saturated osmotic potential. The

slope of the initial part of the pressure volume curve is an indicator of the cell elasticity and

the point at which the slope of the curve changes is the turgor loss point (Fig 4.2).

-2

-1

0.8 0.6 0.4 0.2

Relative w ater content

Figure 4.2: Pressure volume curve analysis; Relationship (sotid line) between the reciprocal of tissue

water potential (1/Y) and tissue relative water content (RWC). The dashed line defïnes the calculated

relationship between the reciprocal of tissue osmotic potential (1/s) and RWC. The intercept of the

dashed line with the y-axis yields the reciprocal of tissue osmotic potential at full hydratÍon (l/Ys). The

intercept of the dashed line with the x-axis yields the RWC of the tissue apoplasm (Koide et al, 1992).

4

J

¡¡
à
(d

Ê
0)

o
È
Êr

(d

q,)
an
Ê
OJ

É

1



99

Shoots were removed for pressure volume curve analysis from trees at Duck Island 30 min

before dawn on 3I/lOl95 and 8/3/96. Total leaf water potential on adjacent shoots was

also measured at this time with the pressure bomb. Shoots harvested for Pressure-Volume

curve analysis were rehydrated for 24 hrs (Parker and Pallardy, I98l) before drying on the

bench A series of relative water contents and shoot water potentials were obtained as the

shoots dried. The shoot water content was obtained by taking a weight-average

(Robichaux, 1984) (a pre- and post- bombing weight) of water content with each water

potential reading. At least 5 points were obtained before turgor loss point and then water

potential readings continued to be taken until at least a 507o loss of water content from the

initial hydration. The shoot water potential and shoot relative water content data were used

to construct a curve (Schulte and Hinckley, 1985) from which the various shoot water

relations parameters were obtained according to the method of Dawson (1988).

4.2.4 SoiI waterlog ging

(a) Ferrous iron indicator

Soil waterlogging was predicted in two ways. Firstly from March 1994, a field indicator

of soil waterlogging was measured (Appendix 1). The presence of ferrous ions (the

reduced form of Fe) indicated the presence of reducing conditions. The presence or

absence of the ferrous ion was tested at each of the sampling times and at each of the soil

intervals for all sites. The test solutions were made of 0.2 g cr, cr'-dipyridyl in 25 ml of

IOVo (vlv) acetic acid with 77 g of ammonium acetate and made up to 1 L with distilled

water (Childs, 1981). 3 ml aliquots of solution were placed in small plastic vials, a small

amount of soil from the field sub-samples was added to the vials and they were swirled

gently until a colour developed. After 1-2 min a deep orange colour indicated the presence

of abundant soluble ferrous ion, and a light orange indicated a small amount of ferrous ion.

No orange colour to the otherwise colourless solution indicated the absence of ferrous ion.

(b) Redox (Eh) and pH

Cores were obtained from the field sites for redox and pH analysis in September 7994 and

February 1996 to encompass the extremes in possible soil waterlogging. Soil redox

potential relates to the activity of electrons and is a mixed potential which is a weighted

average of the electron exchange currents between all the redox couples in the system and

is dependent on the pH of the system as well as the concentrations of the redox couples.

Oxygen serves as an electron acceptor and dominates the redox potential in well aerated
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soils which may have a high Eh (400 mV at pH 5). In natural systems, the potential does

not reach equilibrium because there is a constant input of electron donors and acceptors.

Therefore the relationships between the Nernst equation, equilibrium potentials, and redox

potentials is not rigorously defined even in simple systems (Bohn, I97l).

Pieces of PVC piping were forced into the ground as deep as possible (40 - 60 cm) and

then were extracted with the soil intact. The cores were then sealed with rubber stoppers,

silicone and plastic and brought back to the laboratory for redox analysis. A Freon

chamber was used to prevent oxidation of the cores once they were unsealed. The cores

were cut with a pipe cutter in the chamber at 5 cm intervals. Redox and pH potentials were

measured potentiometrically with platinum electrodes inserted at each 5 cm intervals.

4.3 Results

4.3.1 Groundwater depth and salinity

At Lesron, Hansons and Duck Island, groundwater rose to the surface at the end of winter

(0.15 - 0.3 m) and then fell to 1 - 1.5 m depending on the site (Frg 4.2 a). Groundwater

was deeper at Jaffray Swamp (to 2.3 m) and did not rise to the soil surface as at the other

sites, having a minimum depth below the ground of 1.2 m (Fig 4.2 a). The fluctuations in

groundwater depth atJaffray were associated with fluctuations in surface water depth in the

adjacent water body.

Groundwater salinity ranged across sites with the highest average groundwater salinity

occurring at Lesron (85 dS/m) and then in decreasing order Duck Island, Hansons and

Jaffray (Figa.zb). At Lesron, Duck Island and Hansons groundwater salinity was higher

at the beginning of the sampling time (spring and summer), decreased over the autumn and

winter, and then increased at the end of winter. At Jaffray groundwater salinity was

constant at -8 dS m-1 (Fig 4.2b).
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Figure 4.3; Groundwater depth (m; (a)) and groundwater salinity (dS/m; (b)) over time for the 4 sites

(see legend) indicating the shallower groundwater during wintcr and the freshening of the

groundwater at some sites after winter rains.

4.3.2 Soil water potential

At all sites soil water potential was dominated by osmotic soil water potential with the matric

potential component generally being very small (Appendix 6). At Duck Island, I-esron and

Hansons osmotic soil water potential was often 2 or more orders of magnitude larger than

matric soil water potential while at Jaffray often under dry conditions osmotic soil water

potential was only double matric potential (Appendix 6).

In summer at Duck Island, Hansons and to a lesser extent at l-esron osmotic potential was

usually most negative at the surface and then reached a constant value towards the

groundwater (Appendix 6). The matric potential, although generally high, was also generally

lower at the surface, although sometimes more negative values were found in the deeper parts

of the profile, indicating possible root activity (Appendix 6). In winter the osmotic soil water

potential was either constant throughout the prohle or else slightly higher at the surface after

periods of rain. Matric potentials were always high. At Jaffray Swamp soils showed prof,rles
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that often indicated accumulation of salt , above the groundwater (-2 MPa), rather than at the

surface (> -0.5 MPa). Only in suÍrmer were more negative osmotic potentials reached in the

soil surface (-3 to -4 MPa) compared to the subsoils (-2 MPa). Matric potential and osmotic

potential were often more negative at depths of 50 cm to the groundwater indicating possible

withdrawal of water from these depths and the resulting soil drying and salt accumulation.

Fluctuations in total soil water potential throughout the year were therefore often a reflection

of seasonal changes in osmotic soil water potential. At Duck Island soil water potential was

lowest (-12 MPa) in the surface soil at the end of summer (Fig. 4.3 a) as a result of high salt

contents. Soil water potential then increased (i.e. became closer to 0) through the autumn

and winter (-1.9 MPa; Fig. 4.3a) as a result of leaching and dilution of soil water from

rainfall and groundwater rise. After periods of rainfall these surface soils often had higher

soil water potentials than the groundwater. Deeper soil (0.3 - 1 m) remained similar to the

groundwater water potential which remained between -2.8 and -3.8 MPa (Fig 4.3 a).

At [-esron, the seasonal pattem of soil water potential was similar with surface soil values

reaching a minimum of -14.8 MPa at the end of summer and a maximum of -1.8 MPa at the

end of winter (Fig a.3 b). However because of the more negative groundwater values (-6.5

MPa) there were more periods when the sutface soil values had a higher water potential

(winter and spring) than the groundwater. At Hansons, the seasonal pattern was also similar

to Duck Island but water potential values in the surface (0-10cm) were often very negative

(minimum was -32 MPa) because of high salt contents and very low water contents (Fig 4.3

c). 'Water potentials of the 0-20 cm depth interval were similar to those found at Duck

Island.

At Jaffray Swamp, matric potential often made a significant contribution to total soil water

potential, especially during the summer (Appendix 6). The soil water potential in the surface

soil reached a minimum in summer of -9 MPa (-1.5 MPa matric and -7.5 osmotic) and a

maximum in winter of -0.5 MPa (-0.001 MPa matric; Fig 4.3 d). Water potential of soil from

lower down in the profile (ie 40 cm to the groundwater) was more constant throughout the

year at around -1.5 to -2 MPa. Soil water potential here was less responsive to seasonal

variability and so was sometimes lower than the surface soil (in winter) and sometimes higher

than surface soil values (in summer). Groundwater water potential was always high at around

-0.5 MPa.



Duck Island

¡a-a

103
Spring Summer Autumn rùy'inter Sorins Summer

0

-2

-4

-6

-8

-10

-12

-14

-16
0
_,

-4

-6

-8

-10

-t2
-t4

0

-5

-15

-20

-25

-30

-35
0

-1

-1

6l
A
i!{e
6l

o)

oÈ
6)

cË

È

cË

Èt{¿
crt

q)

oÈ
q)

d
F

6l

l{À
cÉ

q)

Ê
trq)

C\I

È

Oct.93 Dec.93 Feb.94 Apr.94 Jun.94 Aug.94 Oct.94 Dec.94 Feb.95

(a)

(b)

c)

Figure 4.4: Total soil water potential (MPa) at 0-0.1 m (i) and 0.L-0.2 m depth (l), or 0.4 - 0.5 m
depth at Jaffray (f; (d)), groundwater osmotic potential (A) and leaf pre dawn water potential from
October 1993 to January L995 for Duck Island (a), Lesron (b), Hansons (c) and Jaffray (d). Seasons

are indicated at the top of the flrgure. Note the y axis scale is smaller for Jaffray and larger for
Hansons.

d)

a

-3

-4

-5

-6

-8

-9

tA

cË

q)

È
q)

È

A - a"

Lesron

A.A

Hanson

Jaffray

 - -a- a
a



104
Changes in osmotic potential in the soil profile over the sampling period can also be shown

as the changes in the mass and the concentration of chloride in the soil surface. SoiI

salinity (cumulative in the top 40 cm) is represented in Fig 4.4 as Cl concentration and Cl

mass (which is also shown as equivalent soil water potential). The mass of Cl was always

highest at Lesron (up to 1300 mg cm'¡ and was usually next highest at Duck Island except

at two sampling times in winter, and one in April 1994, when it was higher at Hansons than

at Duck Island (Fig 4.4a). Next highest was Hansons and then Jaffray. At the end of

suflrmer when Hansons had very low water contents and so very high Cl concentrations.

However Hansons dropped to very low Cl masses during winter when groundwater had

risen and rainfall (Fig 4.2a) would have freshened the surface soils, and during this time

Jaffray had higher Cl masses than Hansons (Fig 4.4a).
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4.3.3 Leaf water potential 
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I-eaf water potential ranged from -1 MPa to -I2lvlPa depending on site and season (Fig 4.5),

being highest at the end of winter and lowest at the end of summer. Leaf water potential

measured before dawn in winter was lowest (more negative) at læsron (-5 MPa) and highest

at Jaffray (-1 MPa) with Duck Island and Hansons having intermediate values (1.8 to -2.5)

(Fig 4.5). In summer the same pattern occurred with leaf water potential measured before

dawn being lowest (more negative) at I-esron (-12 MPa) and highest atJaffray (-3 MPa) with

Duck Island and Hansons having intermediate values (-7 to -8) (Fig a.Ð. læaf water

potential measured at mid-day did not alter much from that observed before dawn at all sites

(Fig. a.5). At sites where leaf water potential was the highest (ie Hansons and Jaffray) this

difference was greatest (Fig a.5).

Pressure -volume curves, were measured on leaves in spring when total pre-dawn leaf

water potentials were -1.8 MPa and at the end of summer when total leaf water potentials

were -6 MPa. Significant differences were found in turgor loss point (TLP), tissue elastic

modulus from changes in the slope of the initial part of the curve, and saturated osmotic

potential (Table 4.1). TLP during winter was -2.83 MPa and during summer was -4.79

MPa. Therefore the pre-dawn leaf water potential at Duck Island was above the TLP

during winter and below the TLP during summer. The osmotic potential at full hydration

was more negative in summer than in winter. The relative water content at TLP was also

not significantly different between seasons although it also tended towards a lower water

content in summer. The modulus of elasticity was lower in summer than in winter

indicating that cells may have become more elastic in response to water stress, allowing

more water to enter cells and so maintain turgor (Table 4.1).

Table 4.1: Pressure Volume (PV) curve analysis data for shoots taken on 8.3.96 (summer) and 31.10.95

(winter) at Duck Island and rehydrated. Pre dawn leaf water potential (MPa) was also taken on this

day and is shown.

PV curve analysis 31.10.95 8.3.96

Pre-dawn leaf potential (MPa)

Saturated osmotic potential at

full turgor (MPa)

Turgor loss point (MPa)

Bulk tissue elastic modulus (e)

Relative water content at full

turgor (7o)

-1.8 + 0.2

-2.17+ 0.12

-2.83 +0.22

-9.87 + 1.0

80.8 + 2.3

-6.I+ 0.4

-2.86 + 0.28

-4.79 + 0.88

-6.66 + 1.I

76.8 + 5.9
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At Duck Island leaf water potential, measured from sunset to sunrise on lL/2195 was found to

reach a maximum mean value atO23O hrs (-6.1 MPa) which remained constant until sunrise,

indicating pre-dawn equilibration with the soil profrle (Fig. 4.6). Hence the pre-dawn leaf

water potentials were used to indicate water potential at the rooting depth. At all sites pre-

dawn plant water potential followed a seasonal trend, similar to the 0-0.20 m soil pattem (Fig.

4.3). This trend was most exaggerated at the most saline sites (Iæsron and Duck Island). At

Duck Island, Hansons and I-esron pre-dawn water potential matched surface soils at the end

of winter @g. 4.3a-c). At the end of suÍìmer pre-dawn water potential was between surface

soil and groundwater values at Hansons and at Duck Island (Fig. 4.3 a and c). However, at

Duck Island, pre-dawn leaf water potential values at the end of sunìmer were more negative

than any available water sources. Possible reasons for this discrepancy will be discussed in

the following section. At Lesron Pre-dawn water potential followed the surface soil values

at all times of the year (Fig 4.3b).

f ø95
'f800

11t2lSs
22m

-5

12J2195

06m
1ù2/95
04m

1112195

2000

t¡mo (hrs)

1112195 't212195

2400 0230
12J2195

0s00

â -5.s
G
:E

EE{
ê
g -6.5

]

-75

Figure 4.7 z Leaf water potential (MPa; n=9) from 1800 hrs on 11.2.95 to 800 hrs on 12.2.95 indicating

that the trees had equilibrated with the soil and reached a maximum water potential just after sunset

on the 11.2,95. Error bars show the 95 Vo confidence interval.

4.3.4 Soil waterlogging

(a) Ferrous iron test

The results from the field ferrous ion test were either positive or negative. The negative

test results are represented in figure 4.7 as nw (not waterlogged) and the positive test
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results are represented as w (waterlogged). As samples were often not taken to the

groundwater the test results in some instances have been extended to predict what the test

result may have indicated at deeper depths. This is indicated as enw (estimated non

waterlogged) and ew (estimated waterlogged). Soil at the Lesron site was waterlogged

below 2O cm for most of the year (Fig 4.7 b). Soil was apparently waterlogged to the

surface during winter. This was also the time of highest groundwater. Soils at Duck Island

very rarely indicated waterlogging (Fig 4.7 a) although there were some sample intervals

mid profile that showed evidence of ferrous ion (and so possible waterlogging). Similar

patterns were found for soils at Jaffray Swamp and may be associated with the very heavy

clays that were often found mid-profile at this site and were often discoloured indicating

reduced conditions (Fig 4.7 d). Soil at Hansons Swamp could rarely be sampled below 40

cm because of very deep calcrete but waterlogging was often indicated in samples below

20 cm (Fig 4.7 c).

(b) Redox (Eh) and pH

Soil redox (Eh; mV) was averaged for the whole core (0-40 to 60 cm; Fig 4.8 a). Eh was

usually positive except for Hansons Swamp during winter where values to -80 mV were

measured. Redox was usually higher in summer than in winter indicating more oxidised

conditions in summer although at Lesron and Jaffray this was not significant. At the end of

winter, redox was lowest at Hansons, next highest at Duck Island (+100 mV) and then

higher again at Lesron and Jaffray (Fig 4.8 a). At the end of sunìmer, these differences

between sites disappeared and redox was high and similar at all sites (+400 mV). Soil pH

was also measured at these times and averaged 8 (Fig 4.8 b). There was no significant

difference between sites or season.
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(summer) at all sites to indicate possible waterlogging.

4.4 Discussion

4.4.1 Avaitability of water sources in a saline swamp

There were three lines of investigation followed when using the soil and plant water potential

data to assist in identifying the sources of water. The first was to identiff what parts of the

soil profile were available for water uptake based on soil water potential information

combined with leaf water potential which identifîed the threshold to plant water uptake

(Table 4.2). Thesoil waterlogging data was also used to identify what parts of the soil profile

were unavailable for plant water uptake, assuming that the plants can not extract water from

waterlogged soil (Table 4.2). The second was to use pre-dawn plant water potential as an

tracer of water sources. The third was to examine soil profiles for evidence of water

extraction through the presence of salt accumulation and/or dry zones. These last two

methods will be discussed with information in the next chapter to identify water sources.

This section will focus on identiffing parts of the root zone that were available for water

uptake.
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At Duck Island groundwater was very saline and shallow, rising close to the surface at the

end of winter, in response to rainfall (Fig 4.2), and falling to L.2 m over the summer.

Despite groundwater rising through the soil profile, soil waterlogging did not appear to be

prevalent at this site and was only indicated at the end of winter when groundwater was at

its highest or in some mid profile points through the year. In particular, when groundwater

was shalloy soil from the groundwater up to 10 cm below the surface appeared waterlogged,

resulting in these parts of the soil profile being potentially unavailable for water uptake

(Table 4.2 a). At this time waterlogging was indicated by the presence of ferrous ion and

although Eh was still positive it had dropped from the suÍtmer values. Water availability

in the surface soils at the end of summer when groundwater was deeper (I.2 m) was very low

due to the high soil salinities caused by evaporative concentration of saline groundwater

(Table 4.2 a). As it was often more negative than the plant water potential (threshold to

water uptake) this water was therefore considered to be unavailable to plant use in the 0-0.1

m depth interval (Table 4.2a). Soil waterlogging was not apparent in the soil prof,rle during

suÍlmer.

During winter, surface soils often became freshened as a result of rainfall, and groundwater

rising through the profile diluting and leaching accumulated salts. Therefore, based on soil

water potential, all the profile was often available for water uptake (Table 4.2 a). At times,

groundwater was more negative than plant water potentials and so was considered

unavailable for water uptake.

At Hansons groundwater salinities were lower (medium salinity) than at Duck Island and

Lesron (Fig a.Ð however high surface soil salinities were often recorded (Fig a.Ð probably

because of higher water use (Chapter 3). Groundwater fluctuated from the surface to 1.4

m depth over the summer. Water availability in the surface soils (0-0.1 m) during the

suÍuner, late spring and autumn was also very low due to the high soil salinities caused by

evaporative concentration of saline groundwater and low soil water content (Table 4.2 c).

'Water was therefore considered to be unavailable for plant use in the 0-0.1 m depth interval

for much of the year and water in the 0-0.2 m soil interval was also unavailable during much

of the suÍtmer. In additio2 during sufiìmer there were apparent drying zones indicated in the

matric potential profiles, along with gradual salt accumulation with depth (Appendix 6).

Water in the surface soils did not become available until winter and early spring through the

same processes of rainfall and groundwater rise as at Duck Island. Soil waterlogging was
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indicated at some times below depths of 0.2 m at this site, usually in winter (Fig 4.7 , Table

4.2 c).

Water availability in these ephemeral swamps was dominated by osmotic potential with

matric potentials being very high (close to 0). The domination of soil water availability by

osmotic potential has been observed in coastal wetlands such as mangrove fringe swamps

(Lin and Sternberg, 1994) and marshes (De Jong and Drake, 1981). In these systems salt

accumulates in the surface in response to sea water intrusion and evaporation with tidal

events resulting in a removal of accumulated salt from the surface soils. In contrast, the

pattem of salt accumulation in the surface soils in the M.halmaturorum sites is similar to that

observed in other areas underlain by shallow saline groundwater and is caused by discharge

of salt from shallow groundwater (Talsma, 1963; Smith et al, 1995; Huperman, 1995).

Leaching of salt from the system through irrigation and rainfall has been considered to be

necessary to maintain water uptake from these soils.

At Lesronrgroundwater was ultra-saline, rising to the soil surface at the end of winter

falling to 1.3 m over the summer (Fig 4.2). Soil water logging was indicated below 20 cm

throughout most of the year and soil was apparently waterlogged to the surface during

winter (Fig a.T making these zones unavailable for water uptake (Table 4.2b). Redox

potentials were not low as was expected especially at the end of winter. This may be a

result of (1) oxidation of the core during sampling and analysis (2) spatial variability in

field sampling (3) oxidation of the soil profile with groundwater that contained a high

oxygen content during the groundwater rise. At I-esron water availability in the surface

soils at the end of summer when groundwater was deeper (1.2 m) was apparently also very

low due to the high soil salinities caused by evaporative concentration of saline groundwater

(Table 4.2b). Plant water potential, however, was also very low (high salinity threshold) and

tended to follow the 0-10 cm interval, or was often between the 0-10 and lO-20 cm soil

interval (Fig a.3). As a resulgsurface water sources may have in fact been suitable for water

uptake. During much of these times the groundwater osmotic potential was more negative

than plant water potentials and was assumed to be unavailable. An exception to this pattern

was at the beginning of Autumn (313/94) when plant water potential was more positive than

the 0-20 cm soil intervals and so these soils was considered to be unavailable to plant use and

water may have been taken from deeper in the profile. There was evidence of drier soil at

depth at this site (Appendix 6) during most times. However this was still classed as

unavailable for water uptake because of waterlogging due to the calcrete layer which occurred
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at 30- 60 cm depth. The limited extent of soil sampling at these three sites as a result of the

calcrete layer makes it difhcult to discriminate between the effects of soil type.

Soil waterlogging when combined with satinity in coastal swamps is considered to be

responsible for the predominance of shallow roots of these plants. When surface soils have

low permeability to infiltrating water, surface flooding will not always cause sub-soil

waterlogging (i.e. Richter et al, 1996). In the current study, flooding of the soil profile from

the bottom of the root zone to the surface was caused by groundwater rise, ensuring complete

profile inundation if the groundwater rises completely to the surface. Therefore

waterlogging occurred when groundwater inundated the soil profile for long periods. At

I-esron, reduced conditions were apparent in the soil profile but the groundwater fluctuations

were similar to the other sites. This may be because the waterlogging indicator was a result

of long term waterlogging at this site although waterlogging was not observed during the

study period because of drought conditions (Appendix 2). Long term surface inundation and

shallow gtoundwater in this region is considered to be responsible for the decline in health of

M.halmatur orum (V/ebb, 1993).

At Jaffray Swamp groundwater did not rise to the surface but fluctuated at depth and

apparently in response to adjacent surface water fluctuations (Fig a.Ð. Water availability in

the surface soils (0-10 cm) during the late summer was very low due to the high soil salinities

caused by evaporative concentration of saline groundwater and low soil water content (Fig

4.3). After autumn rainfall, soil water potential was higher and similar to groundwater

values. Soil water potential in the deeper soils was more negative and relatively constant for

much of the year. Water was therefore considered to be unavailable to plants in the 0-0.25 m

depth interval for some of the suÍìmer but water in the deeper soil intervals was available

during all of the year (Table 4.2 d). Groundwater always had a high water availability. Soil

waterlogging was not very prevalent (Figa.T and when it did occur was at depths in the mid-

profile, which may be associated with heavy clays (Table 4.2 d). Pre-dawn plant water

potentials followed the mid-prohle soil values throughout the year, not responding to the

surface soil fluctuations (Fig 4.3). Soil waterlogging was infrequent with some mid-profile

soil samples showing indications of apparent reduced conditions. This may be associated

with the very tight clays found in the subsoil at this site. The soil profiles at this site

provided more information on the root activity than the other sites. A bulge of salt was often

seen extending from 0.25 mto 1 m depth indicating water uptake and thus salt concentration

at these depths. In addition there were often low matric potentials observed down to 1 m

depth also suggesting water extraction at depth (e.g. Appendix 6.4 e, i, j).
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Tabte 4.2: Summary on water avaitability (depth interval; m) of all water sources for each sampling

time at Duck Island (a), Hansons (b), Lesron (c)' and Jaffray (d).

(a) Duck Island

Season Date Unavailable (saliniW) Unavailable (waterlos)

Spring
Early Summer
Early Summer
Late Summer
Late Summer
Autumn
Late Autumn
Winter
Late Winter
Early

26.10.93
1.t2.93
28.12.93
2.2.94
21.2.94
6.4.94
24.5.94
6.7.94
16.8.94
20.9.94

0-0.2

0-0.1
0-0.1
0-0.1

0.4-0.7
0.1-0.3
0.2-gwater

(b) Hansons

Season Date Unavailable (salinity) Unavailable (waterlog)

Spring
Late Spring
Early Summer
Late Summer
Early Autumn
Autumn
Late Autumn
'Winter

Late Winter
Early Spring

27.10.93
30.11.93
29.12.93
3.2.94
3.3.94
7.4.94
26.5.94
8.7.94
t7.8.94
20.9.94

0-0.1
0-0.1
0-0.2
0-0.1
o-o.2
0.1-0.2

0.6-gwater
0.2-gwater
0.2-gwater

0.2-gwater

(c) Lesron
Season Date Unavailable (salinity) Unavailable (waterlos)

Late Summer
Early Autumn
Autumn
Late Autumn
'Winter

Late'Winter
Early Spring
Summer

1.2.94
3.3.94
5.4.94
24.5.94
5.1.94
t5.8.94
23.9.94
27.1.95

0.1-0.2
o.r-0.2
0-0.1
0.1-0.2, gwater
0.r-0.2
0.1-0.2, gwater
gwater
gwater

0.15-gwater
0.15-gwater
0.05-gwater
0.05-gwater
0.15-gwater
0.1S-gwater

(d) Jaffray
Season date Unavailable (salinity) Unavailable (waterlos)

Spring
Late Spring
Late Summer
Early Autumn
Autumn
Late Autumn
Winter
Late Winter
Early Spring

28.tO.93
29.1r.93
3.2.94
3.3.94
7.4.94
25.5.94
1.7.94
tj.8.94
229.94
4.rr.93

0-0.1

0.1-0.3
0.1-0.3

0.5-1
1.3-1 5
0.8-0.9
0.\-o.2

Late S



The pattem of osmotic potential and matric potential is similar to that observed in soils "t li:
Chowilla floodplain and has been associated with groundwater uptake from depth in the

profîle (Thorbum et al, 1993a). Investigations of this saline floodplain found that soil water

availability was dominated by osmotic potential at depth and matric potentials near the

surface. This pattem of salt accumulation is a function groundwater depth, groundwater

salinity, and the hydrogeology of the site (to be discussed further in Chapter 7).

4.4.2 Ecophysiological implications for M. halmaturorum

Pre-dawn leaf water potential at Hansons and Duck Island during summer was generally

between the surface soil and the groundwater as surface soil became more saline. At

Hansons the pre-dawn leaf water potential was very close to the groundwater during late

summer and early autumn when the 0-0.2 m soil interval were the most saline also indicating

possible uptake from these zones. In winter pre-dawn leaf water potentials matched with the

surface soil water potential at Duck Island and Hansons (Fig 4.4 a and c). At I-esron pre-

dawn water potential usually matched with water potential of the surface soils, although when

soil water potential increased at the end of winter pre-dawn leaf water potential did not

usually follow. Pre-dawn water potentials atlaffray were relatively constant compared to the

other sites (Fig 4.a d) and always matched with soil values at depth. There was a gradual

increase in leaf pre-dawn water potential over winter which may be associated with a

response to the sudden increase in water availability in the surface soils in response to

rainfall. This information from all sites will be developed further in chapter 5 in conjunction

with information on root activity in water uptake to identify water soufces.

M.halmaturorum trees were able to reach much lower xylem water potentials (<-5 MPa)

than many other plants and so could take up water unavailable to other plants. The ability to

achieve low xylem water potentials has been found in various desert plants and coastal

halophytes (Scholander, 1968; Galloway and Davidson, 1993). These very low leaf water

potentials could have been underestimated by the pressure bomb (Ritchie and Hinckley,

lg15). Evidence that errors in estimating leaf water potential were generally low is provided

by the adequate match with soil water potential at most times. However at Duck Island in

Autumn the plant water potential was lower (more negative) than all possible sources' This

could possibly result from (1) plant equilibration with discrete sections of the soil profile that

had a water potential different than measured (i.e. top 5 cm of the soil profile), (2) lack of

equilibration with the soil overnight, or (3) effors or bias in both plant and soil measurement

(Turner, 1981, 1987). This is in contrast to results for trees in drying soil where the depth of

root equilibration overnight was found to be with the highest soil water potential @reda et al,
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1995) and may reflect the difference between the dry environment and the saline but

relatively wet environment in the current study. It is interesting to note that this problem

occurred only after M.halmaturorum had reached very low xylem water potentials (- 6 MPa)

and then seemed to disappear after winter rehydration indicating an apparent overestimation

of plant water potentials after the plant had reached -6 MPa.

