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Abstract

The clearing of natural vegetation for agricultural purposes in southern Australia has

increased groundwater recharge rates by orders magnitude. This has led to large areas of

land being affected or threatened by secondary dryland salinity. Alley farming systems,

comprising alternate belts of trees and crops, have been proposed for reducing recharge

and mitigating salinity. There is a need to be able to estimate the recharge reduction

expected from alley farming systems.

This thesis reviews methods for measuring and modelling recharge, and identifres the

difficulties associated with modelling tree belts using conventional methods. The major

knowledge gaps identified relate to: methods for quantifying the land area occupied by the

tree belts; and information regarding the manner in which the belts hydrologically occupy

that area.

A new concept for an Equivalent Recharge Zone ERZ is therefore presented; EIRZ is used

to introduce the Equivalent No Recharge ENOR concept for describing the zone of

occupation of a tree belt root zone. A hypothesis is presented such that ENOR can be

scaled to the leaf area index LAI (-' --') of the belt, relative to the LAI of local natural

vegetation. It is then shown mathematically that the width B (m) of the ENOR can be

estimated from the leaf area of the tree belt, per unit length of belt LLA (m2 m-1¡, divided

by the LAI oflocal natural vegetation.

The approach is tested by comparing B predicted from leaf arca, with B determined from

recharge measurements, at six sites spread across a climate gradient (300 to 700 mm

annual average rainfall) between the northern Eyre Peninsula of South Australia and south

western Victoria. In a separate experiment in South Australia, predicted B was compared

with B determined from a year of water balance measurements. Both of these experiments

showed that the ENOR approach could be used to estimate the area hydrologically

occupied by a belt of trees. Relative recharge RR from an alley farm (relative to recharge

from a cropping system) is shown to equal I - BlW, where W isthe centre-to-centre tree

belt spacing. This is called the ENOR model, and requires no input parameters from below

ground.

Two methods are then developed for estimating LAI (îrom a climate wetness index) and

LLA (from a survey of farm tree belts), for application of the ENOR model to hypothetical

alley farms, or where data is not available. Detailed procedures and worked examples are

given for applying the ENOR model, within the Murray Darling Basin, to estimate
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recharge from hypothetical alley farms, and to design alley farms to result in a prescribed

recharge.

Users of the techniques can expect an effor in RR no greater than 20Yo, when using

measured LLA and LAL A larger error should be expected where LLA and LAI are

estimated using the methods derived. The thesis concludes that the ENOR model will be a

useful tool in the development of catchment management plans for addressing dryland

salinity from paddock to regional scales.
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Chapter 1

Introduction

Context

This thesis covers the development of a static model for estimating the groundwater

recharge expected from alley farming systems. Alley farming is an agroforestry system

that comprises belts of trees, alternated across the landscape with strips of crop or pasture

(Lefroy and Scott, 1994). Groundwater recharge (hereafter referred to as 'recharge') is the

amount of infiltrated water that reaches a specific groundwater system (Walker et al.,

2001) and is a significant contributing factor to secondary dryland salinity; a more specific

working definition of recharge is given in Chapter 3. Alley farms have been proposed as

an alternative to conventional farming systems, with the aim of reducing recharge, and

mitigating salinisation of the Murray-Darling Basin, Australia (Stirzaker et a|.,2000).

The Munay-Darling Basin covers 84.6 million ha spread across the states of Queensland,

New South Wales, Victoria and South Australia, from which is derived 4l%o of Australia's

gross value of agricultural production (Crab, 1997). Large areas of natural vegetation in

the basin were cleared for agriculture, mainly during the 1920s and 1950s (Walker et al.,

1993), and has been shown to cause groundwater recharge to increase by at least two

orders of magnitude (Allison et al,, 1990; Kennett-Smith et al., 1992b).In areas where

annual rainfall <700 mm, soil profiles contain ancient salt stores, of aeolian origin, and

increased recharge in these areas is the principal cause of the salinisation of large areas of
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land, and significant inland water supplies (Wood, 1924; Bamett, 1989; Williamson,

1998). Currently, an estimated 2.5 million ha of land is affected by salinity, with the

potential for this to increase to 15 million ha over coming decades (PMSEIC, 1999). The

exact costs of salinisation is uncertain, but is estimated to be $100 million per year for lost

agricultural production alone, and is predicted to double in the next 40 years (PMSEIC,

1999). Annual damage to infrastructure and environmental assets is estimated in the tens

of millions of dollars. In South Australia, at the lower end of the Basin, at least 20%o of

surface water is above recommended salinity limits for human consumption. There is

therefore, interest in reducing recharge from agricultural systems in the Murray Basin

(rWilliams et a|.,1998; Stirzaket et a1.,2000).

In southem Australia, annual crops and pastures, because of their shallow root systems and

winter/spring growing seasons, offer little scope for reducing recharge (Walker et al.,

1999). Perennial pastures provide greater hope in this regard (Smettem, 1998), but only

trees appear to possess the rooting depth and perenniallity to reduce recharge to desired

levels for salinity mitigation (Nulsen et aL.,1986; Kennet-Smith et al.,l992b; Petheram e/

al., 2000; Petheram et a1.,2001). Unfortunately, salinity-prone areas generally lack the

rainfall for commercial forestry. Agroforestry systems therefore, are increasingly being

considered as methods for incorporating tree species into agriculture to reduce recharge

and mitigate salinsation.

In 1996 The Murray Darling Basin Commission (MDBC) funded the Low Rainfall Alley

Farming LRAF research project No. D9005, to investigate the feasibility of alley farming

in the 300 mm to 450 mm rainfall zone (Figure 133) of the Murray-Darling Basin

(MDBC, 2000). Trial sites were established in 1996 to investigate cultural, agronomic, and

productivity aspects of alley farming at: Pallamana, South Australia; Walpeup and

Bridgewater, Victoria. A Ph.D. scholarship (this thesis) was also commissioned at the

same time. While the original LRAF project was restricted to low-rainfall areas, the scope

of this thesis was widened to include higher rainfall areas. This has allowed: interpretation

of data over a wider range of climatic conditions (and a more confident validation of the

approach); and the development of a model that is applicable to other parts of the Basin.
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Aims of this study

This study aims to develop a model for:

1. Predicting recharge from alley farming systems in the Murray Basin;

2. Designing alley farms that will result in a prescribed or 'target' recharge reduction.

Over the next ten years, targets for levels of land and stream salinity will be set and

monitored in 20 to 50 major catchments in the around Australia (Agriculture, Forests and

Fisheries,2000); six of these catchments are in the southern Murray Basin. Target setting

will be a first stage of the development of catchment management plans for the large-scale

management of dryland salinity. This thesis describes the development and testing of a

model that can fulfil the above aims, and within a catchment management context.

Thesis structure

To provide a physiographic context for the study, Chapter 2 describes the stratigraphy and

hydrogeology of the Murray Basin. Dryland salinity is then defined, and the processes of

secondary dryland salinity and stream salinisation are explained with respect to land use

change. The temporal and spatial aspects of catchment response to hydrologic

perturbations are illustrated with reference to catchment type. Chapter 3 provides a

working definition of recharge, reviews recharge measurement and modelling techniques,

discusses the problems associated with applying conventional hydrological models to

agroforestry systems, and concludes that there is a need for a new approach.

In light of this, a new approach is derived in Chapter 4; a central hypothesis is proposed;

and an alley farm recharge model (ENOR - Equivalent No Recharge) is constructed. The

main input parameters for the model are: Leaf Area Index LAI (m2 --2¡ of natural

vegetation; and Lineal Leaf Area LLA (m2 m-'¡ of tree belts. Chapters 5 and 6 describe

experiments used to test the model using direct recharge measurements (chloride method -

Allison and Hughes, 1983; Walker et al., l99l), and from a water balance perspective.

Chapter 7 covers the derivation of a method for estimating LAI of natural vegetation; in

Chapter 8 a scheme is developed for estimating LLA of tree belts. These estimation

methods can be used where speed of application of the ENOR model is required, or where

LAI and LLA data is not available. Chapter 9 gives procedures for applying the ENOR

model to hypothetical alley farms within the Murray Darling Basin. Chapter 9 also

presents a discussion on the use of the ENOR model (within the context of catchment

plans), and the limiøtions and errors associated with its application.
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The thesis closes with Chapter 10, which summarises the findings of the thesis with

reference to the aims (this Chapter). The experimental hypotheses and their underlying

assumptions are reviewed, and in light of this study, three main areas are suggested for

future research. The final remarks, while recognising the limitations of the ENOR model,

conclude that it fulfils the aims of the study and provides a means to estimate the recharge

from alley farms, and to design alley farms to result in a prescribed recharge reduction.

Appendices I to 5 contain respectively: site descriptions; example calculations;

calibrations; elror analyses; and maps of elevation, rainfall and evaporation of the Murray

Darling Basin.
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Chapter 2

The Murray Basin and dryland salinity

Introduction

This chapter defines the study area and provides stratigraphic and hydrogeologic context

for salinisation of land and streams in the Murray Basin. The stratigraphy provides an

appreciation of the geometry of the Murray Basin and the degree to which its large,

relatively flat shape and shallow sediments influence the expression of dryland salinity. A

time line of significant tectonic and eustatic events and resulting strata emphasises the

geological antiquity of the basin and explains the vertical and horizontal distribution of the

sediments forming the key aquifers. The Basin hydrogeology is then summarised and the

three provinces identified: Scotia Province; the Riverine Province; and the Murray-

Limestone Province - the latter encompasses the Mallee region of the Basin. The aquifers

of the Murray-Limestone Province are described in more detail, along with the flow

direction, relative magnitude and salinity of the associated groundwater flow systems. At

this point salinity in Australia is briefly described and the key contributing factors are

discussed: climate; salt stores; hydrogeology; and land cover with particular attention to

the latter and its effect on recharge. It is noted that, of the factors contributing to dryland

salinity, land cover is the only one that can be effectively manipulated by humans. This

has been demonstrated most dramatically by the increases in recharge following the
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removal of natural vegetation during the last century (Walker et ql., 1993), and the

subsequent spread of dryland salinity.

The saline pollution of groundwater and streams are shown to be the major expressions of
nature of dryland salinity in the Murray Mallee region, with an associated current and

forecast cost of tens of millions of dollars per year. The methods for mitigating dryland

salinity are outlined and the distinction is made between 'discharge' and 'recharge'

solutions. Because increased recharge has caused the modern increases in salinity,

recharge reduction is the logical long-term solution. Three options for reducing recharge

over large areas of agricultural land are examined: l) reduce the recharge from

conventional farming systems; 2) replace agriculture with plantation forestry; 3) develop

new agricultural systems that control recharge. Conventional farming systems have limited

recharge reduction potential and plantation forestry, while it could control recharge, would

eliminate valuable agricultural production (Walker et al., 1999). This has prompted

interest in new methods of farming such as agroforestry, which incorporate trees in the

rural landscape and maintain some agricultural production (Stirzaker et a\.,2000). Alley

farming systems comprise alternate belts of trees and crops, and are suited to low to
medium rainfall, broad acre areas (Lefroy and Scott, 1994).It has been proposed that such

spaced tree belts could displace less cropping land than plantations, but reduce recharge

over a proportionally larger area because tree roots extend laterally from the belts.

Using real examples of alley plantings in discharge areas on southern Australia, it is

emphasised that, these can only ever have a local hydrologic impact, and add little to
addressing dryland salinity at a catchment scale.

The chapter therefore concludes there is a need to estimate, a priori, the recharge

reduction from alley farming systems (in recharge areas) and to be able to design alley

farms that result in a prescribed recharge reduction target.

Stratigraphy

The Murray Basin covers about 30 million ha of the southern Murray-Darling Basin. It is
the catchment area for the Murray River, which is fed by the Lachlan and Murrumbidgee

rivers from the northeast; and the Ovens, Goulburn and Loddon rivers from the south

(Figure 3). The average slope of the land surface overmuch of the 600 km wide Basin is

about O.lyo. Brown (1989), Evans and Kellett (1989) describe the Basin as "low-lying"

and "saucer-shaped", flanked by subdued mountain ranges, and almost entirely separated

from the sea. Brown (1989) noted that the sedimentary sequence is "extremely thin,

consisting of a veneer of platþrm cover sediments, rather than a 'conventionol' basinal

7



; ì Munay Basin

ßrvor
llurr

Riverine

[¡ELBOLJRNE

R¡W
Victoria

Riwr

Krang

SFn

Lde

Gûilbm
Rlvtr

Sh€pprlm

GrRrfl
!

New South Wales

South Australia

N

t
ñ

succession". Basin sediments reach a maximum depth of 600 m and are frequently less

than 200 m deep. They are generally saturated, with little remaining storage capacity

(Brown, 1989) and, because of the low relief, have low average hydraulic gradients.

Figure 3 The Murray Basin, southern Australia (modified from Herzceg et aL,

2001) showing the three hydrogeologic provinces. The transect NS marks the

position of the cross section (Figure 4) of the aquifers of the Murray-Limestone

Province which underlie most of the Mallee Region.

The Basin geometry has meant that subtle movements of the Cainozoic basement have had

large effects on the sedimentation of the basin and the resulting groundwater systems

(Brown, 1989). In a comprehensive geological study of the Murray Basin, Brown and

Stephenson (1991) describe and date the geological and geomorphic events that produced

the sediments that dictate the hydrogeologic nature of the modern Murray Basin. The

Murray Basin has existed as a geological entity since the Late Paleocene, and developed

following the break up of Australia and Antarctica. Tectonics has provided the primary

control on the Basin development although eustatic and climate changes have also played

a part. The most significant events and periods, together with the associated strata, are

summarised below, modified from Stephenson and Brown (1989) and Brown and

Stephenson (1991).

o Lste Eocene-earliest Oligocene (35 - 40 Ma) The ancestral Murray River emptied into

the sea, probably via a number of estuarine zones, penetrating deep into the basin.
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These now form the Renmark Beds, part of the Renmark Group aquifer. Closest to the

sea in the southwest, marine sediment formed the Buccleuch Beds.

o Late Oligocene-early Middle Miocene (15 - 30 Ma) A marine incursion flooded the

western part of the basin, forming the ancient Murravian Gulf. During this time 150 m

of bryozoal limestone was deposited in the western parts (limestone formations of the

Murray Group) over the marine marl Ettrick Formation. Progressively eastwards,

(shorewards) marls were laid down (Winnambool Formation), tidal flats (Geera Clay)

and fluvial deltas and flood plains (Olney Formation of the Renmark Group).

o Late Middle late Miocene (-10 Ma) The sea retreated from most of the Basin, and

tributary valleys became entrenched.

o Latest Miocene (5 - 10 Ma) The western Murray Basin was once again invaded by the

sea, backfilling entrenchments and depositing marine sands, which were derived from

reworking of the underlying sandy limestones.

o Early Pliocene (5 Ma) The sea retreated once more, leaving a strand plain of north-

westerly trending beach ridges and inter-ridge fluvial deposits (Pliocene Loxton-Parilla

Sands). This dune-swale system has been well preserved and can been seen in the

modern landscape of north westem Victoria and adjacent parts of South Australia.

o Late Pliocene (2.5 Ma) A short-lived marine transgression/regression briefly flooded

the Murray River valley, but did not affect the rest of the landscape. More influential

however, was the tectonic uplift of the Pinnaroo Block, which dammed the Murray

River near the modern town of Mannum, about 2.5 Ma ago (Stephenson, 1986). This

formed the huge inland Lake Bungunnia, which remained for at least 1.8 Ma and

covered 3.3 million ha. The most significant formations resulting from lake

depositions are the Bungunnia Limestone and the much more extensive Blanchetown

Clay. The lake boundary fluctuated widely, and parts of the Blanchetown Clay are

fluvial, rather than lacustrine, but in general, modelling by Stephenson (1986)

concluded that the overall climate was at least twice as wet as today. Further to the east

on the flood plain, fluvio-lacustrine sediments were forming the basis for the

Shepparton Formation.

o Late Pliocene to Recent (-l Ma) The draining of Lake Bungunnia commenced at

about 0.7 Ma leaving aeolian-fluvio-lacustrine sediments in the Mallee region. Some

remnants of the lake exist today, including Lakes Tyrrell and Hindmarsh (Stephenson,

1986), although they are now maintained mainly by groundwater rather than river

influx.
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o Recent The alternate flooding and draining of the Murray Mallee, resulted in the

deposition and reworking of dunal landscapes by both wind and water. The Recent

dominant Quaternary morphostratigraphic units of the western parts of the Basin are

the Woorinen (sand) Formation and the Molineaux-Lowan Sands, which were formed

by aeolian reworking of the Woorinen Formation. The modern Murray Mallee region

therefore, comprises largely dune-swale land systems, of which there are several types

(Rowan and Downes, 1963; Laute et a1.,1977;Brown and Stephenson, 1991) and are

covered in the experimental site descriptions, Appendix 1.

Ilydrogeology

Murray Basin
The Murray Basin has three regional aquifer provinces (Evans and Kellett, 1989): the

Riverine Province, underlying the Riverine Plain and the eastern Mallee region in New

South Wales and Victoria; the Scotia Province underlying the arid regions the northern

parts of the Basin in South Australia and New South Wales; and the Mallee-Limestone

Province underlying the Mallee region in South Australia, and the Mallee and Wimmera

regions of western Victoria. All groundwater flow from the provinces discharges to the

Murray River, the only outlet from the Basin (Evans and Kellett, 1989), apart from minor

potential flow over the Padthaway Ridge in the south west of the Basin (Stephenson and

Brown, 1989).

The aquifers hold approximately 4600 000 ML of groundwater, two thirds of which is

useful to humans. Accompanying this is an enorrnous salt load in the aquifers and

aquitards of about 100 000 million tonnes. At present rates of groundwater-surface water

interaction, it would take 25 000 years to transport this load from the Basin via the Murray

River (Evans and Kellet, 1989).

The major aquifers within the provinces are: the Renmark Group (assemblage of Warina

Sand Olney Formation and minor Buccleuch Beds in the west); Murray Group

(limestone); Pliocene Sands (Loxton-Parilla sands); and the Shepparton Formation

(complex assemblage of fluvio-lacustrine sediments restricted to the Riverine Province).

The Oligocene rWinambool/Geera Clay Formation extends in an arc about 100 km wide,

through the centre of the Basin, roughly separating the Mallee-Limestone and the Riverine

Provinces. This low permeability formation represents a major impediment to both lateral

flow and is one of the factors controlling the distribution of groundwater discharge zones

within the basin (Evans and Kellett, 1989).
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Mallee-Limestone province
The Mallee-Limestone province contains the deepest sediments in the Basin, sequentially

with age these are (see Figure 4): the Renmark Group; the Ettrick Formation aquitard; the

Murray Group; the Winnambool and Geera Clay aquitard formations (not shown in the NS

cross section); the Loxton-Parilla Sands; and the Plioscene Sands. The province underlies

most of the Murray Mallee region in South Australia and Victoria, and is bounded in the

southwest by the Padthaway ridge. Groundwater flows tend generally northwest from the

Wimmera Region, then west towards the Murray River. A small amount of groundwater

flows over the Padthaway Ridge to the Upper Southeast Region of South Australia (Evans

and Kellett, 1989). Groundwater quality in the older, lower aquifers is generally good, and

often fit for human consumption (<1500 pS cm -t). In the more recent sediments however,

salinity levels can be as high as high as seawater (50 000 to 60 000 ¡rS cm -r).

The lowest aquifer of the Mallee-Limestone Province is the Renmark Group, and is

generally 150 m below the land surface and about 150 m thick (Figure 4). From this

aquifer groundwater discharges to the north west by upward flow through the lower

confining layer (Ettrick Formation) of the overlying Murray Group limestone aquifer, and

into the lower reaches of Murray River. Further north there is some mixing with

groundwater from the Riverine Province (Stephenson and Brown, l9S9). The geometry of
groundwater flows is complex. Evans and Kellet (1989) collated groundwater quality

information for Murray basin aquifers and it is displayed graphically on a Preliminary

Shallow Groundwater Map of the Murray Basin (Evans, 1988). Salinity of groundwater in

the Renmark group ranges from about 1500 pS cm -l (1000 mg L-l) in the southern

recharge areas to 4500 pS cm -l towards the northern and western boundaries of the

province. Salinity increases towards the north eastern and western boundaries of the

Renmark Group, due to intrusions from the Riverine province, and flow over the

Padthaway Ridge, respectively. On the northern boundary near the Murray River, there is

an abrupt increase to 35 000 pS cm -1.
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Figure 4 Cross section of the aquifers of the Murray-Limestone Province

underlying the Mallee Region. Source: CSIRO.

Overlying the Renmark Group is the Murray Group aquifer (Figure 4), comprising middle

Tertiary marine limestone and calcarenite and is the most intensively exploited regional

aquifer in the Basin (Evans and Kellett, 1989). The aquifer generally underlies an upper

confining layer in the central and western parts of the province, but becomes semi-

confined in the southern and eastern areas where it is overlain by clay-marl (mainly the

Winnambool Formation and Geera Clay) and the Loxton-Parilla Sands, respectively.

Significant recharge occurs in both these areas, and aquifer discharge occurs in zones

along the Murray River to the north. Groundwater of good quality and generally less than

1500 pS cm -r in the south; about 9500 pS cm -r in the north west; and 1900 pS cm -r on

the eastern boundary, grading into the low-permeability Winambool Formation (Evans and

Kellett, 1989). In the north there is also thought to be upward discharge to the Murray

Group aquifer from the Renmark Group, raising the salinity, and downward leakage from

the overlying Loxton-Parilla Sands to the Murray Group aquifer in the south of the

province.

The Pliocene Sands aquifer is the shallowest aquifer in the Murray Limestone province. It

is largely unconfined and is recharged by downward percolation; sands are saturated only

in the eastern parts of the province. The sands are discontinuous in the central west of the

province and the Murray Group aquifer becomes unconfined as it does in the west (Figure

4). Groundwater flow is in the same direction as, and eventually coincides with, that in the

Murray Group aquifer, discharging directly to the Murray River. A large amount of

groundwater is lost from the aquifer, on its way to the Murray River, by evaporation from

t'
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discharge zones at the land surface. The salinity of the groundwater in the Pliocene Sands

aquifer is generally high (45 000 to 60 000 pS cm -t¡ but can be much higher near the

discharge zones. The water table is 30 m to 60 m below the land surface over most of the

Mallee region (Evans, 1988). There is therefore a time delay between increased recharge

at the surface and the resulting pressure front adding to the water table. Jolly et al. (1989)

showed that, in a Mallee soil where the water table was 60 m below the surface, the post-

clearing pressure front would take about 80 years to reach the water table. The

implications for this with respect to the response of a catchment to such a perturbation,

and the subsequent salinisation of land and streams is discussed in the next section.

Salinity in southern Australia

Saline streams and discharge areas occur naturally in much of Australia, principally in low

to medium rainfall zones and such phenomena are often referred to as primary salinity.

However it is secondary salinity, induced by landscape changes, that is of concern over

large areas of southern Australia, and very recently, Queensland (PMSEIC, 1999).

Secondary salinity has numerous definitions (Taylor, 1996) but the one most useful to this

thesis is"adverse changes in salinity of soils andwaters due to human qctivities".It is also

important to make the distinction here between irrigation salinity, which is not dealt with

in this thesis, and dryland salinity. Irrigation salinity results form either the use of saline

water for inigating crops or from the alteration of water table height and/or salinity levels

by irrigation practices. Dryland salinity occurs in non-irrigated areas where changes in

land-use perturb hydrologic equilibria. This severe form of land degradation is not

confined to the Murray Basin and is generally a problem on agricultural land in Australia

where the average annual rainfall is less than 700 mm (Williamson, 1998), which is

insufficient to flush salt from the aquifer. It is now clear that degradation of agricultural

land is only one of the costs of secondary salinity. Equal, and in some case larger, in

magnitude are the costs associated with: damage to rural roads, buildings and towns; loss

of ecosystem and habitat; pollution of urban water supplies; and loss of production form

irrigated agriculture. The basic processes behind secondary dryland salinity in Australia

have been known for many decades (Wood, 1924).It is only in recent decades, however,

that both the scale and the possible consequences of increasing salinity have been

appreciated by scientists and land managers (Peck, 19771' Bamett, 1989; Barnett et al.,

1996; George et al., 1999).It was only very recently that it has caught the attention of the

wider community (PMSEIC, 1999). The expression of secondary salinity can vary but
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each case requires three basic ingredients: a source of salt; mobilisation of the salt;

discharge of the salt.

The process
Recharge is the amount of infiltrated water that reaches a specific groundwater system;

increased recharge has, in most cases, been the primary cause of secondary dryland

salinity in southem Australia. Before land clearing, groundwater systems were in (or close

to) equilibrium such that recharge equalled groundwater discharge, either subsurface to

streams, or the land surface if water tables were shallow. Salt stores in the regolith, before

clearing, were also stable because they generally existed below the root zone (Peck, 1977),

below which recharge \Mas very small. If recharge is increased then so too must discharge,

although there will be a delay dependent on the size and type of the groundwater system.

Increased discharge at the land surface can only be accommodated by larger discharge

area. The increased recharge also remobilises the salt store.

Secondary dryland salinity can occur following the salinisation of a water table that

discharges to the land surface, or by the raising of an already saline water table so that

surface discharge occurs. Stream salinity can be increased by sub-surface addition of

saline water or surface wash-off from saline discharge areas. Salt accumulates in saline

discharge areas, limiting plant growth, or completely eliminating it in severe cases.

Coram et al., (2000) list four key factors contributing to dryland salinity as:

o The amount of water input to the catchment surface through rainfall and removed

through evaporation (climate) ;

o The amount of water that can infiltrate from the catchment surface to the groundwater

system (land cover);

o The amount of salt stored in the catchment and available for mobilisation by

groundwater (salt stores);

o The structural and geomorphic features of the catchment that determine how much

groundwater can be stored, how far it will flow, and what will cause the discharge.

Coram et al. (2000) note that these factors are interrelated: the first two determining

whether dryland salinity can occur; and the second two determine the inherent

susceptibility of the catchment to dryland salinity. The authors address each key factor

briefly; I have addressed the issues similarly, under the same headings, together with

additional issues specific to the Murray Mallee region and this thesis.
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Climate
It is somewhat paradoxical that dryland salinity, one of the most significant forms of land

and water degradation, occurs in areas of relatively low annual rainfall (400 mm - 700

mm), and is due principally to an 'excess' of water.

The southem Australian climate is characterised by a winter-dominant rainfall (Australian

Bureau of Meteorology, 2000) at which time rainfall exceeds evaporative demand, and

often the storage capacity of the soil. The latter is somewhat dependent on the soil depth

considered and the methods of redistribution of water in the root zone (Nulsen et al.,

1986). Where excess water cannot be used during the cooler months (because of low

atmospheric demand), nor stored and utilised over summer, recharge occurs on a regular

basis.

Coram et al. (2000) noted that climate, therefore, in part explains the widespread

occuffence of dryland salinity in southern agricultural lands, especially where annual

rainfall exceeds 400 mm. Australian rainfall is typically strongly episodic (Lewis, 1998;

Zhang et al., 1999), meaning it is distributed as infrequent, significant events (Bames et al,

1994; 'significant', in this case, refers to the relative magnitude of the recharge event) and

has a large bearing on the frequency and magnitude of recharge episodes. As a

consequence, recharge in the Mallee region is also generally regarded to be episodic. In

areas where rainfall is either evenly distributed throughout the year, or occurs mainly in

summer (as is the case in northern New South Wales and Southern Queensland) it is

episodicity, rather than a mismatch of rainfall and atmospheric demand, that can induce

dryland salinity. Zhang et al. (1999) modelled recharge from fallow, crops and pastures at

two sites where annual rainfall was 564 mm and 351 mm. The authors showed that l0%o of
the annual events accounted for 25 - 85% of the total recharge, up to 130 mm yr 1.

Because of the many influencing factors however, such as: antecedent soil moisture;

magnitude and duration of the rainfall episodes; winter rainfall or summer storms; or

presence or absence of, or even growth stage of a crop, it is difficult to give typical

characteristic ofrainfall events that cause recharge.

Land cover
Much of the natural vegetation in the Basin was cleared for agriculture in the 1920s and

1950s (Walker et a1.,1993; Figure 5). Natural vegetation has a large perennial component

that prospers in the Australian climate because of: conservative water use to ensure

survival through drought periods, most likely evolving in a way similar to that suggested

by Eagleson (1982); deeper rooting depth and the ability to store excess water deep in the
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profile (Nulsen et al., 1986); perennial growth, allowing use of water, over the dry

summer, that was stored during the winter, or following large rainfall episodes. In the

large majority of soil types therefore, undisturbed natural vegetation systems evaporates

almost all the rainfall, and recharge is very small (Petheram et a1.,2000). Catbon et al.

(1952) however, measured recharge below native banksia heath land was 43%o of the 775

mm annual rainfall on deep sand plains in Western Australia, but this is not typical for

southern Australia.

Annual crops and pastures generally lack all of the above attributes, and consequently

often cannot use all the rainfall. Zhang et al. (1999) used computer modelling to predict

recharge from typical Mallee land uses practices: bare fallow; wheat (Triticum aestivum)

and oats crops (Avena sativa); lucerne (Medicago sotiva) and medic (Medicago spp.)

pasture. They concluded that while deeper-rooted plants such as lucerne can reduce the

mean annual recharge, they are not likely to eradicate the largest recharge events. Excess

water therefore moves through the soil profile beyond the root zone, increasing rates of

recharge by up to one hundred times that under native vegetation (Allison et al, 1990;

Smettem, 1998; Petheram, 2000). The increased recharge causes water tables to rise,

bringing salt stored in the regolith, eventually discharging at the land surface, or increasing

discharge to streams.

Figure 5 Satetlite image showing the Murray River and the South Australian -
Victorian border. Light areas are farm land and dark areas are natural

vegetation. The different clearing patterns are due to legislative differences

between the two states. Source: Murray Darling Basin Commission.
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Sa lt stores
Soluble salts that occur in soils consist of various proportions of the cations - sodium;

calcium, magnesium, and potassium; and anions - chloride, sulphate, bicarbonate and

nitrate. The origin of salts has been a topic for some debate in the past (Hutton and Leslie,

1958; Hingston and Gailitis, 1976; Gunn and Richardson, 1979). Some carbonate and

sulphate salts originate from the deep weathering of sedimentary and granitic parent rock

and ancient marine sediments, respectively (Gunn and Richardson, 1979). Sodium

chloride however is derived principally from the sea, carried by wind and rain (Hutton and

Leslie, 1958; Hingston and Gailitis, 1976). Herczeg et al. (2001) evaluated four

hypotheses for the origin of salt in the Murray Basin aquifers these being: a) mixing with

original seawater; b) dissolution of salt deposits; c) weathering of aquifer minerals; and d)

acquisition of solutes via rainfall. The authors concluded: "About 1.5 million tons of new

salt is deposited in the Munay Basin each year by rainfall. The groundwater chemistry

has evolved by a combination of atmospheric fallout of marine and continentally derived

solutes and the removal of water by evapotranspiration over tens of thousands of years of
relative aridity".

Rainfall has a very low salt concentration of about 5 mg L-r (Hutton, 1976). Plants

transpire the water, concentrating the salt in the soil profile (Peck, 1977). Soil water in the

unsaturated zone beneath native Mallee vegetation has salt concentrations between l5 000

and 40 000 mg L-r lcook et al., 1993). This is therefore flushed into the largely

unconfined Loxton-Parilla Sands aquifer, and following that, water of <300 mg L-l salt

concentration (Jolly et al., 1989).

Hydrogeology
Groundwater flow systems can comprise one, or an assemblage of, aquifers. Each aquifer

can be thought of, very simplistically, as a vessel. They are filled in recharge areas, they

have some finite storage capacity, and they drain via discharge zones. Aquifers occur in a

range of sizes; a description of the three major classes of groundwater flow systems is

reproduced below from Coram (1998).

o Regíonal groundwaterflow systems are characterised by laterally extensive aquifers,

which may be thicker than 300 m, and recharge and discharge qreos separated by

distances of 50 km or more. They occur in areas of low relief such as alluvial plains.

The aquifers in regional systems are usually wholly or pørtly conJìned, and can be

overlain by local or intermediate systems. The time þr groundwater discharge to
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occur following post-clearing íncreases in groundwater recharge may be as great as

one hundred years.

o Inlermedíate groundwaterflow systems are intermediate in extent between local and

regional systems, generally occurring within individual catchments but also sometimes

flowing between smaller sub-catchments. They tend to occur in valleys, and typically

occur over a horizontal extent of 5 km to 10 lcrn.

o Locøl groundwøterflow systems have recharge and discharge areos within afew

kilometres of one another. They tend to occur within individual sub-catchments, in

areas of higher relief such as foothills to ranges. These systems exhibit dryland salinity

within a decade or so of clearing.

The Murray Mallee is classified as a regional groundwater flow system (Figure 6),

therefore having a hydraulic response time in the order of hundreds of years, which must

be kept in mind when assessing costs and benef,rts of attempts to mitigate salinity.
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Figure 6 Groundwater flow systems of southeast Australia as categorised by

Coram et øL (2000). Source: National Land and Water Audit.

charge to aquifers can be from rainfall, as with the Loxton-Parilla Sands aquifer and the

Murray Group limestone aquifer where it is unconfined. Where the water table is close to

the land surface, recharge and discharge zones can occupy the same space, although actual

recharge and discharge events are usually separated in time. Such situations occur in the

low-lying areas of the Murray Mallee near Lakes Tyrrell and Hindmarsh, as well as closer
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to the Murray River and east of the Padthaway Ridge. Although these interactions are

important, this thesis is focussed on the processes of recharge via rainfall and deals only

with recharge in pure recharge areas, where water tables are deep and inaccessible to

vegetation. This is discussed further at the end of this chapter.

For a given climate and vegetation cover, the groundwater recharge rates are determined

by principles governing all fluid mechanics (Duncan et a1.,1970) and Darcy's Law for the

movement of fluids through porous media (Marshall et al (1996). Cook (1990) showed

that recharge rates in the Murray Mallee was highly dependent on soil clay content, and

give average values for sandy loams and sands of 5 mm yr-l and 35 mm yr l, respectively.