The maintenance of leaf turgor at these low water potentials at Duck Island may be result of

osmotic adjustment or elastic adjustment. This is not unexpected based on the salinity of the

environment where the abundance of solutes could be used by M.halmaturorum to decrease

osmotic potentials (see chapter I.2.1). In addition it has been shown that other Melaleuca

species are able to produce nitrogenous compounds that assist in osmoregulation in response

to drought stress (Naidu et al, 1987). However the long term benefits of osmotic adjustment

are unclear, as growth may be affected as a result of the diversion of solutes for osmotic

adjustment (Munns, 1988). Changes in cell elasticity may work in conjunction with this

increase in solute potential to maintain turgor at lower leaf water contents. ff osmotic

adjustment occurs in roots it may allow water uptake from soil at lower water potential, but it

is unclear what the magnitude of this advantage would be in the long term (Turner, 1986). It

has been suggested (Shalhevet and Hsiao, 1986) that soil osmotic potentials may be weighted

lower when combined with matric potentials, when examining the effect of total soil water

potential on plant growth, because of the ability of plants to osmotically adjust against

osmotic soil water potential gradients. In this system, where soil water potentials ate very

low but are dominated by osmotic potential, there is evidence that the ability of M.

halmaturorum to osmotically adjust in response to low osmotic soil water potentials may

contribute to the survival of trees. Other ecophysiological characteristics which result in

water uptake in these systems will be examined in the following chapter.

4.5 Summary and Conclusions

Water availability in the M.halmaturorum ephemeral swamps is generally dominated by

osmotic potential and is lowest in the surface soils in suÍrmer. Soil waterlogging is

prevalent in winter and at Lesron is prevalent at most times below 20 cm.

M.halmaturorum is able to lower leaf water potentials to low values (to -12 MPa) and so

continue to take up water from saline soil.
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Chapter 5: Root water uptake; Identification of water sources

5.l lntroduction

This chapter continues the investigation of water sources used by M. halmaturorum by

examining the root system growth and activity in response to temporally varying

concentrations of soil salinity and waterlogging. This was done by combining information of

soil water availability from the previous chapter with information on root activity and growth

at the four sites. Through this process the water sources were identified and the proportion of

plant water that was groundwater was also identified. The hypothesis was that M.

halmaturorum adjusts root growth and water uptake to all parts of the profile where the soil

water is readily available and in this way maintains transpiration rates at levels required for

continued growth.

5.1.1 Tree water sources

Plant roots will continuously penetrate new soil where there is available water as changing

environmental conditions alter the moisture status of different a¡eas of the soil prof,rle. The

water sources of a particular plant will also depend on the type of root system. Root systems

of trees consist of large perennial roots and fine laterals which are usually ephemeral. The

fine ephemeral roots will generally be in the soil surface horizons, and the sinker roots, which

arise from large laterals, will generally be found in the subsoil or groundwater (Heinrich,

1990; Crombie et al, 1988). These trees have the ability to take advantage of water from a

number of different sources. Some plants which are adapted to waterlogged conditions will

have specialised root structures and in saline environments root system distribution may be

influenced by root zone conditions (Chapter 1.2.3).

Possible tree water sources generally include precipitation, soil water, groundwater and

surface waters. Precipitation for most plants will be available in the upper surface soils.

Evaporation may remove most of this water before it able to be used by plants (Passioura,

1988). Soil water may therefore be divided into that which is in the surface soils and that

which is in the sub-surface soil with the area of soil between the surface soils and the

groundwater called the unsaturated zone. The water in this zone is often derived from

groundwater.



118

The water sources used by plants have been investigated by observing the physiological

behaviour of trees, through the conventional analysis of water relations such as stomatal

conductance and water potential (Crombie et al, 1988; Sinclair, 1980). Root excavations

have also been used to examine the sources of water used by trees. This however is a

destructive method, and does not assess the uptake rates or patterns of use, only providing

information for one moment in time. The existence of roots also may not reflect the activity

of roots (Ehleringer and Dawson, 1992). Water budget data have also been used to make

estimates of soil water removal (Garnier et al, 1986), as have measurements of the changes in

water content of the soil surrounding roots, to indicate where roots are most active in

removing water from the soil profile. However where the soil profile lacks homogeneity it is

difficult to estimate accurately the uptake of water from a particular depth. This is

particularly exacerbated in the unsaturated zone, where changes in soil moisture contents

throughout the prof,rle are slight and so not easily delineated, and the amounts of water

participating in the water budget are small.

5.1.2 Stable isotopes to identify water sources

One technique that has recently been used to determine the sources of water being used by

plants has involved the use of naturally occurring stable isotopes of water 12H and 18O;

(Ehleringer and Osmond,, l99I; Rundel et al, 1988). 2H and t*O in water have been used in

the past for various hydrological studies of the saturated and the unsaturated zone of soils

(Allison and Barnes, 1983; Walker et al, 1988), studies of evapotranspiration from leaves

(Allison et al, 1985), and studies of water movement in the soil-plant-atmosphere interfaces

(Bariac et al, 1983; Brunel et al, 1991; Walker and Brunel, 1990). These naturally occurring

isotopes of water have more recently been used to investigate the functioning of roots in

natural environments, and the influence of these root functions on the local distribution of

species and the coexistence of species within the community (Dawson, 1993).

In the case of oxygen, the ratio of the heavy isotope l8O relative to the more abundant 160 is

measured (ôtto), and in the case of hydrogen the ratio of the heavy isotope deuterium 2H to

protium tH ir measured (ô2H). The ô18O and ô2H in plant water is compared to the

concentration in water of various components of the environment from which the plant might

possibly be receiving its supply. The ratio of the heavy to the light isotopes found in the

tissues of plants is assumed to reflect the isotopic composition of the water that they have

extracted from the soil.

Differences in the ô2H and ô18O of water commonly occur within the root zone. Rainfall

which is generally enriched in ô2H and ôr8O may be reflected in the soil profile if evaporative
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processes are not predominant. All other waters are precipitation derived but the isotopic

composition of these waters is significantly influenced by other processes. Natural isotopic

variation depends on fractionation of isotopes. This depends on thermodynamic equilibrium

and kinetic processes which affect the individual isotope. The different isotopes relate

differently to fractionating processes as a result of differences in their masses (Broeker and

Oversby, Lgll). Fractionation of hydrogen and oxygen isotopes is caused principally by

transport processes (Gat, 1981), and phase transitions through both the atmosphere and the

lithosphere (Barnes and Allison, 1983). Rainfall when entering the soil profile will become

further fractionated as a result of evaporative processes causing it to be enriched in heavy

isotopes 12H and tto¡ 
as light isotopes are removed (Allison et al, 1983). This will be most

prevalent in the upper layers of the soil profile and may also occur in the unsaturated zone

through vapour movement from the groundwater up the profile. The groundwater will have a

different isotopic signature, depending on the source of recharge, which will depend on the

atmospheric influences on this source at the time of recharge. Surface waters may also be

isotopically distinct, and will reflect the atmospheric influences of the upstream environment,

along with precipitation.

There are a number of assumptions that allow the isotopic composition of the trees to be

compared to that of possible sources. These assumptions concern both the processes that

occur as water moves into the plant, and the sampling and analysis of plant and soil material.

It is assumed firstly, that there has been no significant fractionation (1) when water is taken

up by roots, or (2) when it moves from roots to leaves; secondly, that no significant

translocation of evaporated water from leaves has occurred down to other parts of the plant;

thirdly that water can be extracted in the laboratory from plant material without fractionation

of isotopes (Thorburn et al, f993b). There is fractionation of leaf water due to transpiration

(Allison et al, 1985). These assumptions have been validated for many plants (Zimmerman et

al 1,961; Allison et al, 1983; White et al, 1985; Sternberg and Swart, 1987; Brunel et al,

l99O; Thorburn et al 1993b). These assumptions have also been proved invalid for the salt

excluding halophyte Rhizophora mangle (Lin and Sternberg, 1993). Deuterium depletion in

the stem water was observed, and hypothesised to be associated with the salt exclusion

mechanisms of this species.

Studies of plant water sources, using ô2H and ô18O, have been conducted in forest (V/hite et

al, 1985), coastal (Sternberg and Swart, 1987), arid (Ehleringer et al, I99l), semi arid (Brunel

et al, 1990; Flanagan et al, 1992), and riparian communities (Dawson and Ehleringer L99l;
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Smith et al l99l; Thorburn et al, I994b). White et al (1985) in one of the ea¡liest plant water

source studies using 2H, investigated a white pine forest to distinguish between recent

precipitation and groundwater sources. The results showed that the pine trees alternated

between deeper and surface soil layers, depending on the recent history of precipitation

events. ô2H and õr8O of twig water have been used by Sternberg and Swa¡t (1987) to

distinguish between fresh and salt water sources for coastal mangroves growing on the salt

water fringe. The results indicated that hardwood hammock species growing towards the

inland of the Florida keys were using freshwater and succulent species growing in the inland

margin of mangrove forests were using a mixture of ocean water and freshwater. However

the mangrove species had a range of water usage ranging from freshwater to ocean water,

resulting in the hypothesis that the mangrove species were able to use freshwater, but were

limited to the ocean margin because of competitive exclusion through their ability to use salt

water (Sternberg and Swart, 1987).

l8O and 2H isotopes have been used to identify the sources of water used by desert shrubs

(Ehleringer et al, 1991). The scrub community growing near the Arizona border were all

found to use winter recharge precipitation for early spring growth (Ehleringer et al, 1991).

Studies of plant water sources using ô2H and ô18O have also been conducted in an Australian

semi arid mallee community (Brunel et al, 1995). In this study measurements of soil water

potential were made in conjunction with stable isotope measurements, to further define the

areas of plant water uptake with the assumption that trees take water from an area of highest

potential. This study indicated the usefulness of the combination of stable isotope

measurements with measurements of soil water availability (Brunel et al, 1995). Another

study in the semi arid region of the South'Western United States used ô2H to determine the

relative uptake of summer precipitation by four co-occurring trees and shrubs (Flanagan et al,

1992). ô2H measurements were combined with measurements of pre-dawn plant water

potential indicating a negative correlation between pre-dawn plant water potential and stem

water ô2H and differences in uptake of precipitation among these species through differences

in rooting patterns (Flanagan et aI, 1992). This study also showed the usefulness of using

plant water potentials in conjunction with stable isotope measurements to determine plant

water soufces.

Trees growing in a riparian ecosystem in the Intermountain West of the United States were

investigated by Dawson and Ehleringer (199i). ô2H analysis indicated that mature trees

growing next to perennial sÍeams were taking groundwater in preference to the stream water.

In a similar area, ô2H, along with investigations of plant water relations, was used to identiff
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and explain the water stress imposed on riparian vegetation that was growing on streams

containing low flow caused by stream diversion. The trees were compared to others growing

on non-diverted streams which contained high flow. It was found that in dry periods when

the trees showed water stress, that the groundwater was identified as being their chief source

of water (Smith et al, 1991). Riparian Eucalyptus camaldulensis on a saline floodplain of the

River Murray in South Australia were investigated using ô2H and ô18O and it was suggested

that their sources of water may be both groundwater and surface soil water, but that creek

water was not the dominant source of water for the trees on the creek (Mensforth et al, 1994;

Thorbum et al, 1994b). The usefulness of using both ô2H and ôl8O to identify water sources

of trees was particularly highlighted in this study. Where Eucalyptus camaldulensis was

using sources of water with similar ô2H but different ô18O, these different sources could be

identified, whereas using measurements of ô2H alone would not have detected the differences

(Thorbum etal,1994b).

5.2 Methodology

Rationale for methodolo gy

To identify the sources of water for M. halmaturorum it is necessary to identify root

activity in water uptake as opposed to the root presence. The stable isotopes of water were

therefore used to identify the sources of water. However there should be correlations

between the presence and the activity of roots so traditional techniques of root observation

were made to back up the stable isotope results and as a test of the isotope technique. Root

distribution observations were assessed on field trees to observe both the development of new

root and changes in root biomass. The former was carried out with the use of root

observation chambers while the latter was studied using soil cores.

5.2.1 Stable Isotopes

(a) Fractionation glasshouse experiment: Validation of technique under saline waterlogged

conditions

This experiment was conducted to test the assumption that M.halmaturorum does not

fractionate isotopes when taking up water under conditions of salinity and waterlogging

(previous section). Twenty-one day old seedlings (-30 cm tall) were grown in a potting mix

in a glasshouse under constant temperature and humidity. They were supplied with distilled

water of known isotopic composition (doped water) under control (C), waterlogged (W) and

saline conditions (S) (6 replicates per treatment). A saline waterlogged treatment was also
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conducted (SW) but plants were near death at the end of the experiment so results are not

presented because of possible errors associated with low stem water fluxes (c.f. Yakir and

Yechiell, 1995). V/aterlogging was achieved by placing the potted plant in another container,

which was filled with the doped water (distilled water) to 1 cm above the surface of the pot

(c.f. Denton and Ganf, 1994). The non waterlogged treatments, which included the saline

treatment and the control, were also set inside another container and the water level (either

saline or distilled water) was restricted to approximately 2 cm above the bottom of the outside

container. The saline (S) treatment was inigated from the top using saline water (30 dS m-1)

every 3 days to leach out any accumulated salt. All free water sutfaces were covered by a

layer of vegetable oil, and bare soil surfaces were covered in wax beads, to prevent isotopic

fractionation of water through evaporation. The plants were weighed daily to determine the

volume of water being transpired. 'When the volume of water transpired equalled at least

double the weight of the plant (after 21 days) it was concluded that the 'dope' water had

passed through the plants twice.

The plants were then harvested, leaves were removed and discarded, and water was extracted

from woody material as outlined in Thorburn et al (1993b). A sub-sample of soil was taken

from the pots and then azeotropically distilled in kerosene to extract the water (Revesz and

Woods, 1990). This method has been validated for soil by Revesz and'Woods (1990), and for

E. camaldulensis by Thorburn et al (1993b). The method involves the distillation of the

sample with kerosene to form an azeotrope between the kerosene and the water in the sample.

An azeotrope has the property that its boiling point is different from those of either of its

constituents (Revesz and Woods, 1990). The water then condenses out of the azeotrope, as it

has a higher boiling point, and can be retrieved since water and kerosene are completely

immiscible at ambient temperature. Twig pieces, soil, and water samples were distilled in a

Dean-Stark apparatus. The water retrieved was stored in glass Macartney bottles and the

surface was covered in wax. The wax was melted to remove any residual kerosene which

would be harmful to the mass spectrometer.

The water extracted was analysed through stable isotope mass spectrometry for ô2H by

performing a reduction of 25 rnl of water to Hz over uranium at 800oC. ô18O was measured

(for next section) using a modihcation of the Epstein and Mayeda (1953) technique, reported

by Socki et al (1990): One ml of water was equilibrated with COz in small, pre-evacuated,

rubber-topped vials. Measurements were made for 2H and 
tto *ith a V G Micromass mass

spectrometer. Isotopic concentrations were expressed as delta (ô) values in per mllLe (%")

relative to the standard SMOW (Standard Mean Ocean Water) and the standard SLAP
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(Standard Light Arctic Precipitation). 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:

õç%o¡=(Ri/R,- 1)1000

where R is the ratio of heavy:light isotope, i is the isotope sample, s is the standard, õ2H refers

to 2H and ôl8O refers to l8O. There is a precision in sampling and analysis of õ2H values of

approximately +1.3%o and for ô18O values of +O.3%o for E. camaldulensls (Thorburn et al,

1993b) and soils (Revesz and'Woods, 1990).

(b) Field study

When using the stable isotope technique for field analysis it must be assumed that there are no

significant errors in sampling, extraction and analysis of plant and soil isotopes. Thorburn et

al (1993b) in laboratory and glasshouse experiments quantified the accuracy of sampling,

extraction, and analysis of water from E.camaldulensis by azeotropic distillation (as above),

and concluded there was no additional error found in field sampling, indicating there was no

significant variability in sampling between twig and trunk analysis.

These effors were minimised by taking multiple samples of twigs within the canopy to reduce

the variability and produce twig isotopic values that were more representative of the entire

canopy. Spatial variability in the canopy was investigated through multiple sampling of twigs

from a tree at time 7. In additioj on26.10.93 samples were taken from a number of parts of

the tree and analysed separately to investigate sampling strategies within the tree and the

effect of bark on the isotopic composition of water. Sapwood and bark were sampled from

the main trunk and secondary branch. Primary and secondary twigs were sampled and

analysed with the bark removed and without the bark removed. Roots were also sampled.

The main sampling procedure was designed taking into account results of these preliminary

investigations.

To investigate the water sourcelsamples of soil, twigs and groundwater were taken at 9 times

from October 1993 to January 1995. Twigs were sampled from three trees each time. Three

twigs were cut from each of the trees and combined to obtain one composite sample. Outer

bark was removed quickly because it may have been isotopically enriched by absorbing small

amounts of water vapour from the atmosphere (Walker and Richardson, 1991). The twigs
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were cut into 5 cm pieces and were placed into 500 ml screw cap glass jars full of kerosene,

and sealed air tight with plastic electrical tape. Soil was sampled from beneath these same

trees at 0.1 m intervals to the groundwater (or to an underlying calcrete layer if it was

inpenetrable) and groundwater at the depth of the watertable was also sampled. Samples

were stored in 500 ml screw cap glass jars which were sealed air tight with plastic electrical

tape. The water from the twig, soil, and groundwater samples w¿ts extracted using azeotropic

distillation and analysed for stable isotopes as outlined in the previous section.

Isotope data were analysed in two ways. The source of water present in the twig was

identified by comparing the õ2H values and ôr8O values of the twig water to the ô2H values

and ô18O values of the possible source waters for each time. This was done for one isotope

alone to identi$r patterns of uptake over time and the ratio of ô2H to ôl8O was used to

identify the proportion of each water source in the twig water. A simple mixing model was

used as outlined in Thorburn et al (1993b). For each time period all values of soil,

groundwater and twig water õ2H were plotted against ô18O from the same samples and a line

was drawn that dissected the twig water and the possible water sources. Through this

process, the closeness of the twig water to the groundwater values and the surface soil values

was used as an indication of the quantity of groundwater that was being used by the trees (Fig

5.1). This could be interpreted as an identification of the quantity of groundwater in the

region of soil containing the majority of roots, or the quantity of groundwater obtained from

more than one region of soil and mixed within the tree water. 'Where there was more than

one possible solution, information of soil water availability (Chapter 4) was used to identify

the end members of the mixing model (Fig 5.1).

Figure 5.1: Mixing model theory for analysis of ô2H and õrEO data from all twigs, soil and
groundwater samples. A and B represent two possible sources of a known isotopic composition, which
may be mixed to give C. The line represents the "mixing line" between waters A and B which are the

"end members" of the mixing model. (Figure from Thorburn, 1993)
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5.2.2 Root mass measurements: SoiI coring

At each of the sites soil cores were taken during the September 1994 sampling. Soil was

sampled to 40 cm depth, at which a hard calcrete layer prevented any further samples being

taken at 3 of the sites (Duck Island, Hanson and [æsron). Samples were taken in 0.1 m depth

increments from 6 holes around the 3 test trees and combined for root extraction. At Jaffray,

soil was collected at an extra depth interval of 70 cm. Roots were extracted from soil using

high pressure water filtration. Roots were not separated into old and young roots as it was not

obviously apparent which roots were young. However organic material that was obviously

not functional root material was removed after filtration. Root mass density was calculated

per volume of soil for each 0.1 m depth increment (Böhm, I979b) by dividing the mass of

roots (g) by the volume of soil in the sub-samples (cm3¡.

5.2.3 Root Observation: Chamber

At Duck Island an observation chamber was constructed from a plastic box 60 cm by 25 cm

with a perspex gridded wall inserted in the side (squares 5 cm by 5 cm). A pit was dug within

0.5 m of the tree to expose part of the root system at a vertical face. The observation

chambers were set in the pits with the perspex wall against this face and soil was replaced

around the chamber, carefully backfilling against the perspex wall (Böhm,I979a). The wall

was covered inside the chamber with a sheet of polystyrene and black plastic to prevent

exchange of heat and light to the root system. The chamber was closed with a lid to further

insulate it. New root appearance and disappearance at the perspex wall (root tipi grid cell)

was manually recorded at 7 sampling times from February 1993 to November 1994 by

mapping the root system at each time. From this data the new root tips / crÊ of observation

wall space was calculated.

5.3 Results

5.3.1 Stable Isotopes

(a) Validation of isotope technique

Results from the glasshouse experiment indicated that when the mean plant and soil water

õ2H were compared for the salinity and the waterlogging treatment there was no significant

difference (p < 0.05) indicating no fractionation of ô2H through uptake of water (Fig. 5.2).
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Figure 5.2: Mean ô2 H of twig water (white) and soil water (grey) lor Melaleuca hqlmsturorum

seedlings irrigated with distilled water (C), saline water (S), and flooded with distilled water (W). The

95 7o confidence interval is also shown indicating a lack of signifrcant difference (p < 0.05) between

plant and soil ô2 H for all treatments and the controt.

Results from the intensive field sampling of twig and sapwood samples from various pafis of

the tree on 26.10.93 are shown in Fig 5.3. The first twigs (on the ends of branches) usually

had high ô2H, indicating evaporative enrichment, and the presence of bark did not increase

the value of ô2H of these twigs (Fig 5.3). V/ater from the 2nd twigs (closer towards the trunk)

had values of ô2H closer to the source water (considered to be reflected by the main trunk

sapwood and the soil information; Fig 5.4a) but when ba¡k was left on these twigs the ô2H

were high (Fig 5.3). Bark analysed separately from the secondary branch (closer to the main

trunk) indicated high values of õ2H and sapwood from the same secondary branch was also

higher than expected. This could be a result of errors in evaporation when sampling sapwood

directly as compared to sampling full twigs and rapidty removing the bark. Root ô2H values

were high and similar to the surrounding soil. On 2415194 composite twig samples from 3

adjacent trees at Duck Island were -17.1, -14.6 and -17 g. ô2H respectively indicating

differences between trees at this time were within experimental error. Based on all of this

information, it was considered that the second twig could be sampled and the bark removed

to accurately represent the source water.
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tree part õ'H

Figure 5.3: Field sampling results of ô2H taken from separate parts of the tree on 26.10.93 to test
for fractionation of õ2H associated with bark and sampling strategy.
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(b) Isotope Field Studies

At Duck Island the isotopic composition of the groundwater (depth of 0.3 to 1.2 m)

remained reasonably constant over the study period (mean of -22% + 1.5 ô2H; nig. 5.4a).

The ð2H of soil samples decreased with depth to approximately 0.4 m in summer (Fig. 5.5

a) and to 0.15 m in winter (Fig. 5.5b) and then remained at constant values similar to the

groundwater at subsequent sampling depths to the groundwater. The ô2H of the soil

samples from 0-0.1 m depth fluctuated 20 8. throughout the season ranging between 7.58.

and, -13J% (Fig. 5.a). The ô2H of soil samples from 0.1 - 0.2 mdepth fluctuated only 8.7

% (-9.7 % to -18.4 ?") and were more negative than the shallower surface soils. At Duck

Island the twig ô2H values followed a broadly similar seasonal pattern to the seasonal

pattern of the surface soil (Fig. 5.4a). The values reached a maximum of -7% and a

minimum of -20.5%, a value which was similar to the groundwater. Therefore actual values

were depleted in ô2H compared to the surface soil resulting in them falling between the 0-

0.10 m soil samples and either the groundwater ô2H values or other soil samples. The

difference between the twig value and the soil water value at 0- 0.1 m became greater over

the summer (Fig. 5.4a). These patterns were also observed when the ratio between ô2H

and ô18O of the twigs was matched with this ratio of the soil waters (Fig. 5.6). It was

observed from these plots of ô2H and ôr8O that the soil values from 0.25 m and deeper

were usually similar to the groundwater and surface soil values (0.05 and 0.15 m intervals)

were usually more enriched from evaporation and probably were influenced by rainfall also.

In late winter, spring and early summer, twigs matched with surface soil values and

groundwater or the surface soil values only (Fig 5.6). During late summer, autumn and early

winter twigs matched with either of the surface soil values (0.05 or 0.15 m) and the

groundwater or deeper soil values alone (which would have contained close to l00Vo

groundwater). The interpretations of possible water sources from the stable isotope data are

outlined in the discussion.
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At læsron the groundwater isotopic composition also remained fairþ constant over the study

period (mean of -18% + 1.5 ô2U; nig. 5.4b). Soil ô2H values showed a similar pattern to

Duck Island with the highest isotopic values in the surface soils (73.). Twig values ranged

from 0.2 at the end of winter to minimum of -10 8.at the end of summer. Twig values usually

matched with, or were higher than, the 0-10 interval soil sample apart from at the end of

summer when the twig value matched with the lO-20 cm soil interval. The twig values never

matched with the groundwater values (Fig 5.ab). When the ô2H and ô18O values were plotted

against one another the soil values also lie along an evaporation line from the groundwater

(Fig 5.7). The twig values usually matched with the surface soil values however at some

times the values moved away from the surface soil values and towards the groundwater

values. This only occurred in summer and autumn (Fig 5.7) while in winter and spring the

twig values always matched with surface soil values.
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At Hansons the groundwater also retained a constant isotopic composition (mean of -28*" +

1.5 ô2U; nig. 5.4 c). The soil profile had a similar pattem with depth as was observed at

Duck Island with values of up to 2% being found in the surface soil. Twig values matched

with soil values in a similar way to that at Duck Island. Twig values had a minimum suÍtmer

value of -25 and a winter maximum of -7. Twig values matched with surface soil values at

the end of summer, and throughout winter and were between the groundwater and soil values

throughout mid to late summer and autumn (Fig 5.4 c). Through examining the plot of ô2H

and ô18O it can also be seen that there is two pattems (Fig 5.8). In winter and spring the twig

values frequently appear to match with the surface soils and during summer and autumn the

twig values frequently match with soil values that are deeper and closer to the groundwater

(Fig s.8).

At Jaffray Swamp the soil profile followed a different pattern than at the other sites. The

groundwater had higher isotopic values (mean of 2%+ 1.5 ô2H; Fig. 5.4 d) maþe as a result

of an adjacent body of surface water that may have been connected to the groundwater. The

surface soil values were often as enriched as the groundwater and often (during winter) had

more negative values (-22 %), therefore reversing the pattern in the isotope profile seen at

other sites. The rest of the soil samples from the unsaturated zone were more negative that

the groundwater and averaged (-22 8"). The twig values averaged (-13 S,) and sometimes were

between the unsaturated zone values and the groundwater or the surface soil (summer) and

sometimes were between the groundwater and the surface soiV deeper soil (winter) (Fig 5.4

d). At many sampling times in winter and spring the twig values of ô2H matched with

surface soil values and at many sampling times in summer the twig values matched with soil

from 0.15 to 0.25 depth. There was very rarely a unique solution at this site. This was

reflected in the plots of ô2H and õ18O where the 0.05 soil sample was often similar to the

groundwater (Fig 5.9). The conclusions from this data were therefore not complete apart

from the end of winter and early spring when twigs matched with surface soil water only.
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5.3.2 Root mass measurements

At all sites, root densities were concentrated in the top 2O cm and then decreased with depth.

The highest recorded root mass was 0.021 g cm3 of soil at læsron. Root mass was highest in

the top 2O cm for trees at læsron, next highest for Jaffray and then Duck Island and Hansons.

However for the 20- 30 cm and 30-40 cm interval the root mass at Jaffray was higher than at

the other sites with ([æsron, Duck Island and Hanson) which were all similar. Jaffray was

also measured at a deeper interval again (50-70 cm) and significant roots were found (Fig

5.10).

o ooo o01 ools o.o2 oo25
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Figure 5.L0: Root mass (g/cm3) estimated from sampling of 6 soil cores at all sites on 20.9.94. Root mass

was greatest in the top 0.2 m and then decreased with depth at all sites.

5.3.3 Root Observation

New root appearances were observed at Duck Island. The position of maximum new root

growth was obseryed to proceed down the profile through the summer and autumn period

(Fig. 5.11). There were few new roots during mid-winter sampling and most new root

growth in early spring (September) was near the surface. By the end of spring sampling (Fig.

5.11) new roots began growing deeper in the prohle as the water table dropped. New root

growth during this period was partly from old roots.
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Figure 5.11: New root tip appearance at 7 times from February 1994 to November 1.994 at an

observation window placed next to q Melaleucø halmøturorum tree root system. Groundwater depth at

each sampling time (m) is shown at the bottom of each Figure. New root tip appearance per depth

interval increased at greater depths over the summer and then at shallower soil depths over the winter

months.