This led Good (1994) to list dune soils as a higher priority for recharge reduction measures

in the Mallee.

Recharge to unconfined aquifers in the Mallee usually occurs via unsaturated soil water

flow below the root zone, except following extreme episodic events and where the water

table is shallow. Where water tables are shallow, discharge can occur via capillary rise to

the land surface or, if the water table is deeper than the capillary fringe but within reach of
plant roots, by transpiration or gaseous diffusion. Saturated flow discharge occurs via

subsurface flow to streams, or via discharge to the land surface where the potentiometric

head coincides with, or exceeds the level of the land.

Episodic recharge events such as those described by Zhang et al. (1999) move relatively

slowly in the unsaturated state. For an event of a specific magnitude, the delay between

leaving the root zone and adding to the water table is determined by the unsaturated

hydraulic conductivity of the soil and vertical distance to the water table (Jolly et al.,

1989). The soil saturated hydraulic conductivity and the potentiometric head determine

saturated flow discharge rates. Discharge from shallow water tables is controlled by:

available energy and/or plant leaf conductance (Monteith and Unsworth, 1990); soil

hydraulic properties (Marshal et al., 1996); gaseous difftrsivity of the soil (Monteith and

Unsworth, 1990).

For a given rate of recharge, the area over which it occurs determines the actual recharge

flux. Similarly, the discharge flux is dependent on the transmissivity of the aquifer, or its

thickness and the hydraulic conductivity. For a given recharge flux, an aquifer will

transmit water according to its transmissivity (Coram et al., 2000). If recharge is

increased, discharge will also increase, the speed of response depending on the extent of

the groundwater flow system, the geological structure of the catchment, and the

geomorphological/topographical setting of the catchment (Coram, 1998; Coram et al.,

l9



2000). When recharge increases beyond the transmissivity of the aquifer, new flow

patterns are formed to accommodate an increase in discharge, and surface discharge areas

can lncrease.

Groundwater in confîned aquifers becomes pressurised and can be forced upwards through

confining layers as with the Renmark Group. If restrictions occur low in the catchment,

water may discharge to the land surface higher in the catchment. In the case of the

unconfined Loxton-Parilla Sands aquifer, the potentiometric surface is raised, increasing

lateral flow towards the Murray River, as well as the land surface discharge area (northern

parts of the Murray-Limestone province) and increasing downward leakage into the

Murray Group aquifer. Geological features can also change the transmissivity of aquifers

and, the case of the Murray Mallee, effect discharge pattems and the likely future

increases. Geological fault or constrictions in the regolith depth reduce transmissivity and

change groundwater flow directions. The Morgan, Murrayville and Danyo Fault lines have

a significant effect on the location of subsurface discharge to the Murray River and

discharge at the land surface in the north of the province. The Padthaway Ridge similarly

determines the fate of much of the low-lying areas in the southwest of the Basin (Evans,

le88)

Dryland salinity in the Murray Mallee

Barnett (1989) predicted with finite element computer modelling (25 km grid size) that

there would be two deleterious effects of rising water tables in the Murray Mallee. Firstly,

the low-lying areas of land to the southwest of the Mallee region will be salinised. This

process has already begun and has the potential to affect all below 20 m, Australian Height

Datum (AHD) in by 2040. At 1989 values, Barnett estimated lost land value to be in the

order of $60 million and about $20 million loss of agricultural production, annually.

Secondly, 50 years after the Murray group aquifer begins responding to the increased

recharge, salinity of water in the Murray River near the town of Morgan is predicted to

increase by 70 pS cm -r and cost $4.9 million annually. Barnett (1990) undertook

additional modelling but using higher recharge rates estimated by Cook (1989). Cook e/

al. (1993) confirmed that there is no doubt that the groundwater below the Murray Mallee

(Loxton-Parilla Sands aquifer) will be salinised in coming decades. There is also some

evidence that the unconfrned parts of the Murray Group (limestone) aquifer are already

being salinised in the Mallee region. These trends were also confirmed by Bamett et al.

(2000). This could eventually render the upper part of the aquifer unusable for domestic

purposes and the entire aquifer unusable for inigation.
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Good (1994) used finite element modelling, but with a7 km grid size, to simulate various

revegetation scenarios on river salinity, as well as the effects of a large irrigation area in

the northern part of the South Australian Mallee. Good (1994) predicted continual

reductions in salt inputs to the Murray River for 200 years after revegetation of farming

areas takes effect and, due mainly to the relatively deep watertable, 300 to 1000 years

before land salinisation occurs in the central and southern Mallee. As part of the Murray-

Darling Basin Salinity Audit (MDBC, 2000) Barnett et al. (2000) again modelled the

effect of revegetation of the Mallee on salinity trends in the Murray River, assuming no

change to recharge from inigation areas. The authors used finite element grid cell sizes of

mostly 500 m, allowing better tests for sensitivity to revegetation strategies. The authors

also attempted to model flood plain processes as they significantly affect the rate and

timing of salt loads entering the main river channel. Barnett et al. (2000) predicted the

total cost of river salinity increased due solely to clearing would be: $8.3 million yrl;
$16.7 million yrr; and $24.6 million yr-r in 2020,2050 and2l}},respectively.

Mitigating dryland salinity in the Murray Mallee

Having established the need to reduce recharge to address dryland salinity, this section

discusses the potential of three land management options: current farming systems;

revegetation; ne\¡/ land use systems.

Current farming systems
Williams et al. (1998) give a summary review of how recharge from current farming

systems has caused much of the dryland salinity problem in Australia. Many believe that

since current farming systems are the cause of the problem, they cannot be used to solve

the problem. Others believe that crops and pasture systems can be modified, with addition

of perennial species, early sowing and double cropping, to reduce recharge to levels that

will achieve useful mitigation of salinity (Dunin et al, 1999; Ringrose-Voase et al., 1999;

Ringrose-Voase and Cresswell, 2000). The greatest scope for doing so is where soil

profiles can store a lot of water at depths that is still accessible to subsequent crops, and

where rainfall is more evenly distributed throughout the year, rather than winter-

dominated. This is the case for areas New South Wales such as the Liverpool Plains

(Ringrose-Voase and Cresswell, 2000). The Mallee region however mostly lacks both of

these properties. Good (1994) and Barnett et al. (2000) list several options for reducing

recharge from agricultural land by modifying current farming practices; these generally

involve increasing water use. This can be achieved by: earlier sowing of crops; improving

fertiliser application; establishment of perennial pasture, chenopods and native pastures
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suited to the conditions. This is a step in the right direction and will undoubtedly be an

important component in future strategies for reducing recharge on agricultural land. Where

reductions in recharge are required to approximate pre-clearing values however, it is likely

that no manner of reorganisation of timing, combination of species or improved yields will

achieve this. Farming systems using 'conventional' species will always be limited in their

ability to control recharge by rooting depth and/or their lack of perenniality (Zhang et al,

reee).

R eve g eta tio n

Barnett (1990), Good (1994) and Barnett et al. (2000), following testing of various

revegetation scenarios for the Murray Mallee, emphasised the efficacy of completely

revegetating strips of land 5 km to 40 km wide adjacent to the Murray River. Barnett

(1990) found that completely revegetating a strip 40 km wide would reduce river salinity

increases at the town of Morgan by 50%. Good (1994) predicted that 20 km of vegetation

would at least halve the salt load entering the river. Bamett et al. (2000), using a more

sensitive model, showed that a revegetated strip of only 5 km wide will reduce increases in

river salinity by 55Yo in the next 20 years, and strips of l0 km and20 km wide achieve

only 7%o and l0%o greater reduction, respectively. The modelling also indicated that about

70%o of future groundwater discharge to the river will originate from the south, and

therefore revegetation of land north of the river will have a small effect.

The authors note that the modelling assumed instantaneous reduction of recharge,

following revegetation, to pre-clearing values in 2000. However, in reality, such a

reduction would take decades. Also, saline inflow to the river will gradually increase again

after 150 to 200 years due to watertable rise outside the revegetated zones. Longer-term

reductions would therefore require recharge to be reduced over larger portions of the

Mallee region.

Further groundwater flow modelling work is planned for this region (Bamett pers. comm.)

to more accurately predict saline groundwater influx to the Murray River in time and

space. This will allow more speciflrc design of revegetation strategies for land close to the

river. The new work will include time delays between revegetation and recharge reduction

that will reflect both the establishment phase for the new vegetation and variation in depth

to water table.

New land-use systems
George et al. (1999) suggests that to reduce recharge levels in Western Australia

sufficiently to reduce dryland salinity, 70o/o to 80% of the landscape will need to be
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revegetated. This is likely to be impractical due to both the sheer enormity of the task and

the opportunity costs associated with the displacement of agricultural production. This is,

of course, unless the species used for revegetation have intrinsic value approaching that of

conventional agriculture. To this end, several scientific projects aim to identify new plant

species for southern Australia (Cooperative Research Centre for Plant-Based Management

of Dryland Salinity, 2001; RIRDC, 1999). Stirzaker et al. (2000) summarised all of the

current and likely future options for agricultural systems in areas affected or threatened by

dryland salinity. Of these, only three 'new' systems: companion farming; low rainfall

trees; and agroforestry are both applicable to the Murray Mallee region, and have the

potential to reduce recharge. Companion farming is the practice of incorporating perennial

species (such as lucerne) into annual crops and pastures. This would achieve a recharge

reduction similar to that demonstratedby Zhang et al., (1999) with perennial lucerne. Low

rainfall trees, if grown in the Mallee region, are likely to reduce recharge to very low

values. However, as with new agricultural plants, there is currently no low rainfall tree

species with a product that has financial returns comparable to cropping and grazing.

Agroforestry systems offer potential for signifTcant recharge reduction while maintaining

some agricultural production (RIRDC, 2000). They may comprise discrete plantings such

as wood lots and windbreaks which take up small parts of the landscape, or can be rotated

in time with other crops as proposed by Harper (see "Phase farming with trees", RIRDC,

2000; Stirzaker et al., 2000). Also known as 'short rotation agroforestry' this system

involves planting fast-growing tree species such as Eucalyptus globulus in areas where

there is fresh groundwater close to the surface or where there is water stored in the soil

profile. Once the trees have depleted the moisture reserves, they are harvested to make

way for conventional crops. The rotation is then repeated elsewhere on the farm, thereby

intermittently reducing recharge to zero in discrete areas, but also significantly reducing

overall recharge from the farm.

Alley farming

Alley farming is an agroforestry system that mixes belts of trees with crops and pastures,

allowing conventional agriculture to take place in the intervening areas (Figure 7). This

system was originally developed for tropical landscapes to promote a diversification of

plant species in the production system and also to help stabilise steep slopes (Kang et al.,

1990; Nuberg and Evans, 1993). Alley farming was also often alleged to have significant

overall productivity advantages over conventional systems. However, initial trial results

were subsequently shown to be misleading due to the confounding influence of tree root
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invasion into control plots, lowering crop yields and creating an impression of a higher

relative yield from the alley system (Ong and Ong,1994). About the same time, however,

the promise of higher productivity and the simultaneous advantages of wind protection,

higher water use and greater bio-diversity made the alley farming concept attractive for

parts of southem Australia (Francis, 1992; Lefroy and Scott, 1994). There was a

significant level of interest from Australian farmer groups for whom alley farming offered

solutions to a range of problems including wind erosion, lack of stock shelter and rising

water tables (Agriculture Western Australia, 2001). An added attraction was early reports

of yield increases of field crops (Bicknell, 1991; Burke, l99l). However subsequent

reviews and exhaustive experimental studies have concluded that shelter-induced yield

improvements in field crops are generally not as high nor as frequent as first thought

(Nuberg, 1998; Cleugh et al,l998; Cleugh and Prinsley, 1998) although wind breaks can

significantly reduce damage from extreme wind events.

Growing concem regarding salinity has maintained the interest in alley farming (Figure 7)

as a means for reducing recharge (Stirzaker and Lefroy, 1997). It was generally thought

that such systems would eliminate recharge beneath the belts of trees, and reduce recharge

significantly for some distance either side of the belts. The overall effect was a reduction

in the average recharge from the landscape. These values, however, had been neither

measured nor modelled. For planning and design purposes there was a need for a means of

predicting both the width of influence of the tree belts and the reduced (equivalent diffuse)

recharge expected from an entire alley farm.

Figure 7 Alley farming systems using single rows of Eucalyptus occidentalis in

Western Australia (left) and an aerial view 2 m wide belts of Acacia saligna in

South Australia (right; Sourcez Alex Knight).

The case for alley farming in recharge areas, not discharge
areas
When discussing dryland salinity in the Murray Basin, I stressed the need to reduce

recharge, and because it is recharge increases that have brought about increases in dryland
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salinity, it makes sense to address the problem, not increased catchment discharge, which

is a symptom. There will be situations where it is a good idea to vegetate discharge areas

for production reasons, possibly with alleys, but this will usually only occur where

groundwater is fresh.

If a discharge area is a relatively fresh and accessible (shallow) water source, trees are

likely to grow well, an increase in evaporation from the discharge area by growing trees

can never significantly change the catchment water balance, because discharge is limited

by aquifer transmissivity (Coram et a1.,2000). Any hydrologic effects will be very local

only; and, if the groundwater is fresh, then there is no salinity problem. If the discharge

area were saline, there would be even less incentive to vegetate it. Trees growing over

shallow saline water tables either accumulate salt in their root zone until they eventually

cannot survive, or they live on fresh water from rainfall, which floats on top of the (more

dense) saline water (Strizaker, 2001). In the latter situation, the trees are still only

accessing rainfall and, although it would better to have trees than no trees, they will not

change the salinisation trajectory of the catchment. To illustrate this point I have included

Figure 8 and Figure 9 which show young alley farms planted in a discharge zone at Cook

Plains, and in the Upper South East Region of South Australia.

Figure I A pit dug to expose an extremely saline (60 000 pS cm -r) water tabte 1.5

m below a eucalypt alley farm in a discharge area of the Cook Plains, South

Australia. The water table is rising slowly; in the long-term the trees are likely to

die as they cannot use the water; their presence in no way will protect any land

from dryland salinity. This graphically illustrates the hopelessness of trying to

address dryland salinity by vegetating discharge areas.
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Figure I shows a large pit that has been dug between eucalypt belts to expose the water

table which is about 1.5 m below the surface and extremely saline (60 000 ¡rS cm -t¡, too

saline to be used by the trees. While ever the watertable remains at the level shown the

trees may survive on the rainfall, or they may accumulate salt in their root zone and die.

Piezometer measurements (Alex Knight, unpublished data) have shown that the water

table at this site, although fluctuating, is rising slowly on average.

Figure 9 shows acacia belts planted on undulating ground, below which there is also a

saline water table. The belt near the centre of the picture crosses a hollow; as the soil

surface dips closer to the water table the trees become stunted and eventually non-existent.

Groundwater in shallow water tables in the Murray Basin is usually saline; fresh shallow

groundwater is rare. In the situations of both Figure 8 and Figure 9, the alley plantings are

not signifîcantly affecting the catchment water balance, and cannot reduce dryland

salinity, except (possibly) very locally.

Figure 9 Acacia søligna alley farm ptanted over a saline water table in South

Australia. The soil surface dips closer to the water table in the center of the

photograph, stunting and killing the trees.

Conclusion

The increases of dryland salinity have been brought about principally by increases in

recharge following the replacement of natural vegetation with cropping and pasture

systems. Trying to increase catchment discharge by planting trees in discharge areas is

unlikely to mitigate dryland salinity, as it is the hydraulic characteristics of aquifers that
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determine discharge rates. Alley farming has been promoted as an altemative to

conventional crop and pasture systems because it can potentially reduce recharge, and at

the same time maintain some level of agricultural production. There is a need, therefore,

for a modelling technique that can determine a priori the effects of alley farms on recharge

(in recharge areas) of the Murray Basin.

Summary

This chapter has described the underlying stratigraphy of the Murray Basin as the most

signif,rcant and immutable factor governing the expression and mitigation of dryland

salinity. Specifïcally, the Basin is a shallow dish-like formation about 600 km across, but

with sediments of only about 200 to 600 m deep, with very little slope, and connected to

the sea by only the channel of the Murray River. The spatial affangement of sediments,

and the resulting aquifers is complex, and reflects the numerous tectonic movements, sea

level and climatic changes over the last 40 million years. The large stores of salt in the

aquifers of the basin has been conclusively attributed to the deposition from rainfall over

tens of thousands of years. During this time the climate was relatively arid, and almost all

rainfall was evaporated or transpired by plants. Deep drainage was small and therefore salt

has built up in groundwater or in the overlying regolith.

Land cover is the only factor contributing the dryland salinity that can be significantly

influenced by humans. The spatial and temporal distribution of vegetation has a large

effect on deep drainage and hence the leaching of salt from the soil profile and the

recharge of aquifers. The clearing of natural vegetation has greatly increased recharge

rates and the mobilisation of salt in the Basin. In the eastern and south western regions of

the Basin, saline groundwater comes close to the land surface, limiting plant growth and

degrading land. However, the most serious effects of dryland salinity in the Mallee region

of the Basin are the pollution of potable groundwater and increases in the subsurface

discharge of saline groundwater to the lower reaches Murray River.

The discharge rate of an aquifer is determined by aquifer thickness, hydraulic conductivity

and hydraulic head. There is little scope, therefore, to reduce the dryland salinity by

attempting to increase aquifer discharge. Groundwater pumping and/or growing trees in

discharge areas may lower water tables, but the effects are very localised and are often

small in comparison the scale of an aquifer (Norman, 1995; Hatton and Salama, 1998). In

addition, discharge areas are often saline; plant growth and therefore water use is therefore

reduced (Slavich et al. 1999; Zhang et al. 1999).
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Recharge reduction via manipulation of land cover over large areas is seen as the only

long-term solution to the problem. The options for doing this are examined using

conventional cropping systems, revegetation, new plant species and agroforestry. Alley

farming, an agroforestry system comprising a spaced belts of trees is described a method

for reducing recharge and, at the same time, maintaining some agricultural production.

The chapter concludes with the observation: to be able to assess the usefulness of alley

farming in such an application, a method is required for estimating its effect on recharge.

The following chapter reviews methods for measuring and modelling recharge, outlines

the additional challenges associated with doing this for agroforestry systems, shows the

need for a new method and lists its desired attributes.
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Chapter 3

Measuring and modelling recharge from agroforestry systems

Introduction

The previous chapter demonstrated the need to model recharge from alley farming systems

to assess their role in salinity mitigation in the southern Murray Basin. This chapter

presents the rationale for the new modelling approach that is central to this study, and is

described in the following chapter.

A working definition of recharge is given and the methods for measuring recharge are

outlined. Special consideration is then given to the additional challenges associated with

tree belts and agroforestry systems due to the lateral spread of tree roots and the problems

associated with measuring the complex variation (both spatially and temporally) of
planlsoil/water process within that zone. At this point an assertion is made: rather than

attempting to describe the physical processes (and the spatial and temporal distribution

thereof) involved in the production of recharge from alley farms, it would be better to

avoid them altogether. The effort and resources required to measure recharge form an

alley farm are illustrated with reference to a previous study undertaken in southwestern

Australia.

Recharge modelling methods are then reviewed in brief, highlighting the combined

problems of: the (typically) small magnitude of recharge in Australia; and the number of

physical processes that need to be described to model it. It is noted that there is a trade-off
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between the use of simple models that generate effors from their simplifying assumptions,

and complex models that accumulate errors from a larger number of input parameters. An

overview is given of agroforestry modelling, highlighting some relevant recommendations

from recent reviews. Previous relevant agroforestry modelling studies are then outlined

and comments are made with regard to their suitability for modelling recharge from alley

farms in the southern Murray Basin.

A second assertion is made that a practically applicable alley farm recharge model cannot

be assembled using the above experimental techniques and the modelling methods alone. I

therefore propose that a new approach is required. The chapter concludes by listing the

main knowledge gaps, followed by the desired attributes of a new modelling approach.

Recharge - a working definition

It is important to make the distinction between the terms recharge, deep drainage, and

potential recharge (Walker et a1.,2001).

l. Recharge (or groundwater recharge) is the amount of infiltrated water that reaches

a specific groundwater system;

2. Deep drainage is the flux of water that moves past the root zone of vegetation.

Deep drainage only becomes recharge when there are no impeding layers, which

prevent water moving down to the groundwater system;

3. Potential (groundwater) recharge becomes future recharge. Where there is a

change of land use, there is a time delay for the recharge associated with the new

land use to reach the water table (e.g. Jolly et al. 1989).

Although in specific cases, distinction between the above is essential, for convenience and

for the purposes of this study, the term 'recharge' will be used to cover all three of the

above terms. I justify this on the following grounds: 1) recharge is the process by which

land use systems most significantly affect dryland salinity (Coram et a1.,2000), depending

on salt stores; 2) deep drainage does not always become recharge, depending on the

presence or absence of confining layers and proximity to streams however, land use

induced increases in recharge do result from deep drainage; 3) in the majority of cases the

southern Murray Basin, deep drainage will inevitably become recharge (see Chapter 2).
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Measuring recharge

Recharge is difficult to measure; it is typically the smallest fraction of the total water

balance (rWalker and Zhang,200l; Walker et al., 2001), and it occurs below the root zone

where it is difficult to access.

In a comprehensive review of recharge and discharge,Zhangand Walker (Eds, 1998) have

compiled an unequalled resource on the topic in relation to Australian conditions. Within

this compendium are described all significant methods of recharge measurement: soil

physical methods (Bond, 1998); groundwater responses (Armstrong and Narayan, 1998);

soil water tracers Walker (1998); and electromøgnetic induction (Cook and rWilliams,

1998). Each of these methods are summarised below and comments are included regarding

their suitability for use in alley farming studies.

Soil physical methods
Bond (1998) observed that the statement of Wagenet (1986) 'there currently does not exist

a direct [routineJ meesurement technique þr [soilJ water flux on a field basis' still holds.

He then describes four soil physical methods for estimating recharge that can be used

given the absence of a direct method: Zero Flux Plane Method; the Unit Gradient and

Measured Gradient methods based on Darcy's Low; and Lysimetry. All of these methods

apply only where matrix flow of water in soil is a valid assumption, and should not be

applied where 'preferred pathway' or 'bypass flow' are significant processes. That is, the

soil is assumed to be "e continuous distribution of pores of various sizes, and

measurements made at conventional scales (oÍ the order of a few cm) relate to a
representative sample of them" Bond (1998). The role of macro pores (such as root

channels, woÍn holes and shrinkage cracks), therefore, in soil water movement is assumed

to be small. Although care must be taken in the application of these assumptions to

Australian soils (e.g. the assumptions are not valid for swelling soils under certain

combinations of soil moisture contents and wetting conditions), it is generally safe to do

so, especially below crop root zones. This is often not so, however, in the case of tree root

zones, especially given that natural species have evolved to survive drought periods by

concentrating excess rainfall in root channels and storing it deep in the profile for use in

subsequent 'dry' periods (Nulsen et al., 1986). The implications of the possibility of
preferential and bypass flow in tree root zones requires careful consideration and is

discussed in more detail later in this chapter.

Where soil matrix flow is assumed, Darcy's Law can be applied
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q - KrorLH

Lz
(1)

where q is flow rate (mm d-r) and is directly proportional to hydraulic gradien, M/*t

K"o¡ is saturated hydraulic conductivity (mm d-l¡ for the soil. For unsaturated flow

conditions, Bond (1998) gives Darcy's Law

q _- KrlLh, + Lzl
Lz

(2)

The subscript d here represents soil water content; Ke and he are hydraulic conductivity

and suction, both are dependent on water content.

The Zero Flw Plane ZFP Method identifies the position in the soil profile, above which

the soil water flux is upward (due to evaporation or extraction by plants) and below which

the flux is downward (due to drainage). The flux at this point therefore must be zero. Thus,

as time progresses, the ZFP following a rainfall or irrigation event, moves down the

profile as evaporation and drainage continue. Changes in water content above this point

are due to evaporation or extraction by plants; changes below this point are due to

drainage. If there is a water table below this point, drainage becomes recharge.

Darcy's Law (Equations I and 2), although not applied directly in the ZFP method, is

invoked to show that soil water flux is zero when the hydraulic gradient is zero.

Tensiometers (Cassell and Klute, 1986; Hutchinson and Bond, 2001) are then used at

regular depth intervals to measure suction and to determine at what point M/* is zero.

Soil water content must also be measured simultaneously with suction, and usually on a

daily basis, for the calculation of drainage. Drainage is calculated as the change in soil

water content within a certain depth interval below the ZFP; the magnitude of the

'drainage' will of course vary with the depth interval chosen, and is unlikely to equal

recharge unless the entire depth interval between the ZFP and the water table is

considered.

Factors limiting the application of the ZFP method to alley farms include the large

resource requirement for soil water and soil suction measurements. These would need to

be repeated daily, and distributed vertically throughout the profile (at least replicated once,

both within and outside the tree root zone). For estimates of long-term average drainage

this must be continued for at least a year. Approximation of recharge using the ZFP

method is impractical wherever the water table is deep, which is the case for most of the

Murray Mallee (see Chapter 2).
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The Unit Grqdient Metho4 outlined by Bond (1998) can be used under special

circumstances where, once drainage is established, the hydraulic gradient is unity and does

not need to be measured (Equation I and 2). The soil water flow rate q is then equal to the

soil hydraulic conductivity at the prevailing soil water content. This method requires that

soil hydraulic properties must be measured, and must be uniform over the interval of

measurement. This often limits the application of the technique, especially for alley farms

since trees have deep root zones and are very likely to intersect changes in soil physical

conditions. Although uniform, deep sands existed at the alley farm experimental site of

Lefroy et al., (200I), such conditions are the extreme exception in the Murray Basin. Bond

(1998) \À/arns that for layered soils, errors of up to 900o/o can occur when using the method

to estimate drainage. Despite this, I have used the Unit Gradient Method to obtain an

estimate of the order of magnitude of drainage in the tree root zone (Chapter 6 and

Appendix 2) to validate an assumption of negligible recharge. In this case, because of the

extremely small magnitude of q, the likely effor associated with the use of the Unit

Gradient Method is not an issue.

Tbe Measured Gradient Method is often employed when the Unit Grqdient Method cannot

be used due to changing soil physical conditions. This method requires the application of
Darcy's Law (Equations I or 2) and therefore the simultaneous measurement of Ke, and he

and their variation with depth. The resource requirements for this method are similar and

often greater than the Unit Gradient Method, and the greatest errors stem from the

measurement of Ka which can yield large uncertainties at high suctions. While this

method may be useful for point measurements, in my opinion, the labour involved makes

it unsuitable for describing a zone as large and as complex as a tree root zone.

Lysimeters are usually best suited to measure evapotranspiration (Bond, 1998) although

they can be adapted to measure recharge both directly and indirectly. Tanner (1967)

describes a lysimeter as 'a device in which a volume of soil, which may be planted to

vegetation, is locqted in a container to isolote it hydrologicallyfrom the sutounding soil'.

With suitable instrumentation, the operator can have complete knowledge of all the

components of the water balance. Lysimeters are classified as 'weighing' and 'non-

weighing', and as the names imply, refer to the whether or not water storage is determined

by measuring the mass of the lysimeter. Where lysimeters need to be large (e.g. for trees)

water storage are determined from other, usually non-destructive, methods such as a

neutron probe. The main assumption is that the conditions inside lysimeters represent

those of the surrounding undisturbed paddock (or forest), and this is often the most

limiting factor to their confident application. Taking large, undisturbed soil samples is a
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large and difficult task, as is hydrologically isolating them from the surrounding soil and

then instrumenting them. Excavating and repacking lysimeters immutably changes soil

physical conditions and can defeat the purpose of using them. Add to this, for agroforestry

studies, the need to grow trees, and lysimeter methods rapidly become unwieldly.

Sometimes local impermeable soil layers eliminate some of the physical structure required

to isolate the soil hydrologically (Oke, 1978; Dunin et al,l985) but the problem remains

of needing to separately monitor the 'interface' zone in an agroforestry study.

Using groundwater responses to ¡nfer recharge
A change in groundwater level can be the most conclusive proof that recharge has

changed; it would therefore seem to be an attractive option to work backwards from a

measured groundwater response to quantify the recharge that caused it. As with the adage:

"The proof of the pudding is in the eating. " (Anon), the effect of land use changes on

recharge will ultimately be judged by groundwater responses. For groundwater signals to

be used this way, they must be representative of the effects of the land use change, for

which there are two prerequisites: l) the land use system must have 'matured' (requiring

years to decades in the case of alley farms);2) the groundwater flow system must have

reached a new equilibrium, either static or dynamic (requiring decades to centuries for

most groundwater flow systems associated with dryland salinity; see Chapter 2). The use

of groundwater responses for estimating recharge is therefore better suited to long-term

studies or where the water table is not very far below the soil surface. An advantage of the

technique is that groundwater response represents a spatial average of recharge over the

catchment. A limitations to the technique is the availability of data from which to describe

the specific yield, transmissivity and geometry of the aquifer (Dawes et aL.,2001).

Armstrong and Narayan (1998) summarise the use of groundwater response to infer

recharge from the basic principle

tn =!, (3)
Sy'

where Aå is the rise in water table level (m); R is the depth of recharge (-' --t); and Sy is

the speciflrc yield of the aquifer (*'--'). I have omitted a detailed discussion of the use of

groundwater response because of the restrictions associated with applying such techniques

in the Murray Basin, due principally to time taken for increases in recharge to reach the

water table (25 to 80 yr, Jolly et al. 1989; Allison et al. 1990). Groundwater flow systems

in the Murray Basin (see Chapter 2) with suiøbly shallow water tables (several metres

below the surface) occur almost exclusively in 'local' scale flow systems, which do not
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accumulate salt, or in discharge areas. There is little point focusing this study on such sites

as they poorly represent the general case in the southern Murray Basin, and plantings in

discharge areas can never reduce recharge. I therefore deemed groundwater response

techniques to be of little use here. Until such time that there are significant areas of

sufficiently mature alley farms in a catchment for which there is a long-term record of

groundwater levels (both before and after alley planting), groundwater responses cannot

be used to assess the effect of alley farms on recharge.

Using soil water tracers to est¡mate recharge
Most of the definitive work on recharge in the Murray Basin has been undertaken using

soil water tracers (Allison and Hughes, 1972, 1978, 1983 Allison et al., 1990; Jolly et ol.,

1989; Walker et al., 1991; Kennett-Smith et al., 1992a, 1992b). A tracer is a soluble

substance that is moved through the soil by water, and of which the concentration can be

determined, usually by laboratory analysis of field samples. The spatial and temporal

distributions (concentrations) of the tracer are used to infer the water movement that

would cause such distributions, rather than measuring the water movement directly.
rüalker (1998), who has provided a comprehensive collation of the use of tracer methods,

gives reasons for the popularity of tracer methods

l. "The movement of tracers is governed mainly by the long-term mean soil water

fluxes that lead to recharge" compared to soil physical methods which measure

fluxes on unnecessarily short time scales to give recharge estimates;

2. Tracer methods do not require frequent visits to the field;

3. It is possible to estimate smaller flong-term average] fluxes using tracers rather

than other methods.

Walker (1998) also notes that there is often no alternative.

Tracer methods can be divided into those that use Artificial, Historical, or Environmental

Tracers. An Artificial tracer (e.g. bromide) used for recharge studies is one that is applied

by the investigator and its motion through the soil profile is then subsequently monitored.

Historical tracers used in recharge studies (e.g. tritium; 36Cl) are isotopes that originate

mainly from atomic tests conducted in the Southern Hemisphere during the 1950s. High

concentrations of the tracers were deposited on the soil surface around the time of the

event and subsequently leached downward through the soil profile over long periods.

Using historical tracers avoids the demanding application procedures required for artificial

tracers and the safety precautions needed when handling concentrated isotopes. When

using historical tracers, decay rates and mixing with 'background' levels of the isotopes
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13óCl also occurs naturally) must also be taken into account. Due to its relatively short

half-life of 12.4 years, tritium concentrations in soil water have decayed to levels similar

to those in rainfall. By comparison, 36Cl has a half-life of 3 million years and remains a

useful artificial tracer. The cost of extraction of isotopic tracers from soil samples is

usually large ($80Aus to $l000Aus per sample, 1997 prices; Walker, 1998) compared to

other types of tracers and will often be the main cost where only shallow sampling is

required. Deep-drilling costs, however, can be extreme where specialist machinery is

required (-$200Aus m-r) and it is often necessary to drill to depth greater than 10 m.

Where soil conditions are not extremely hard, and where there are no rock layers, hand

augering is much cheaper and often faster than the specialist drilling machinery required to

retrieve uncontaminated samples from known depths (wire-lining technique; see Figure

tze).

Environmental tacerc are those that exist naturally in the landscape, and are numerous.

Chloride occurs naturally in rainfall (Hutton, 1976) and has proven to be the most useful

environmental tracer for recharge studies in Australia (Allison and Hughes, 1972, 1978,

1983; Allisonet al., 1990; Jolly et al., 1989; Walker et al., l99l; Kennett-Smith et al.,

1992a,1992b).

In most parts of southern Australia plant growth is water limited; chloride is delivered to

the soil surface via rainfall and, following evapotranspiration of the water, remains in the

root zone and becomes concentrated. In naturally vegetated landscapes of the Murray

Basin, chloride usually reaches a peak concentration (often called the chloride 'front') at I

- 3 m below the soil surface. Although drainage below the root zone (and hence recharge)

is extremely small (often <I%o rainfall) in most natural landscapes, it can never be zero if
the plants are to survive in the long term. Recharge is the mechanism by which salts (also

delivered in rainfall, see Chapter 2) are continually leached below the root zone. For this

reason, long-term average recharge (although small) below a natural plant community

(that is in equilibrium with its environment) is essential, and relatively constant with time.