5.4 Discussion

5.4.1 Interpretation of Sources of Water

The information from the stable isotopes was used to identify possible water sources (Tab1e

5.1). If there was not a unique solution (ie the twig composition was between a number of

possible sources) information on soil water availability was used to identify water sources

that were unavailable for plant water uptake. This was combined with an interpretation of

the soil profiles (from chapter 4) to conclude the pattern of water sources from each site.

At Duck Island during winte5results indicated that surface soil watelwas being used. At the
a

end of winter groundwater was closer to the soil surface (0.3 m) and this combined with

rainfall had caused the soil salinity in the unsaturated zone to be diluted resulting in high

osmotic potential (closer to 0) in the surface soils. There were three kinds of evidence that

water uptake was mostly from the top 0.1 m during winter. The first was the stable isotopic

data where twig water ô2 H and ô18O values were similar to a mixture of water sources from

the 0-0.1 m depth and the O.l-0.2 m depth (or the groundwater). No root growth was

observed to occur in deeper regions during these times so it was assumed that water was

5.721.2.94

16.8.94
9
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being drawn from 0-0.1 m and 0.1-0.2 m depths and mixed within the plant. Root

observations were supported by root mass measurements during winter which showed a

larger proportion of roots in the surface soil during this time. Supporting evidence came from

the root chamber observations, where roots were shown to be actively growing in the top 0-

0.1 m from the middle of winter to the end of winter 1994. The third set of evidence came

from the water potential data where a return to high water potential at the end of winter

reflected the retum to high surface soil water potential mentioned above. Waterlogging was

also prevalent with depth making it unavailable for water uptake. This water source in the

surface soil was a combination of rainfall and groundwater, as in winter the groundwater rose

to within 30 cm of the soil surface, and was thought to be at least 5OVo groundwater (Table

5.1 a).

At the end of summelgroundwater was deeper (I.2 m). Total soil water potentialduring this

period was very negative in the surface soils due to the high soil salinities caused by

evaporative concentration of the saline groundwater. The water sources were considered to

be a mixture taken up from the surface soil and the groundwater (Table 5.1a). As with the

winter data there were 3 kinds of evidence that water uptake was from deeper in the soil

profile in summer. First, the stable isotopic data showed that twig water ô2H and ôl8O were

between surface soil values and groundwater but did not respond to fluctuations in surface

soil values as in winter. A similar pattern was observed by McEwan et aJ (1994) for Duck

Island in the previous year. As water was unavailable to plant use in the 0-0.1 m depth, the

water sources were considered to be a mixture taken up from 0.2 m and the groundwater.

Secondly, these results were supported by root observations which showed that the root

growth was concentrated in the deeper parts of the soil prof,rle during the summer sampling.

The third line of evidence came from comparison of plant and soil water potential. I-eaf

water potential was usually between the surface soil and the groundwater as surface soil

became more saline in the summer. However the leaf water potential often indicated

shallower water sources than the stable isotopes, which may be a result of the large root

biomass in the top 2O cm skewing the leaf water potential towards more negative soil water

sources when it equilibrated overnight. Despite these discrepancies it was calculated that

based on the closeness of the twig values to the groundwater as compared to the soil values

during summer and autumn 60 to lÙOEo of water used was groundwater. (Table 5.la)

A similar result was concluded for Hansons Swamp as for Duck Island. During winter water

sources were considered to be from the surface soils (Table 5.1b). The twig isotopic

composition matched with this region and the water was available for water uptake in the
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surface soils during winter. In additionrthe mass of roots was highest in the surface soils

when measured at the end of winter indicating that water uptake was probably dominated by

surface soils activity. This site was visibly flooded for longer periods at the end of winter

probably because of its lower elevation. Soil waterlogging was often indicated at 20-40 cm

in the subsoils making these water sources unavailable for water uptake. However it was

often not possible to take samples from soil below 40 cm, making it impossible to estimate

the conditions below this depth. V/aterlogging was not apparent during the middle of winter

maybe as a result of (1) rainfall flushing the soils of reduced compounds, or (2) the

groundwater was unusually oxygenated at this site and recharged the soil with oxygen when it

rose. During winter the groundwater component of water in these surface soils was estimated

to be 50 Vo (Table 5.1 b).

During summer, very low soil water potentials were often recorded at Hansons as a result of

high salt masses in the soil surface combined with low moisture contents. As at Duck Island

the isotopic composition of twig water was between a number of surface soil values and the

groundwater. The unavailability of water in the surface soil interval of 0-0.2 m however

meant that the surface soils of 0.2 to 0.4 m were often identified as water sources. The pre-

dawn water potential also indicated uptake from the groundwater during summer but reached

very negative values in the middle of summer when surface soils were most saline, indicating

that there was still some connection with the surface soils. There was potential for more

groundwater to be used at this site than at Duck Island as (1) groundwater was used for

longer, (2) periods when soils water was used in conjunction with groundwater were less, and

(3) twig isotopic values were closer to the groundwater values (ie deeper root activity). The

root mass in the surface soil measured in winter was lower than at Duck Island. There may

have been a greater mass of roots at depth at Hansons than at Duck Island that were not

measured in this sampling (only to 40 cm). During summer the groundwater was mixed with

soil water and the proportion that was groundwater ranged from 25Vo at the beginning of

summer to l00Vo at the end of summer (Table 5.1 b).

I-esron indicated a different pattern of water sources than the other ephemeral swamps (Duck

Island and Hansons). The isotopic composition of twig water rarely matched to soil water

below 15 cm and trees at this site were therefore concluded to be taking most of their water

from the surface at all times (Table 5.1 c). In conjunction with this the root mass

measurements also showed a large mass of roots in the top 20 cm of the profile. The root

mass was the highest measured for all sites and probabiy constitutes the majority of the root

system which is concentrated in the top 2O cm of the soil.
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Table 5.1: Water sources for each sampling time (depth interval; m) based on the isotope technique

combined with information of soil water availability.

(a) Duck Island

Season Date Unavailable (salinity) Unavailable (waterlog)
Spring
Early Summer
Early Summer
Late Summer
Late Summer
Autumn
Late Autumn
Winter
Late'Winter
Early $prine

26.10.93
r.12.93
28.t2.93
2.2.94
2t.2.94
6.4.94
24.5.94
6.7.94
16.8.94
20.9.94

0.4-0.7
0.1-0.3
0.2-gwater

0-0.2

0-0.1
0-0.1
0-0.1

(b) Hansons

Season Date Unavailable (salinity) Unavailable (wqterlog)
Spring 27.10.93
Late Spring 30.11.93 0-0.1
Early Summer 29.12.93 0-0.1
Late Summer 3.2.94 O-0.2

Early Autumn 3.3.94 0-0.1
Autumn 1.4.94 O-0.2 0.6-gwater
Late Autumn 26.5.94 0.1-0.2 0.2-gwater
Winter 8.1.94 0.2-gwater
Late'Winter 17.8.94
Early Spring 20.9.94 0.2-gwater

(c) Lesron
Season Date Unavailable (salinity) Unavailable (waterlog)
Late Summer
Early Autumn
Autumn
Late Autumn
Winter
Late Winter
Early Spring
Summer

1.2.94 0-0.2
3.3.94 0-0.2
5.4.94 0-0.1
24.5.94 O-0.2, gwater
5.7.94 0.1-0.2
15.8.94 O.l-O.2,gwater
23.9.94 gwater
27.I.95 gwater

0.2-gwater
0.2-gwater
0.1-gwater
0.1-gwater
0.2-gwater
0.Z-gwater

d J

Season date Unavailable (salinity) Unavailable (waterlog)
Spring
Late Spring
Late Summer
Early Autumn
Autumn
Late Autumn
Winter
Late Winter
Early Spring
Late Spring

28.r0.93
29.tr.93
3.2.94
3.3.94
7.4.94
25.5.94
1.7.94
n.8.94
229.94
4.rt.93

0-0.1

0-0.3
0-0.3

0.5-1
1.3- 1.5

0.8-0.9
0-0.1
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During winter, water was taken from the surface soils where soil water was most available

and where waterlogging did not occur. Water taken from the surface soils during winter may

have been comprised of up to 5O Vo flroundwater because of the shallow groundwater during

this time (Table 5.1 c). During summer, there were extremely high salinities in the sutface

soils and soil was also often waterlogged below 20 cm resulting in conditions of salinity

combined with waterlogging in much of the profile. During suÍrmer, soil surface water was

also being taken despite the high salinities in the surface soils (Table 5.1 c). 'Water was only

taken from below 2O cm during the peak of summer when surface soils were most saline.

During summer uptake from this surface soil source also included uptake of some

groundwater (5-I37o: Table 5.1 c). The lack of use of soil water and groundwater from

deeper in the profile during suÍrmer ssems to be associated with the apparent soil

waterlogging and high salinities at depth. Consequently plant water potentials (Chapter 4)

were observed to reach very negative values here probably because of the lack of ability to

explore less saline soil away from the soil surface.

Jaffray showed a different pattern of root water uptake than the other sites. Interpretation of

results from the end of summer when soils were the most dry and saline and the end of winter

when rainfall had re-hydrated and freshened the surface soils provide information on plant

responses to these soil conditions. During the end summer and the beginning of autumn

when the water potential of surface soils were too low for water uptake, groundwater was

used from deep in the prohle (0.9 m) or mixed from a number of depths and the groundwater.

Unique solutions of water sources were obtained with the isotope technique at the end of

summer and autumn when the twig isotope values matched with the groundwater values and

so primarily groundwater was used. At this site the isotopic composition of the groundwater

was often high and similar to the surface soil values. This meant that the isotopic

composition of twigs were often between a number of possible sources. However at times

the surface soils were unavailable for water uptake and so the groundwater was considered

the water source. During this time twig values always averaged -10 to -13 per % ð2H. Ll

conjunction with thiythe pre-dawn plant water potential always matched with the deeper soil

values, even when it was indicated that surface soil water was being used. They did not

follow the water potential fluctuations in the surface soil as occurred at the other sites, despite

fluctuations in the surface soil being large at this site through large changes in matric water

potential. This was all evidence for deep rooting trees at this site. This was supported by root

mass measurements which indicated high root masses at depth (Table 5,1d).



t42
During the end of winter and early spring a unique solution was also found when twig isotope

values matched with surface soil values (Table 5.1 d). Twig isotopic values matched with

surface soils values and reached -22 % ô2H at one stage and -15 *. õ2H at another with

groundwater always remaining reasonably constant at +1 *. ô2H. At this time the values were

closer to the soil values and furthest from the groundwater. The root density measurements

supported water use from the surface soils and deeper soils during winter, as root mass w¿rs

spread fairly evenly throughout the profile.

The groundwater depth at Jaffray did not fluctuate to the extent that it did at the other sites

and so the salt that was discharged into the unsaturated zone appeared to remain constant

unlike the other sites where it was flushed out of the soil during winter. Soil salinities

therefore remained constant over the year and were higher than at Hansons during the winter,

despite the lower groundwater salinity at Jafftay. Salt was accumulated fairly evenly

throughout the prof,rle supporting the theory of even uptake of water throughout the soil

profile, however there was an obvious drying front above the groundwater indicating

signif,rcant root activity in water uptake at depth. There was also an obvious concentration of

salts above the water table at depth indicating groundwater discharge by roots. However the

soil zones at the surface of the soil profile and above the groundwater often appeared lower in

salinity as a result of rainfall (at the top) and groundwater fluctuations (at the bottom). These

pattems of soil salinity and matric potential provide evidence for root activity at the two

zones in the soil profile that are separated by a saline zone of soil (mid profrle) and are

preferred by roots as a result of annual flushing of salt by various processes (Table 5.1 d).

Soil waterlogging was low at Jaffray although mid-profile samples were often found to be

waterlogged. This did not seem to be associated with season, remaining constant over the

year and may be associated with the very heavy clays that were found in the mid-profile of

these soils.

5.4.2 Ecophysiological implications for M. halmaturorum

M. halmaturorum is able to adjust its root water uptake to the availability of soil water. At

Duck Island and Hansons during summer M. halmaturorum switched to using saline

groundwater in response to increased salinisation (and hence unavailability) of the surface

soil water. This pattern of root water uptake is similar to that modelled by Thorburn et al

(1995) where Eucalyptus largiflorens did not use water from the surface soils because it was

too dry for water uptake. Groundwater of much higher salinity was used by M.

halmaturorum than was recorded for E largiflorens in the study of Thorburn et al (1993a).
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fresher source of water (groundwater) is different than that observed for the red dwarf

mangrove (Lin and Sternberg, 1994) where it was found that in a coastal fringe environment,

when the groundwater was recharged by fresh imported water, mangroves continued to use

saline water in the surface soil and did not respond by using fresh groundwater as surface

soils became salinised over the dry season. This species may have had a shallow root system

in response to permanently anaerobic sub-soils as opposed to M. halmaturorum, with its

deeper and more extensive root system, which was able to adjust root water uptake to

available water sources in a soil profile with a varying water table. At I-esron however during

sununer, water was not used from the subsoils as the soil profile became salinised and this

was thought to be a result of soil waterlogging at depth. This inability to escape from

accumulation of salt in the surface soil over summer resulted in very low leaf water potential

(-12 Mpa) and a decline in health of M. halmaturorum at this site (Webb, 1993). Flexibility

in root water uptake has been suggested to contribute to the survival of some plants that occur

in tidal marshes, where use of deeper, fresher water sources has been hypothesised to

produce a higher than expected water status in some plants (De Jong and Drake, 1981).

Some water uptake occurred from the surface soil in winter at all sites. This may be in

response to freshening of the soil profile which occurred through a combination of winter

rainfall and the subsequent groundwater rise which diluted stored salt in the unsaturatedzone.

This process is of obvious importance in maintaining the survival of trees at these sites. Salt

accumulates in the unsaturated zone over the summer period as a result of groundwater

discharge. However salt is prevented from long term accumulation to concentrations that

would kill the trees by rainfall and the annual fluctuation of groundwater which

redistributes salts in the soil and groundwater.

Responses of root water uptake to rainfall leaching of the surface soils in saline environments

have been observed in other species. For example, Eucalyplzs species which use saline

groundwater during dry times have been observed to supplement this source with rainfall

present in the surface soils during winter (Thorbum et al, I993a: Mensforth et al, 1994). Lin

and Sternberg (1994) did not observe this in the red mangrove as surface water was always

used, but did observe an increase in fine root density in the soil surface when rainfall was

high. Responses in water uptake of fresh flood waters have been observed in halophytes on

the Dead Sea shores (Yakir and Yechiell, 1995). An isotopic model and data show that this is

very likely because the freshest water occurs in soil macropores, which plants take up first

(Emerman and Dawson, 1995). A response in water sources to rainfall freshening of the

surface soils was also observed at Jaffray. Groundwater was used solely over summer but
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when water becomes available in the surface soil it is used from the top of the salt front. It

w¿ts suggested that a split (dimorphic) root system separated by an accumulation of salt in the

middle of the soil profile, allowed a rapid response in water sources to changing water

availability in the surface soil. Mensforth et al (1994) found evidence for a dimorphic root

system in Eucalyptus camnldulensis where fresh water was used in response to rainfall and

saline groundwater was used over suÍtmer.

Another explanation for the change in water source from groundwater to surface soil water at

the end of winter may have been to avoid soil waterlogging in deeper regions of the soil

resulting from rising groundwater. This process is likely to produce anaerobic conditions in

the soil, a process often thought to explain the concentration of mangrove roots in the surface

layers of the soil profile (Gitl and Tomlinson,I9TT). M. halmaturorum seedlings have been

shown to be relatively insensitive to a variety of levels of soil waterlogging (van der Moezel

et al, 1991) and flooding (Denton and Ganf, 1995). However new root growth was observed

to occur above the water table in response to groundwater rise rather than rainfall freshening

the soil profile (which occurred before the groundwater rose significantly) and roots did not

survive for long below the groundwater. In addition water sources of trees at Iæsron

appeared to be controlled by waterlogging with no water uptake occurring from waterlogged

soils.

There is also evidence thatM. halmaturorummay be able to make these rapid adjustments in

depths of root water uptake by the re-activation of dormant roots when conditions become

suitable for water uptake. New root growth in the spring of 1994 reconìmenced from where

it left off the previous summer with new root tips developing from old dormant roots

indicating an adaptive response to this dynamic environment. This behaviour would require

the maintenance of a mass of dormant roots in the soil matrix from which new roots can

become active at the depth where water is available. This was evident in the higher root

biomass measured in the surface soils in this study. A high root biomass has been observed

for Atriplex species in response to high soil salinities, with the majority of the roots

concentrated in the surface soils (Galloway and Davidson, 1993).
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5.5 Summary and Conclusions

M. halmaturorum at each of the sites was reactive to changing soil water availability

conditions. Surface soil water was used in winter in response to greater soil water

availability in the surface soils and waterlogging in the subsoils in response to rising as

groundwater rose. At Duck Island and Hansongwhen soil water became unavailable during

sunìmer due to salt accumulation in the surface soils, trees used water from progressively

deeper soil layers as the groundwater dropped and more salt accumulated in the soils.

Where groundwater salinity was lower trees appeared to use more groundwater for longer.

'Where the subsoil was waterlogged for significant periods of time, water was used from the

surface at all times and so there was an apparent decrease in the quantity of groundwater

used. Where trees occurred in a permanent wetland as opposed to an ephemeral swamp

and so groundwater was deeper and did not fluctuate to the surface, groundwater was used

from deeper in the soil at most times but responded to rainfall apparently through the

presence of a spatially separated dimorphic root system.
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Chapter 6: Modelling and quantifying groundwater discharge.

6.l lntroduction

Results from the field studies outlined in the previous chapters indicate that Melaleuca

halmaturorum has varying water use strategies depending on the conditions in the root

zone. 'Water use strategies will influence the use of groundwater and the timing of the use

of groundwater. These processes can be modelled to support conclusions from these

studies and to assist in clarifying results, and to investigate hypotheses arising from these

field studies. This chapter attempts to model the water use strategy and groundwater

discharge by M. halmaturorum in these ephemeral swamps by using a simple model of root

water uptake. This section brings together information from chapters 3-5 to identify the

water use strategy for each of the ephemeral swamps (Duck Island, Hansons and L,esron),

summarises this information into a general water use strategy for M. halmaturorum and

then attempts to represent these processes with a simple analytical model.

6.1.1 Key results .from each site

(a) Duck Island

Groundwater at Duck Island had an average EC of 63 dS/m and rose to 30 cm below the

surface at the end of winter, and dropping to 130 cm below the surface at the end of summer

(Fig a.3). Trees at Duck Island used groundwater from the soil surface at the end of winter

after groundwater had risen and inundated the profile (Fig a.3). As the groundwater dropped

over the summer and salt accumulated in the surface soil, trees used water from deeper in the

soil profile and so the proportion of groundwater increased (Fig 5.a). This progressive use of

deeper water was made possible by the growth of new root tips from old dormant roots (Fig

5.1). Plant water potential reached values of -6 MPa allowing uptake from saline soils (Fig

4.6). The amount of groundwater used by trees at Duck Island was dependent on the

transpiration rate and the rooting depth. Trees used up to 2 mmlday of water in summer

when groundwater use was at its highest and used -0.8 mm/ day of water in winter when the

groundwater was closest to the surface and when rainfall was also highest in the surface soils

(Table 3.3). The transpiration rate was multiplied by the proportion of groundwater that

was thought to be in the water source to quantify the groundwater use (ie Thorburn et al ,

1993a). The proportion of water that was groundwater was estimated as 30 to SOVo depending
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on the depth of water uptake and the total amount of groundwater used for the year was 276

mm (Table 6.1a).

(b) Hansons

Groundwater salinity was lower at Hansons (average of 14 dS/m) than at Duck Island but

groundwater fluctuations were similar with groundwater rising to 15 cm below the soil

surface at the end of winter and dropping to 120 cm at then end of summer (Fig 4.3). As at

Duck Island root water uptake was from the surface soil at the end of winter in response to

groundwater rise and was from deeper in the profile over the summer as the groundwater

dropped (Fig 5.a). However the majority of root water uptake at the end of summer appeared

to be from deeper in the soil profile than at Duck Island (Fig 5.a). Although these

fluctuations in groundwater depth and tree water sources were similar to the other sites, soil

salinity reached higher concentrations in the surface soil over summer at Hansons probably as

a result of the higher transpiration rates found at this site (Fig 4.5). The minimum plant water

potential observed was -3 MPa and this was higher than that observed at Duck Island (Fig

4.6). However the groundwater salinity at Hansons was signif,rcantly less that at Duck Island

(Fig a.3 ). The transpiration rate per mt of leaf area was the same as for trees Hansons as at

Duck Island but there was a higher leaf area index at Hansons (Table 3.2). Trees used up to

3.5 mm/day of water in summer when groundwater use was at it's highest and used -1.5 mm/

day of water in winter when the groundwater was closest to the surface and when rainfall was

also highest in the surface soils (Table 3.3). The proportion of water that was groundwater

was estimated as 50 to IOOTo depending on the depth of water uptake and the total amount of

groundwater used for the year was -600 mm (Table 6.1 b).

(c) Lesron

At I-esron groundwater salinity was higher than at Duck Island (average of 70 dS/m) and in

addition to this soils at Lesron were much more waterlogged (Fig a.3). Groundwater depth

however fluctuated to the same extent as at Duck Island, coming to 15 cm within the surface

at the end of winter and then falling to 150 cm over the summer (Fig 4.3). Water sources

were at the surface at the end of winter in response to rainfall and groundwater rise as at the

other sites but differed from the other sites over sunìmer being concentrated in the soil

surface 2O cm at all times despite salt accumulation over summer (Fig 5.4). This was

reflected by the root distribution in addition to observations of large roots in the surface soil

at all times. This was thought to be a result of waterlogged soils at depth. The use of water
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Table 6.1: Quantity of groundwater used (G; mm) for each month as determined by the 7o of
groundwater use at each sampling time and the monthly transpiration.

Duck Island

Season date Eo gwater T (mm) G (mm)

Spring

Autumn

'Winter

Oct.93
Nov.93
Dec.93
Jan.94
Feb.94
Mar.94
Apr.94

IÙvfay.94

Jun.94
Jul.94

Aug.94
Sep.94

52.3

51.3
47.3
40.4
38.9
31.7
32.4
3r.2
32.1
32.1

35.7
42.2

26.2
15.4
33.r
32.3
3r.2
19.0
19.5

25.0
t9.6
16.I
17.8
2t.t

276.4

sunìmer

Total

Hanson

Season date Vo gwater T (mm) G (mm)

suÍtmer

77.7
1r1.4
61.5
93.6
89.2
75.9
66.3

5t.l
55.0
6t.7
s9.9
64.9

Autumn

Spring
Total

50
30
70
80
80
60
60
80
60
50
50
50

Winter

Nov.93
Dec.93
Jan.94
Feb.94
lV4ar.94

Apr.94
lv4ay.94

Jun.94
Jul.94

Aug.94
Sep.94
Oct.94

46.6
58.7
50.6
14.9
89.2
68.4
53.0
28,8
2l.5
30.8
29.9
32.5

591.0

60
50
15
80
00
90
80
50
50
50
50
50

1

Lesron

Season date 7o gwater T (mm) G (mm)

summer

Autumn

'Winter

Spring
Total

Nov.93
Dec.93
Jan.94
Feb.94
N4.ar.94

Apr.94
llv4ay.94

Jun.94
Jul.94

Aug.94
Sep.94
Oct.94

0
0

15

10

t2
10

5

0
0
0
0
0

18.6
24.r
23.2
2t.4
22.6
2t.5
18.5

t9.2
19.5

t7.7
18.5
22.1

0
0

3.5
2.r
2.1
2.1
0.9

0
0
0
0
0

.411,
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from the surface soils meant that roots were unable to escape the accumulation of salt, and

low plant water potentials (to -I2 MPa) were obseryed in trees at this site (Fig 4.6). It was

considered from the stable isotopes that up to 5O 7o of water used could be groundwater at the

end of winter, but over the summer 0 to 5 7o of water used was groundwater as groundwater

became deeper. Transpiration rates at Iæsron were lower than at Duck Island and leaf areas

were only slightly lower (Table 3.2). The transpiration rates were estimated to be 0.7-0.9

mm/day (Table 3.3) and groundwater use as a proportion of this was estimated at 26 mml

year (Table 6.1 c).

6.1.2 General water use strategy

There are a number of conclusions that can be drawn from examining the water use

strategies of trees at the Duck Island, Hansons, and Lesron sites which all vary in their

environmental conditions but are similar in their hydrology (ephemeral swamps). These

are summarised in Figure 6.1. At the end of winter groundwater rose, inundating the soil

profile and the roots responded to this by coming to the surface. 'Water was sourced from

the surface first and then deeper in the soil profile over the year as groundwater fell and salt

accumulated towards the soil surface. Roots responded to changing soil water availability

by the growth of new root tips. Where waterlogging occurred water sources did not

respond to salt accumulation the surface soils because of unavailability of water at depth.

The amount of groundwater used was dependent on the transpiration rate which in turn was

dependent on the leaf area which appeared to equilibrate with the soil (groundwater)

salinity at each of the sites. The leaf area index was a function of groundwater salinity.

Stomatal control was limited and the trees always appeared to have low stomatal

conductance. Leaf water potential decreased with groundwater salinity and appeared to

define the threshold to water uptake. The amount of groundwater used increased as the

groundwater salinity decreased. This was a result of higher transpiration rates and the

ability to root deeper and so use more groundwater for more of the year.
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Figure 6.1: Water use strategy; Soil salinity (a) and new root appearance (b) over the year for
Melnleuca halmaturorur¿ at Duck Island. GW indicated the groundwater depth and the dotted line in
(b) indicates the limit at which data was taken.

These conclusions form the basis for a general quantitative model of tree water use in these

saline swamps, with the information and concepts developed from the field studies.

Components of this model are then used in water balance calculations to predict the role of

M. halmaturorum in groundwater discharge.

6.2 Modelling

6.2. I Modelling groundwater dischar ge

Groundwater use by trees will influence the water balance as represented by T in;

Gnet -(E+T+D)-(R+¿)+^S (1)

'Where Gnet is net groundwater discharge (mm), E, T and D are evaporation, transpiration

and drainage respectively (mm), R is recharge (rainfall+ flooding, mm), L is aquifer

upward leakage mm, and ÂS is the change in soil water storage (Table 6.2). Groundwater

use by trees will result in a long term drop in groundwater levels if the groundwater use

results in net groundwater discharge. Net groundwater discharge may also result in an

increase in salinity if the groundwater is saline. Therefore to understand the role of

groundwater discharge by trees on the water balance it is necessary to quantify the other

components of the water balance.

Major

(b) New Root Activity

Lf

Minor Negligible
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Table 6.2: Description of all parameters discussed in chapter and used in the model their definition and
dimensions.

Parameter Definition Dimensions
E
T
ET
D
R

Evaporation
Transpiration
Evapotranspiration
Drainage
Recharge (infiltrated rainfall
and flood waters)
Upward leakage
Soil water storage
groundwater discharge
net groundwater discharge
estimated transpi rational
groundwater discharge
estimated evaporational
groundwater discharge
depth of salt front
depth of groundwater
depth of root water uptake
Salinity threshold to water
uptake
Salinity of groundwater
wet soil water content
dry soil water content
specific yield
leakage factor

head pressure difference
soil conductivity
soil constant
fraction of soil water used

mm/day
mm/day
mm/day
mm/day
mm/day

mm/day
mm/day
mm/day
mm/day
mm/day

mm/day

cm
cm
cm
mg/L Cl or MPa

mg/L Cl or MPa
dimensionless
dimensionless
dimensionless
mm/day/cm of head
difference
cm

dimensionless
dimensionless

L
S
G
G net
calc Gr

calc Ge

zrh
zgw
ZrooI
cth

cgw
0w
ed
Sy
I

P
A
n
f

Groundwater discharge by trees is influenced by ground\\'ater salinity (Passioura et al,

1992; Thorburn et aI,1993a; Smith et al, 1995), groundwater depth, with more water being

supplied from shallow water tables than deep water tables by capillary upflow, (Talsma,

1963; Meyer et al, 1990) and soil type, through an influence on rooting depth and the rate

of flow of water from the groundwater to the roots (Gardner, 1960). Groundwater

discharge by trees has been found from 0.1 mm/day to 2 mm/day depending on

groundwater salinity, groundwater depth and soil permeability (Thorburn et al, 1993a).

Capillary upflow from shallow saline groundwater in lvsimeters was thought to be

dependent on rooting depth, soil conductivity, and groundwater salinity (Smith et al, 1995).

Groundwater discharge will also be influenced by the water use strategy of the plant. The

quantity of water that is able to be used by the plant may be determined by the ability to

maintain leaves under adverse conditions. Groundwater use by tall wheat grass was found

to be lower than expected as a result of the senescence of the plant over the summer when
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groundwater discharge would have been the highest (Bleby et al, 1996). The amount of

groundwater discharge in tree species has been suggested to be limited by the physiological

limits to water uptake (plant water potential) (Passioura et aL,1992; Thorburn et al, 1993a).

Root response to adverse conditions may also influence the ability of plants to use

groundwater with the ability to maintain deeper roots resulting in higher rates of

groundwater uptake from saline watertables (Smith et al, 1995).