As a result, the concentration of chloride in the soil profile below this point is relatively

constant with depth. Allison and Hughes (1978) used this and applied a simple mass

balance to show that if the (input) rainfall rate P (mm yr-r) and chloride concentration Co

(mg L-l) is known, and the (output) recharge chloride concentration Ca (-g L-t) is also

known, then the (output) recharge rate D (mm yr ') below the natural vegetation can be

calculated
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D=PCo
cd

(4)

Allison and Hughes (1978, 1983) and Allison et al. (1990) subsequently showed that the

peak chloride concentration below cleared agricultural land occurred lower in the profile

(the 'new' depth) compared to that below natural vegetation (the 'old' depth). Further, it

was shown the vertical downward displacement was caused by higher recharge rates

leaching chloride down through the soil profile. The authors then measured the soil water

(mm) stored between the 'new' depth of the chloride peak in the agricultural land, and the

'old' depth before clearing (estimated from undisturbed sites nearby). The average

recharge rate (mm yr r) from the agricultural land is simply the soil water (mm) stored

between the 'old' and the 'new' positions, divided by the number of years since the land

was cleared.

This is called the 'chloride front displacement method' and can be used to calculate

recharge wherever definite chloride 'fronts' can be detected below both undisturbed and

cleared land, and where 'piston' flow of the soil water is a valid assumption. Often these

conditions are not met, so Walker et al. (1991) developed the generalized version of the

chloride front displacement method, often referred to as the 'transient chloride front

displacement method'. The name reflects the fact that the technique addresses chloride

concentration profiles that are 'transient' between two equilibria. Strictly speaking, a new

equilibrium will not be reached under such circumstances until the old chloride front is

flushed through the entire soil profile to the water table and a new C¿ is established. Where

the water table is deep this can take many decades (Jolly et al., 1989).

The leaching process described here occur almost exclusively (except following large

episodic events) under conditions of unsaturated flow and is therefore very slow. The

vertical difference (m) between the 'old' and the 'new' positions of the chloride front is

critical to the calculation of recharge, and is a function of recharge rate, time and soil

physical properties. The vertical increments of soil sampling must be adjusted to ensure

sufficient resolution to estimate the 'old' and 'new' positions accurately; smaller vertical

increments (-0.25 m) are required for fine-textured soils compared to coarse-textured soils

(up to 1.0 m). The (slow) speed of the solute leaching process also means that chloride

methods are unsuited for detecting relatively short-term (one to a few years) changes in

recharge, and should only be used to compare the effects of different land use changes that

are separated by years or decades. The accompanying advantage, however, is that properly
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applied chloride methods integrate seasonal variability (and episodicity) and yield

relatively accurate long-term average values of recharge.

Due largely to these reasons, chloride methods were chosen to be the most appropriate for

this study; chloride results are described in Chapter 5; and detailed worked examples are

given in Appendix 2, along with their application to tree root zones and a detailed error

analysis.

Probably the two most significant issues affecting the interpretation of chloride methods,

tracers in general, and in fact any point measurement technique are: the consequences of

preferred pathway flow; and spatial variability of recharge, especially below agricultural

land (Cook et al., 1989). These are discussed in more detail later. To some degree

Electromagnetic induction techniques (next section), are less sensitive to these issues

although they have other limitations.

Grou ndwater chemical methods
Groundwoter chemical methods (Cook and Herczeg, 1998), like groundwater response

methods are largely unsuited for this study for the same reasons, but are well suited to

longer-term studies. As with environmental soil water tracer methods, groundwater

chemical methods use naturally occurring tracers ('H, 'H, 
18O, chloride) to infer recharge

rates from mass balances. Another approach estimates the age or residence time of the

groundwater by measuring the activity of radioactive 'bomb' tracers ('oC, t\), which

resulted from atomic testing in the 1950s.

Electromagnetic induction techniques
Compared to other techniques, Electromagnetic (EM) induction techniques sample alarger

volume of soil with each measurement. In this way they can avoid some of the problems

associated with spatial variability of recharge over very short distances (less than a few

metres), and can also facilitate the statistical description of spatial variability at the

paddock scale (as undertaken by Cook and Williams, 1998).

EM techniques are particularly well suited to mapping gradual changes in recharge with

horizontal distance as would be expected below a tree belt. Cook and Williams (1998)

provide an overview of EM techniques and divide them into two categofies: Frequency-

domain methods (FEM); and Time-domain methods (TEM). Both methods employ an

energised transmitter coil (placed at the ground surface) which induces eddy currents in

the subsurface material, which in tum induces a secondary magnetic field, the

characteristics of which are used to infer the electrical conductivity ECo (dS m-t) of the

soil. EC, is proportional to the electrical conductivity of the soil solids EC,, the electrical

I
I

I
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conductivity of the soil solution EC*, volumetric soil water content 0n and the tortuosity 7,

a property of the soil matrix and 0n

ECo = EC,0,T + EC, (5)

and is generally found to be lower in areas of high recharge (due to leaching of salts) than

in low recharge areas. ECo can therefore be used as a surrogate to measure either relative

recharge, or absolute recharge, with suitable calibration against another method of

recharge measurement (usually a chloride profile method).

FEM uses a transmitter coil energised with an alternating current. A receiver coil, placed

on the ground a short distance away, measures both the primary and secondary (induced)

magnetic fields; the ratio of which is directly proportional to ECo. The TEM measures the

transient response of the decaying secondary field after the transmitter is rapidly switched

off;the decay rate of the secondary field is inversely proportionalto ECo.

Both FEM and TEM have been adapted and used successfully to survey large areas

rapidly from aircraft but still require some calibration. The main attraction of EM

compared to other techniques is their ability to take many measurements rapidly (Cook e/

al., 1989); if only relative recharge values are required then minimal calibration is needed.

Spatial var¡ability and preferred pathway flow
Cook e/ al. (1989) used EM techniques to show that there can be a high degree of

variability in recharge at the paddock scale. In most cases recharge measurement methods

are limited to providing only point estimates; EM techniques are a slight improvement in

this regard as they sample a larger volume of soil, and also allow multiple measurements

to be taken rapidly for statistical analysis. Groundwater techniques represent the ultimate

in spatial averaging of recharge over a catchment but there are signifïcant time delays

associated. Cook ef al. (1989) concluded that recharge rates in the western Murray Basin

were log-normally distributed with the mean and variance of the log-transformed values

equal to 2.65 and 0.831, respectively. This implied that 86Yo of the recharge occurred

through 60%o of the land area; and 4l%o of the recharge occurred through 20%o of the land

area. The authors approximated the spatial structure of the distribution using a spherical

semivariogram with an auto correlation scale of 120 m (note: a similar spatial scale to tree

belt spacing in alley farms). This variability will be a concern for studies or predictions

made at this scale, but since the spatial variability of recharge is random, it becomes less

of a problem over large areas and can be neglected at the paddock scale, as long as a

representative recharge value is available. The most significant implications for the spatial

variability of recharge values relates to predictions made regarding the eventual
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salinisation of the watertable following the downward remobilisation of salt. Cook et al.

(1939) note that a lower spatial variability will result in a more sudden impact (and

general) on the watertable than would occur with a high spatial variability.

There is little that can be done regarding the inherent spatial variability of the landscape

other than to be aware of the implications when collecting and using recharge

measurements. In most cases the costs of fîeld measurements prohibit a sampling density

sufficient to rigorously analyse and allow for spatial variability however the work of Cook

et al. (1989) can be used as a guide.

Preferred pathway flow considered here refers to discontinuities at the pedal scale that

may result in non-matrix flow, such as cracks; biopores; root channels etc. I have highlight

it because of the manner in which eucalypt mallee species concentrate rainfall via stem

flow and store it deep in the soil profile, apparently in the soil surrounding the root

channels Nulsen et al. (1986). The authors showed that this can occur to depths of 26 m,

far greater than the average depth ofthe chloride front beneath undisturbed vegetation (l -
3 m). The implications of this on recharge measurements must be explored, but first I

consider the evidence of preferred pathway flow in recharge studies.

rWalker (199S) gives a comprehensive discussion on the topic and cites studies from

Western Australia (Johnson, l9S7) as evidence that preferred pathways in a lateritic soil

play a signiflrcant role in conducting water to the watertable. Walker (1998) also cites the

studies of Cook et al. (1990) and of Allison and Hughes (1978) that show little evidence

for preferred pathway flow in the South Australian Mallee. In addition, Walker (1998)

notes that observed wetting fronts in the Mallee are often sharply defined, indicating little

movement of water ahead of the front as would be the case if preferred pathway flow was

significant and concludes that the use of tracers such as chloride give meaningful and

robust measurements of recharge.

However, I now return to the issue of trees actively using preferred pathway flow as a

survival mechanism, and the implications for the chloride technique. The characteristic

chloride concentration peak (front) at a depth of I to 3 m (Figure 101) is an established

phenomenon for natural (water-limited) vegetation in southern Australia, yet it is much

shallower than the maximum rooting depth of eucalypts (Nulsen et al., 1986). Many

studies have shown that the front is displaced downward by increased recharge following

land clearinE, yet we are happy with the notion that water is routinely transported past this

point by eucalypts Nulsen et al., (1986), beþre clearing. How can this be? [ am not aware

of any studies that address this (potential) contradiction however I offer my interpretation
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below, given that eucalypt root architecture is strongly dimorphic (Knight, 1999), having

both shallow roots and deep tap roots.

If water is concentrated and stored in root channels below the chloride front and extracted

later by tap roots, this means:

l. A relatively small ground area is covered by taproots and is therefore involved in

the vertical transport of 'preferred pathway' water below the chloride front. This

leaves most of the ground area to conduct water via matrix flow (although the fate

of drainage following large episodic events is uncertain);

2. Because the 'preferred pathway' water is extracted from the soil again it does not

become recharge and does not need to be considered here, even though it passes

below the chloride front;

3. The (shallow) chloride front commonly measured below natural vegetation is a

result of matrix flow processes occurring within the zone of the 'shallow' roots

only, however (because of 2, above) it is still representative of the average vertical

movement of water in the entire root zone.

Tree belts and lateral roots in alley farms

The previous section briefly described what is involved in measuring recharge in one-

dimensional systems such as pure crop or pure forest. This section looks at the additional

considerations required when investigating agroforestry systems. These are primarily

related to the spatial heterogeneity of alley farms (i.e. trees belts and alleys of crops), but

more specifically, the spread of lateral tree roots into adjacent land and the resulting

'interface' zone. Knight (1999) reviewed the morphology of tree roots in Australia and

concluded that they were strongly dimorphic (especially for eucalypts) having both deep

taproots and dense surface roots that can extend laterally for up to 30 m.

Where both the tree belts and alleys are very wide (say 200 m; much wider than 'interface'

zone) the tree belts and alleys can be thought of as separate, one-dimensional, 'forest' and

'crop/pasture' elements. In southern Australia, although alley (crop/pasture) widths can be

in the range of 100 to 200 m, tree belts are typically about 10 m wide, meaning the spread

of lateral tree roots and the associated interface zone is often larger than the belt width.

This zone therefore becomes a significant, often dominant, feature of such systems. In this

'interface' zone of an alley farm, water movement occurs in both vertical (crop

transpiration, soil evaporation, infiltration, recharge) and horizontal (extraction by tree
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roots) directions. In addition, the processes vary spatially in both vertical and horizontal

directions, as well as temporally.

Other than investigations of windbreak effects (Bicknell, 1991, Nuberg, 1998, Cleugh et

al., 1998; Cleugh and Prinsley, 1998), there have been only a few field studies on this

zone in Australia (Albertson, et a1.,2000; Hall et a1.,2000; Lefroy et al.,200la and b).

Owing to the greater prevalence of alley farming in other parts of the world, tree/crop

interactions has received more attention in other countries. VanDenBeldt et al., (1990)

reviewed tree/crop interactions in agroforestry situations, both below and above ground,

and point to the (then) recent experimental evidence that trees do not always benefit

nearby crops but can compete with them in many situations. The authors stress the

importance of endeavouring to separate such interactions in experiments. Schroth (1999),

in a comprehensive review of below ground interactions in agroforestry, explores the

interactions of root systems under different environmenøl conditions and outlines the

vertical, horizontal and temporal stratification such interactions. While the focus of the

review is on the management options for optimising the results of root interactions, it

serves to illustrate the complex nature of such interactions. Schroth (1999) concludes that

while the interactions are many and varied, only a few of these can be quantified in reality

due to the "notoriously dfficult and cumbersome" nattJre of field root sfudies. A feeling

for just how 'difficult and cumbersome' this is can be gained from the thorough review on

root measurement techniques edited by Bohm (1979).

The principal interaction of concern to this study is the competition for water between

trees and crops and the subsequent effects on recharge. Below, I have used photographs

taken during this study to illustrate the effects of the lateral spread of tree belt roots into

agricultural land. The orientation of the belts is such that the observed affects are likely to

be due entirely to competition for below ground resources, rather than shading. Crop

growth next to trees, in these cases, serves as an indicator of some of the below ground

interactions, and also the likely spatial distribution of tree roots. Due to the sensitivity of

annual crops to seasonal conditions, using crops in this way tends to reflect the recent,

rather than the long-term, competition effects.
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Figure 10 Suppression of a wheat (Tritìcum øestivum) crop due to competition for
resources by E. oceidentalis (left) and Æ'. leucorylon (right) tree belt. The two sites

were in the same paddock at Roseworthy, South Australia, but at different stages

of crop development. Such examples show that the influence of lateral tree roots

can vary both spatially and temporally, and are often species dependent.

Trees usually compete aggressively with crops for resources, and in southern Australian

water limited conditions, water is usually the most critical. Crop growth in the 'interface'

zone is often suppressed because of this (Figure 10; Figure l1), but can sometimes be

unaffected (Figure 12) or can be enhanced (Figure l3), although this is relatively

uncommon in southern Australia.

F'igure 11 severe suppression of a pea (Pisumsativam) crop next to a belt of E
occídentalß at Roseworthy, South Australia. E. occidenlalls was notorious for its
pronounced effects on crop growth compared to other tree species at this site.

During crop germination there was little discernable influence from the trees; in

the subsequent weeks as soil condltions dried and there was little rain, seedlings

growing in the tree root zone became water stressed and died.
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Figure 12 An alley farm at Narrogin, Western Australia, showing pasture

growth apparently unaffected by the presence of single rows of E comuta.

Figure 13 A relatively rare example (for southern Australia) where crop growth

is enhanced close to trees. In this case barley (Hordeum vulgare) was under sown

in spring with lucern e (Medicago sativa) in a clay soil near Bordertown, South

Australia. Waterlogged conditions killed lucerne seedlings except near the trees

(8. microcarpø) where the soil was drier.

Similar competitive effects have been reported in southern Australia (Albertson et al.',

2000; lJall et at., 2000) and also in a temperate climate in the USA (Jose et al., 2000).

They are often site and species dependent, and vary both spatially and temporally. The

mapping of the spatial distribution and intensity of the underlying processes represents a

significant challenge. Since the review of Bohm (1979), less labour intensive methods
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have been developed for tree root investigations using fractal techniques (Van Noordwjik

et al., 1995). Ong et al., (1999) used similar methods and sap flow to investigate below

ground complementarity in agroforestry. They developed an index relating tree size, and

the diameter of tree roots close to the stem, to crop competition. Although fractal methods

greatly reduce the labour required to describe tree root systems, it requires the exposure

and measurement of tree roots close to the bole of each tree. This is still relatively labour

intensive, somewhat destructive, and provides little or no information regarding the

horizontal extent on the root system.

Rather than dwelling on the difliculties associated with this, I use it here as a reason to try

and avoid having to describe below ground processes, and especially their distribution.

This point is taken up again when proposing a new approach to modelling recharge.

Eucalypt
forest

Wheat
crop

I
I

,

Jan Jul Oct Jan

Figure 14 The leaf area index of a eucalypt forest and a wheat crop in southern

Australia, modified from Hatton and Dawes (1993) computer simulations.

Eucalypt trees are evergreen but wheat growth occurs over a relatively small

portion ofthe year.

It should be noted also, that the above photographs are representative of dryland farming

conditions in southern Australia where most of the rainfall (and the growing season)

occurs between about April and October. It is only for about half of this period that crop

leaf area is significant and for the remaining portion of the year there is no crop or pasture

growth (Figure l4). The trees, therefore, have a dominant influence within the zone they

hydrologically occupy, and this allows the use of an important simpliffing assumption for

this thesis (see Chapter 4).
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Measuring recharge from an alley farm - previous work

The only thorough measurement of recharge from an alley farm in Australia, previous to

this study, was undertaken in southwestern Australia (Lefroy et al., 2001a and b). The

authors describe a very detailed, replìcated experiment comparing the water use of crops

and of tagasate (Chamaecytisus proliferus), in both block and alley farm geometries,

growing in a deep sand over a shallow (accessed by the trees), fresh water table. The main

aim of the study was to test the effectiveness of alley farms for reducing recharge, and

thereby assess the proportion of landscape under trees, and the spacing required, to meet a

particular drainage reduction target. The situation of a fresh water table accessible to trees

is unusual for southern Australia.