Groundwater discharge is often estimated through direct or indirect techniques.

Examination of the change in groundwater depth (piezometric) during times of little

rainfall has been used to estimate groundwater discharge by agroforestry plantations

(George, 1991). The examination of the change in chloride mass in the unsaturated zone

over time has also been used to estimate groundwater discharge as the only source of salts

in the soil profile is from the groundwater (ie Talsma,1963). Lysimeters have also been

used to examine the amounts of groundwater used by plants (ie Smith et al, 1995).

However in environments where the amounts of water used are small but may make big

differences in the groundwater balance (ie in shallow groundwater systems) groundwater

discharge may not be able to be measured by these traditional techniques and direct

estimates of groundwater use by trees may be more useful (Thorburn et al, 1993a). This

was the approach taken in the present study where the combination of measurements of

transpiration and water sources were used to estimate the quantity of groundwater used by

M. halmaturorum.

Groundwater discharge has also been estimated through modelling. Models can also

provide insights into the processes affecting groundwater discharge. Simple water balance

models have been used to estimate net groundwater discharge where actual

evapotranspiration is known using equation 1. The resulting groundwater depth as a result

of evapotranspiration is;

dZgw (Gnet - L)
(2)

dt Sy

where Z* depth to groundwater (cm), Gnet is the net groundwater discharge (cm), Sy is

the specif,rc yield, and L is the upward leakage.

Where groundwater discharge from water tables is to be predicted there are models which

simulate groundwater discharge based on theory of evaporative discharge from shallow

saline groundwater tables under steady state conditions. One form of this that has been
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used to estimate evapotranspiration from bare soil (e.g. Talsma, 1963: Thorburn et al,

1992; Jolly et al, 1993) is

A
Go= : (3)

zgw'

where GB is evaporative groundwater discharge,Zgw is the depth of the groundwater, and

A and n are related to the permeability of the soil (Gardner, 1958; Talsma, 1963; Warwick,

1988). Evaporation is limited in the early stages by external conditions and as the

watertable drops the evaporation rate is dependent on the depth to groundwater and the

capillary conductivity (Gardner, 1958).

Where plants occur the zone of water uptake is not so easily defined. Modelling plant

water uptake is generally based on numerical solutions to the Richards equation from a

distributed sink of roots (e.g. Gardner, l99L;Landsberg and McMurtrie, 1984; Barataud et

al, 1995). Alternatively, in some systems where water availability is limited by salinity,

some workers have simplified the assumptions of rooting depth to uniformly distributed

roots (Passioua et al, 1992) or roots distributed in a narrow plane above a region of salt

accumulation (Thorburn et al, 1995).

Thorburn et al (1995) used theory described in equation 3 to estimate evapotranspiration

from a shallow water table treating the rooting depth (Zroot) as the soil surface;

(4)

where Gr is transpirational groundwater discharge, and Z,oo¡is the rooting depth (cm). This

was incorporated into a model of tree groundwater use using the water balance (as above)

with a salt balance to define the rooting depth. Key aspects of this model were (1)

groundwater discharge by trees caused salt to accumulate above the water table resulting in

the progressive change in water sources to shallower depths and (2) the extent of salt

accumulation was determined by the threshold to water uptake as indicated by the

minimum plant water potential.

The present study involves a model of groundwater uptake by roots that is based on this

theory. It predicts groundwater depth and rooting depth (salt front), and net groundwater



discharge from measured transpiration and rainfall data, and contributes

understanding of the controlling processes on the water use strategies of these trees.
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6.2.2 Model Assumptions

An analytical model was developed to theoretically describe the processes of groundwater

uptake by M. halmaturorum over the groundwater draw down period from the end of

winter to the end of suÍrmer (Fig 6.1 a). The model was also used to predict groundwater

depth and rooting depth for sites Duck Island, Hansons, and Lesron over a I year sampling

period where transpiration and rainfall were known. The model is based on the concept

that roots will always take up water from the shallowest depth where it is available for

plant water uptake. At the end of winter roots are initially at the soil surface. Root water

uptake then progresses down the soil profile over the summer period when rainfall is

minimal in response to progression of the salt front (Zth) and the groundwater table (Zgw)

(Fig 6.1 a). These two entities are modelled. The assumptions behind the model are:

o The transpiration rate is constant and is dependent on the leaf area index. Stomatal

control is thought to be insignificant at this scale of investigation.

o Groundwater discharge by trees is dependent on the distance between the roots and the

watertable.

o Initial conditions are when the roots are at the soil surface at the end of winter (Zroot)-

The assumption is made that root water uptake is at the surface at this time as a result of

groundwater depth (Zgw) being at the soil surface.

o Root water uptake is responsive to soil water availability and will occur from the

shallowest depth where water is available (Zth) (Fig 6.1 a). Where waterlogging occurs

the depth of root water uptake is limited to shallow soils by the presence of waterlogged

soil at depth.

o Soil water availability is limited by salinity. There is an upper limit (Cth) to which roots

can extract water from the groundwater (Cgw) and this is determined by the soil and

plant water potential. The groundwater salinity is set at a constant value (Cgw) for the

modelling exercise. The relationship between Cth and Cgw determines the transpiration

rate. Where the relationship between Cth and Cgw is unable to satisfy the transpiration

rate, at lower groundwater salinity, an alternative hypothesis is suggested where mining

of soil water occurs to substitute groundwater uptake and a new rooting depth is

determined (Zroot).
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Figure 6.2: Schematic diagram of model theory for the basic rnodel (a) and the model incorporating
soil drying (ed; (b)) as described in section 6.2.3. The relative positions of the salt front (ZtÐ and the
groundwater (7¿w) are indicated, as are the concentration of the groundwater (Cgw) and the
threshold to water uptake (Cth). The evapotranspiration used as groundwater discharge (c) in model
calculations incorporates 3 stages, stage 1 soil evaporation driven by PET, stage 2 driven by
calculated evaporation, and stage 3 driven by transpiration (G¡ in (a) and (b)).
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6.2.3 Model Theory

A description of the various parameters used in the modelling exercise are shown in Table

6.1. A water balance indicates that the drop in the groundwater table is determined by

equation 2;

dZgw (G- L)
dt ,ly

where Zgw is the depth to groundwater (cm), G is the groundwater discharge (cm), L is

leakage, and Sy is the specific yield. Leakage was estimated by the difference of the

groundwater depth from a known groundwater depth where leakage did not occur

multiplied by the leakage factor (Table 6.2).

The salt balance indicates that the movement of the salt front (Zth) is determined by;

dZth G* Cgw (5)
dt 0w* (Cth- Csw)

where Zth is the depth of the salt front (salt concentration above the threshold to water

uptake) in cm, G is the groundwater discharge (mm), t is time, Cgw is the salinity of the

groundwater and Cth is the salinity of soil at the threshold to water uptake. The rate at

which salt is accumulated is determined by the threshold at which the soil water becomes

unavailable (Cth). The ratio of Cth to Cgw (the concentration of salt in the groundwater)

will determine how fast the salt accumulates in the unsaturated zone.

'Where after preliminary modelling it was considered that not all water was being used

from the groundwater (see "calc G1" next section), and some was being mined from the

soil water a new rooting depth (Zroot) was calculated where;

dZroot Cgw * fG (6)
dt (Cthr*ed)* (0w* Cgw)

'Where Zroot is the new rooting depth (as opposed toZth), Cgw and Cth are as previously

defined, G is the previously estimated transpirational groundwater discharge for the period,

f is the fraction of G that is groundwater and is set at 1 initially;
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A

_ (ztn- zsr)'f (7)
G

and 0d is the water content of dry soil.

s¿ = . 9sry 
*M 

(B)
G- Ð* Cthr+(Cgw* f)

Through this process the rate at which the salt front moves down is increased through an

effect of the previously modelled groundwater discharge combined with the concentrating

effect of plant roots below this depth (ie the use of soil water) as shown in Fig 6.1 (b).

For the preliminary simulations the groundwater discharge (G) was set (see assumptions) at

3 stages (Fig 6.1 c). When the groundwater table is at the surface the groundwater

discharge is set at the rate of PET (stage 1). As the groundwater drops the potential rate of

groundwater discharge from the soil surface decreases (stage 2) as determined by equation

3. When this value falls below the set transpirational groundwater discharge (G1) it is
considered that the transpirational groundwater discharge (Gr) becomes dominant (stage 3

groundwater discharge) and this is set as G. For the monthly groundwater discharge

calculations G was determined by a summarised version of equation 1;

G:T-R (e)

where T is measured transpiration (mm) and R is measured rainfall (mm).

6.2.4 ModelValidation and Quantifying G,"t

The model was run on a "Microsoft Excel" Spreadsheet. The groundwater discharge is

dependent on the distance between Zth and Zgw at any point in time (equation 4) we can

estimate the amount of groundwater that can possibly be discharged from the groundwater

to tree roots based on a the estimates of Zgw andZth;

calcTs - 
A

" (Zsw - Zth)'
(10)
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where A and n are constants associated with soil permeability (V/arrick, 1988). Therefore

the model was considered to be calibrated correctþ if this estimated potential

transpirational groundwater discharge (calc Gr) was equal to or greater than the measured

transpirational groundwater discharge.

For the water balance calculations the calculated drop in groundwater depth was compared

to the actual measured groundwater depth to test the accuracy of the predictions. Also for

each of these times the depth of the salt front was compared to rooting depth and estimated

water sources at each site. Groundwater discharge and 7o groundwater used was estimated

for each month from (1) the water balance (2) the isotope partitioning of the transpiration

and (3) the model calculations. For each month the net groundwater discharge, as

estimated from field measurements in conjunction with the model validation, was

calculated from the water balance estimations combined with estimates of rainfall as per

equation 1 but only taking into account transpiration in the evpotranspiration component;

Gnet -(T+D)-(R+L)+A.S (11)

where G is groundwater discharge (net and actual), T is transpiration, R is rainfall, S is soil

water storage, L is upward leakage and D is drainage (not considered).

6.2.5 Model Parameters

From the field investigations of tree water use, transpiration (T mm/month) was identified

for each site (chapter 3). Total rainfall was also calculated for each month from weather

station data (Appendix 2). Where it was considered that T overestimated groundwater

discharge a partitioned flux was used (chapter 3 and 5) as T. For the drawdown

simulations of Zgw artd Zth, the groundwater depth (Zgw) and threshold depth (Zth) was

initially set at the soil surface (Table 6.3). Simulation of Zgw and Zth from the field data

occurred during two groundwater drawdown periods end of winter 1993 and 1994 and one

period of groundwater rise. During the period of groundwater rise, Zgw was initially set at

the maximum groundwater depth recorded (Table 6.3). For the periods of drawdown they

were considered to be extension of one another and the initial Zgw was the minimum

groundwater depth calculated during the groundwater rise simulations. Zth was set initially

at the surface during the groundwater draw down simulations and was not simulated during

the groundwater rise but was considered to be at the top of the groundwater (or at the

maximum depth calculated if < groundwater depth) and then at the surface during the
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periods of groundwater rise (recharge) (Table 6.3). Where it was observed that roots did

not take water from below a given depth (as at Lesron) Zth was set at this depth once it was

reached.

Specific yield, leakage and various soil parameters (A and n; Warrick, 1988) are indicated

in table 6.3. Specific yield and water content (theta g) were estimated from soil water

content data (Appendix 6). For the calculation of Zth, Cth and Cgw for each site was

estimated from the average groundwater salinity at the site and the minimum plant water

potential that was observed.

Table 6.3: Values of model parameters used for each of the sites

Parameter Duck lsland Hansons Lesron

Sy
Gr
ed
P

I

Cgw (mg/L) Cl
Cgw (MPa)
Cthr (mg/L) Cl
Cthr (MPa)
Ger
n
A
initial Zgw
initial Zthr
initial Zgw - field sim
initial Zthr- field sim

0.1
1

0.3
30
0.0097
28500
-3.7
77800
-10
3
3
51 2000
0
0
110
0

0.13
1.8
0.3
10
0.012
9000
-1.2
77800
-10
3
3
61 2000
0
0
110
0

0.13
0.1
o.4
30
0.0097
42000
-5.4
77800
-10
3
3
61 2000
0
0
110
0

6.3 Results

6.3.1 Duck Island

Theoretical modelling simulations for Duck Island indicated that during the drawdown

period with an average transpiration rate of 1 mm/day resulted in groundwater depth (Zgw)

decreasing rapidly from day 0 to day 30 and then decreased more slowly from day 30 to

day 250 reaching a maximum of I25 cm depth at day 250 (Fig 6.3 a). The depth of the salt

front (Zth) decreased linearly after day 30 reaching a maximum depth of 58 cm at day 250.

The potential transpirational groundwater (calc Gr) decreased exponentially as

groundwater dropped reaching a minimum of 1 mm/day at day 150 and then increasing

gradually as the distance between the groundwater and the salt front decreased (Fig 6.3 a).
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The time for the entire soil profrle to reach the salinity threshold (Cth) was calculated as

the time without groundwater fluctuations for which the trees would survive. For Duck

Island this occurred at day 600 (Fig 6.3 b).
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Figure 6.6: Estimated groundwater discharge (a) and 7o of groundwater used (b) for Duck Island as

indicated by the stable isotope partitioned transpiration (i) and the water balance calculations (l).

For the water balance calculations the groundwater (Zgw) rose to 32 cm below the soil

surface (from an initial depth of 110 cm) and then decreased to a depth of 150 cm over the

summer period (Fig 6.a a). The fluctuations in calculated groundwater depth matched the

actual groundwater depths at most of the sampling times, with the calculated minimum depth

to groundwater reflecting the actual minimum depth to groundwater (Fig 6.5 a). The

exception being that the actual groundwater appeared to drop initially faster than the

modelled groundwater (Fig 6.a b) and this may be associated with effors in T, leakage, Sy, or

stored soil (remnant groundwater) water may have been used during this time (see

Discussion). Specifrc yields affected groundwater depth as indicated in Fig 6.4b.

The Zth simulations indicated the salt front (and so minimum depth of root uptake) was

initially at the surface and then progressed to a depth of 50 cm at the end of summer (Fig

6.4 a). This depth was allowed to rise with the rise in groundwater and was forced to the

surface at the beginning of the simulation at the end of winter (Fig 6.4 a and 6.5 b). The

./
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Zthmatched with the observed maximum rooting depth from root observations (Fig 6.5 b).

The proportion of groundwater used by the trees and the actual groundwater discharge as

estimated by the stable isotopes was similar to that estimated by the water balance during

summer (Fig 6.6 a and b). During times of rainfall in winter the stable isotope partitioning

of transpiration often indicated groundwater use but the water balance indicated

groundwater recharge indicating difficulty in estimating groundwater use when the

groundwater is close to the soil surface at the end of winter (Fig 6.6 a and b). When the

potential transpiration from the groundwater (based on the distance between Zgw- Zth) was

estimated for each time interval for Duck Island it was never lower than 50 mm and was

always above the calculated transpiration rate indicating the validity of the groundwater

discharge estimates. Based on these estimates of groundwater discharge from the water

balance, the calculated net groundwater discharge was -100 mm/year from this site. This

would result in an increase in salinity of the groundwater over a year of 3000 g/L (Table 6.4).

6.3.2 Hansons

Theoretical modelling simulations during the draw down period for Hansons using an

average transpiration rate of 1.8 mm/day resulted in groundwater depth (Zgw) and the salt

front (Zth) proceeding similarly to Duck Island for stage 1 and stage 2 groundwater

discharge (Fig 6.7 a). At the end of this stage the groundwater was at -80 cm depth and Gr

was at 2.2. ttttrlday (Fig 6.7 a). However when the model was run further, Zth did not

sufficiently approach the watertable to satisfy the known G1 (Fig 6J b) and so the Zroot

was calculated (equation 6) (Fig 6.8). During the third stage the groundwater depth

proceeded to a maximum depth of 160 cm at day 250. Zroot decreased with time reaching

100 cm depth at time 250 days (Fig 6.8).
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For the water balance calculations groundwater depth (Zgw; Fig 6.9 a) followed the same

pattern as at Duck Island (6.4 a) and was deeper than observed groundwater depth at all

times (Fig 6.9 b). The predicted Zth (rooting depth) was also shallower than measured

water sources (Fig 6.9 a). These discrepancies could be a result of a number of factors (see

discussion) including an overestimate of transpiration or an underestimate of rainfall,

however an overestimate of transpiration would result in a faster movement of the salt

front. Use of groundwater from the soil (ie a further soil drying) would result in less direct

groundwater discharge and would not influence recharge at the point in time of the

estimate. Equation 7 was used to estimate soil water use and groundwater use for each time

interval.

The water balance calculations therefore involved the calculation of Zgw and Zroot at

Hansons. G was estimated by (1) an isotope partitioned transpirational flux where T was

considered to be utilised for groundwater discharge (ie T-R) and soil water use (which may

have been remnant groundwater stored in the root zone) and (2) a calculated partitioned

transpirational flux which will be discussed in the following sections.

During the groundwater draw-down the concentrating effect of the use of stored

groundwater in the soil zone enhanced the development of Zroot and reduced the depth of

Zgw (because less water was used from the groundwater). The resultingZgw ranged from

30 cm depth to 200 cm depth and were closer to observed values than previously but

predicted values were still deeper than observed values at most times (Fig 6.10 b).

Zroot ranged from the soil surface to 140 cm depth (Fig 6.10 a). Zroot was unpredictable

during the time of groundwater rise and so only results during the drawdown are relevant.

The water sources as indicated by the stable isotopes were often in the range between Zroot

and the previously simulated Zth indicating that the rooting depth at this site was more

spread through the soil profile and was not at the shallowest depth below the Zth as was

assumed in the initial model. The observed water sources to compare to the Zroot are better

represented as a Vo groundwater. The groundwater discharge at Zroot (Fig 6.11 a) was

expressed as a Vo of transpiration and the difference between rainfall and groundwater

discharge was expressed as Vo soil water use (Fig 6.10 c).

0



167

4Ð
m
m

E-
_c

$2Ð
EÐ
Etæ
È',
$m

0

N
J

s
NII

À
B
S

u\
EI

B
ßI

NII
g,
I
I

f\)N
J
J

b

6
F
b
g 1

(Ð

(b)

ts
ß
E

J

e
E

J

N
J
J

ß

N
EI

F
FI

IrtII
B
ß
ß

NII
J

o,I
s

N
J
J

b
Ète

Figure 6.9: (a) Estimated groundwater depth (Zgw; O) and threshold depth (Ztln;l) for Hansons. (b)

Estimated groundwater depth (Zgw;J) and observed groundwater depth (O) for Hansons from freld
data.

0

n

I
Ð

I

¡10¡l
tt



dE
E

E
oË

o^Lrl
éø

94

ÏE
Ê

^rr 
o

O
!e

: ^=
F

o€
s ã.F
-É

 *:
*E

 <
e 

é),a
b¡: 

Þ
\

.=
 àE

Ë
E

E
: ãr'
Ë

 í.;
<

äg
,9-^
së !
viÉ

È
S

=
aA

e
õ È

E
Ë

ù-ã

åË
 i,

r 
ãñ

é)=
É

'õ
gE

Ë
rI] o5,Ø
â è¡ri
vE

a
c:-
E

.Ë
S

E
E

.Ë
È

Ê
'E

E
 

H
àO

a=
 

é)
.rA

9-
Ë

 
vg 

9

C
)

.9
õg6_å8E
;sòeòe

+
+

+
-o

O
rä

õcL
5-

H
=

otr

ooooo
oloolf)
c\l

d
-rV
E

ã
N

C+
+

oooaoo
roorooll)
C

\I 
C

! 
Ftuc

oo
\oÊ

15.06.94

26.05.94

6.05.94

16.04.94

27.03.94

7.03.94

1s.02.94

01.94

6.01.94

17.12.93

27.11.93

o(ú

20.02.95

1.01.95

12.11.94

23.09.94

4.O
8.94

15.06.94

26.O
4.94

7.03.94

16.01 .94

27.11.93

8.10.93

12.11.94

23.09.94

4.08.94

15.06.94

26.O
4.94

7.03.94

16.01.94

27.11.93

ooooooooooo
o 

ol) co t. (o u.) !. 
cr) (! F

(7") ecrnos ra¡em
q¡dep te¡em

ô

o

a rb

tratra aoa tra

a
trO

tr



t69

The 7o groundwater, soil water and rainfall was used at each month over the drawdown

(6.10 c) and ranged from 45 to 100 Vo for groundwater use, 35 to 0 Vo for rainfall use and 0

to 2O Vo for soil water use over suÍìmer. The groundwater discharge and Vo groundwater

use was compared to the groundwater discharge from the water balance and groundwater

use as estimated from the stable isotopes (Fig 6.11 a and b). Patterns of groundwater use

and groundwater discharge were higher for the isotope partitioning during winter when

recharge occurred. When the pattern of groundwater recharge and discharge was compared

to the partitioned estimates of groundwater discharge it could be seen that whenever it was

considered that IOOVo of groundwater was used (based on stable isotopes), groundwater

discharge was estimated from the water balance (Fig 6.11 a and b). However at times

when it was considered that a majority of groundwater was used, as estimated from the

distance of roots to the groundwater, the use of stored soil water at depth may have reduced

the actual amount of groundwater that was used. Therefore a deeper use of water did not

necessarily mean a use of more groundwater.
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The estimated net groundwater discharge as estimated for M. halmaturorum at Hansons

was complicated by the use of stored soil water from groundwater left in the soil profile

and so the need to recharge this used water store before groundwater could be recharged

and rise to the soil surface when rains occurred in winter. There was therefore a reduction

in the groundwater rise when this was taken into account and this did not match the

observed groundwater rise to the surface. Annual net groundwater discharge was therefore

best estimated by the annual transpiration minus the annual rainfall and was - 500 mm/yr.

This would result in 4500 glL of Cl increase in groundwater salinity in a year. An

additional source of recharge in the model (ie floodwaters) would have resulted in this

groundwater discharge being reduced (see discussion).

6.3.3 Lesron

For Læsron theoretical modelling simulations used a groundwater discharge rate of 0.8

mm/day. Groundwater depth (Zgw) and threshold depth (Zth) followed a similar pattern as

at Duck Island, increasing exponentially with time from day 1 to day 30 and then plateaued

at -100 cm (Fig 6.12 a). Zthlinearly increased from day 1 to day 30 and reached 70 cmat

day 25O. Estimated groundwater discharge was higher than measured transpiration at all

times and Zth was obviously below where roots were observed to penetrate (20 cm). Zth

was then maintained at 20 cm (Fig 6.12 b) as it was observed because of waterlogging that

no water was taken from below this depth (chapter 5). The groundwater discharge

plateaued at I mm/day, a rate similar to the observed transpiration (Fig 6.12 b). When the

model was run until the entire soil profile reached the salinity threshold the time this took

to occur was calculated as the time without groundwater fluctuations for which the trees

would survive. For Lesron this occurred at day 365 (Fig 6.12 c).

When the groundwater depth was calculated for each time using the groundwater discharge

of T-R, the depth to groundwater ranged from 0 cm to 50 cm depth (Fig 6.13 a) with the

groundwater appearing to remain at the surface for most of the time. This was less than the

measured groundwater depth at all times (Fig 6.13 a). Soil evaporation may have been

more important in groundwater discharge at this site than as modelled. In addition it was

noted in the preliminary modelling that soil evaporation was instrumental in producing the

initial drop in groundwater depth (Fig 6.12 b).
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Soil evaporation is dominant during the times when groundwater is close to the surface but

transpiration is the dominant groundwater discharge when groundwater is deeper. When a

calculated potential soil evaporation G (Eg; equation 3) was added to the transpirational G

(Gr) the resulting groundwater drop from 10 cm to 120 cm over sufirmer was similar to the

observed groundwater drop (Fig 6.13 a).

The Zth was not estimated as it was set at 20 cm, as a result of observed waterlogging

below 20 cm. For each month the groundwater discharge and Vo groundwater was

estimated from the water balance calculations, isotope partitioning of the transpiration, and

the model calculations. The isotope-partitioned groundwater use and the transpiration rate

was alway smaller than the estimated groundwater discharge from the water balance

indicating that what appeared to be soil water use from the stable isotopes may have been

groundwater use at some times (Fig 6.13 b).

The amount of water that was brought to the root zone and so could be used by plants was

usually larger than the transpiration rate except for the Autumn sampling periods when it

was concluded that based on the water balance up to 90 Vo of water used was groundwater

(Fig 6.13 c). This discrepancy may be due to errors in transpiration, rainfall and/or soil

parameters.

The transpiration rate measured at this site did not result in a net groundwater discharge

alone as net recharge was estimated based on the transpiration rate alone (100 mm).

However discharge was indicated by the groundwater depth and when the estimated

evaporation was combined with the measured transpiration, was estimated at 69 mm. This

would have resulted in net accumulation of salt of 2898 g/I- Cl per year.

6.4 Discussion

6.4.1 Implications of modelfor role of trees in the water balance

Estimated net groundwater discharge by trees ranged from 0 to 500 Ítm a year depending

on site. At Duck Island an estimated annual net groundwater discharge of 107 mm was

considered to be a reasonable estimation as groundwater and threshold fluctuations were

reasonably accurate. At Hansons the estimated annual net groundwater discharge of 500

mm may have been an overestimate. The maximum depth to groundwater was more for

the predicted depth than the actual depth at Hansons. This may be a result of an
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overestimation of transpiration, a underestimation of leakage, an overestimation is specific

yield, or an underestimation in rainfall. The transpiration rate had been considered to be

overestimated in comparison to other measurements of transpiration at Hansons and may in

fact be up to 1 mm/day less than indicated (Chapter 3). The specific yield could also be

lower than used as a result of the shallow groundwater and calcrete layers (Johnson, 1967

in Domenico and Schwartz, 1990). The leakage is relatively difficult to predict as a result

of scarcity of data on this parameter. Rainfall was unusually low in this year but may have

varied across the study region as a result of spatial variability. Other effors such as the lack

of inclusion of other sources of recharge into the water balance such as flood waters and

lateral flows of groundwater may be significant. This may have been impofiarfi at Hansons,

where flood waters were observed to occur as runoff from other parts of the catchment.

There was no net groundwater discharge estimated at Lesron when only transpiration was

included in groundwater discharge estimates. Net recharge at the I-esron site will result in

groundwater rise, a process that has been suggested to be causing the decline in health of

M. halmaturorurm in the region. The introduction of soil evaporation into the groundwater

discharge value did result in a net groundwater discharge for this site however it was small.

Soil evaporation may be more important at this site than the other sites because of the

waterlogged soils (higher water contents) and so higher transmissivities. This study was

conducted in a drought year (below average rainfall) and average conditions may result in

net groundwater recharge at this site with greater frequency resulting in soil waterlogging

and increased soil salinisation. The implications of this will be discussed in the following

chapter (Chapter 7).

Soil evaporation did not appear to be as important in controlling the groundwater balance

at Duck Island and Hansons as at Lesron. However the rate of initial groundwater drop

was lower for predicted data than observed data at these sites and soil evaporation may be

important in groundwater discharge at this stage because of the shallow water tables and

relatively transmissive soils as indicated by the initial modelling. Predicted soil

evaporation during this modelling for Duck Island peaked at 0.4 mm/day, a value that

matched that estimated at the site from Bowen ratio estimates (Appendix 5).

6.4.2 Implications of modelfor M. halmaturorum water use strategy

The water sources of M. halmaturorum at these sites have been discussed in more detail in

the previous chapter (Chapter 5). The modelling exercise outlined in this chapter provides

insights into the interpretation of water sources outlined previously. Discrepancies
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between groundwater discharge as estimated by the water balance (transpiration- rainfall)

and partitioned transpiration discharge by the stable isotopes indicated that not all

groundwater was used when indicated by the stable isotopes. The difference between net

groundwater discharge (116 mm) and actual tree groundwater use (280 mm) at Duck Island

may indicate that some water that enters the groundwater is rainfall and this is used by the

trees. This may occur as a result of the shallow groundwater, which is often at the soil

surface, allowing rainfall to enter the system. In addition there were some times when it

was indicated by the stable isotopes that not all groundwater was used but the water

balance indicated that there was net groundwater discharge occurring. In this case what

was determined as a non groundwater source by the stable isotopes may have been

groundwater from the capillary fringe. In these shallow groundwater systems, the

combination of modelling techniques with these field isotope techniques may be useful in

assisting with the interpretation of results.

The suggested use of stored groundwater from the soil at Hansons and the resulting further

drying out of the soil profile was indicated by the field data where low relative soil water

contents were often observed. It was considered that this process did not occur at Duck

Island to the same extent because of the higher groundwater salinity at this site. A higher

groundwater salinity of water left behind in the root zone would result in less possibility to

withdraw water from this soil for an additional water source until the threshold salinity is

reached. However some water may have been obtained in this way at Duck Island.

For Lesron the conclusion from the stable isotope analysis was that because water sources

were always in the top 2O cnl only a small percentage of transpiration was groundwater.

However there may have been more groundwater obtained from the surface. This was

evident during the times of groundwater discharge when the estimated amount of

groundwater use ranged from 40 - 95 Vo for the water balance but was <15 Vo from the

stable isotopes. Therefore the plant roots may have been able to remain at 2O cm and still

continue to take up enough groundwater to satisfy their transpiration rate. As salt

accumulation would still have occurred within this 20 cm, the maintenance of plant root

water uptake without rainfall would have been reliant on the diffusion of salt away from

the roots (to deeper soils), the convection of salt to the soil surface in water movement as

the surface soil dried, and the increase in the plant threshold to water uptake (plant water

potential) so water can continue to be taken up from more saline soils.
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Using Ficks law (Marshall and Holmes, 1988), the diffusion of salt J¿ = D dC/dz was

calculated where D is the diffusivity of the solute, dC/dz is the solute concentration

gradient between the root zone and deeper soils, K is the hydraulic conductivity at the

average soil matric potential, and dY/dz is the matric potential gradient from the root zone

to the soil surface. Estimating D at 10-6 m2 day-r (Thorburn et al, 1994) it was estimated

that approximately a g tt? of salt could be taken out of the root zone by diffusion (as

compared to 34 g m2 of Cl brought in to the root zone by transpiration). Another factor

which may result in the maintenance of water uptake at this depth is the pushing of fresh

water up from the water table on the capillary fringe which may have sustained plant roots

by enhancing water uptake. This may be possible at this site as a result of the wet soils at

depth which are not penetrated by plant roots. These factors in combination may serve to

sustain water use and survival of M. halmaturorum at Lesron.

At Lesron the increase in plant water potential threshold from -8 MPa to -12 IN{Pa would

also have resulted in the continuation of water uptake for another 30 days. The threshold

concept (ie Passioura et al, 1992: Thorburn et al, 1993a) was used in this modelling

exercise however a varying threshold was applied because at each site the minimum plant

water potential varied largely (Chapter 4). This is an indication of the large tolerance of

this species to drought and salinity (van der Moezel et al, l99l). At Lesron the ability to

lower plant water potentials to these very low values indicates that M. halmaturorum may

use this characteristic to survive decreasing soil water availability rather than other plant

water use strategies such as dropping leaves to lower water use. The water use strategy of

M. halmaturorum will be discussed further in the following chapter (chapter 7).
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6.5 Summary and Conclusions

Modelling of the groundwater uptake processes that were observed in the field for M.

halmaturorum indicated that 1) the processes could be modelled based on soil physics with

the most available water source dominating the root dynamics and 2) the model provided

further insights into the probable magnitude of groundwater use by M. halmaturorum.

What was previously considered to be often soil water use at Lesron could be considered

groundwater use because of the shallow groundwater system. Conversely where it was

previously considered that groundwater was used by M. halmaturorum at Hansons and

Duck Island, soil water, rainfall in the groundwater, or groundwater stored in the soil may

be the water source. Estimated net groundwater discharge occurred at 0 to 500 mm/year

depending on site characteristics and water sources. Overestimation of transpiration at

Hansons may be responsible for an overestimation of groundwater discharge at this site.

Net recharge may occur at Lesron in some years and may be responsible for groundwater

rises and soil waterlogging.
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Chapter 7: General Discussion and Conclusions

T.L Groundwater discharge and the water use strategy of M. halmaturorum.

M. halmaturorum used 60 to 600 mm a year of groundwater depending on groundwater

salinity and waterlogging. 'Where groundwater was of medium salinity (14 dS/m;

Hansons) groundwater use was I to 4 mm/day and -590 mm/year. This groundwater use is
that

similar tortbund in other studies where trees overly shallow (1- 1.5 m) groundwater of

similar salinity (Talsma, 1963; Fraser and Thorburn, 1996) and where trees overlie deeper

groundwater (-2-3 m) of lower salinity (-5 dS/m; Fraser and Thorbun, 1996: Huperman,

1995). Talsma (1963) found groundwater discharge under apple trees of 0.1 to 3 mmlday

(a80 mm/year) and Fraser and Thorburn (1996) showed groundwater use of Casuarina

trees of 1-3 mm/day with an annual groundwater use of 440 mm where groundwater was

11 dS/m. Where groundwater was deeper (3-5 m) and less saline (5-7 dS/m) Eucalyptus

trees used -430 mm of groundwater a year at rates of I to 3 mm/day (Thorburn et aI1993a;

Huperman, 1995). The similar rates of groundwater use of M. halmaturorum to trees,

despite differences in groundwater depth and salinity, indicate that for M. halmaturorum at

low to medium salinity the ability to use groundwater from any depth appears to be the

controlling factor on groundwater use. Therefore the ability of M. halmaturorum to

penetrate roots to the groundwater and so take up significant amounts of saline

groundwater appears to be important under moderately saline conditions. Thorburn (1996)

suggested that groundwater discharge by trees was not dependent on groundwater depth if
there nothing to prevent tree roots from penetrating to depth.

Where M. halmaturorum was overlying groundwater of high salinity (63 dS/m) up to 290

mm of groundwater was used in a year (at a rute of I to 2 mmlday). This is much higher

than reported for trees overlying groundwater of similar salinity where very low rates of

groundwater use have been recorded. Eucalyptus floodplain trees overlying groundwater

of 30-50 dS/m at 3-4 m used 0.1 to 0.3 mm/day of groundwater (40 - 55 mm/year;

Thorburn et al, I993a; Thorburn et al, 1995). Similarly Atriplex shrubs used -10 mm of

groundwater a year (30 dS/m at - 2 m) at rates of 0.1 mm/day (Slavich et aI, 1996). Leaf

area indexes in these studies were lower (<0.3) than recorded for M. halmaturorum (I.2) at

Duck Island (Thorburn et aI,l993a: Slavich et al, 1996).
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Surprisingly, groundwater use for M. halmaturorum under this high groundwater salinity

was similar to that found for pasture plants overlying shallow groundwater but where

salinity was much lower (Talsma, 1963). In lysimeters lucerne used up to 360 mm of

groundwater and muze used up to 277 Írm a year where groundwater was - 1 m deep and

15 dS/m salinity (King et al, 1995; Smith et al, 1995). Tall wheat grass also had annual

groundwater use of 360 mm where groundwater was 10 dS/m at I m. However daily rates

of water use and LAI of lucerne and maize was more than double that for M. halmaturorum

as a result of the use of rainfall and irrigation water by plants (King et al, 1996). This use

of surface water sources by both species along with the lower groundwater use of maize

than lucerne may be a result of the shallower rooting depth of these pastures. Tall wheat

grass is planted in the same area as M. halmaturorum is naturally found and so has similar

conditions of groundwater depth and salinity. That tall wheat grass had a higher daily

water use (4 mm/day) than M. halmaturorumbtt similar annual groundwater use (360 mm)

is a result of its senescence at the end of sufirmer (Bleby et aI, 1996). Therefore the effect

of groundwater use on the annual groundwater budget would have been less than M.

halmaturorumwhich occurred nearby and was able to use groundwater over the surnmer.

Where groundwater was saline the ability to take water from the watertable was apparently

associated with a shallow watertable which delivered water to tree roots by capillary rise.

This influence of groundwater depth on limiting groundwater discharge by M.

halmaturorum from highly saline watertables may be a result of the inability of roots to

penetrate close to the saline groundwater (e.g. Thorburn, 1996). The ability to use this

saline groundwater, and maintain groundwater uptake to rates similar to fresher

groundwater systems was associated with the generation of low leaf water potentials. The

ability of mangroves to take up water of similar salinity (sea water) to groundwater at Duck

Island has been associated with leaf water potentials in the range found for M.

halmaturorum (<-5 MPa). Transpiration rates (- 1 mm/day) within a similar range found

for M. halmaturorum have been suggested for mangroves (Passioura et al, 1993). It

appears that the water use strategy of M. halmaturorum was similar to that of shallow

rooted pasture species (as opposed to trees) overlying groundwater of medium salinity with

uptake from more saline groundwater occurring as a result of the ability to lower leaf water

potentials and so continue to take up water from saline groundwater and soils. Because of

the perennial nature of M. halmaturorum, more water was able to be taken up over a season

(as opposed to tall wheat grass). In addition, the higher salinity threshold of M.

halmaturorum allowed groundwater of a greater salinity to be used than the pasture

species, and because of the potential deeper rooting of M. halmaturorum more groundwater
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could be used than the pasture species when groundwater salinity was lower. Similarly

groundwater use by pastures may have been lower than groundwater use by Casuarina and

apple trees under similar conditions as a result in differences of rooting depth and so

potential water sources. As the magnitude of M. halmaturorun groundwater use is

dependent on the rate of groundwater discharge from the shallow groundwater table, the

potential of M. halmaturorum to use more water than could be evaporated directly from the

watertable is limited (Thorburn, 1996).

In summary, placing the water use strategy of M.halmaturorum into a framework of a

general tree water use strategy, it can be seen that when groundwater is highly saline, its

use by M. halmaturorum is dependent on capillary rise. Rooting depth is not so important

but the plant threshold to water uptake is important when the groundwater is highly saline.

Where the groundwater is of a lower salinity, its use is not influenced so much by

groundwater depth but more so by the ability of roots to penetrate close to the

groundwater.

When soil waterlogging was combined with salinity in the root zone (e.g., Lesron), there

was a further reduction in groundwater use (to -67 mm). This was because roots were

unable to penetrate close to the groundwater and instead were limited to taking up water

from close to the surface. As a result of the shallow groundwater trees were still able to

draw from this source, but transpiration rates were reduced resulting in a smaller net

groundwater discharge. Reduction in water use by salinity combined with waterlogging

was observed in Eucalyptus seedlings (Marcar, 1993) but the processes by which

transpiration is limited in the field have only been demonstrated in mangrove communities

where specialised root adaptations allow survival under these conditions.

'Where groundwater is saline the use of water close to the groundwater may result in the

rapid accumulation of salt. Therefore where groundwater is shallow and saline the higher

rate of potential groundwater uptake may be compensated for by a higher rate of salt

accumulation. The accumulation of salt results in salinity limited transpiration which has

been the basis for models of water uptake from saline sources (Thorburn et aI, 1995;

Passioura et al,1992). The continuous uptake of groundwater despite this accumulation of

salt is dependent on a dynamic root system. The pattern of salt accumulation was different

for M. halmaturorum than observed in other studies of similar groundwater salinity

(Thorburn, et al 1993; Slavich et al, 1996) and this controlled the pattern of groundwater

use. The position of the salt front not only controls the root dynamics in these different
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sites but also controls the amount of water that is moved to the roots from the groundwater

(Thorburn, 1996). This is determined by the distance of the roots from the groundwater

and the permeability of the pathway. The salt profile that forms in soils of the discharge

areas of the Upper South East shows salt accumulating in the surface soil initially and then

deeper in the soil profile. 'When groundwater is close to the soil surface, evapotranspiration

results in accumulation of salt in the surface soil with lower values at depth that generally

reflect the groundwater salinity concentrations. As groundwater falls over the spring and

summer, remnant groundwater is left in the soil pores. Salt accumulates in the region of

groundwater uptake and root activity moves deeper into the soil profile escaping this region

of salt accumulation and using groundwater from deeper in the soil profile. On the

Chowilla floodplain, where groundwater is deeper and more static, a salt front forms at

depth initially as a bulge of salt above the groundwater table (Jolly et al, 1993) as a result

of the uptake of groundwater. The role of groundwater depth in determining patterns of salt

accumulation is also reflected in soil profiles from Jaffray Swamp (Appendix 6), where

groundwater is deeper and a bulge of salt is found at depth in a similar way to the Chowilla

profiles. For the Chowilla profiles the salt front was thought to move closer to the soil

surface over time in response to groundwater uptake. The depth of water uptake changes as

this salt front moves towards the surface with root water uptake required to move further

away from the watertable towards the surface ahead of the accumulated salt and causing a

reduction in groundwater uptake (Thorburn et al, 1995). As a result of the similarities in

groundwater depth and patterns of salt accumulation, water uptake by M. halmaturorum at

Jaffray Swamp may follow a similar pattern.

Salt profiles similar to those in the ephemeral swamps of the Upper South East (Duck

Island, Lesron and Hansons) are found in studies of groundwater use of sea barley grass

and tall wheat grass overlying shallow groundwater (Talsma, 1963; Bleby et al, 1996)

where the groundwater fluctuates to close to the surface and then falls to - 1 m depth. In

studies of other shallow saline groundwater systems where the groundwater is maintained

at a static level salt accumulates above the groundwater in a similar way to the Chowilla

floodplain (Smith et al, 1995; King et al, 1996; Huperman, 1995). The pattern of salt

accumulation is influenced by the hydrogeology of the site (through influences on

groundwater depth and lateral discharge) and this will influence the role of trees in the

groundwater balance and sustainability of groundwater discharge.
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7.2 Sustainability of trees in groundwater discharge areas and implications for

wetland health

As previously discussed, the groundwater use by M. halmaturorum resulted in

accumulation of salt in the unsaturated zone over the year. M. halmaturorum groundwater

use resulted in annual net groundwater discharge of 100 to 500 mm. These trees therefore

often had a significant influence on groundwater discharge and so the water balance.

Groundwater dischargeby M. halmaturorutn coffesponded to a net increase in groundwater

salinity of up to 4,500 glL at Hansons and 3,000 g[L at Duck Island. The groundwater

salinity at Duck Island was high and may reflect this groundwater discharge-enhanced

groundwater salinity. However groundwater salinity at Hansons was lower (14 dS/m) and

does not reflect this increased salinity. This may be a result of errors in discharge estimates

or may also reflect the influence of landscape hydrogeological features on the groundwater

discharge characteristics.

The pattern of salt accumulation (see previous section) has implications for the

sustainability of tree water use in groundwater discharge areas. In the Upper South East

salt initially accumulated in the soil surface, making them unavailable for water uptake,

and then progressed to deeper soils. The rate at which the salt front reached the

groundwater (and therefore the entire soil profile was salinised) was determined by the

amount of water that was taken up, and this increased as the roots moved towards the

watertable. Trees on the Chowilla floodplain initially used water close to the groundwater

but as the salt front developed used water from shallower depths, further away from the

groundwater. This pattern of salt accumulation influenced the amount of groundwater that

could be used by trees and the sustainability of the systems.

Based on this interpretation it might seem that the shallow groundwater discharge areas of

the Upper South-East are more suitable for groundwater uptake as the roots are forced to

take up water from close to the watertable. However the increased rates of groundwater

discharge will result in faster rates of salt accumulation and so the movement of the salt

front to the groundwater will develop faster than at Chowilla (Thorburn, 1996). For the

Upper South East if the salt profile develops from the soil surface to the groundwater

before the groundwater rises (ie within a year) the trees will have no further soil to obtain

water from (as all will be above the threshold very rapidly). As opposed to the Chowilla

floodplain where the salt profile develops from the groundwater to the soil surface and so

active roots ultimately end up at the soil surface where they can at least be sustained with

rainfall, roots of trees in the Upper South East will end up at the groundwater and trees will
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die. In these natural systems the sustainability is maintained by hydrological processes and

leaching events.

Maintenance of M. halmøturorum health and sustainability in the short term was

established by the annual groundwater rise which diluted salts that were stored in the soil

profile, combined with rainfall. Although groundwater was saline it was less saline than

the salts that were accumulated in the soil profile over summer. The annual fluctuation of

saline groundwater to the soil surface ensures that a regular return to baseline soil salinity

concentrations occurs every year. This was important in maintaining the health of trees at

these sites and hence the sustainability of their groundwater use. This process combined

with rainfall that freshens the surface soils, ensures uptake of fresh water for certain times

of the year. Rainfall is higher here than the semi-arid climate of the Chowilla floodplain

and so will be a more significant leaching agent. Studies of E. camaldulensis on a saline

floodplain where groundwater discharge occurs have found that flooding is important in

flushing salts from the soil profile and maintaining the health of trees (Jolly et aL, 1993;

Thorburn et al , 1993; Richter et al, 1996). However the time scales involved in these salt

accumulation processes are very different. The rate of salt accumulation on the floodplain

is lower (10-15 as comparedto l-2 years until complete salinisation of the soil profile), as

a result of deeper static groundwater, and the leaching need not be so frequent (Thorburn,

1996). Faster rates of salt accumulation from shallow watertables have also been observed

in lysimeters with lucerne after irrigation is stopped and a saline watertable introduced.

However lower groundwater salinity than in the previous study meant that this

accumulation of salt occurred over a longer time scale (Smith et al, 1995). M.

halmaturorum can also be compared to mangrove water use strategies. Mangrove colonies

are frequently flooded, and have a small amount of soil volume that can be exploited by their

root systems. Salt will build up rapidly if flushing is prevented and this limits transpiration

and can lead to death.

On the Chowilla floodplain the regularity of the floodwaters combined with the

groundwater salinity (depth is usually relatively constant) determines the extent of the salt

front and the health of the trees on the floodplain. Thorburn et al (1995) estimated that the

time it would take for the salt front to reach the soil surface matched with the frequency of

flooding for healthy trees. The frequency of large floods has been reduced on the

floodplain, and salt accumulation has occurred to levels that caused tree death. In this case

the infiltration of rainfall is the only factor that maintains the survival of these trees. This

long term salt accumulation has also been found to occur under plantations of Eucalyptus
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species overlying saline groundwater (Huperman, 1995) after the cessation of irrigation.

Groundwater discharge resulted in a profile of salt accumulation similar to that found by

Thorburn et al. Due to the absence of any other significant leaching or diffusion process, if

rainfall is not satisfactory tree health will decline.

Hydrogeology influences both the groundwater depth (and so the salt accumulation

processes) and the long term salt removal mechanism. For groundwater discharge areas to

be sustainable in the long term there must be mechanisms to remove salt from the site. For

the Upper South East lateral groundwater flow rates are low and the fall in groundwater

levels after winter is almost solely dependent on discharge by evapotranspiration.

Therefore this system may be compared to a bucket which fills in response to rainfall and

then empties mainly in response to local discharge. In comparison the lateral flow rates on

the Chowilla floodplain are much more significant (Jolly et al, 1993). Groundwater rises in

response to high stream levels and hydraulic heads, and when these pressures disappear the

groundwater levels drop very fast in response to groundwater discharge to the creeks. At

Chowilla the high lateral groundwater flows ensure that salt is removed from the site to the

creeks (Jolly et al, 1993). In the Upper South East the lateral flows are relatively

insignificant and so the main salt removal mechanism is by surface flows of water. As the

majority of salt is accumulated in the surface this will result in removal of a significant

amount of salt down catchment. Decline in health of M. halmaturorørn occurs when

excess runon results in an accumulation of salt and excess groundwater recharge, resulting

in these salt removal mechanisms not being satisfactory as at Lesron (Webb et al, 1993).

This, along with soil waterlogging, may also explain the decline in health of wetland

Melaleuca species in other wetlands in 'Western Australia where secondary salinity has

been suggested (Froend et al, 1987).

7.3 Ecophysiological survival strategies in response to environmental stresses and

changes.

M. halmaturorum is an example of a species that is naturally adapted to highly saline

groundwater discharge areas. The characteristics which enable it to survive where surface

soils are seasonally hypersaline and watertables are shallow are (1) a root system that is

able to respond dynamically to changes in soil salinity and groundwater depth, (2) the

ability to reach low leaf water potentials and so continue to take up water from saline soils

and (3) low transpiration rates.
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M. halmnturorum is able to react to changing soil salinity, as a result of discharge enhanced

salt accumulation, by taking water from different parts of the soil profile. In this way M.

halmaturorum ttees are able to take extremely saline soil water, which is groundwater

derived, and then switch back to rainfall when it freshens the surface soil layers. This

response of the adaptive and dynamic root system accesses parts of the profrle where the

most available water is located, is achieved through the formation of new root tips from old

dormant roots as water becomes available over the season. Although no aerenchymous

roots were observed during the study period, large diameter roots (-80 mm diameter) were

observed to dominate the root system and may have assisted in water uptake. Mature M.

halmaturorum trees are able to adjust their root system dynamics to avoid saline and

waterlogged parts of the soil profile. This contrasts with the declines in water use observed in

seedlings in pot experiments, where root dynamics are limited, and crop plants where root

systems are shallow. Moreover recent models of tree water use in response to salinity have

emphasised the importance of the rates of diffusion and convection in substrate and from

groundwater in limiting the water use of mature trees in saline environments (ie mangroves;

Passioura et aJ 1992 and Eucalyprs; Thorbum et al, 1994). kr an environment such as the

saline swamp that M. halmaturorun occupies, these environmental constraints may work

with plant characteristics to maintain water uptake, necessitating the use of field

measurement to assess plant-soil relations.

The leaf water potentials found for M. halmaturorum are lower than those generally found

for trees, even stress tolerant Eucalyptus species ( Richter et al, 1996). This is obviously

an important characteristic when the uptake of water from saline soil is desired and results

in M. halmaturorum using significant amounts of groundwater, even when surface soils

are hypersaline. These leaf water potentials are lower than have been observed in many

other studies and are important in defining the water use strategies of trees. The ability to

survive with low leaf water potential involves cell characteristics to maintain turgor but

may also necessitate xylem characteristics to withstand xylem cavitation, as have been

observed in mangroves (Sperry et al, 1988).

Where a naturally saline system is also waterlogged, M. halmaturorum was able to survive

despite this further stress. This study provides insights into the elasticity of the system

which is a function of the physiological characteristics of this species. Under these

conditions the combination of groundwater salinity and waterlogging results in the

unavailability of soil water at depth and so tree roots are concentrated in the soil surface.

M. halmaturorum is therefore greatly influenced by the high rates of salt accumulation in
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the surface soil. It appears to be this combination of processes that results in a decline in

tree health rather than the salt /waterlogging interaction that has been shown for other

plants in the glasshouse (Barrett-Lennard, 1986). The elasticity of the response of M.

halmaturorum to these conditions appears to occur as changes in leaf water potential and

root water uptake rather than changes in leaf area. This elastic response to changing

conditions in the root zone allows M. halmaturorum to maintain water use at reasonable

levels and results in a slow decline in tree health. This conservative response in water use

to changes in environment may be associated with the long term low growth rates that have

been observed at this site and indicates the need to understand the long term water use

strategies of M. halmaturorum in order to put these current studies into perspective.

7.4 Conclusions

General conclusion: The water use strategy of M. halmaturorum was responsive to

processes of salt accumulation and waterlogging in the root zone. Transpiration rates

were 0.5 to 4 mm/day (250-800 mm/yr). Groundwater was taken from deep in the soil

profile in response to salt accumulation over summer. When groundwater rose at the end

of winter and inundated the soil profile, water was taken from the soil surface. This led to

groundwater use of 60 to 500 mm/yr and net groundwater discharge of up to 500 mm/yr.

The ability to use saline groundwater was enhanced by low leaf water potentials and a

dynamically responsive root system along with environmental characteristics such as

annual groundwater fluctuations that maintained salinity in the root zone at baseline

levels. In response to the specific hypothesis:

o Transpiration rates were limited by salinity ranging from 0.5 to 4 mm/day depending on

site groundwater salinity and waterlogging characteristics and resulted in groundwater use

from 60 to 500 mm a year,

o Where groundwater salinity was low to medium, groundwater use was similar to that

observed for trees overlying groundwater of lower salinity or similar salinity and greater

depth. This indicated that the potential of M. halmaturorum roots to penetrate close to the

groundwater played a role in controlling groundwater use when groundwater salinity was

low.

o When groundwater was more saline, groundwater use strategies of M. halmaturorum

were similar to those observed for pasture plants overlying shallow saline groundwater.

Rates of groundwater use were also similar to pastures despite the higher groundwater

salinity indicating that groundwater depth was the controlling factor in groundwater use

when groundwater was saline. The structure and form of the plants appeared to be
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unimportant in defining the groundwater discharge by vegetation in this shallow

groundwater system, with the rate at which water could be brought to the roots (as

influenced by soil type) being the major influence. Plant water potential in this case was

instrumental in determining the amount of water that could be taken from this saline

groundwater source, and the pattern of groundwater uptake.

o M. halmaturorum was able to lower plant water potentials below -5 MPa and so

continue to take up water from saline soils and groundwater.

o In the ephemeral swamps Duck Island, Hanson and Lesron M. halmaturorum tsed

groundwater from the soil surface at the end of winter in response to groundwater rise and

inundation of the soil profile and then used water from deeper in the soil profile in

response to salt accumulation in the surface soils. Where groundwater remained deeper

(i.e.Jaffray) water was taken from depth at all times resulting in a bulge of salt

accumulation above the groundwater.

o Periodic short term waterlogging did not appear to further limit transpiration because

root activity shifted toward the soil surface and accessed infiltrated rainfall.

. Long term waterlogging, when combined with salinity, reduced M. halmaturorum water

use and groundwater use through restrictions in rooting depth. Subsequent salt

accumulation in the surface soil over summer resulted in a decline in health. There were no

visible morphological changes to waterlogging, but there was a change in root distribution

to the soil surface. This salinity/waterlogging interaction is different than those previously

suggested.

o Sustainability of M. halmaturorum water use and health depended on the annual

fluctuating of saline groundwater which diluted accumulated salts in the soil profile.
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7.5 Implications for Management

Results from this study illustrate the importance of flooding and groundwater fluctuations

in sustaining wetland health in the Upper South East of South Australia. These processes

are important in maintaining soil salinity at levels that can be tolerated by M.

halmaturorum. Results from this study also illustrate the sensitivity of Melaleuca health to

long term waterlogging with saline water and assist in further defining the tolerance of M.

halmaturorum to these conditions. These results have implications for the sustainability of

trees that are planted in groundwater discharge areas. Where agricultural land is affected by

secondary salinisation it has been suggested that trees can be planted in various parts of the

landscape to interact with the groundwater and re-establish the hydrological balance. The

sustainability of tree plantings in groundwater discharge areas will be influenced by this

salt accumulation and any salt removal mechanisms that occur in the environment along

with the plant tolerance to salinity. The interactions between plant processes and landscape

processes (hydrogeological) will determine their use in groundwater discharge and the

sustainability of their performance. In order for these trees to survive, leaching or dilution

of salt will need to occur.

7.6 Further Work

Further work should be directed towards developing a general model of tree water use in

groundwater discharge areas so as to predict the response of trees planted in such areas.

This should include the further studies of systems where there are gaps in the knowledge

(e.g. pastures over highly saline groundwater) to see how these different studies fit a

general model of tree water use. Further work should be concerned with testing the effects

of periods of longer term flooding with fresh and saline water on the water use of M.

halmaturorum. The current studies were conducted during relatively dry years and so

morphological responses to flooded conditions were not observed.



Appendix I . Field study prosramme
date DI LES

hp, si, soil
hp, Y
hp, g, soil, si,Y, gw
hp, g, soil, si,Y, gw
hp, soil, si,Y, gw

hp, soil, si,Y, gw
hp, soil, si,V, gw, fe
hp, soil, si,Y, gw, fe
hp, g, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe, redox,
rm, scale

hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, root, fe, sv,
redox

26n0/93 - 28/10/93
1/rt/93 - 8/1U93
29/tr/93 - 2n2t93
21/12t93 - 29/12/93

u2t94 - 412/94

2U2/94 - 24t2/94
26/2t94 - 213/94

3t3t94 - 4t3t94
5/4t94 - 8/4/94

24t5/94 - 28t5/94

5t1t94 - 8t7t94
r5t8t94 - t8t8t94
t9t9t94 - 23/9t94

3trU94 - 4/rr/94
30/U95 - 2/2t9s

tt/2t95
3t/t0t95 &.8t3t96

hp, si, soil, gw
hp, g,Y, gw
hp, g, soil, si,Y, gw
hp, g, soil, si,Y, gw
hp, g, soil, si,Y, gw
hp trees set up for scaling expt.

scale,hp, si, soil, bratio, g,Y, gw, root

hp, g, soil, si,Y, gw, root, fe, cut tree

hp, soil, si,Y, gw, root, fe
hp, g, soil, si,Y, gw, root, fe
hp, soil, si,Y, gw, root, fe
hp, g, soil, si,Y, gw, root, fe, redox, rm

hp, soil, si,Y, gw, root, fe
hp, soil, si,Y, gw, root, fe, sv, redox

Y all night
Y, pv

HAN
hp, si, soil
hp, Y
hp, g, soil, si,Y, gw
hp, g, soil, si,Y, gw
hp, g, soil, si,Y, gw

hp, soil, si,Y, gw
hp, g, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe
hp, g, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe
hp, g, soil, si,Y, gw, fe,
redox, rm, scale

hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, root, fe,
sv, redox

JAF
hp, si, soil
hp, Y
hp, g, soil, si, Y, gw
hp, g, soil, si,Y, gw
hp, soil, si,Y, gw

hp, soil, si,Y, gw
hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe
hp, soil, g, si,Y, gw, fe
hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, fe,
redox, rm, scale

hp, soil, si,Y, gw, fe
hp, soil, si,Y, gw, root, fe,
sv, redox

1.1

r.2
2

J

4

5

6

1

8

9

10

11

T2

l3

most sampling trips were conducted over a one week period
hp= sap flow installed, data then collected over the rest ofthe sampling period (chapter 3)
si = samples collected for extraction of water stable water isotope analysis (chapter 5)
soil = soil samples collected for soil water potential (chapter 4)
gw= groundwater sampled from observation bore and depth measured (chapter 4)
g= stomatal conductance measured (chapter 3)

Y= leaf water potential measured (pre dawn and mid-day; chapter 4)
scale= site data collected for heat pulse scaling
bratio= bowen ratio measurements taken
root= root growth observations at chamber window (chapter 5)
fe= ferrous iron test for soil waterlogging (chapter 4)
redox= soil cores sampled for redox measurements (chapter 4)
rm= soil cored for root mass measurements (chapter 5)
sv= health and community composition survey (chapter 2)
pv= collection ofleaves for pressure volume curve analysis (chapter 4)
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Appendix ll . Rainfall at Jaffreys Swamp

May- Sep- Feb- Jun- Oct- Feb- Jun-
92 92 93 93 93 94 94

45

40

â35E
Eso
(ú DF
c
#20
_à 15
'(ú

o10
5

0

Oct- Feb-
94 95

Figure A2: Rainfall (mm) at Jaffreys Swamp weather station from May 1992 to April 1995
(from McEwan and Kennett-Smith, 1995)
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Appendix III . Heat Pulse Technique

Sensors should be placed at a variety of depths to identify velocities at high and low

velocity parts of the sapwood (see Fig below). In the current study the tree sapwood were

generally not very extensive (I-2 cm thick) because of the nature of the environment and so

the placement of 4 sensors usually covered the entire sapwood. The following tabulates

the characteristics of the wood that were used to identify the placement of the probes and

then calculate the flux from velocities.