Crops were grown between the tree belts; Lefroy et al., (2001b) noted the difficulty of

accounting for the fate of rainfall in mixed plant communities and therefore employed four

different measurement approaches: replicated neutron moisture metre measurements at 0.2

m depth intervals to a depth of 3.7 m, spaced at 0, 1, 2,4,8, and 15 m either side of tree

rows; time domain reflectometry \¡/as used at depths 0.2, 0.75, 1.5,2.3,2.75 and 3.6 m for

fine scale continuous (hourly intervals) water content measurements; transpiration was

measured for a total of 27 stems using a combination of sapflow and heat ratio methods,

and was used to assist in the partitioning of soil water loss between transpiration and

drainage; stable isotope analysis was used to partition tree water use between soil and

groundwater sources. In addition, l1 wells (distributed across the 8 ha site) were used to

monitor the water table level.

The soil was (conceptually) divided into seven zones on the basis of the presence of tree

roots, crop roots, both or neither (Figure l5). The divisions were established to quantify

the interactions between the trees and the crops, however the authors note that "Complete

quantification of all the transfers occurring within and between the these zones was not

possible as there was insfficient instrumentation to measure drainage and

evapostranspiration at the crop intedace. Emphasis was placed instead on measuring tree

water uptalæ from soil and groundwater in the alley crop treatment, and drainage in the

sole crop treatment and, from this, inferring drainage across the alley treatment. ". From

this, recharge from the crop to the watertable was estimated to be 193 mm over a year, and

was estimated to be reduced to 32 mm under the alley layout.
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Figure 15 Schematic representation of the interaction between trees and crops in

an alley system below ground environment. Seven zones are identified that are

occupied by either: crop roots only; tree roots only; both crop and tree roots; or

no roots. Redrawn from Lefroy et al. (2001b).

The authors also concluded that in this particular case, there was no yield/recharge

reduction advantage afforded by the alley system, and that segregated monocultures of

trees and crops would be more appropriate. This was a pivotal study in that it highlighted

some limitations of alley farming for recharge control (although under unusual site

conditions) and also illustrated the large resources required just to obtain an estimate of

recharge from an alley farm (Richard Stirzaker pers. Comm.). The deep sands at this site

represent possibly some of the best conditions for soil sampling and instrumentation; a

greater effort could therefore be required if the experiment were to be undertaken on other

soil types.

Modelling recharge

This section looks in brief at methods that are traditionally used to model recharge from

land use systems. All methods consider the systems to be one-dimensional, although in

some cases a protocol may be employed to move water landscape between cells to account

for three dimensional flow (Dawes et al., 1997). Often the purpose for modelling recharge

to derive recharge inputs to groundwater models for scenario testing (e.g. Barnett, et al.,

2000). Hatton (1998) gives an overview of this process applied at the catchment scale,

describing case studies undertaken in the Murray Mallee and the Loddon-Campaspe
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catchments of the Murray Basin. Although, with regard to alley farms, we eventually want

to know the effect of alley farms at the catchment scale for the same reasons, the dominant

characteristic of alley farms is their spatial heterogeneity at the plot to paddock scales

(tens to hundreds of metres). I therefore focus on methods of modelling recharge at the

smaller scales, for which Walker and Zhang (2001) provide a comprehensive overview

with particular reference to the choice and use of specific models. rWalker et al., (2001)

also described the same modelling approaches with view to developing a predictive

framework for different land use systems.

Walker and Zhang (2001) provide an overview of numerous plot-scale soil-water-

vegetation (SWV) models, how they can be best-used gauging recharge, and some of the

dangers of misuse. The following section presents the salient features of such models and

the consequences of trying to model recharge processes at different levels of complexity,

both with respect to the resulting errors and the input parameters required.

Simple models
rWalker andZhang (2001) used Figure l6 to illustrate the components of the water balance

associated with vegetated land, the interactions of which are extremely complex in reality.

Recharge is usually the smallest component, and is often of a similar magnitude to the

errors involved in the determination of the other components; it is this dilemma that makes

accurate modelling of recharge a signiflrcant challenge.

As with many exercises involving the complex interactions of numerous processes, it is

important to focus on describing the process of interest, in this case recharge, rather than

using a model that may include recharge, but has been developed to more accurately

describe other parts of the water balance. This may be a truism, but in the face of the

temptation to use and adapt existing models for a new application, rather than rethinking

the problem, it is worth keeping mind. Learning to use sophisticated soil-water-vegetation

models can require full+ime dedication for up to six months; in the process it is possible to

stray from one's original objective. The danger of this occurring tends to increase with

increasing model complexity.

Walker andZhang (2001) give the simplest expression for recharge from a SWV system

o = a(P - P*,) (6)

where D is recharge, P is precipitation, a is a fitted parameter and P6, is a threshold

precipitation and is also fitted. The threshold relationship lends itself to be represented

using a 'tipping bucket' analogy (Figure 17); the bucket capacity being the difference
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between field capacity and permanent wilting point of the soil and is fitted to field data.

Water in excess of the bucket capacity is counted as recharge.

Precipitation s irrigation

Transpiration
Interception

î

Runoff

zo

Evaporation

lnfi n

__l=a_t_e_r_al_fLqW_

Recharge Capillary r¡s-
X'igure 16 Schematic diagram of the water balance of a soil-water-vegetation

system. Modified from Walker and Zhang (2001).

Rainfall Evaporation

Field capa

r1
Recharge

Permanent wilting
po¡nt

F'igure 17 Schematic diagram of a tipping bucket model, as it would be used to

represent a soil-vegetation system (Figure 10). Source: Walker and Zhang

(2001).
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Increasing complexity
The simple analogy (Figure 17) forms the basis for most water balance models; the levels

of complexity increase as descriptions of additional processes are added such as: run-off;

inflrltration; drainage constraints; partitioning between runoff and drainage. Such equations

are myriad, ranging from simple coefficients to empirically derived equations or

mechanistic flow equations with simplified boundary conditions. The Richards equation

(Richards, 1931) is often used in the more complex models like TOPOG (Dawes et al.,

1997). The growth and water use of vegetation has a dominant influence on recharge and

is governed by the vegetation parameters including: Root distribution; Perenniality;

Rainfall interception ; Leaf area.

Root distribution determines the capacity of the root zone to buffer against recharge and to

extract stored water; Perenniality determines the seasonal temporal distribution of the

plant water use; Rainfall interception represents a significant proportion of the water

balance and is approximately proportional to leaf area; Leaf area determines the upper

limit of transpiration of available water for a given atmospheric demand, and hence has a

major influence on plant growth. Space does not permit a complete account of all the

processes involved in plant growth and water use (and I have omitted some) but my point

is that it is a very complex process to model.

Totalerror

Calibration error

LIL
UJ

Complexity

Figure l8 Representation of total modelling error as the sum of 'systematic

error' (arising from simplifying assumptions) and 'calibration error' (arising

from using incorrect parameters. Source: Walker and Zhang (2001).

Systematic error
.r'
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There is a trade-off between simplicity and complexity, and it is reflected in model out put

errors (Figure 18; Walker and Zhang, 2001). Simple models tend towards large

'systematic' errors because of inaccurate assumptions (e.g. runoff is small) whereas more

complex models tend to include more 'calibration' effors since they require more input

parameters. At some point between simplicity and complexity (although it is difficult to

know exactly where) the total error, the sum of the systematic and the calibration error,

should be at a minimum (Figure l8). Complex models such as WAVES (Zhang and

Dawes, 1998) can require up to 50 inputparameters, many of them from below ground.

Hatton et al., (1994), in short review of spatial models and their role of in predicting the

impact of land use on salinity, asserted that the input parameter requirement for such

process-based models has become extreme and compromises both the accuracy of

predictions and the practicality of application of the models.

Hatton et al., (1994) also alluded to the concept of the a trade-off between simplicity and

complexity, and conclude strongly: "Model development should emphasise elegance and

parsimony over realism...". In addition to the dangers of a high level of complexity

leading to large elrors, one must also consider the extra resources required to obtain large

numbers of parameters, especially those from below-ground. It is worth a reminder at this

point that recharge in southern Australia is not only the smallest component of the water

balance, but is similar in magnitude to the experimental errors involved in the

measurement of the remaining components.

The next section shows how modelling agroforestry systems, because of lateral spread of
tree roots and interactions between species (both above and below ground) is even more

complex. I make the case that, rather than trying to account for this additional complexity

in models by attempting to describe the underlying processes, it would be better to invest

in new conceptual methods that avoid having to describe the processes, but retain their

overall effects.

Modelling agroforestry systems

This section firstly lists relevant fîndings and recommendations of four reviews of

agroforestry modelling, and then presents the results of some key agroforestry modelling

studies dealing with planlsoil/water relations. The methodologies and findings of the

studies are then discussed in relation to modelling recharge from alley farms.

Previous agroforestry modelling has been undertaken principally to answer questions

relating to the ecology, productivity or economics of such systems. The interest in using

agroforestry for recharge control is relatively recent. The reviews therefore identi$ the
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issues relating these aspects and make little mention of hydrologic issues, and no mention

of recharge. They do however, unanimously refer to the measurement and modelling

problems associated with the complex spatial and temporal distributions of roots as

identified above. Muetzelfeldt and Sinclair (1993) list this as a topic for future research

and note that the "complexity and interdisciplinary nature of agroþrestry creates maior

problems that hamper the construction, use and dissemination of relevant models, and

thereby restrict both the cost effectiveness and scientific rigor of modelling in

agroforestry". Anderson et al. (1993) present a strategy for the integration and

experimental work in agroforestry and, drawing on Anderson and Sinclair, 1993, list

problems associated with "the complexity of agroþrestry systems, the representation of a

set of individuals, combining fficts of multiple influencingfoctors... ". Seven key areas of

weakness in understanding were identified: nutrient cycling; hydrology; erosion; organic

matter; competition; genetics; and productivity. They recommend the development of

simple models for the tree-crop interface and that the highest priority research topic is root

architecture. A common theme of both Anderson et al. (1993) and Muetzelfeldt and

Sinclair (1993) is the large costs associated with the development, testing and training of

people to use agroforestry models. Gregory 0996) highlights the major limitation to

developing water and nutrient uptake models is the "lack of adequate messurements and

conceptual models for describing the distribution of roots spatially and temporally".

Gregory Q996) also notes that there is a need to adopt a range of approaches capable of

utilizing limited amounts of data available, and that different problems will require

attention at different scales.

Previous relevant studies in agroforestry modelling
McJannette (1999) simulated the water use and growth of tree belts on a hillslope in

Victoria, Australia, using the model TOPOG (Dawes et al., 1997), but assumed no tree

roots extended laterally from the belts. Theoretical process-based models have been

written to describe the lateral spread of roots and water extraction of isolated trees

(Landsberg and McMurtrie, 1984) and tree/crop competition (McMurtrie and Wolf, 1983).

Lawson et al. (1995) coupled existing tree and crop models to form an agroforestry

interface model. Simunek et al., (1999) developed a two-dimensional model for simulating

water and solute transport, in variably saturated media. The model has a facility for

simulating water extraction by plant roots and could be adapted to describe a tree belt.

These models are quite complex and (I believe) best suited to site-specific studies because

of number of below ground parameters required. There are also simpler conceptual models

for describing interactions between trees and other species (Walker et al., 1989) and
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approximate solutions for placing trees in the landscape to control dryland salinity

(Stirzaker et al., 1999; Taylor, 1999). Recently, two-dimensional models have been

employed to investigate water, nutrient and light capture (Van Noordwijk and Lusiana,

1999) and root interactions for water (Sillon et a1.,2000).

The Ecological Field Theory (EFT) of Walker et al. (1989) provided a different approach

to the interactions between plant species of different sizes with the concept of 'pulsating

geometric zones' of influence surrounding individual plants. The domain and intensity of

the zones of influence vary with seasonal conditions and, where they overlap, sum to

represent the dual, or multi, demand on resources. The EFT (Walker et al., 1989), while

providing a simpler conceptualisation of species interactions, also remains insuffrciently

focussed for the purpose of modelling recharge (Joe Walker pers. comm.).

Taylor (1999) investigated the use of, and provided design suggestions for (wide) belts of

trees for the interception of subsurface water for salinity mitigation in the Upper South

East of South Australia. Taylor (1999) measured the enhancement of transpiration at the

edges of belts (due to advected energy) but did not investigate any effects relating to the

lateral spread of roots.

Stirzaker et al. (1999) provided some approximate solutions for where to plant trees in the

landscape for controlling dryland salinity; they partition the soil into zones that are either

'shared' or 'not-shared' by trees and crops and also introduce the concept of a 'capture

zone' up to a few metres wide, beyond the periphery of the tree root zone. Although not

alluded to by the authors, this capture zone would, in reality, pulsate with seasonal

conditions as predicted by EFT. The approximate solutions were further developed by

Lefroy and Stirzaker (1999) who investigated the possibilities for gaining a recharge

reduction that is proportionally larger than the land occupied by the trees and at the same

time placing trees so that they use the water that is excess to the requirements of the crops.

In doing this, the authors considered the opportunities for moving the excess water

laterally to the trees, either under the influence of gravity (lateral subsurface flow on a

hillslope) or by allowing the spread of tree roots into cropping land to access more water.

These approaches make useful contributions to simplifying the problem of modelling

spatially heterogeneous systems, however they still require large numbers of soil and root

parameters, and focus on tree water use, rather than recharge.

Van Noordwijk and Lusiana (1999) outline the WaNuICAS model of water, nutrient, and

light interactions in agroforestry. WaNuICAS was developed to deal with a wide range of

agroforestry conditions including alley farms and is an impressive model. The authors
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show simulation runs of alley geometries of different spacings and pruning regimes and

drainagehainfall fractions. However, with respect to its application for modelling recharge

(although the authors did not develop it with such a use in mind), I identiff the following

shortcomings:

1. The model uses a four-layered soil profile that is divided into a further four

horizontally spaced zones. Zone dimensions are specified by the user, as are the

associated root length densities. Thus, the user needs a lot of below ground data.

2. The model needs a relationship between soil water potential and soil water content,

for each soil layer. These either need to be measured (which is a lot of work) or

estimated using pedotransfer functions (Arah and Hodnett, 1997). The latter can

lead to gross effors at the high matric suctions that are likely to govern the recharge

process under unsaturated flow.

3. Only the vertical transport of water is described.

The drainage/rainfall fractions were quite high (0.1 to 0.3 for a rainfall of about 500 mm)

and do not reflect typical southern Australian conditions. However, I believe WaNuICAS

would be extremely useful for investigating recharge from alley farms if the below ground

dat¿ in l), above, was available. The time required to learn to run the model and to analyse

outputs needs to be considered. In addition, careful thought is required to limit the

parameter space to minimise the number of permutations possible.

Sillon et al. (2000) also describe a two-dimensional model for the daily root interactions

for water of a tropical shrub and grass alley cropping system. Soil-root water transport

functions were solved for discrete volumes of cells, the size of which can be altered to any

desired horizontal or vertical resolution. The model was tested on 0.9 m deep soil profile,

1.5 m wide and 0.75 m long. Vertical root maps of the two species were made at four

locations by applying a2 cmxZcm mesh over a trench wall. Sillon et al. (2000) were able

to simulate, quite well, the vertical and horizontal distribution of soil water potential.

Although the authors did not estimate recharge, it would be possible using either the Unit

Gradient Method or the Measured Gradient Method (as described above by Bond, 1998)

together with the simulated water potential profiles. Again, with respect to the application

of the model for recharge estimation from alley farming systems, it remains a plot-scale

tool due to the resources required to obtain the required below ground parameters.
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The case for a new approach

At this point I assert that a suitably practical method for estimating recharge from alley

farms, over large areas in the southern Murray Basin, cannot be assembled using the above

experimental techniques and the modelling methods alone. A new approach is required.

Firstly though, I focus the issue by listing the main knowledge gaps, and then the desired

attributes of a new approach.

Main knowledge gaps

L There is very little data on the extent of tree belt root zones and the root

distributions within them;

2. Virtually nothing is known about the spatial and temporal variation of recharge

below a tree belt;

3. It is not known how the domain or intensity (Walker et al., 1989) of a tree belt can

be related to easily measured parameters;

4. There is little data and no methods for predicting the effects of different soil types

on tree root architecture;

5. There is no simple method for describing the hydrology of (and within) tree root

zones.

The knowledge gaps listed here pertain principally to the tree belt data and application of
models for the modelling of recharge from agroforestry systems, rather than the

measurement techniques themselves, or to the models. An obvious knowledge gap is the

lack of a routine and simple method for measurement, but that is not the focus of this

project (which is therefore constrained to work with the methods available). I do not see

that there are 'knowledge gaps' as such within the models available for agroforestry

systems. I believe that existing process-based modelling methods could be used for this

project but the resources required would be large, the modelling procedure would be very

complex, the outputs would be very site specific, and the errors would be difficult to

quantify.

I see the main, overall, knowledge gap as being a conceptual one. There is a need for a

new approach that does not require large amounts of data, and for which the errors are

easily quantified.
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Desirable attributes of a new approach

A new approach must satisff the two aims of the study (see Chapter 1). In light of the

above-mentioned knowledge gaps it must also:

1. account for the processes occurring in the interface zone;

2. be simple to apply;

3. not rely on the small-scale description of complex processes like tree/crop

interactions;

4. be transferable between bio-climatic zones;

5. require minimal below-ground measurements;

6. have acceptable and easily measurable effors;

7. have minimal calibration requirement;

8. must be compatible with practical methods of validation.