Cambium sapwood
annuli

Sapwood

(a) (b)

Figure A3: (a) Sapwood, bark and heartwood definitions as used for determination of

sensor insertion depths (Greenspan, 1995; A and B are defined in tables below) and (b)

sapwood separation into annuli or calculation of flux using the mean weighted average

technique (Hatton et al, 1990).

Bark
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Table A3: Tree parameters for insertion of heat pulse sensors, calculation for sap velocity

and flux (as per Greenspan heat pulse manual, 1995).

Darameters DI -Sinsle stemmed probe 1 orobe 2
Cambium/B ark thickness (mm)
Inner Sapwood Radius (mm) B
Inner Cambium Radius (mm) A
Volume fraction of wood
Volume fraction of water
Depth of probe tip (mm)
Space between sensors (mm)
Wound diameter (mm)

5

12

28
0.39
0.33
l7
5
J

w

4
t6
JJ

0.39
0.33
21

5

J

EAspect of implant (mm)

parameters Les - Sinsle stemmed probe 1 probe 2
Cambium/Bark thickness (mm)
Inner Sapwood Radius (mm)B
Inner Cambium Radius (mm)A
Volume fraction of wood
Volume fraction of water
Depth of probe tip (mm)
Space between sensors (mm)
Vy'ound diameter (mm)
Aspect of implant

2
26
35
0.38
0.29
15

5

J

S

2
25
35
0.38
0.29
15

5

2.5

w

parameters Han - Double stemmed probe 1 -stem 1 probe2 - stem 2
Cambium/Bark thickness (mm)
Inner Sapwood Radius (mm)B
Inner Cambium Radius (mm)A
Volume fraction of wood
Volume fraction of water
Depth of probe tip (mm)
Space between sensors (mm)
Wound diameter (mm)
Aspect of implant

J

13

2t
0.37
0.4r
t9
5
J

w

3

13

2I
o.37
0.4r
18

)
-1

E

Darameters Jaf - Sinsle stemmed probe 1 probe 2
Cambium/B ark thickness (mm)
Inner Sapwood Radius (mm)B
Inner Cambium Radius (mm)A
Volume fraction of wood
Volume fraction of water
Depth of probe tip
Space between sensors (mm)
Wound diameter (mm)
Aspect of implant (mm)

3

5

32
0.45
0.33
18

5

t.9
S

3

5

32
0.45
0.33
25
5

1.9
E
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Appendix IV . Scaling data for all trees
Table A4: Tree parameters used in scaling experiment; tree diameter (cm),
(cm), sapwood area ("tn'), leaf area (m2), tessellated ground area (m2) and

circumference
projected

atea m
tree no mean diam

(cm)
mean clrc
(cm)

sapwood area
(cm2)

leaf area (mz) tess ground
area (m2)

canopy proj
area (m2)

DI1 72 226 23 6.4

DI2 146 37 15.4

Dl2a 66 207 t9 6.1

DI2b 80 251 18 9.2

LESl 74 232 15.1 2.3

LES2 86 270 ts.2
HANl 96 301 16.8 3.46

HANIa 48 150.5 7.3

HANIb 48 150.5 9.5

HAN2 62 194.8 17.5 3.46

JAFl 80 251 35 19.3

JAF2 118 80.8

24 t23 386 29.82 4.8 14.3 5.126

9 168 52"t.8 50.67 1.6 6 9.079
10 260.5 818.4 79.86 26 6.r 25.52

11 267.5 840.4 113.5 16.8 15.3 17.72

t2 209.5 658.2 65.82 13.2 9.9 15.55

23 65 204.2 18.54 1.6 71.4 1.887

t3 334 1049.3 192.5 22 9 44.t8
22 65 204.2 19.16 0.6 12.7 0.785

15 225 106.9 86.16 6.4 12.25

t6 345 1083.8 149.6 14.8 t2.I 28.27

20 391 1241.2 184.4 12.8 ll.l 12.25

20.r 119.5 563.9 93.65 4

20.2 98 307.9 35.18 J

20.3 119.5 375.4 54.98 J

t9 tt2 351.9 37.t7 1 1.6 9.3 6.951
l7 53',7.5 1688.6 286.9 30.8 14.5 46.57

2t 24 -t5.4 3.53 o.4 10.1 0.866

l4 38.5 120.9 1.21 0.8 4 1.32'l

l8 46s 1460.8 158.1 39.2 23.1 56.08

1 104 326.7 34.31 4.2 8.9 4.8t1
2 45.5 r42.9 4.112 0.8 7.7 0.332
J 314 986.5 56.34 15.6 9.3 13.2

3.t 75 235.6 t4.33 4.4

3.2 65 204.2 14.14 3.6

60 188.5 1.862 2.4

3.4 tt4 358.4 20.07 5.2

4 442.5 ltst.4 97.04 27.2 tt.9 18.86

4.r 93 292.2 18.35 3.6

4.2 7t3 355 31.19 4.8

4.3 160.5 504.2 28.92 12.8

5 76 238.1 17.98 t2.8 t4 1.767

6 553 1737.3 153.2 29.2 18.4 15.9

6.1 t20 3',76.9 36.95 5.2

6.2 78 245 19.7 5.2

6.3 129 405.3 35.94 5.6

6.4 96 301.6 21.36 5.6

6.5 130 408.4 39.21 1.6
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Appendix V . Actual Evapotranspiration; Bowen ratio

The energy balance, or Bowen ratio method, was used to determine vapour flux above the M.

halmaturorutn swamp forest. The ratio of heat transferred as sensible heat (H) to that

transferred as latent heat (1,E¡) by transpiration is called the Bowen ratio (B) where;

^Ht¿_
' ?"8,

The Bowen ratio is usually small over moist surfaces (0.1-0.5) and large over dry, arid

surfaces (-5) (Stull, 1988).

The technique measures the finite differences of temperature (T) and humidity (e) in the

boundary layer and relates their ratio to that of the sensible and latent heat fluxes by the

Bowen ratio (B);

ß = lrqll rl' I Le )\Le)
Where P is atmospheric pressure, Co is specific heat of dry air, L is latent heat of

vaporisation, e is the ratio of molecular masses of water to dry air, and AT and Âe are finite

differences of potential temperature and vapour pressure. The latent heat flux was then

calculated as follows;

LE=R'-G
1+Þ

Where net radiation (RJ and ground heat flux (G) densities were positive downwards.

Measurements were made by Frank Dunin and Wybe Reyanga of CSIRO Division of Plant

Industry as described in detail by (Dunin et al, 1989). Measurements were made on a section

of the forest where it was considered at least 90 m of fetch was available from the Melaleuca

forest. This measurement site was - 10 m from the long term investigation trees and - 50m

from the trees involved in the intensive scaling measurements (Chapter 3).

Continuous measurements were made at 3 m above the forest, from sunrise (0700 hrs) to

sunset (2000 hrs) over a7 day period from25.2.94 to 3.3.94. Rn was measured with a net

radiometer (Middleton) and ground heat flux was measured with 3 heat flux plates buried at

2 cm (Middleton). Hourly values were integrated for radiation (both solar and net),

temperature and humidity, wind run and rainfall (measured at canopy height). A mast 100 m

south west of the heat pulse site supported differential psychrometers interchanging each 15
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min to provide half hourly values. An averaged value of temperature and humidity was also

determined each 15 min at the mid-point between sensors. Temperature and vapour pressure

was measured over 1 m interval with the lowest sensors between 0.25 -0.4 m above the

canopy. Mean wind direction was recorded each hour.

On most measurement days net radiation peaked at 600 W/m^2 in the middle of the day and

VPD peaked at 15-20 mb in the middle of the afternoon (eg I/3/94; Fig 45.1a). The Bowen

ratio was usually gteater than 1 being at a minimum in the morning and reaching values of 3-

5 in the afternoon (eg l/3/94 Fig 45.1b). Latent heat ranged from 0.7 to 4 Wm^2 and

reached a peak mid-morning and declined in the afternoon (eg Il3l94 Fig 45.1b). Sensible

heat flux peaked in the middle of the day at -580 Wm^2. Hourly evapotranspiration

calculated from these fluxes followed the pattern of net radiation and peaked at 0.18 to 0.2

mm / hr in the afternoon and will be discussed further in chapter 3. Daily totals of

evapotranspiration ranged from 1.4 to 1.6 mm/day (Fig 45.1 c).



196

1-3-94

â
E

ô
d

o
!
ts

E
¿
É

z

700.00

600.00

500.00

400 00

300 00

200.00

100 00

000

600 00

500 00

,lo0 00

300 00

200.00

100 m

000

25.OO

20.00

15.00

't0.00

5.00

12.0æ

't0.000

8.000

6.000

4.000

2.000

0.000

E
!
c
G
N

E

=E
6J

ô
E
¿
I
É

O6i,ß 07:55 09:07 10:19

æi47 07:59 09:11 10:23

m.gzgl n.92.94.

+ NETR+AvTd + VPD

1€€4

13:55 15:07 16:19 17i31

13:59 15:'ll 16:23

1.03.94 200.94

0.00 (a)

(b)

(c)

'11 :31 12'.+3

dm6

'11:35 12i47

ti me

+ Lat.hl+ R€+ Bw.Rat

(Ú
!l
E
E

3

0

8.@g+

date

Fig A5: Data obtained during the measurement of actual evapotranspiration with the

Bowen Ratio. Incoming net radiation (Wm2), dry bulb Temperature (C), and VPD (mb)

for l/3/94 (a), R-G (Wm2), Latent heat production (Wm2), and the Bowen Ratio (b), and

estimated evapotranspiration from this data (mm/day; (c)) .
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Appendix VI . Soil profiles for all sites at all sampling times.

Soil matric potential, theta g, Soil Chloride and estimated osmotic potential for Duck
Island (6.1; a-k), Lesron (6.2; a-k), Hansons (6.3; a-k), and Jaffray (6.4; a-j) for alt
sampling times.



26.10.

Duck Island
matric potent¡al(MPa) Theta g (g/g)

-0.02 -0.01s -d.or -0.005 0 '9 o.z- 
'- -' osmot¡c ootential

0.4 -s -4 -3 -2 -1 0

198
(MPa)

(m)

00

.00

.2o (a)

(m)

00

-0.01s -0.01 00 0.2 0.4-10 -8 -6 -4 -2 0

0

-0.02 -0.015 -0.01 -0.005 0 0 o.2 0.4 -5 -4 -3 -2 -1 0

28.12.93

80

.20

.40

(m)

.00

.80

'o (c)

10.93

1.12.93

Appendix 6.I Gl conc (g/L)



-o.2 - ilîs' "-d î'" låiãu " 
to" b

-o.2 -0.15 -0.1 -0.05 o 0

-0.2 -0.15 -0.1 -0.05 0 0

0.2 0.4 0.6

0.2

0

-10 -8 -6 -4 -2 0

o.4 -10 -8 -6 -4 -2 0

199
osmot¡c potent¡al (MPa)

12 -7 -2

40

(m)

.00

.20

.40

(m)
.60

.80

.00

e
00

40

(m)

80

.20

Theta
0.

g (g/g)
2 0.4

80

00

20

(d)

.20

( )

.00

)

2.2.94

2.94
2.94

6.4. 6.4.94

Cl conc
(Ð



25.5

-o.2

-0.02 -0.015 -0.01 -0.005 0

-0.02 -0.015 -0.01 -0.005 0 0

)

.8.94

-fll"åt¡"-E?'"183'J"tot)o 
rhetars (e/e) 

0.4 osmotic notential
-10 -B -6 -4 -2 o

200
(MPa)

.00

.20

(m)

80

00

.20
0 0.2

o.2

0.4

0.4 -s -4 -3

.00
(e)-5-4-3-2-10

.20

.40

.80

.20

(m)

.00

(h)
-2 -1 0

(m)

00

20

40

80

00

20

(i)

25.5.

6.7.94 6.7.94

Cl conc (g/L



9.94

matr¡c potent¡al(MPa)
-0.02 -0.015 -0.01 -0.005 0 0 o.4 -5

o_ìmo!F

o'4 -s -4 -3 -2 -1 o

Theta g (g/g)
o.2

.20

80

00

ür

(m)

-0.02 -0.015-0.01 -0.005 0 0

3.1 .94

-0.2 -0.15 -0.1 -0.05 0 0

0.2

o.2

.80

.00

00

40

(k)

.00

.20

.40

(m)

.20

0.4 -13 -8 -3

(m)

00

80

'(t

20,9.

31. 31.1

Clconc (g/L)



25.10.

t

Lesron
Theta g (g/g)o.2 0.4

202

(MPa)

80

00

0.6

-0.0ô0.050.040.030.020.01 0 0 0.2 0.4 0.6

2.12.

0

0

-10 -8 -6 -4 -2 0

(m)

.00

.20

.40

.80

.00

'o(a)

00

20

40

(m)

o 0.2 0.4 0.6 -10 -8 -6 -4 -2 0
(b)

(m)

20

00

20

40

.80

.00

.20

(c )

12.93

27.12.

Appendix 6.2 ct conc



ootentiallMPa)
.D30.020.01 0'

Theta g (g/g)
o.2 0.4-0

-0.0G0.050.040

0
osmotic potential (MPa) 2030.6 -15 -10 -5

.00

.00

1

(m)

.20

.40

.80

.20

.00

.20

.40

(d)
.030.020.01 0 0 0.2 0.4 0.6 -15 -10 -5

1

9 0 0.2 0.4 0.6 -rS -10 -5

(m)

.80

.00

.20

(e)
00

20

40

(m)

1

.80

.00

4.94

Cl conc (g/L)

20 
(Ð



osmot¡c potent¡al (MPa) 294matric ootential lMPa)^
-o.0ô0.050.040.b30.020.0ì 0

24.5.94

Theta g (g/g)
o.2 0.4 0.6 -15 -10 -5

O 0.2 0.4 0.6 -t O -8 -6 -4 -2 O

0 0.2 0.4 0.6 _ 0

.00

.20

.40

(m)

.80

.00

1
.20
(s

00

)

-0 0

00

.20

80

.40

(m)

(m)

-0 0

.80

.00

.20

(i)conc

24.5.94

5.7.94

15.8.94

ct



23

matr¡c ootent¡al lMPal ^-o.oGo.0s0.0+0.o30.02-0.01 0' u
osmotic potential (MPa) 265

00

.20

Theta g
o.2

(g/g)
o.4 0.6 -10 -B -6 -4 -2

-O.OGO.O+0.04-O.O3O.O2-0.01 O 0 0.2 0.4 0.6 -10 -B -6 -4 -2

3.11

(m)

00

20

40

(m)

.00

clconc,nrt, 
(k)

9.94

.11.94



matr¡c potent¡a
-0.04 -0.03 -0.02

l(MPa)
-0.01

Theta g (g/g)
0.1 0.2

Hansons osmotic
potent¡al(MPa)

10-8-6-4-20

206

40

(a)

00

00

-0.04 -0.03 -0.o2 -0.01 0 0 0.1 0.2 0.3-10 -8 -6 -4 -2 0

40 20

-0.04 -0.03 -o.02 -0.01 0 0 0.1 o.2 0.310 -8 -6 -4 -2 0

60

0.3

20

.40

00

20

(b

40

00

20

(Appendix 6.3 Cl conc (g/L) c)



matr¡c potent¡al(MPa)
-0.8 -0.6 -0.4 -0.2 0

Theta g (g/g)
0.1 0.2 0.3-gO

o"toÏ&pSlential 207

0 -20 -10 0

50 0

-0.8 -0.6 -0.4 -0.2 0 0 0.1 0.2 0.3-35 -25 -15 -5

200

(d)

00

20

1 1 50 0

0

(e)

.20

.40

-0.8 -0.6 -0.4 -0.2 0 0 0.1 O.2 0.3 -gO -20 -10

Gl conc (g/L) Ð



matr¡c Dotential(MPa)
-0.04 -0.03' -0.02 -0ì01 ' o o

por8f;tlaltifi/r
-8 -6 -40I1"," 

s$-slsl 0.3 _10
Pa)
-¿

-0.04 -0.03 -0.02 -0.01 0 0 0.1 0.2 0.3 -tO -8 -6 -4

208
00

0

.40

.80

.00

.20
80 0

(e)

80 60

.80

.00

.20

(h)-0.04 -0.03 -o.o2 -0.01 0 0 0.1 O.2 0.3 _10 _B _6 -4 _2 O
00

40

80

00

20

Cl conc (g/L)

(i)

/
17. .94

80



matr¡c potent¡al (MPa)
-0.04 -0.03 -0.02 -0.01 0 0

Theta g
0.1

(g/g)
0.2

pot3n"{BÎlifi Pa)
209

0)

cft

-0.04 -0.03 -0.02 -0.01 o o 0.1 o'2 o.ð0 -8 -6 -4 -2 0

Clconc (g/L)

-8-6-4-20

40

60

00

20

(k)



29.11.93

Jaffrey
Theta g (g/g)

o.2 0.4

0.2 0.4

0.2 0.4

94

2ro

1

-0

-1

-4
Pa)
.00

.50

(m)

.50

.00

(a)

0

conc

1

.50

00

.00

.50

.50

(b)

(m)

(m)

(c)

0

29.12.93

3.2.94

Appendix 6.4

00



c Theta g (g/g)
0.2 0.4

0.2

(M 2lt
.00

(m)

.00

-1 5

-1

-1

.50

.50

0

1

o'4 -4

0.4

.50

,00

(e)

(d)

.00

.50

(m)

-0 0.2s oo

7 7.4.

25.5.94

Clconc (g/L)

(Ð



Pa) Thet?s (9/9) 
o.o 

osm
0 3i2

.50

(e)
00

(m)

.50

(m)

(h)

(m)

.00

-0.3 -0.250.2 -0.1S0.1 -0.05 0 O 0.2

-o.3-o.2s.o.2-0.1s0.1 -o.o5o o o.2

O.4 -4 -3 -2 -1

o.4 -4 -3 -2 -1 0
00

50

.50

.00

(i)

17.8.94

22.9.

Cl conc



matr¡c potent¡al (MPa)
-0.3-0.2s0.2-0.1s0.1 -0.050 u

4.11.94

0.6 -4 -E"to!!" 
potertial P?Í3Theta g (g/g)

0.2 0.4
.00

.50

(m)

0)conc



214

References

Abtew W., Newman S., Pietro K. and Kosier T. (1995) Canopy Resistance Studies of

Cattails. Trans. ASAE 38: 113-119.

Adams J.B. and Bate G.C. (1994). The effect of salinity and inundation on the estuarine

macroph¡e Sarcornia perennis (Mill.) A.J. Scott. Aquatic Botany, 47:341-348.

Alam S.M. (1993). Nutrient uptake by plants under stress conditions In: Handbook of Plant

and Crop Stress. Ed. M. Pessarakli. Marcel Dekker Inc., New York, pp227-246.

Alarcon J.J., Bolarin M.C., Sanchezblanco M.J. and Torrecillas A. (1994). Growth, yield and

water relations of normal fruited and cherry tomato cultivars inigated with saline water.

J Hort. Sci.,69(2): 283-288.

Alarcon J.J., Sanchezblanco M.J., Bolarin M.C. and Torrecillas A. (1993). Water relations

and osmotic adjustment in Lycopersicon esculentum and L. pennelü during short-term

salt exposure and recovery. Physiol. Plant., 89(3): 441-441.

Ali A.M. (1988). Adverse water relations: the likely cause of growth reduction in the shoots

of Atriplex sp. at low oxygen concentrations in the root medium. Masters thesis,

University of 'Western Australia.

Allen J.4., Pezeshki S.R. and Chambers J.L. (1996). Interaction of flooding and salinity

stress on baldcyprcss (Taxodium distichum). Tree Physiology , 16 3Ol -3I3 .

Allison G.B. and Barnes C.J. (1983). Estimation of evaporation from non-vegetated surfaces

using natural deuterium. Nature, 301(5896): 143-145.

Allison G.8., Barnes C.J., Hughes M.W. and Iæaney F.W.J. (1983). Effect of climate and

vegetation on oxygen-18 and deuterium profiles in soils. In: Isotope Hydrology 1983.

Proc. Int. Symp. on Isotope Hydrology in Water Resource Development. Sept., 1983

IAEA, Vienna, pp IO5-I23.

Allison G.8., Gat J.R. and Leaney F.W.J. (1985). The Relationship Between Deuterium and

Oxygen-18 Delta Values in læaf Water. Chemical Geology (Isotope Geoscience

Section),. 58: 145-156.

Andrew M.H., Noble LR. and Lange R.T. (1979). A non-destructive method for estimating

the weight of forage on shrubs. Aust. Range J., 1: 225-231.

Andrews T.J. and Muller G.J. (1985). Photosynthetic gas exchange of the mangrove,

Rhizophora stylosa Griff., in its natural environment. Oecologia, 65: 449-455.

Angelocci L.R. and Valancogne C. (1993).I-naf a¡ea and water flux in apple trees. Journal of

Horticultural Science, 68(2): 299-307 .



215
Angus D.E. and Watts P.J. (1984). Evapotranspiration - How good is the Bowen ratio

method? Ag For Met., 8: 133-I5I.

Ayars J.E., Hutmacher R.8., Schoneman R.4., Vail S.S. and Pflaum T. (1993). I-ong term

use of saline water for irrigation. lrigation Science, 14: 27 -34.

Azuzeh H., Gunse B. and Steudle E. (1992). Effects of NaCl and CaCl2 on water transport

across cells of muze (Zea mays L.) seedlings. Plant Physiol., 99: 886-894.

Baldocchi D., Luxmoore R.J. and Hatfield J.L. (1991). Discerning the forest from the trees;

an essay on scaling canopy conductance. Agric. For. Meteorol., 54: 191-226.

Ball M.C. (1988). Salinity tolerance in mangroves Aegiceras corniculatum and Avicennia

marina 1.'Water use in relation to growth, carbon partitioning, and salt balance. Aust J.

Plant Physiol., 15: 41-64.

Ball M.C. and Farquhar G.D. (1984a). Photosynthetic and stomatal responses of two

mangrove species, Aegiceras corniculatum and Avicennia marina, to long term salinity

and humidity conditions. Plant Physiol., 74: l-6.

Ball M.C. and Farquhar G.D. (1984b). Photosynthetic and stomatal responses of the grey

mangrove, Avicennia marina, to transient conditions. Plant Physi o1r,74: 7 -I1r

Barataud F., Moyne C., Breda N., and Granier A. (1995) Soil water dynamics in an oak stand.

tr. A model of the soil-root network compared with experimental data. Plant and Soil.

172:29-43

Bari M.A. and Schofield N.J. (1991). Effects of agroforestry-pasture associations on

groundwater level and salinity. Agroforestry Systems ,16: l3-3L

Bari M.A. and Schofield N.J. (1992). Lowering of a shallow, saline water table by extensive

eucalypt reforestation. Journal of Hydrology, 133: 273-29L

Bariac T., Ferhi 4., Jusserand C. and Letolle R. (1983). Soil-Plant-Atmosphere: A

Contribution to the Study of the Isotopic Composition of the Water of the Various

Components of this System. In: Isotope and Radiation Techniques in Soil Physics and

Irrigation Studies 1983. Proceedings of an Intemational Symposium. International

Atomic Energy Agency, Vienna.

Barlow B.A. and Cowley K.J. (1988). Contributions to a revision of Melaleuca (Myrtaceae):

4-6. Aust Syst. Bot. L:95-126.

Barnes, C.J., and Allison, G.8., (1983). The distribution of deuterium and Oxygen- 18 in dry

soil. Theory. Journal of Hydrology.60, 14l-156.



216
Barrett D.J., Hatton T.J., Ash J.E., and Ball M.C. (1995). Evaluation of the heat pulse

velocity technique for measurement of sap flow in rainforest and eucalypt forest species

of south-eastern Australia. Plant, Cell and Environment. L8: 463469.

Barett-l-ennard E.G. (1986). Effects of waterlogging on the growth and NaCl uptake by

vascular plants under saline conditions. Reclam. and Reveg. Res. 5: 245-26L

Barrett-Lennard E.G. and Galloway R. (1996). Saltbush for water-table reduction and land

rehabilitation. 4th National Conference and'Workshop on the Productive use and

Rehabilitation of Saline Lands. Albany, W.4., 25-30 March.

Barrie A.(1990) New methodologies in stable isotope analysis. In: Stable isotopes in plant

nutrition, soil fertility and environmental studies. IAEA. Vienna.

Bell R.V/., Schofield N.J., Loh I.C. and Bari M.A. (1990). Groundwater response to

reforestation in the Darling Range of Western Australia. Journal of Hydrology,ll9:

179-200.

Biddiscombe E.F., Rogers A.L. Allison H. and Litchfreld R. (1985). Response of

groundwater levels to rainfall and to leaf growth of farm plantations near salt seeps. J.

Hydrol,78 19-34.

Blackburn G. (1964). The Soils of Counties Macdonnell and Robe, South Australia. CSIRO

Report. CSIRO Division of Soils, Adelaide.

Blake T.J. and Reid D.M. (1981). Ethylene, water relations and tolerance to water logging of

three Eucalyptus species. Aust J. Plant Physiol.,'8: 497-505.

Bleby T.M., Aucote M., Kennett-Smith 4.K., Walker G.R. and Schachtman D.P. (1996).

Seasonal water use responses of tall wheatgrass (Agropyron elongatum (Host) Beauv.)

in a saline environment. In prep.

Blizzatd, 'W.8., and Boyer, J.S. (1980) Comparative Resistance of the Soil and the Plant to

Water Transport. Plant Physiol., 66: 809-14.

Blumwald E. and Poole R. (1985). Na*/H* Antiport in Isolated Tonoplast Vesicles from

Storage Tissue of Betavulgaris. Plant Physiol., 78: 163-167 .

Böhm W. (1979a). Glass wall methods. In: Methods of Studying Root Systems. Springer

Verlag, New York. pp 6I-75.

Böhm V/. (1979b). Auger methods. In: Methods of Studying Root Systems. Springer Verlag,

New York.pp 39-47.

Bohn H.L. (I971) Redox Potentials. Soil Science.lI2:39-45.

Boyer J.S. (1969). Measurement of the water status of plants. Ann. Rev. Plant Physiol.20:

35r-63.



217
Breda N., Granier 4., Barataud F., and Moyne C. (1995). Soil water dynamics in an oak stand

1. Soil moisture, water potentials and water uptake by roots. Plant and Soll, \72: 17-

27.

Braun Y., Hassidim M., Iæmer H.R. and Reinhold, L. (1986). Studies on H* -Translocating

ATPases in Plants of Varying Resistance to Salinity. 1. Salinity During Growth

Modulates The proton Pump In the Halophyte Atriplex Nummularia.Plant Physiol., 81:

1050-1056.

Bresler E. and Hoffman G.J. (1986). Úrigation management for soil salinity control theories

and tests. Soil Sci. Am. J., 50(6): 1552-1560.

Broeker W.S. and Oversby V.M. (1971). Chemical Equilibria in the Earth. International

Series in the Earth and Planetary Sciences. McGraw-Hill .

Brunel J.P., Walker G.R., and Kennett-Smith A.K. (1995) Field validation of isotopic

procedures for determining sources of water used by plants in a semi-arid environment.

J. Hydrol. 167 (l-4):351-368.

Brunel J.P.,'Walker G.R., V/alker C.D., Dighton J.C., and Kennett-Smith A. K. (1990) Using

Stable Isotopes of water to trace plant water sources. In: Stable Isotopes in Plant

Nutrition, Soil Fertility and Environmental Studies. Proc of an Int. Conf., IAEA,

Vienna, pp 543-55I.