Summary

This chapter describes the field techniques available for measuring recharge and their

suitability for application to an alley farms study. Particular attention is given to chloride

profile techniques (Allison and Hughes, 1983; Walker et al., 1991) because they are used

in Chapter 5 to test the new modelling approach developed in Chapter 4. Conventional

methods of modelling recharge are reviewed briefly in order to give an appreciation of the

complexities involved in a one-dimensional application of the models to 'pure' crop or

forest systems. The added complexities associated with the spatial heterogeneity of alley

farms is described in terms of the 'interface' zone that is shared by both trees and crops,

and the difficulties surrounding the representation of soil water movement in that zone

using process-based models. The case is made that a new approach is required for

modelling recharge from alley farms; the desired attributes of a new approach are listed

with reference to the perceived knowledge gaps surrounding the root zone and

hydrological influence of tree belts.

l
I
I

I
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Chapter 4

A new modelling approach

A summary of this chapter was presented at the Envirowatergg - 2nd lfier-
Regional Conference on Environment, Water (see Ellis e/ al., 1999). The contents

of this chapter are also described in a manuscript submitted for publication to

úTater Resources Research (see Ellis et al., in press).

Introduction

Chapter 2 outlined the proposal of alley farming systems for the mitigation of groundwater

recharge and the requirement to evaluate the effect of alley farming on recharge. Chapter 3

reviewed methods for measuring and modelling recharge, described the problems

associated with the small magnitude of recharge and the associated complexities of alley

farms, and concluded that a new approach is needed. This chapter presents new concepts

and a new approach, developed here in response to the need for ways to avoid having to

describe the physical processes involved in the production of recharge, but at the same

time retain their overall effects at the tree belt scale.

Equivalent Recharge Zone ERZ and Equivalent No Recharge zone ENOR concepts are

explained and used to conceptually simplify the complex effects of tree belts on recharge.

A hypothesis is then formulated from eco-hydrological optimality considerations
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(Eagleson, 1982), to allow the prediction of ENOR for a belt of trees from leaf area

measurements. Finally, it is shown how the ENOR can be used in a simple linear

expression to estimate the long-term reduction in recharge expected, at the paddock scale,

from an alley farming system.

Equivalent Recharge Zone ERZ

The ERZ concept is used here to introduce the ENOR concept that is central to the new

modelling approach developed in this chapter. The ENOR concept is used to describe the

zone hydrologically occupied by isolated tree belts. Both concepts are equally applicable

to either: isolated trees; isolated belts or; isolated groups of trees and I refer to all of these

collectively as 'isolated tree elements'. I then move from the general case and derive an

expression for ENOR that is specific to tree belts, and hence alley farms.

Difficulties arise when trying to quantify the hydrologic contribution of an isolated tree

element because of the unknown size and nature of the area of hydrologic occupation, due

principally to the lateral spread of roots into adjacent land. Figure 19a schematically

depicts a tree root zone and the likely, complex manner in which recharge, D, might vary

spatially. This complex real zone can be simplified to an equivalent abstract zone A

(Figure l9b), within which recharge is a constant value. I is therefore called the

Equivalent Recharge Zone ERZ and makes a hydrologic contribution, at the paddock scale

or catchment scale, equivalent to the hydrologic contribution of the rcal zone.

b)

D

a)

D

l,q1
Figure 19 a) Schematic representation of actual recharge D below an isolated

tree. b) The actual recharge profile can be simplified to an ERZ (Equivalent'

Recharge Zone'¡z4 within which recharge is a constant value. For the hydrologic

effects to be equivalent, the shaded area in a) must equal the shaded area in b).

That is, the 'recharge defrcit' below the tree, compared to the ambient paddock recharge

(shaded area Figure l9a) is equal to the recharge deficit from the ERZ zone,,4 (shaded area
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Figure l9b). The ERZ provides a simple method for describing the zones occupied by

agroforestry isolated tree element. The next section uses hydro-ecological optimality

theory (Eagleson, 1982) considerations to provide a means for predicting ERZ.

Eco-hydrological optimality theory

From ecologically-based premises (Specht, 1972; Specht and Specht, 1989; Eagleson and

Segarr4 1985; Eagleson, 1982) it is logical that vegetation, in water limited environments,

will grow to maturity in a way that is related to climate wetness. It follows that, given

similarities in average leaf efficiency - transpiration per unit leaf area (Hatton et al., 1997;

Landsberg, 1999) - general relationships can be derived between leaf area index of

vegetation communities and rainfall or some water balance index. Such relationships have

been demonstrated (Specht, 1972; Specht and Specht, 1989; Grier and Runnin g, 1977) and,

open the door for the investigation of possible analogous generalisations with respect to

isolated tree elements.

Agroforestry tree elements in most of southern Australia are usually discrete patches of
perennial vegetation, surrounded for some ofthe year by an annual crop orpasture. Except

in the wetter climates, understorey is minimal to non-existent (see Chapter 3). In the zone

shared by trees and crops, crop and pasture growth is partly or wholly suppressed

compared to open paddock conditions, depending on the season. Over an annual time

scale, the plant community within this boundary is overwhelmingly dominated by the

perennial tree component. This allows a simpler representation of tree elements in

southern Australia, and avoids the need to consider interactions between the trees and the

crop or pasture. It follo\¡/s therefore, that the mature structure of a tree canopy, in some

way would reflect the size of its zone of hydrologic occupation.

Hypothesis
Eagleson (1982) hypothesised

"..water limited natural vegetal systems at qny seral (i.e. successional) stage will

develop a conopy density that produces minimum water demand stress under local

climate conditions. A necessary conditionfor minimum stress is that soil moisture

takes on the maximum value possible".

Useful corollaries to this hypothesis are:

l. Isolated tree elements develop a canopy structure that produces minimum water

demand stress equal to that of trees in a block.
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2. The average leaf efficiency (transpiration per unit leaf area; Hatton et al., 1997) is the

same for isolated tree elements as it is for trees in a block.

Any changes in leaf efficiency of isolated trees due to greater nutrition from adjacent

agricultural lancl are likely to be negated in water limited conditions (Landsberg and

Waring, 1997). Also, under water-limited conditions, the enhancement of transpiration

from advected (wind) energy is likely to be small (Thornley and Johnson, 1990; Taylor et

a|.,2001; Smith et al.,1997).

The hypothesis for the new approach is therefore:

The hydrologic ffict of an isolated tree element in the landscape is equivalent to the

hydrologic ffict of a certain area of uniform vegetation within a block. The size of that

qrea can be scaled to the LAI, or the leaf area L, of the isoloted tree element, relative to

the LAI of the uniþrm block.

Hypothesis in terms of Leaf Area lndex LAI
Under water-limited conditions, the LAI of the isolated tree element is usually higher than

that for a nearby forest or 'mature' plantation because roots extend laterally into

unoccupied ground beyond the canopy. On a canopy area basis, therefore, the isolated tree

element has access to more water than a forest or plantation tree. The isolated tree element

usually reflects this by supporting more leaf and hence its I-41 is often higher than that of a

forest or plantation.

From Figure 20 this can be written mathematically

A3 LAI2 (7)
A2 LAII

where: l¡ is the area of hydrologic occupation of the tree belt, Azisthe projected canopy

area of the tree belt, LAIzis the leaf area index of the belt and LAIt is the leaf area index of

the nearby block. Therefore:

. A.xLAI,
A, _ '-, .- ".'-, . (g)' LAII

but

A, x LAI, = Lr, (9)

where Iz is the leaf area (m2) occupyingA2. Substituting Equation 9 into Equation 8 gives

(10)L2
A3

LAI
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Figure 20 The leaf area index of an isolated tree element LAI2 is usually higher

than the average leaf area index of nearby (non-isolated) forest LAI¡ My

hypothesis states that ratio of the equivalent area of hydrologic occupation to

canopy projected area Ay'A2 is equal to the ratio L,I[/LA-I1. In which case ,,43 is

equal to L/LAI1 and B (the width of,,43) is equal to LL/ULAI.

Hypothesis in terms of leaf area L

ConsiderFigure20with anareaof leaf L¡ inablockandanequalarea of lruaf L2inabelt

such that Lt : Lz. My hypothesis says that the hydrologic effect of the leaf area is the same

in both cases. In the block it unambiguously occupies area lr, which must be equal to Aj
in the belt. By definition At = Lt/LA.Ir. Since At : As and L1 = L2then Aj: L2/LAII as with

Equation 10.

The general form of the equation is therefore

Lo= rnr-' (ll)

where: I is the equivalent recharge area (m2); Z is the leaf area of the agroforestry tree

element 1m2¡; tlt is the leaf area index (m2 m-2) of the block. The recharge flux in the

defined area A, and in the block, are equal. This area, defined by this method, has the

same hydrologic effect, at the paddock scale, as does the more complex, real

hydrologically occupied zone. This general form (11) can be modified to more

conveniently address alley farming geometries (Equation l2), using leaf area per unit

length of belt.

_ LLA
B =:-, (12)LAI'

J.-n]
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Where: B is the width (Figure 20) of the equivalent recharge zoîe (m); LLA is the lineal

leaf area of the agroforestry belt 1m2 m-l belt¡.

Equivalent No Recharge ENOR

The concept of 'equivalent recharge' can be taken a step further to 'Equivalent No

Recharge', or ENOR.It allows the complex root zone hydrology of an agroforestry tree

element to be expressed as a simple area, or width, of zero recharge (Figure 21).

D

l-^4
Figure 21 A schematic representation of a real recharge D profile under an

isolated tree, approximated by zone A (m'), within which recharge is zero. This

zone is an Equivalent No Recharge Zone (ENOR).

A zero recharge zone may not exist in reality and therefore would be hypothetical.

However, as with ERZ this zone of zero recharge makes an equivalent contribution to

recharge, at the paddock scale, as does the 'real' recharge profrle beneath a tree element.

ENOR - an approximation
In the large majority of water limited cases in southern Australia, steady state recharge

from mature vegetation is very small (Allison e/ al., L990; Cook e/ al., 1992; Kennett-

Smith et al., 1992a; Kennett-Smith et al., 1992b; Walker et al., 1992).In most cases in

Australia, recharge beneath remnant vegetation or mature plantations is one or two orders

of magnitude lower than the ambient values for cleared, agricultural land. This allows the

equivalent area (Equations 1l and 12) to be considered to approximate a 'no recharge'

zone (ENOR) when compared to the ambient recharge values.

In higher rainfall areas or where the soil is highly transmissive, recharge under mature

vegetation will not be close to zero, for example in sand plain banksia species (Carbon et

at.,1982) where recharge can be as high as 330 mm yfl, 43o/o of rainfall. In this study,

such situations are considered unusual. In such cases Equations I I and 12 would predict
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ERZ, rather than ENOR. However, an ENOR could still be easily scaled to the ERZ if
required.

Seasonal var¡ation of LLA and LAI
The DII of natural vegetation is known to vary depending on the season and can fall by up

to 50Yo under drought conditions (Pook, 1985). This has implications for predictions made

using the ENOR approach, depending on the timing of the individual LLA and LAI

measurements. Implicit in the above hypothesis is the assumption that the isolated tree

element and the block are subject to the same seasonal conditions, and that they are both

water-limited. Their changes in leaf area due to seasonal variations (relative to the long-

term average) should be similar. It therefore follows that predictions from Equation 12 are

independent of seasonal conditions if the LLA and LAI values used in are measured under

the same seasonal conditions. Errors may be significant if LLA and LAI are measured

under different seasonal conditions.

A recharge model for an alley farm

The ENOR concept allows a simple calculation of a percent recharge reduction expected

for the whole system, from the ratio of no recharge area to total area (Equation 13, Figure

22).

from farm ,B_t

Wrecharge from conventional farm
(13)

where: RR is Relative Recharge; the recharge from the alley farm as a fraction of recharge

from the paddock if it were managed conventionally with crops and pastures; Z is the arca

of the agroforestry system or representative unit (m2).

For linear agroforestry systems such as alley farms, ENOR width B can replace A andbelt

spacing W can replace Z giving Equation 14, and will be hence forth referred to as the

ENORmodel.

RR

^RR=l W
(t4)

Equation 14 can be used to estimate the expected recharge from an alley farm compared

with that from a crop or pasture system. If the magnitude of recharge from the

conventional farming system ,RC is known, an average recharge from the alley farm ^Rl

can be calculated

RA = RC xRR. (15)
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Alternatively, Equation 14 can be rearranged and solved for W (m) to allow the design of

an alley farm geometry that will result in a 'target' recharge reduction, for a given B (m).

w -l

area, A

-l

Z

A

l.-el l.- e -l
Figure 22 A schematic representation of an agroforestry system. Z is the total

area or representative unit of the system. .,{ is the ENOR area of the tree

elements, B is the ENOR width and W is the belt spacing. The ratio ,UZgives the

proportion of ENOR to crop/pasture area and is equivalent to B/llt. Relative

recharge reduction ftR is therefore equal to 1- B/W (Equation 14).

Conclusions

The new ENOR concept described in this chapter addresses the knowledge gaps identified

in Chapter 3 in that it provides a simple method for describing the root zone of a tree belt,

incfuding the interface zone. The approach for predicting ENOR (Equation 12) using leaf

area measurements satisfies the requirement for simple input parameters from above

ground. The ENOR model (Equation 12) has the potential to fulfil the two aims of this

study: l) to estimate recharge from alley farms; 2) and to design alley farms to result in a

prescribed or 'target' recharge. Attention should be paid to the conditions under which the

LLA and LAI inputs are measured. If they are measured under similar seasonal conditions

(preferably within days and kilometres of each other) then predictions should be

insensitive to seasonal variations in the weather.

Summary

This chapter has introduced the concepts of Equivalent Recharge Zone ERZ and

Equivalent No Recharge ENOR as means of simplifying the complex nature of tree belt

root zones and the complex manner in which recharge is likely to vary within them.

Mathematical expressions were then derived to show that, by considering the implications

of eco-hydrological optimality theory (Eagleson, 1982), ENOR could be predicted from
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leaf area measurements. The ENOR model for recharge from alley farms is then presented

which represents alley farms as alternate ENOR zones and crop/pasture zones. The simple

linear model can be rearranged to design an alley farm geometry to meet a given recharge

target.
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Chapter 5

Testing the ENOR approach using recharge measurements

Preliminary data from this chapter was presented at the Envirowatergg - 2nd Inter-

Regional Conference on Environment, Water (see Ellis e/ al., 1999). The contents

of this chapter are also described in a manuscript submitted for publication to

ll'ater Resources Research (see Ellis et al., in press).

Introduction

The previous chapter proposed a new approach and associated model for estimating the

effect of alley farming on recharge, at paddock to catchment scales, or alternatively, for

designing alley systems that would result in a specified recharge reduction. To be useful in

the areas of southern Australia prone to dryland salinity, the model must also be applicable

across a range of bio-climatic zones. The model used the ENOR with B (m) to describe the

zone hydrologically occupied by tree belts. This chapter describes how predictions of B,

made from leaf area measurements, were tested against measured recharge transects.

Following a statement of the aim of this chapter, the two methods used for the

measurement of recharge and leaf area are outlined and then special attention is given to

site selection and sampling. Selection criteria relate to the assumptions implicit in the

ENOR approach, the methods used in the experiment, the need to collect data that is

suitable to test the hypothesis, and the paucity of suitable tree belts sites.
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To illustrate how the ENOR approach was tested, the results section presents, as examples,

detailed data for 2 of the six sites (the remaining 4 are presented in Appendix 2). For each

example site in turn, predicted B is calculated from leaf area and then compared with ,B

measured from recharge transects. Predicted .B for all six sites is then compared with

measured B on a single graph.

Aim

To compare over a range of bio-climatic zones: values of ENOR width B (m) predicted

from leaf area measurements (Equation 12) against ENOR width B (m) values calculated

from measured recharge transects.

Methods

Recharge
Following a review of recharge measurement techniques (Chapter 3), the chloride profile

methods (Allison and Hughes, 1978; Walker et al., 1991) were determined to be most

appropriate for this study. Chloride profile methods were chosen due to their ease of

application and because they provide an average recharge flux, integrated over a long

period. Although Electromagnetic (EM) techniques (Cook and Williams, 1998) would

have also been a valid choice for use in this study, the main reasons they were not used

include: the availability of equipment at the time of the field trips; and the requirement for

EM to be calibrated at each site against a method such as the chloride front method. The

calibration was likely to require just as many chloride profiles as were needed without

using EM methods.

The chloride techniques were explained briefly in Chapter 3 and are explained in detail in

Appendix 2 with accompanying calculations using data from sites used in this experiment.

Generally, the mass balance technique (Allison and Hughes, 1978) was used to calculate

the recharge flux where recharge was small, in remnant vegetation, old plantations, and in

agricultural land close to trees. ÌWhere recharge flux was larger (towards the extremities of,

and outside of tree root zones in agricultural land) the generalised chloride front

displacement technique was used (Walker et. al., 1991). All soil was excavated using hand

augers (Figure 23), placed in airtight containers and analysed for gravimetric water content

and gravimetric chloride concentration (Beech, 1996). A soil bulk density of 1.5 g cm-3

was used for all soil (Jolly et a|.,1989) to convert gravimetric values to volumetric values.
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F'igure 23 Hand augers were used to extract soil samples for chloride profile

technique, shown here at "Wakefield's" site, Parilla, South Australia. Note

digging barrel about to be inserted in hole and handle near the top of the 6 m

demountable shaft. This length represented less than half the depth of this hole.