Brustsaert V/. (1982) Evaporation into the Atmosphere. D.Reidel Publishing Company

Callaghan T.V., Headley 4.D., and Iæe J.A. (1991) Root function related to the morphology,

life history and ecology of tundra plants. In: Plant Root Growth; An Ecological

Perspective. Ed. D. Atkinson. pp 311-340. Blackwell Scientific Publications.

Caspari H.W., Green S.R and Edwards V/.R.N. (1993). Transpiration of well-watered and

water-stressed Asian pear trees as determined by lysimetry, heat pulse, and estimated

by a Penman-Monteith model. Agricultural and Forest Meteorology,6T: 13-2'7.

Cermak J. (1989). Solar eqivalent leaf area: an efficient biomatrical parameter of individual

leaves, trees and stands. Tree Physiology. 5 (l-4):269-290.

Cermak J. and Kucera J. (1987). Transpiration of mature stands of spruce (Picea abies (L.)

Karst.) as estimated by the tree-trunk heat balance method. In Forest Hydrology and

Watershed Management. IAHS-AISH Publ., 167 : 3 | | -3 ll .

Cermak J. and Kucera J. (1990). Scaling up transpiration between trees, stands and

watersheds. Silva Carelica, 15: 101-120.



218
Cermak J., Palat M. and Penka M. (1976). Transpiration Flow Rate in a Full-Grown Tree of

Prunus avium L. Estimated by the Method of Heat Balance in Connection with Some

Meteorological Factors. Biol. Plant. (Praha). 18 (2): 111-118.

Chapman V.J. (1976). Mangrove Vegetation. J. Cramer, Vaduz.

Childs C.W. (1981). Field Tests for Ferrous hon and Ferric-organic Complexes (on

Exchange Sites or in'Water-soluble Forms) in Soils. Aust. J. Soil Res., 19: 175-80.

Clarke R.D., Kotwicki V. and Tomlinson G. (1991). Hydrological study of Bakers Range and

Marcollat Watercourses. Adelaide: Engineering and Water Supply. (Library Ref 91/12).

Clough B.F. (1984). Growth and salt balance of the Mangroves Avicennia marina (Forsk.)

Vierh. and Rhizophora stylosa Griff. in relation to Salinity. Aust. J. Plant Physiol., LL:

419-30.

Cochran W.G. (1953). Sampling Techniques. John Wiley and Sons, New York. pp 111-139.

Cohen Y., Kelliher F.M. and Black T.A. (1985). Determination of sap flow in Douglas-fir

trees using the heat pulse technique. Can. J. For. Res., 15: 422-428.

Conner W.H. (1994). The effect of salinity and waterlogging on growth and survival of

baldcypress and Chinese tallow seedlings. J. Coastal Res., 10: 7045-1049.

Cooke B.D. (1987). The effects of rabbit grazing on regeneration of sheoaks,

Allocasuarina verticilliata and saltwater ti-trees, Melaleuca halmaturorum, in the

Coorong National Park, South Australia. Aust. J. Ecol., 13: ll-20.

Cowan I.R. (1982). Regulation of water use in relation to carbon gain in higher plants. In

"Encyclopedia of Plant Physiology" (O.L. Lange and J.D. Bewley, eds), Vol . 128, pp

53 5 -562. Springer-V erlag, Berlin.

Craig G.F., Bell G.F. and Atkins C.A. (1990). Response to salt and waterlogging stress of

ten taxa of Acacia selected from naturally saline areas of Western Australia. Aust. J.

Bot.,38: 619-630.

Crocker R.L. and Wood J.G. (1947). Some historical influences on the development of the

South Australian vegetation communities and their bearing on concepts and

classification in ecology. Trans. R. Soc. S. Aust., 71:91-136.

Crombie D.S., Tippett J.T. and Hill T.C. (1988). Dawn Water Potential and Root Depth of

Trees and Understorey Species in South- western Australia. Aust. J. Bot., 36: 62I-31.

Davies M.S. (1991) Effects of toxic concentrations of metals on root growth and

development. In: Plant Root Growth; An Ecological Perspective. Ed. D. Atkinson. pp

2I l-228. Blackwell Scientific Publications.



219
Dawson T. (1988). A primer for pressure-volume curve analysis. Y 2.3. Department of

Biology. University of Utah. September.

Dawson T.E. (1993). Hydraulic lift and water use by plants: Implications for performance,

water balance and plant-plant interactions. Oecologia. 95: 565-574.

Dawson T.E. (1996). Determining water use by trees and forests from isotopic, energy

balance and transpiration analysis: the role of tree size and hydraulic lift. Tree Physiol.,

16:263-272.

Dawson T.E. and Bliss L.C. (1987). Species patterns, edaphic characteristics, and plant

water potential in a high-arctic brackish marsh. Can. J. Bot., 65: 863-868.

Dawson T.E. and Ehleringer J.R. (1991). Streamside trees that do not use stream water.

Nature, 350:335-337 .

De Jong T.M. and Drake B.G. (1981). Seasonal patterns of plant and soil water potential on

an irregularly-flooded tidal marsh. Aquatic Bot., 11: 1-9.

Denmead O.T. (1984). Plant physiological methods for studying evapotranspiration:

problems of telling the forest from the trees, Agric.Wat. Manage., 8: 167-I89.

Denton M. and Ganf G.G. (1994). Response of juvenile Melaleuca halmaturorum to

flooding: management implications for a seasonal wetland, Bool Lagoon, South

Australia. Aust. J. Mar. Freshwater Res.,45: 1395-1408.

Diawara 4., L,oustau D. and Berbigier P. (1991). Comparison of two methods for estimating

the evaporation of a Pinus pinaster (Ait.) stand: sap flow and energy balance with

sensible heat flux measurements by an eddy covariance method. Agricultural and

Forest Meteorology., 54: 49-66.

Dodd J. and Heddle E.M. (1989). V/ater relations of Banksia woodlands. J Royal. Soc.

W.4., 7l(4):91-92.

Dodson J.R. (1974). Vegetation history and water level fluctuations at Lake Leake, south-

eastern South Australia. I. 10 000 B.P. to Present. Aust J. Bot.,22;719-141.

Domenico P.A. and Schwartz F.V/. (1990) Physical and Chemical Hydrogeology. Wiley and

Sons.

Drew M.C., Jackson M.B. and Giffard S. (1979). Ethylene-promoted adventitious rooting and

development of cortical air spaces (aerenchyma) in roots may be adaptive responses to

flooding in Zea mays L. Planta, 147: 83-88.

Dugas'W.4.,'Wallace J.S., Allen S.J. and Roberts J.M. (1993). Heat balance, porometer and

deuterium estimates of transpiration from potted trees. Ag. For. Met., 64: 47 -62.



220
Dunin F.X. and Greenwood E.A.N. (1986). Evaluation of the ventilated chamber for

measuring evaporation from a forest. Hydrol. Process., l:41-62.

Dunin F.X. and O'Loughlin E.M. (1988). Interception loss from Eucalypt forest: Lysimeter

determination of hourly rates for long term evaluation. Hydrol. Process, 2:315-329.

Dunin F.X., Meyer W.S., and Reyenga V/. (1989) Seasonal change in water use and carbon

assimilation of irrigated wheat. Ag. For. Met. 45: 231-250.

Dunn G.M. and Conner D.J. (1993). An analysis of sap flow in a mountain ash (Eucalypt

regnans) forests of different age. Tree Physiology,13: 321-336.

Dye P.J. and Olbrich B.W. (1993). Estimating transpiration from 6-year-old Eucalyptus

grandis trees: development of a canopy conductance model and comparison with

independent sap flux measurements. Plant Cell and Environment., 16: 45-53.

Edwards W.R.N. and Warwick N.W.M. (1984). Transpiration from a kiwifruit vine as

estimated by the heat pulse technique and the Penman-Monteith equation. New Zealand

Journal of Agricultural Research., 27 : 537 -5 43.

Ehleringer J.R. and Dawson T.E. (1992). V/ater uptake by plants: perspectives from stable

isotopes. Plant Cell and Environ., L5: 1073-1082.

Ehleringer J.R. and Osmond C.B. (1992). Stable Isotopes.In: Plant Physiological Ecology.

Field Methods and Instrumentation. Eds. Pearcy, Ehleringer, Mooney, and Rundel.

Etrleringer J.R., Phillips S.L., Schuster V/.F.S. and Sandquist D.R. (1991). Differential

utilization of summer rains by desert plants: implications for in competition and climate

change. Oecologia, 88: 430-434.

El-Siddig K. and Luedders P. (1994).Interactive effects of salinity and nitrogen nutrition on

vegetative growth of apple trees. Gartenbauwissenscaft., 59(2): 58-6 1.

Eldridge S.R., Thorburn P.J., McEwan K.L., and Hatton T.J. (1993). Health and structure of

Eucalyptus communities on Chowilla and Monoman islands of the River Murray

floodplain, South Australia. Div. Report 93/3.Div. of Water Resources.

Emerman S.H. and Dawson T.E. (1995) The role of macropores in the cultivation of bell

pepper in salinized soil. Plant and Soil. 181 (2): 241-250

Engineering and Water Supply Department (1987). Water Resources Inventory. Adelaide:

Author. (Library Reference 86135).

Epstein S. and Mayeda T. (1953). Variations of 18O content of water from natural sources.

Geochim. et Cosmochim. Acta, 42:213-224.



221
Ewel J.J. (1986). Invasibility: Iæssons from South Florida. In: Ecology of Biological

Invasions of North America and Hawaii. Eds, H.A Mooney and J.A. Drake. Springer-

Verlag.

Farquhar G.D. (1978). Feed forward response of stomata to humidity. Aust J. Plant Physiol.,

5: 787-800.

Farquhar G.D., O'I-e,ary M.H., and Berry J.A. (1982). On the Relationship between Carbon

Isotope Discrimination and the Intercellular Carbon Dioxide Concentration in Iæaves.

Aust. J. Plant Physiol., 9: l2I-37.

Farrington P., Greenwood E.A.N., Bartle G.4., Beresford J.D. and'Watson G.D. (1989).

Evaporation from Banlcsia Woodland on a Groundwater Mound. J Hydrol., 105: I73-

186.

Field C.D. (1985). Salt Tolerance In Mangroves. In Mangrove Ecosystems Of Asia and the

Pacific, status, exploitation and management. Ed. C.D. Field and A.J. Dartnall.

Fitter A.H. (1991) The ecological significance of root system architecture: an economic

approach. In: Plant Root Growth; An Ecological Perspective. Ed. D. Atkinson. pp 229-

245. Blackwell Scientific Publications.

Flanagan L.B, Ehleringer J.R. and Marshall J.D. (1992). Differential Uptake of Summer

Precipitation amoung co-occuring trees and shrubs in a pinyon-junipor woodland.

Plant Cell and Environment, 15: 831-836.

Flanagan L.B. and Jefferies R.L. (1988). Stomatal limitation of photosynthesis and reduced

growth of the halophyte, Plantago maritima L., at high salinity. Plant, Cell and

Environment, 11: 239-245.

Flanagan L.B. and Jefferies R.L. (1989a). Effect of increased salinity on CO2 assimilation, Oz

evolution and the ð13C values of leaves of Plantago maritima L. developed at low and

high NaCl levels. Planta, I78:377-384.

Flanagan L.B. and Jefferies R.L. (1989b). Photosynthetic and stomatal responses of the

halophyte, Plantago maritima L. to fluctuations in salinity. Plant, Cell and

Environment, l2'. 55 9-5 68.

Flowers T.J. and Yeo A.R. (1986). Ion relations of plants under drought and salinity. Aust. J.

Plant Physiol., L3: 75-91.

Flowers T.J., Troke P.F. and Yeo A.R. (1971). The mechanism of salt tolerance in

halophytes. Ann. Rev. Plant Physiol., 28:89-121.



222
Fraser G.W., and Thorburn P.J. (1996). Growth and water use of trees in saline land in

south east Queensland. 4th National Conference and'Workshop on the Productive use

and Rehabilitation of Saline Lands. Albany, W.4., 25-30 March.

Fraser G.'W., Thorburn P.J. and Cramer V. (1995). Comparison of diffuse groundwater

discharge from trees and bare soil in south-east Queensland: preliminary results.

Murray Darling 1995 Workshop - Extended Abstracts. Wagga Wagga, 11-13

September.

Froend R.H. and van der Moezel P.G. (1994). The Impact of Prolonged Flooding on the

Vegetation of Coomalbidgup Swamp, Western Australia. J. Royal Society of

Western Australia, 77(I): 15-22.

Froend R.H. et al (1993). Response of Mehleuca preissiana Populations to Altered Water

Regimes. In: Wetlands of the Swan Coastal Plain. V 4. The effect of altered water

regimes on wetland plants.

Froend R.H., Heddle E.M., Bell D.T. and McComb A.J. (1987). Effects of salinity and

waterlogging on the vegetation of Lake Toolibin, Western Australia. Aust. J. Ecol. 12:

281-298.

Galloway R. and Davidson N.J. (1993). The response of Atriplex amnicola to the interactive

effects of salinity and hypoxia. J. of Exp. Bot. 44 (260): 653-663.

Garbarino J., and Dupont F.M. (1988). NaCl Induces a Na*ÆI* Antiport in Tonoplast

Vesicles from Barley Roots. Plant Physiol. 86: 231-236.

Gardner W.R. (1958) Some steady-state solutions of the unsaturated moisture flow equation

with application to evaporation from a water table, Soil Sci. 85: 228-232

Gardner W.R. (1960) Dynamic aspects of water availability to plants. Soil Sci. 89(2): 63-73.

Gardner W.R. (1991) Modelling water uptake by roots. Inig. Sci. 12: 109-114.

Garnier E., Berger A. and Rambal S. (1986). Water balance and pattern of soil water uptake

in a peach orchard. Agric. Water Manage., 1L: 145-158.

Garratt J.R. (1984). The measurement of evaporation by meteorological methods. Ag. Wat.

Man. 8: 99-lll.

Gat J.R. (1981). Isotopic fractionation. In: J.R. Gat and R Gonfiantini, eds. Stable isotpoe

hydrology: deuterium and oxygen-18 in the water cycle. International Atomic Energy

Agency, Vienna, Austria. Technical Report Series No. 206.

George R.J. (1990). Reclaiming sandplain seeps by intercepting perched groundwater with

eucalypts. Land Degradation and Rehabilitation, 2: 13-25.



223
George R.J. (1991). Management of sandplain seeps in the wheatbelt of Western Australia.

Agricultural Water Management, L9: 85-104.

Gill A.M. and Tomlinson P.B. (1911). Studies on the growth of red mangrove (Rhizophora

mangle L.) fV.The adult root system. Biotropica,9: I45-I55.

Giurgevich J.R. and Dunn E.L. (1982). Seasonal patterns of daily net photosynthesis,

transpitation and net primary productivity of Juncus roemerianus and Spartina

alterniflora in a Gerogia salt marsh. Oecologia,52: 404-410.

Glenn E., Thompson T.L., Frye R., Riley J. and Baumgartner D. (1995). Effects of salinity on

growth and evapotranspiration of Typha domingensis Pers. Aquatic Botany, 52:75-91.

Glenn E.P., Watson M.C., O'Iæary J.W. and Axelson R.D. (1992) Comparison of salt

tolerance and osmotic adjustment of low sodium and high-sodium subspecies of the C+

halophyte, Atriplex canescens. Plant Cell. Environ. 15:711-718.

Golombek S.D. and Ludders P. (1993). Effects of short-term salinity on leaf gas exchange of

the fig (Ficus carica L.). Plant and Soil, L48:21-21 .

Goulden M.L. and Field C.B. (1994). Three methods for monitoring the gas exchange of

individual tree canopies: ventilated-chamber, sap flow and Penman Monteith

measurements on evergreen oaks. Funct. Ecol., 8: 125-135.

Granier 4., Bobay V., Gash J.H.C., Gelpe J., Saugier B. and Shuttleworth W.J. (1990). Vapor

flux density and transpiration rate comparisons in a stand of Maritime pine (Pinus

pinaster Ait.) in I-es Landes forest. Agric For. Meteorol., 51: 309-319.

Greacen E.L., Walker G.R. and Cook P.G. (1989). Evaluation of the filter paper method for

measuring soil water suction. Int. Meeting at Univ. Utah July 1987 on Measurement of

Soil and Plant Water Status. 137-145.

Green S.R. (1993). Radiation balance, transpiration and photosynthesis of an isolated tree.

Ag. For. Met.,64: 20I-221.

Green S.R. and Clothier B.E (1988). Water use of kiwifruit vines and apple trees by the heat-

pulse technique. Journal of Experimental Botany, 39: 115-23.

Greenspan (1996). Sapflow Sensor Technical Manual. Y2. Greenspan Technology.

Queensland, Australia.

Greenway H. and Munns R. (1980). Mechanisms of salt tolerance in nonhalophytes. Ann.

Rev. Plant Physiol., 3l: 149-190.

Greenway M. (1994). Litter Accession and Accumulation in a Melaleuca quinquenervia

(Cav.) S.T. Blake Wetland in South-eastern Queensland. Aust J Mar. Freshwatet Res.,

45: I5O9-19.



224
Greenwood E.A.N. and Beresford J.D. (1980). Evaporation from vegetation in landscapes

developing secondary salinity using the ventilated-chamber technique. II Evaporation

fromAtriple.x plantations over a shallow saline water table. J Hydrol., 45:373-319.

Greenwood E.A.N., Beresford J.D., Bartle J.R. and Barron R.J.W. (1982). Evaporation from

vegetation in landscapes developing secondary salinity using the ventilated-chamber

technique. IV. Evaporation from a regenerating forest of Eucalyptus wandoo on land

formerly cleared for agriculture. J. Hydrol., 58: 357-366.

Greenwood E.A.N., Klein L, Beresford J.D. and'Watson G.D. (1985). Differences in annual

evaporation between grazed pasture and Eucalyplzs species in plantations on a saline

farm catchment. J Hydrol.,78: 26I-218.

Greenwood E.A.N., Milligan 4., Biddiscombe E.F., Rogers 4.L., Beresford J.D., 'Watson

G.D. and V/right K.D. (1992). Hydrologic and salinity changes associated with tree

plantations in a saline agricultural catchment in southwestern 'Western Australia.

Agrucultural Water Management, 22: 301 -323.

Hajibagheri M.4., Yeo A.R. and Flowers T.J. (1985). Salt Tolerance in Suaedn Maritima

(L.) Dum. Fine Structure and Ion Concentrations in the Apical Region of Roots. New

Phytol., 99:331-343.

Haller W.T., Sutton D.L. and Barlowe V/.C. (1974). Effects of salinity on growth of several

aquatic macrophytes. Ecology, 55: 89 1-894.

Ham J.M., Heilman J.L. and Lascano R.J. (1990). Determination of soil water evaporation

and transpiration from energy balance and stem flow measurements. Agricultural and

Forest Meteorology., 52: 281 -301.

Harnza M.A. and Aylmore L.A.G. (1992). Soil solute concentration and water uptake by

single lupin and radish plant roots. Plant and Soil, 145: I9l-196.

Hatton T.J. and Hsin-I Wu (1995). Scaling theory to extrapolate individual tree water use to

stand water use. Hydrological Processes, 9: 521-540.

Hatton T.J. and Vertessy R.A. (1990). Transpiration of plantation Pinus Radiata estimated by

the heat pulse method and the Bowen ratio. Hydrological Processes, 4:289-298.

Hatton T.J., Catchpole E.4., and Vertessy R.A. (1990). Integration of sapflow velocity to

estimate plant water use. Tree Physiology,6: 2OI-209.

Hatton T.J., Moore S.J., and Reece P.H. (1995). Estimating stand transpiration in a

Eucalyptus populnea woodland with the heat pulse method: measurement errors and

sampling strategies. Tree Physiology, 15: 219 - 227 .



225
Hedrich R. and Schroeder J.I. (1989). The Physiology of Ion Channels and Electrogenic

Pumps in Higher Plants. Annu. Rev. Plant Physiol., 4O: 539-69.

Heinrich P.A. (1990). The eco-physiology of riparian river red gum. Final Report for the

Australian Water Resources Advisory Council. University of Melbourne.

Hill A.E. and Hill B.S. (1976). Mineral Ions. In Transport in Plants IL Part B, Tissues and

Organs. Encyclopedia of Plant Physiology. Ed. U.Luttge and G.Pitman.

Hofstetter R.H. (1991). The Current Status of Melaleuca quinquenervia In Southern Florida.

In: Proceedings of the Symposium on Exotic Pest Plants. Nov. 24, 1988, University of

Miami, Florida.

Holliday I. (1989). 'A Field Guide to Melaleucas' (Hamlyn: Melboume) 25app.

Holmes J.W. (1984). Measuring evapotranspiration by hydrological methods. Ag. Wat.

Man.,8:29-40.

Hook D.D. (1984). Adaptions to Flooding with Freshwater. In: Kozlowski, T.T. Flooding and

Plant Growth. Academic Press. Orlando.

Howes 8.L., Dacey J.W.H. and Goehringer D.D. (1986). Factors controlling the growth form

of Spartina alterniflora; Feedbacks between above-ground production, sediment

oxidation, nitrogen and salinity. Journal of Ecology, T4: 881-898.

Huber 8., and Schmidt E. (1937). Eine Kompensationsmethode zur thermoelektischen

Messung Langsamer saftstrome. Ber. dt. Bot. Ges. 55: 514-529.

Huperman A.F. (1995). Salt and water dynamics beneath a tree plantation growing on a

shallow watertable (Department of Agriculture, Energy amd Minerals, Victoria:

Tatura).

Jackson E.A. and Litchfield W.H. (1954). The soils and potential land use of part of county

Cardwell (Hundreds of Coombe and Richards) in the Coonalpyn Downs, South

Australia. CSIRO Aust. Soils and Land Use Ser. No. 14

Ja¡vis P.G. (1976). The interpretation of the variations in leaf water potential and stomatal

conductance found in canopies in the field. Philos. Trans. R. Soc. l-ondon, Ser. B, 273:

593-610.

Jarvis P.G. (1981). Stomatal conductance, gaseous exchange and transpiration. In: Plants and

their atmospheric environment, edited by J,Grace, E.D. Ford and P.G. Jarvis, Il5-204.

Oxford: Blackwell Scientif,rc.

Jarvis P.G. (1985). Transpiration and assimilation of tree and agricultural crops: The

"omega" factor. In "Trees as Crop Plants" (M.G.R. Comell and J.E. Jackson, eds). pp.

46I-480. Inst. Terrestrial Ecol., Huntingdon, England.



226
Jarvis P.G. and McNaughton K.G. (1986). Stomatal control of transpiration: Scaling up from

leaf to region. Adv. Ecol. Res., 15: 1-49.

Jefferies R.L., Davy A.J. and Rudmik T. (1979) The growth strategies of coastal halophytes.

In: Ecological Processes in coastal environments,pp 243-268, Jeffries, R.L., Davy 4.J.,

eds. Blackwell Scientific, Oxford, UK.

Jensen 4., (Ed) Hoey P., Kopli P., Shepherd R., Till M., and Weinert M. (1983). The effects

of drainage on groundwater in the Counties of Cardwell and Buckingham and the effect

on the Coorong. Adelaide: Department of Environment and Planning.

John C.D., Limpinuntana V, Greenway H. (1917).Interaction of salinity and anaerobiosis in

barley and rice. J Exp Bot, 28: I33-I4L

John C.D., Limpinuntana V., Greenway H. (1974). Adaption of Rice to Anaerobiosis. Aust.

J. Plant Physiol., l:513-20.

Jolly I.D. and V/alker G.R. (1996). Is the field water use of Eucalyptus largiflorens F. Muell.

affected by short-term flooding? Australian Journal of Ecology,2l: 173-183.

Jolly LD., Walker G.R., and Thorburn P.J., (1993). Salt accumulation in semi-arid floodplain

soils with implications for forest health. J. Hydrol., L50: 589-614.

Jones H.G. (1983). Plants and microclimates. Cambridge University Press.

Katerji N., van Hoorn J.'W., Hamdy 4., Karam F. and Mastorilli M. (1994). Effect of salinity

on emergence and on water stress and early seedling growth of sunflower and muze.

Agricultural Water Management, 26: 8 1 -9 1.

KefuZ., Munns R., and King R. (1991). Abscisic Acid Levels in NaCl-treated Barley, Cotton

and Saltbush. Aust J. Plant Physiol. 18: I1-24.

Kelliher F.M., Kostner B.M.M., Hollinger D.Y., Byers J.N., Hunt J.E., McSeveny T.M.,

Meserth R., Weir P.L. and Schulze E.-D. (1992). Evaporation, xylem sap flow, and tree

transpiration in a New Tnaland broad-leaved forest. Agricultural and Forest

Meteorology,. 62'. 53-13.

Kennett-Smith 4., Walker G. and Narayan K. (1995). Predicting the likely impact of land

management changes on land salinisation in the upper South-East of South Australia.

Munay Darling'Workshop. 'Wagga Wagga 11-13 September

King C.4., Schwamberger E.C., Wallace M., Smith D.J., Myer W.S. and Thorburn P.J.

(1995). Water use and plant development, and capillary upflow from saline water tables

in four soils for irrigated maize. CSIRO Division of Water Resources, Technical

Memo. 95/8 (CSIRO Division of 'Water 
Resources).



227
Koide R.T., Robichaux R.H., Morse S.R., and Smith C.M. (1992) Plant water status,

hydraulic resistance and capacitance. In: Plant Physiological Ecology: Field Methods

and Instrumentation. Eds R.W. Pearcy, J Ehleringer, H.A. Mooney and P.V/. Rundel.

Chapman and Hall. London.

Kolb H.4., Kohler K. and Mortinoia E. (1987). Single Potassium Channels in Membranes of

Isolated Mesophyll Barley Vacuoles. J. Membrane. Biol. 95:163-169.

Kostner B.M.M., Schulze E.-D, F.M. Kelliher D.Y., Hollinger D.Y., Byers J.N., Hunt J.E.,

McSeveny T.M., Meserth R. and Weir P.L. (1992). Transpiration and canopy

conductance in a pristine broad-leaved forest of Northofagus: an anlysis of xylem sap

flow and eddy correlation measurements. Oecologia. 91: 350-359

Kozlowski T.T., ed (1968). "Water def,rcits and Plant Growth," Yol2, Academic Press, New

York.

Kramer P.J., and Boyer J.S. (1995). Water Relations of Plants and Soil.

Kriedemann P.E. (1986). Stomatal and photospthetic limitations to leaf growth. Aust. J.

Plant Physiol., L3: 15-31.

Kriedemann P.E. and Sands R. (1984). Salt resistance and adaption to root-zone hypoxia in

sunflower. Aust. J. Plant Physiol., 11: 287-301.

Kuiper P.J.C., Kuiper D. and Schuit J. (1988). Root functioning under stress conditions: An

introduction. Plant and Soil, lll:249-253.

Kurth E., Cramer G.R., Lauchli A. and Epstein E. (1986). Effects of NaCl and CaCl2 on cell

enlargement and cell production in cotton roots. Plant Physiol., 82: 11O2-1186.

Ladefoged K. (1963). Transpiration of forest trees in closed stands. Physiologia Plantarum.,

16:378-414.

Ladiges P.Y., Foord P.C. and Willis R.J. (1981). Salinity and waterlogging tolerance of

some populations of Melaleuca ericiþIia Smith. Aust. J. Ecol., 6:203-215.

Landsberg J.J. and McMurtrie R. (1984) Water use by isolated trees. Ag. Wat. Man. 8:223-

242

Lange R.T. (1981). Native Vegetation. In: Natural History of the South East. Eds. M.J. Tyler,

C.R. Twidale, J.K. Ling and J.V/. Holmes. Royal Society of South Australia Inc.

Lassoie J.P., Scott D.R.M. and Fritschen L.J. (l9ll). Transpiration studies in Douglas-fir

using the heat pulse technique. Forest Science, 23:311-90.

Lauchli, A. (1912). Translocation of Inorganic Solutes. Ann. Rev. Plant Physiology,l9T-218.



228
I-essani H. and Ma¡schner, H. (1978). Relation between salt tolerance and long distance

transport of sodium and chloride in various crop species. Aust. J. Plant Physiol., 5:27-

37.

Lin G. and Sternberg L. da S. L. (1992a). Effect of growth form, salinity, nutrient and sulfide

on photosynthesis, carbon isotope discrimination and growth of red m¿ìrigrove

(Rhizophora mangle L.). Aust. J. Plant Physiol., 19: 5O9-5I7.

Lin G. and Sternberg L. da S.L. (1992b). Comparative study of water uptake and

photosynthetic gas exchange between scrub and fringe red mangroves, Rhizophora

mangle L. Oecologia, 90.399 -403.

Lin G. and Sternberg L. da S.L. (1993). Hydrogen isotopic fractionation by plant roots during

water uptake in coastal wetland plants. In: J. Ehleringer, A. Hall and G. Farquhar, eds.

Stable isotopes and plant carbon water relations. Academic Press, San Diego. pp 397-

4to

Lin G. and Sternberg L. da S.L. (1994). Utilization of surface water by red mangrove

(Rhizophoramangle L): An isotopic study. Bulletin of Marine Science,54(1): 94-102.

Litchfield W.H. (1956). Species Distribution over part of the Coonalpyn Downs, South

Australia. Aust J Bot., 4: 68-115.

Loan L. (1993). The response of native vegetation to rising groundwater and salinity levels

in the upper south east of South Australia. Honours Thesis. Dept. Geography,

University of Adelaide.

Lopushinky V/. (1986). Seasonal and diurnal trends of heat pulse velocity in Douglas-fir and

ponderosa pine. Can J. For Res., L6: 814-821.

Luard E.J. and El-Lakany M.H. (1984). Effects on Casuarina and Allocasuarlna species of

increasing sodium Chloride concentrations in solution culture. Aust. J. Plant Physiol.,

Il:41I-481.

MacKenzie G.A. and Stadter F. (1992). Groundwater occurrence and the impacts of various

land management practices in the Upper South East of South Australia. (background

report for the USEDSFMP). Adelaide: Department of Mines and Energy (Report Book

92/58).

Malek E. and Bingham G.E. (1993). Comparison of the Bowen ratio-energy balance and the

water balance methods for the measurement of evapotranspiration. J Hydrol.,146: 209-

220.



229
Marcar N.E. (1993). V/aterlogging modifies growth, water use and ion concentration in

seedlings of salt-treated Eucalyptus camaldulensis, E. tereticornis, E. robusta, and

E.globulus. Aust. J. Plant. Physiol.,20: l-I3.

Marcar N.E. and Termaat A. (1990). Effects of root-zone solutes on Eucalyptus

cam.aldulensis and Eucalyptus bicostata seedlings: Responses to Na+, Mrgz*, and Cl-.

Plant and Soil, 125:. 245-254.

Marshall D.C. (1958). Measurement of sap flow in conifers by heat transport. Plant

Physiology, 33: 385-396.

Marshall J.K, Colquoun I.J., Schofield N.J. and Stoneman G.L. (1939). Application of the

heat-pulse technique for measuring transpiration to Jarah (Eucalyptus marginata)

Land and Water Research News. 3.

Marshall T.K. and Holmes J.W. (1988). Soil Physics. 2ndF,d. Cambridge University Press.

McEwan K.L and Kennett-Smith A.K. (1995). Results from Hydrological Studies in the

Upper South-East, South Australia. 2. Groundwater and Meteorological Data.

Technical Memorandum 96.6. CSIRO Division of 'Water Resources.

McEwan K.L., Kennett-Smith 4.K., Holub 4.N., Streeter T.C., and Taylor P.J. (1994).

Results from hydrological studies in the upper south east, South Australia. 1. Plant

water use. Tech. Mem. 9411. CSIRO Div. of Water Res.

McNaughton K.G. and Ja¡vis P.G. (1983). Predicting effects of vegetation changes on

transpiration and evaporation. In: "Water Deficits and Plant Growth". V 3. Academic

Press.

McNaughton K.G. and Jarvis P.G. (1991). Effects of spatial scale on stomatal control of

transpiration. Agric. For. Meteorol., 54: 21 9-302.

Mensforth L.J., Thorburn P.J., Tyerman S.D., and Walker G.R. (1994). Sources of water used

by riparian Eucalyptus camaldulensrs overlying highly saline groundwater. Oecologia,

100:21-28.

Meyer'W.S., Prathapar S.A. and Bars H.D. (1990) Water flux to and from shallow water-

tables on two inigated soils. Symosium on Management of Soil Salinity in south-east

Australia. Soc. Soil. Sci. Inc. Riverina branch. pp79-87.

Miller P.C. (1912). Bioclimate, leaf temperature, and primary production in red mangrove

canopies in South Florida. Ecology, 53 22-45.

Mishra R.K and Sands R. (1992). A comparison of sap flux and water relations of leaves of

various isolated trees with special reference to foundation movement in clay soil. Plant

and Soil, 140:269-218.



230
Mishra R.K. and Gibbons A.K. (1996) Growth and morphology of eucalypt seedlings-roots

in relation to soil strength arising from compaction. Plant and Soil. 182: 1-11.

Mizrahi Y., Blumenfeld A. and Richmond A.E. (1972). The role of abscisic acid and

salination in the adaptive response of plants to reduced root aeration. Plant & Cell

Physiol., 13: l5-2I.

Monteith J.L. (1965a). Radiation and Crops. Exp. Ag. l:241-251.

Monteith J.L. (1965b). Evaporation and the environment. Symp. Soc. Expt. Biol. 19:205-234

Monteith J.L. (1973). Principles of environmental physics. American Elsevier Publ. Co., New

York.

Monteith J.L. (1981). Coupling of plants to the atmosphere. In: Plants and their atmosphere

environment. edited by J.Grace, E.D. Ford and P.G. Jarvis,l-29. Oxford: Blackwell

Scientifrc.

Monteith J.L. (1995). Accommodation between transpiring vegetation and the convective

boundary layer. J Hydrol., 166:251-263

Moran R.J. and O'Shaughnessy P.J. (1984). Determination of the evapotranspiration of

E.regnans forested catchments using hydrological measurements. Ag. Wat. Man., 8:

57-76.

Moreno F., FernandezB., Clothier 8.E., and Green S.R. (1996). Transpiration and root water

uptake by olive trees. Plant and Soil. In Press

Morris J.D. (1980). Factors Affecting the Salt tolerance of Eucalypts. In: Eucalypt Dieback In

Forest and'Woodlands. Ed. K.M. Old, G.A. Kile, C.P.Ohmart.

Morris J.D. (1984). Establishment of trees and shrubs on a saline site using drip irrigation.

Aust. For., 47:2IO-217 .

Morris J.D. and Thompson L.A. (1983). The role of trees in dryland salinity control. Proc. R.

Soc. Vic., 95:123-31.

Mott K.A. and Parkhurst D.F. (1991). Stomatal responses to humidity in air and helox. Plant

Cell andEnviron., 14: 509-515.

Munns R. (1988). Why measure osmotic adjustment? Aust. J. Plant Physiol., 15: l17-726.

Munns R. (1993). Physiological processes limiting plant growth in saline soils: some dogmas

and hypothesis. Plant Cell and Environment, L6: 15-24.

Munns R. and Termaat A. (1986). Whole-plant Responses to Salinity. Aust. J.Plant Physiol,

13:143-160.



231
Munns R., Greenway H. and Kirst G.O. (1983). Halotolerant Eukaryotes. In: Encyclopedia

of Plant Physiology V 12C. Physiological Plant Ecology ltr. Responses to the Chemical

and Biological EnvironmenL Ed. O.L. Lange et al.

Murray F.V/. (1967). On computation of saturation vapour pressure. J App. Met., 6: 203-206.

Myers 8.J., Theiveyanathan S., O'Brien N.D. and Bond W.J. (1996). Growth and water use

of. Eucalyptus gran"dis and Pinus radiata plantations irrigated with effluent. Tree

Physiology, 16: 2l l-221.

Naidoo G. (1985). Effects of waterlogging and salinity on plant-water relations and on the

accumulation of solutes in three mangrove species. Aquat. Bot.,22: 133-143.

Naidoo G. and Mundree S.G. (1993). Relationship between morphological and physiological

responses to waterlogging and salinity in Sporobolus virginiclzs (L.) Hunth. Oecologia,

93:360-366.

Naidu 8.P., Jones G.P., Paleg L.G., and Poljakoff-Mayber A. (1987). Proline Analogues in

Melaleuca Species: Response of Melaleuca lanceolata and M.uncinata to water stress

and salinity. Aust. J Plant Physiol., 14:669-71.

Neumann P.M., Azuzeh H. and læan D. (1994). Hardening of root cell wa]ls: a growth

inhibitory response to salinity stress. Plant Cell and Environment 17,303-310.

Nicolas M.E., Munns R., Samarakoon 4.8., and Gifford R.M. (1993). Elevated COz

Improves the Growth of Wheat under Salinity. Aust J Plant Physiol., 20: 349-360.

Nicolson C. (1993). Conservation Parks and wetlands in the Upper South East - surface water

recommendations and an assessment of impacts associated with rising groundwater.

(background report for the USEDSFMP). Adelaide: Department of Environment and

Land Management.

Oertli J.J. (1966). Active water transport in plants. Physiol. Plant., 19: 809-817.

Oertli J.J. (1968). Extracellular salt accumulation, a possibie mechanism of salt injury in

plants . Agrochimica, 12: 46I-9.

Olbrich B.W. (1991). The verification of the heat pulse velocity technique for estimating sap

flow in Eucalyptus grandis. Canadian J For. Res., 21: 836-841.

Ortiz A., Martinez V. and Cerda A. (1994). Effects of osmotic shock and Calcium on growth

and solute compositionof Phaseolus Vulgaris plants. Physiol. Plant., 91(3): 468-416.

Parker W.C. and Pallardy S.G. (1987). The Influence of Resaturation Method and Tissue

Type on Pressure- Volume Analysis of Quercus alba L. Seedlings. J Exp. Bot., 38:

535-549.



232
Passioura J.B. (1982). V/ater in the soil-plant-atmosphere continuum. In Encyclopedia of

Plant Physiology., Nrew Series, Vol. 128 (eds O.L. Lange, P.S. Nobel, C.B. Osmond

and H. Ziegler) Springer -Verlag, Berlin, pp 5-33.

Passioura J.B. (1988). Water transport in and to roots. Annual Review of Plant Physiology

and Plant Molecular Biology, 39:245-265.

Passioura J.B. Ball M.C. and Knight J.H. (1992). Mangroves may salinise the soil and in

doing so limit their transpiration rate. Functional Ecol., 6:476-48I.

Pearcy R.W., Schulze E.D. and Zimmermann R. (1992). Measurement of transpiration and

leaf conductance. In: Plant Physiological Ecology: Field Methods and Instrumentation.

Eds R.W. Pearcy, J Ehleringer, H.A. Mooney and P.W. Rundel. Chapman and Hall.

I-ondon.

Perera L.K.R.R., Mansfield T.4., and Malloch A.J.C. (1994). Stomatal responses to sodium

ions in Aster tripolium: a new hypothesis to explain salinity regulation in above-ground

tissues. Plant Cell. Environ. 17:335-340.

Pezeshki S.R. (1990). A comparative study of the response of Taxodium distichum and Nyssa

aquatica seedlings to soil anaerobiosis and salinity. For. Ecol. Manage., 33134: 531-

54t.

Pezeshki S.R., Delaune R.D. and Patrick Jr. W.H. (1986). Gas exchange characteristics of

baldcypress (Taxodium distichum). I: Evaluation of responses to leaf aging, flooding

and salinity. Can J. For. Res. 16: 1394-1391.

Pezeshki S.R., Delaune R.D. and Patrick Jr, W.H. (1988). Effects of salinity on leaf ionic

content and photosynthesis of T.axodium distichum L. Am. Midl. Nat., Il9: 185-192.

Pezeshki S.R., Delaune R.D. and Patrick V/.H.Jr. (1987). Response of the freshwater marsh

species, Panicum hemitomon Schult., to increased salinity. Freshwater Biology, 17:

195-200.

Poljakoff-Mayber 4., Symon D.E., Jones G.P., Naidu B.P. and Paleg L.G. (1987).

Nitrogenous Compatible Solutes in Native South Australian Plants. Aust J Plant

Physiol., 14 341-50.

Ponnamperuma F.N. (1912). The chemsitry of submerged soils. Advances in Agronomy, 24:

t9-96.

Rea N. (1992). The influence of water regime on the population ecology of two emergent

macrophytes in South Australia. Ph.D. Dissertation. University of Adelaide, Adelaide.

Revesz K and Woods P.H. (1990). A method to extract soil water for stable isotope analysis.

J.Hydrol., 1.LS: 397 -406.



233
Richter M.D., Tyerman S.D., Jolly I.D. and Walker G.R. (1996). Ecophysiological responses

of Eucalyptus largiflorens (F.Muell.) to flooding. In prep.

Ritchie G A and Hinckley T M 1975 The pressure chamber as an instrument for ecological

research. Adv. Ecol. Res., 9: 165-254.

Roberts J. (1917). The use of tree-cutting techniques in the study of the water relations of

mature Pinus sylvestris L. 1. The technique and survey of the results. J.Exp.Bot., 28:

751-761.

Robichaux R.H. (1984). Variation in the tissue water relations of two sympatric Hawaiian

Dubautia species and their natural hybrid. Oecologia, 65: 75-81.

Rogers M.E. and West D.W. (1993) The effects of rootzone salinity and hypoxia on shoot

and root growth ínTriþIium species. Annals of Botany. 72 (5)z 503-509.

Rundel P.Vy'., Ehleringer J.R. and Nagy K.A. (1988). Stable Isotopes in Ecological Research.

Ecological Studies, 68.

Rychnovska M., Cermak J. and Smid P. (1980). Water output in a stand of Phragmotes

communistrin. Acta Sc. Nat. Bmo, l4(2): I-30.

Salama R.8., Bartle G.A. and Farington P. (1994). Water use of plantation Eucalyptus

camaldulensls estimated by groundwater hydrograph separation techniques and heat

pulse method. Journal of Hydrology, L56: 163-180.

Schoheld N.J. (1990). Determining reforestation area distribution for salinity control.

Hydrological Sciences Journal, 35: 1- 19.

Schofield N.J. and Bari M.A. (1991). Valley Reforestation to Lower Saline Groundwater

Tables: Results from Stene's Farm,'Western Australia. Aust. J. Soil Res., 29:635-50.

Scholander P.F. (1968). How mangroves desalinate seawater. Physiol. Plant., 21.:251-261.

Scholander P.F., Hammel H.T., Bradstreet E.D. and Hemmingsen E.A. (1965). Sap pressure

in vascular plants. Science, 148:339-346.

Schulte P.J. and Hinckley T.M. (1985). A Comparison of Pressure-Volume Curve Data

Analysis Techniques. J. Exp. Bot.,37(177): 159O-1602.

Schulze E.-D., Cermak J., Matyssek R., Penka M., Zimmermann R., Vasicek F., Gries W.

and Kucera J. (1985). Canopy transpiration and water fluxes in the xylem of the trunk

of Larix and Picea trees - a comparison of xylem flow, porometer and cuvette

measurements. Oecolo gia, 66: 41 5-483.

Sena Gomes A.R. and Kozlowski T.T. (1980). Responses of Melaleuca quinquenervia

seedlings to flooding. Physiol. Plant., 49:373-377.



234
Setter T.L. and 'Waters I. (1989). Dissolved Gas Measurements for Experiments on

Waterlogging and Flooding Tolerance of plants. Tropical Crops Research Group.

School of Agriculture. University of W.A.

Shalhevet J. and Hsiao Th.C. (1986). Salinity and drought. A comparison of their effects on

osmotic adjustment, assimilation, transpiration and growth. krig. Sci., 7:249-264.

Sharma M.L. (1984). Evapotranspiration from a Eucalyptus community. Ag V/at. Man., 8:

4t-56.

Shepherd R.G. (1978). Underground water resources of South Australia. Adelaide:

Geological Survey. Bulletin, 48: 3l -45.

Sinclair, R. (1980) Water Potential and Stomatal Conductance of Three Eucalyptus species in

the Mount Lofty Ranges, South Australia: Resonses to Summer Drought. Aust. J. Bot.,

28:499-510.

Slatyer R.O. and Mcllroy (1961). Practical Microclimatology. UNESCO, Paris. p 310.

Slavich P.G., Smith K.S., Tyerman S.D. and Walker G.R. (1996). 'Water use of Atriplex

nummularila above saline watertables. 4th National Conference and 'Workshop on

the Productive use and Rehabilitation of Saline Lands. Albany, Vy'.A., 25-30 March.

Smith D.J., Meyer W.S., and Barrs H.D. (1993) Effects of soil type on maize crop daily water

use and capillary upflow in weighing lysimeters during 19891 1990. CSIRO Division of

Water Resources, Technical Memo. 93/20 (CSIRO Division of Water Resources:

Canberra).

Smith D.J., Meyer W.S., Barrs H.D., and Schwamberger E.C. (1995). Effects of soil type and

groundwater salinity on lucerne crop daily water uptake and capillary upflow in

weighing lysimeters from 1990 to 1993. CSIRO Division of Water Resources,

Technical Memo. (CSIRO Division of Water Resources: Canbena).

Smith S.D., Wellington 4.8., Nachlinger J.L, and Fox C.A. (1991). Functional Responses of

Riparian Vegetation To Streamflow Diversion in the Eastern Sierra Nevada.

Ecological Applications, L(L): 89-91 .

Socki R.4., Karlsson H.R. and Gibson E.K. (1990). A rapid, inexpensive technique for

analysis of 180/16 in water using pre-evacuated containers. In: Proc. Seventh Int. Conf.

Geochronolog. Cosmochronol., Isot. Geol. ,24-29 Sept., 1990, Canberra, Aust. Bur.

Min. Res. Record 1990/47 . p49.

South East Drainage Board (1980). Environment Impact Study on the effect of drainage in

the South East of South Australia. Adelaide: Author. Reference South East Drainage

Board. 28/76 & 13/79.



235
Sparrow A.D. (1991). A Geobotanical study of the remnant natural vegetation of

temperate South Australia. PhD thesis, University of Adelaide, Botany Department.

Sperry J.S., Tyree M.T. and Donnelly J.R. (1988) Vulnerability of xylem to embolism in a

mangrove vs. and inland species of Rhizophoraceae. Physiol. Plant. 74:276-283.

Steinberg S.L., McFarland M.J.,. and V/orthington J.W. (1990). Comaprison of trunk and

branch sap flow with canopy transpiration in Pecan. J. Exp. Bot.,4l(277): 653-659.

Sternberg L. da S.L. and Swart P.K. (1987). Utilization of freshwater and ocean water by

coastal plants of southern Florida. Ecology, 68(6): 1898-1905.

Stewart J.B. (1984). Measurement and prediction of evaporation from forested and

agricultural catchments. Ag For. Met., 8:1-28.

Streeter (1993). 'Water use strategies of Eucalyptus largiflorens (F.Muell.) at different

groundwater salinities on a floodplain of the River Murray, South Australia. Honours

Thesis, Department of Biology, Flinders University of South Australia.

Stull R.B. (1988). An introduction to boundary layer meteorology. Kluwer Acadamic

Publishers

Sutcliffe J.F. (1986). Salt Relations Of Intact Plants. In: Plant Physiology, A Treatise. V.ix,

Water and Solutes in Plants. Ed by F.C. Steward. Academic Press.

Swanson R.H. and Whitfield D.W.A. (1981). A numerical analysis of heat-pulse velocity

theory and practice. J.Exp.Bot., 32; 22I-239.

Sze, H. (1983). Proton-Pumping Adenosine Triphosphatase In Membrane Vesicles Of

Tobacco CaIIus. Sensitivity To Vanadate and K*. Biochimica et Biophysica Acta,732:

586-594.

Talsma T. (1963). The control of saline groundwater. Meded. Landbouwhogeschool

'Wageningen,63: 1-68.

Taras M.J., Greenberg A.E. and Hoak R.D. (1975). Standard methods for the examination of

water and wastewater,l4th edn. American Public Health Association Washington DC.

pp 613-14.

Taylor J.K. (1933). A Soil Survey of the Hundreds of Laffer and Willalooka, South Australia

CSIRO Report. CSIRO Division of Soils, Adelaide.

Thorburn P.J. (1992) Comparison of diffuse discharge from shallow water tables in soils and

salt flats. J. Hydrol. 136:253-214.

Thorbum P.J. (1993). Groundwater uptake by Eucalyplas forests on the Chowilla floodplain,

South Australia: Implications for groundwater hydrology, and forest ecology and

health. PhD thesis, Flinders University of South Australia.



236
Thorbum P.J. (1996). Can Shallow Water Tables be Controlled by the Revegetation of Saline

Lands. Aust. J. Soil Wat. Con., 9(3): In Press

Thorbum P.J. and Walker G.R. (1994). Variations in stream water uptake by Eucalyptus

camaldulensis with differing access to stream water. Oecologia, I00:293-30I.

Thorbum P.J., Hatton T.J. and V/alker G.R. (1993a). Combining measurements of

transpiration and stable isotopes of water to determine groundwater discharge from

forests. Journal of Hydrology, 150: 563-587.

Thorbum P.J., McEwan K.L., Smith D.J., Schwamberger E.C. and Meyer W.S. (1994a).

Uptake of saline groundwater by irrigated lucerne. In: Productive Use of Saline Lands -

Saline Irrigation Areas. Proceedings of the 3rd Workshop of the NPPUSL, Echuca,

Vic, Mar 1994 (NPPUSL), pp 107-112.

Thorburn P.J., Mensforth L.J. and Walker G.W. (I994b). Reliance of creek-side river red

gums on creek water. Aust. J. Mar. Freshwater Res., 45:1439-1443.

Thorburn P.J., Walker G.R. and Brunel J-P. (1993b). Extraction of water from Eucalyptus

trees for analysis of deuterium and oxygen-l8: laboratory and field techniques. Plant

Cell and Environment 16: 269-277.

Thorburn P.T., Walker G.R. and Jolly I.D. (1995). Uptake of saline groundwater by plants:

An analytical model for semi-arid and arid areas. Plant and Soil, 175(1): 1-11.

Turner N.C. (1981). Techniques and experimental approaches for the measurement of plant

water status. Plant Soil., 58:339-66.

Turner N.C. (1986). Adaption to water deficits: A changing perspective. Aust. J. Plant

Physiol., 13:175-190.

Turner N.C. (1987). The use of the pressure chamber in studies of plant water status. Proc Int.

Conf. Measurement Soil Plant'Water Status, 2: 13-24.

Tyree M.T. and Jarvis P.G. (1982). Water in tissues and cells. In: Encyclopedia of Plant

Physiology, New Series, Vol 128 (eds O.L. Lange, P.S. Nobel, C.B. Osmond and H.

Ziegler), Springer Verlag, Berlin, pp.35-77.

USEDSFMPPSC (1993). Upper South East Dryland Satinity and Flood Management Plan.

Environmental Impact Statement. Natural Resources Council of South Australia.

van der Moezel P.G. and Bell D. (1991). Comaprative water use in river red gum and swamp

she-oak seedlings stressed with different salinities. Land and Water Research News, 12:

19-22.



237
van der Moezel P.G., and Bell D.T. (1987). The effect of salinity on the germination of

some Western Australian Eucalyptus and Melaleuca species. Seed Sci. and Technol.,

15:239-246.

van der Moezel P.G., Pearce-Pinto G.V.N. and Bell D.T. (1991). Screening for salt and

waterlogging tolerance in Eucalyptus and Melaleuca species. For. Ecol. Manag. 40:

21-37.

van der Moezel P.G., 'Watson L.E. and Bell D.T. (1989). Gas exchange responses of two

Eucalyptus species to salinity and waterlogging. Tree Physiology, 5:251-257 .

van der Moezel P.G., Watson L.E., Pearce-Pinto G.V.N. and Bell D.T. (1988). The Response

of Six Eucalyptus Species and Casuarina obesa to the Combined Effects of Salinity

and'Waterlogging. Aust. J Plant Physiol., 15: 464-474.

van Hylckama T.E.A. (1914). Water use by saltceder as measured by the water budget

method. ASGS Professional Paper 491-8, US Govt. Printing Office, 'Washington,

USA.

Wadleigh C.H., Gauch H.G. and Strong D.G. (1947). Root penetration and moisture

extraction in saline soil by crop plants. Soil Science, 63:341-349.

Wainwright, S.J. (1984). Adaptions of Plants to Flooding with Salt Water. In: Kozlowski,

T.T. Flooding and Plant Growth. Academic Press. Orlando.

V/aisel Y., Eshel 4., and Agami M. (1986). Salt balance of leaves of the mangrove Avicennia

marina. Physio. Plant., 67:67-72.

Walker C.D. and Brunel J.P. (1990). Examining Evapotranspiration in a Semi Arid Region

Using Stable Isotopes of Hydrogen and Oxygen. Journal of Hydrology, 1,L8: 55-75.

Walker C.D. and Richardson S.B. (1991). The use of stable isotopes of water characterising

the source of water in vegetation. Chemical Geology (Isotope Geoscience Section), 94:

145-158.

V/alker C.D., Brunel J.P., Dunin F.X., Edwards W.R.N., Hacker J.M., Hartmann J., Jupp

D.L., Reyenga W., Schwerdtfeger P., Shao Y. and Williams A.E. (1989). A Joint

Project on the Water Use of a Mallee Community in Late Summer. In: The Mallee

Lands; A conservation perspective. Proc of the National Malle Conference, Adelaide.

CSIRO. Australia.

Walker G.R., Blom R.M. and Kennett-Smith A,K. (1992). Preliminary results of recharge

investigations in the Upper South-East region of South Australia. Centre for

Groundwater Studies Report No. 47, 24 pp.



238
Walker G.R., Hughes M.W., Allison G.B. and Barnes C.J. (1988). The Movement of

Isotopes of Water During Evaporation From a Bare Soil. J. of Hydrology,9T: I8l-191.

Warrick A.W. (1983) Additional solutions for steady-state evaporation from a shallow water

table. Soil Science.146 Q) 63-66.

Watad 4.4., Pesci P., Reinhold L. and lrrner H. (1986). Proton Fluxes as a Response to

Extemal Salinity in Wild Type and NaCl Adapted Nicotiana CelI Lines. Plant Physiol.,

8lz 454-459.

Webb L.M. (1993). An investigation into the environmental effects of rising groundwater and

salinity on native vegetation in the Bunbury-Taunta area (including the proposed

l-esron Conservation Park) in the Upper South East of South Australia (background

report for the Upper South East Dryland Salinity and Flood Management Plan

Environmental Impact Statement). Adelaide: Department of Environment and Land

Management.

Werk K.S., Oren R., Schulze E.-D., ZimmermartR. and Meyer J.(1988). Performance of two

Picea abies (L.) Karst. stands at different stages of decline. ItrCanopy transpiration of

green trees. Oecologia, 7 6: 519-524.

West D.W. (1978). Water use and sodium chloride uptake by apple trees. II. The response to

soil oxygen deficiency. Plant and Soil, 50: 51-65.

West D.W. and Black J.D.F. (1973). Inigation timing - its influence on the effects of salinity

and waterlogging stresses in tobacco plants. Soil Science,125:367-376.

West D.W. and Taylor J.A. (1980a). The response of Phaseolus vulgaris L. to root-zone

anaerobiosis, waterlogging and high sodium chloride. Annals of Botany, 46:51-63.

West D.W. and Taylor J.A. (1980b). The effect of temperature on salt uptake by tomato

plants with diumal and noctural waterlogging of salinized rootzones. Plant and Soil,

56: ll3-12t.

White J.M. and Brake L.A. (1995) Description, history, and water chemistry of the recently

restored water-valley wetlands in the south-east of South Australia. Wetlands: 1.5 (3):

247-251.

White J.'W.C., Cook E.R., Lawrence J.R. and Broeker W.S. (1985). The D/H ratios of sap in

trees: implications for water sources and tree ring D/H ratios. Geochim Cosmochim'

Acta., 49:237-46.

'Wickens L.K. and Cheesman J.M. (1939). The Transport of 'oNa* by Root Membrane

Vesicles From the Halophyte, Spergularia marina. Plant Membrane Transport. Eds.

Dainty et al. Elsevier Science Publishers.



239
Williamson D.R. (1986). The hydrology of salt affected soils in Australia. Reclaim. Reveg.

Res., 5: 181-96.

'Wolanski E. and Ridd P. (1986) Tidal mixing and trapping in mangrove swamps. Estuarine,

Coastal and Shelf Science 23:759-77I.

Yakir D. and Yechiell Y. (1995). Plant invasion of newly exposed hypersaline Dead Sea

shores. Nature, 374: 803-805.

Yeo, A.R. (1981). Salt Tolerance in the Halophyte Suaeda maritima L.Dum.: Intracellular

Compartmentation of Ions. J. Exp. Bot., Vol.32,l28z 481-497.

Youssef T. and Saenger P. (1996). Anatomical adaptive strategies to flooding and

rhizosphere oxidation in mangrove seedlings. Aust. J. Bot.,44:297-313.

Zhang J. and Davies W.J. (1991). Antitranspirant activity in xylem sap of muze plants. J.

Exp. Bot., 42:317-321.

ZidanI., Azaizeh H., and Neumann P.M. (1990). Does salinity reduce growth in maize root

epidermal cells by inhibiting their capacity for cell wall acidification? Plant Physiol.,

93 7-II.

Zidan I., Shaviv 4., Ravina I. and Neumann P.M. (1992). Does salinity inhibit muzeleaf

growth by reducing tissues concentrations of essential mineral nutrients? J. Plant Nutr.,

15: L4O7-14I9.

Zimmerrnan LJ., Ehhalt D., Munnich K.O. (1967). Soil-water movement and

evapotranspiration: Changes in the isotopic composition of the water. In: Isotopes in

Hydrology. Proc. Int. Symp., Nov., 1966.I4E4, Vienna, pp. 567-585.