Leaf area
Leaf areas used to calculate LAI (m2 m-2) and LLA $# m-l¡ were measured using the

Adelaide (module) technique (Andrew et a1.,1979), in a similar manner to that described

by Hatton et al. (1995). Two independent observers estimated the number of leaf modules

(equivalent in size to a purposefully selected branch); the mean of the two estimates was

then converted to leaf areas on the basis of the (single-sided) leaf area of the standard

module, measured by electronic planimetry (Hatton et al. 1995).

As with Hatton et al. (1995) the method was tested against three trees with canopy Breas:

A r*; a3 Ñ; and 64 m2 lApp"ndix 3). In a similar manner described by Hatton et al.

[9951, the method was tested against three trees with canopy areas: 14 m2; a3 rf ; and 64

m2. These areas were determined by destructive sampling of the whole canopies. Linear
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regression of the mean estimated values against known canopy leaf areas yielded y : 0.87

+ 1.64 (r2:0.99). Bias between observers was very small for a sample of 89 stems and 12

:0.98 (Figure 96).

The term lineal leaf area LLA (-t rn-t; leaf area per metre of belt) was used here as a

convenient method to describe the canopy size of a linear agroforestry tree element like a

belt or block edge (see next section), without needing to specify belt length. It also avoids

the problem of needing to accurately measure the projected canopy area of belts (or block

edges). This is usually difficult and prone to error because of the irregular shape of

canopies. By measuring the leaf area of a known length of belt or block edge, LIÁ is
calculated by dividing the leaf area (m2) by the length of the row or the block edge (m).

This gives a lineal leaf area, LLA (m2 m-l¡, as used in Equation 12. LAI (m2 m-2) was

calculated by dividing the leaf area (m2) measured within a marked quadrat, by the ground

area (m2) of that quadrat. Appendix 2 gives detailed descriptions of sampling methods and

calculation of both LAI (m2 m-2) and LLA (m2 m't).

Site selection and sampling

Recharge transects
Alley farming systems are a relatively recent phenomenon in southern Australia and there

was a lack of suitably mature alley farming sites on which to test the approach. Isolated

belts of trees on farming land were therefore chosen to represent a single unit of an alley

system but were also extremely scarce.

Sites for recharge measurements were selected in 1997 at four locations (Figure 24;Table

l) over a climate gradient (Figure 133; Figure 134) using the following criteria: vegetation

mainly composed of mature eucalypt trees; good tree health; immediately adjacent to

agricultural land;at least 50 years since clearing of agricultural land;minimal understorey;

minimal runoff; minimal wind erosion; ground water not accessible to trees (at least 30 m

deep); and a relatively even tree growth along at least 20 m of the belt. Using these

criteria, only two suitable tree belt sites were found and it was necessary to augment these

by using the edges of blocks of vegetation, also selected using the above criteria. Edges of

vegetation blocks in southem Australia exhibit a readily defined strip of enhanced growth.

Of the four such edges measured, growth was enhanced by factors of about 1.5 to 3,

relative to mid-block growth, and extending 5 - 15 m in from the edge stems. This

phenomenon was obvious to the eye (Figure 27;Figwe28) and easily verified with leaf

area measurement (Figure 29). Albertson e/ al., (2000) and McJannet (1999) also reported

this phenomenon in plantations. Table I gives basic characteristics of the two belts and
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four block edges (one was a mature plantation); more detailed site descriptions are given

in Appendix 1. Detailed soil descriptions \¡/ere not recorded for these sites however

generalised soil types, topography and site layout are given in Appendix l.

The positions of soil profile holes in the transects were selected to adequately describe the

change in recharge (from trees to paddock outside the tree root zone) with a minimum

number of holes. The apparent extent of tree roots was often evident from above ground

changes in soil appearance, crop or pasture stubble cover (ifany), or from the absence of

summer weeds. Greater soil hardness (udged by the difficulty of auguring), relative to

open paddock conditions, and due to lower water content, was also used as an indicator

that the hole was within the tree root zone. These methods proved to be reasonably

effective for bracketing on the outer edge of the tree root zones although they tended to

under estimate the maximum extent of the recharge reduction zone by several metres.

Figure 24 Southern South Australia and western Victoria. Two recharge transect

sites were selected at both Kimba and Parilla; one site was selected at Walpeup

and another at Dergholm (see Table 1).

Leaf Area lndex LAl and Lineal Leaf Area LLA

LAI of natural vegetation was measured at the sites listed in Table I and shown in Figure

24, as close as possible to the recharge transect. Their proximity to the transects varied

between immediately adjacent, and several kilometres away. They were selected on the

following bases: good tree health; minimal disturbance; eucalypt dominated overstorey;
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minimal run off; ground water not accessible by trees (at least 30 m deep), and minimal

understorey. LAI quadrats were large to account for spatial variability; quadrat sides

ranging from 20 - 50 m in length. LLA was averaged over at least 20 m length of belt or

block edge; the ends of each belt or edge length were estimated to be mid-way between

the adjacent canopies closest to the ends. As all LLA and accompanying LAI

measurements were not separated significantly either temporally or spatially, it is safe to

assume that the predictions made using the ENOR approach (Equation 12) would be free

of any error associated with seasonal variation in climate.

Table 1 Basic characteristics ofrecharge transect sites.

Site Vegetation type Width of
vegetation (m)

Edge growth enhancement
relative to mid-block

Kimba Remnant belt 7 NA

Kimba Remnant block edge 6 1.5

Parilla Remnant block edge 4 2

Parilla Plantation edge 5 3

Walpeup Remnant belt 8 NA

Dergholm Remnant block edge 15 2

Explanatory notes for Table l: l) Width of vegetation for a belt is the width of the belt, measured stem to
stem. 2) Width of vegetation for a block edge is the width of the ship of enhanced edge growth measured
stem to stem. 3) NA = not applicable.

Results

Chloride profiles
Chloride profiles were used to calculate recharge and to subsequently map recharge

transects. As an example, chloride profiles from the transect at the Walpeup site (35007'5,

141059'E) are presented here in Figure 25 andthe chloride profïles for the remaining sites

are shown in Appendix 2. The rüalpeup site was situated mid-slope, on a north-facing

slope, of a Boigbeat dune-swale system (Rowan and Downes, 1963). The transect

extended from within a north-south oriented, 8 m wide (stem to stem) belt of remnant

white mallee (Eucalyptus dumosa).
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Figure 25 Soil \ilater chloride concentration (mg L-r) versus soil depth (m) from

the Watpeup site, at six points between 2.7 m and 54.5 m from the centre of the

belt.

The transect was perpendicular to the belt and in line with the dune, extending into

adjacent agricultural land (Figure 23; Figure 88 gives an aerial view of the site). Figure 25

shows soil water chloride concentration versus soil depth for six points between 2.7 m and

54.5 m from the centre of the belt. Prohles2.T m,8.5 m and 14.5 m from the centre of the

belt of trees were typical of non-leached profiles beneath natural vegetation and showed a

prominent chloride 'front' near to the surface. Recharge for these profiles was calculated

using the mass balance method (Allison and Hughes, 1983). At 19 m,25 m and 54.5 m

solute profiles showed signs of leaching with a less pronounced chloride front lower in the

profile. For leached profiles, recharge was calculated using the transient chloride method

(rWalker et al., 1991). Appendix 2 gives worked examples of the calculation of recharge

from both leached and non-leached profiles.

Wakef¡eld
2.7 m from centrs

of belt

8.5 m from
centro of belt

14.5 m
from
centre
of belt

'19 mfrom
centre of
bêlt 25 m from c€ntre

of belt

54.5 m
from
centre
of b€lt
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Predicted ENOR versus measured ENOR
This section presents, in detail, the results from two sites: the remnant belt at Walpeup;

and the salmon gum plantation block edge at Parilla. ENOR width B (m) predictions from

leaf area measurements are calculated and then compared with B (m) calculated from the

recharge transects. Recharge transects from the remaining four sites are presented in

Appendix 3. In the next section of this chapter the,B (m) calculated from all six transects

are presented together (Table 2; Figure 31) and compared with predictions.

The Walpeup remnant belt B value was predicted for the belt of remnant eucalypt mallee

(8. dumosa) trees (Figure 2\by applying Equation 12. Using LLA or25 m2 m'r and local

LAI of 0.6 predicts an ENOR width B : 41.6 m for the belt (rounded up to 42 m). The

recharge transect (Figure 26) for the belt was calculated from chloride profiles (Figure 25).

Recharge flux below the belt is small (0.18 mm yrr), rising to the ambient value of 7.2

mm yr I beyond the influence of the tree roots. Given the order of magnitude difference, it

was therefore valid to apply the ENOR approach. The vertical dashed line denotes the

maximum lateral extent of the tree roots approximated from above ground observations,

and is similar to observations from local land holders that eucalypt mallee can invade

adjacent crops for up to 35 m.

xs

Half I =20m
Estimated elent of tree
root influence

Change in surface
cover at 23 m

u

0 10 20 30 40

Distance from centre of belt (m)

50 60

Figure 26 A recharge transect of an I m wide (stem to stem) belt of remnant

eucalypt mallee (Eucalyptus dumosø) with a crown width of 10 m. B was

calculated as the width of the rectangle WI{YZ when its area is equal to the

'recharge deficit' rectangle WSTUZ.
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The 'half-width' of B (Figure 26) is found from the width of rectangle WXYZ, the area of

which is equal to the 'recharge deficit' above the actual recharge transect - the area of

WSTUZ. That is, at the paddock scale, the measured transect provides a recharge

reduction equivalent to a strip 20 m wide, within which recharge is zero. Since this is only

half a complete transect, the ENOR width forthe belt of trees is 40 m, if below ground

effects are assumed symmetrical, and in this case it agrees well with the predicted value.

F'igure 27 l¡efial photograph of salmon plantation gum edge at Parilla' South

Australia. A strip of enhanced growth can be seen close to the edge and

correlates wetl with leaf area measurements and stem diameters (Figure 28 and

Figure 29). The effect of the tree roots is reflected in the crop stubble. The effects

ceased where the green weeds start; a distance of about 50 m, which correlates

with the recharge transect from that site (Figure 28).

The salmon g¡m plantation block edge at Parilla (350 17' S; 1400 39' E; Figure 27) is a

classic example of enhanced edge growth due to the lateral extension of roots into the

adjacent land. Figure 29 shows a row-by-row LLA transect that clearly indicates enhanced

growth at the edge, reflecting greater access to resources, water probably being the most

important. The row spacing was 2 m, and enhanced leaf gro was easily identified and

associated with larger stem diameters; these were largest in the outer most row, falling to

mid-plantation values by the fourth row from the edge. That is, the growing space of trees

further than 5 m in from the edge was considered to be defïned by their own projected

areas. Whereas the growing space of trees within 5 m from the edge, was defined by the
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horizontal extent of lateral roots into adjacent agricultural land as well as the ground area

of the edge strip. Equation 12 was therefore applied to the three rows of enhanced growth

having LLAs of 5l .5 , 7 .7 and 1 I .8 m2 m-l respectively, giving a total LLA for the enhanced

strip of 7l m2 m-r of edge. The mid-plantation LAI was 1.21, therefore Equation 12

predicts B :7lll.2l : 59 m. The I-41 of the edge strip was about 3, although it was

difficult to calculate accurately because of the problems associated with measuring the

canopy projected area.

F'igure 28 Stems of the salmon gum plantation showing significantly enhanced

growth of the two outside rows (left to centre) relative to mid-plantation growth

(right). The growth enhancement is illustrated in the aerial view (Figure 27) and

leaf area measurements (Figure 29), which also shows that the grorvth of the

third row is enhanced. Plantation grid spacing was 2 m. The higher IllI oI about

3 near the edge (left to centre) is evident from the deeper shade compared to

mid-plantation with LzlI of l.2l (right).
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Figure 29 Lineal leaf area LDI of 20 rows (2 m row spacing) of a salmon gum

(Eucalyptus salmonophlorø) plantation. The transect extends from the edge row

to 38 m inside the block where the average LAI was 1.21.
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The recharge transect from the salmon gum site (Figure 30) extended from within the

block, into the adjacent paddock, to beyond the tree root zone. From recharge

measurements, B was calculated to be 60 m, equal to the width of the rectangle WXYZ,

which is of equal area to the recharge deficit WSTU.

I
w x s

B=60m

Change in
surface
cover

U T

z-35 -25 -15 -5 5 15 25 35 45 55 65 75

Distance from edge of plantation (m)

Figure 30 Recharge transect from the edge of a salmon gum (Eacalyptus

salmonophlola) ptantation at Parilla. The transect extended from within the

plantation to outside the tree root zone. B was calculated to be 60 m, equal to the

width of the rectangle WXYZ, which has the same area as the recharge deficit

WSTU.

Testing predictions over a range of climates

This section presents the ENOR width B (m) for all six recharge transects sites and

compares them with predicted B (m). The sites comprised two isolated tree belts and four

block edges; for each of the isolated belts (see Table l) a chloride transect was measured

on one side of the belt only and assumed to be identical on the remaining side. For the four

block edges, enhanced edge growth was easily identifred and the LLA values from this

strip were used in predictions (Equation l2). B calculated from recharge transects at block

edges was considered to be associated with the strip of enhanced growth at the edge of the

block.
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Figure 31 B predicted from leaf areas (Equation 12) versus I from recharge

transects for two isolated belts and four block edges. Error bars represent the

largest expected errors calculated in Appendix 2. At remnant btock edge sites at

Parilla A and Kimba A, larger measured values correlate with likely runoff from

these sites (see site descriptions Appendix 1). The arrolv indicates that the data

point for the Parilla remnant block edge represents a minimum measured B
because the recharge transect did not extend past the end of the root znne (see

Appendix 2).

B widths predicted from leaf areas were plotted against B calculated from recharge

transects (Figure 3l). Enor bars displayed in they direction show the worst-case errors

expected in the prediction of B using a l0%o error in both LLA and LAI (Appendix 2 and

Appendix 4). Enor bars displayed in the x direction show the maximum error expected in

the measurement of B from recharge transects. These are calculated from possible

overestimates and underestimates of the extent of the root zone influence and the relative

increase in recharge at the boundary of the root zone influence. Details of these

calculations with specific reference to each site are given in Appendix 2 and a compilation

of all experimental errors is given in Appendix 4. A summary of the site data, results and

errors is given in Table 2.
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Table 2 Summary of leaf area measurements, predicted B and measured B lor belts and

block edges. The sites are sorted in order of increasing climate wetness.

Kimba 300 2250 Rem 7 ll 0.56 4.5 20 <28 20 +4 26.6 +4

330 15's belt
1360 50'E

6 6.5 0.56 4.5 26 3l 12+2.4 25.5 +1.5Kimba 300
330 15' S

1360 50'E

Parilla 345
340 3I', S
1400 3g'E

Dergholm 701
370 21', S

l4lo lz'E

2250 Rem
block
edge

1900 Rem
block
edge

1500 Rem l5
block
edge

4 12 0.74 6 2l >30 16 +3.5 >28

Parilla 345 1900 Plant' 5 7l l.2l 16 52 67 59 Ll2
34o3YS n
l40o 39'E edge

60 (small
error)

Walpeup 343 2000 Rem I 25 0.6 8 40 50 42+8'4 40 t2
350 07' S belt
l4l0 5g'E

38 0.95 14 39 47 40 r7.7 35 +5

Explanatory notes for T able 2.

Width of vegetation for a belt is the width of the belt, measured stem to stem.

Width of vegetation for a block edge is the width of the strip of enhanced edge growth measured stem to

stem.

Width of surface expression is the width of vegetation plus the distance to the apparent edge of the root zone

(multiplied by I for a block edge and by 2 for a belt) as indicated by change in soil surface or soil cover.

Width of reduced recharge is the width of vegetation plus the distance to a significant increase in recharge

(multiplied by I for a block edge and by 2 for a belt).

B predicted from leaf areas is B : LLA/LAI wherc LLA is the Lineal l,eaf^Area (-' rn-t) of the belt or

eniranced edge growth of the block and LAI is the Leaf Area Index LAI (m2 m-2¡ of local natural vegetation.

B estimated from recharge is the width of zero recharge that has the same recharge deficit as the width of
reduced recharge.
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Discussion

The recharge transect sites were remote and obtaining soil samples was hard work. For

this reason, a minimum number of strategically placed profiles were dug at each site to

affempt to efficiently describe each recharge transect. Chloride assays were not available

until long after site visits however, with the benefit of hindsight, it is easy to see where

additional profiles would aid interpretation of the transects. If time and resources had

permitted, EM techniques (Cook and Williams, 1998) would have been a valuable adjunct

to the chloride methods because they would have allowed a higher spatial resolution. This

may have resulted in more coherent recharge transects and possibly smaller errors in the x

direction.

At all sites it was attempted to obtain 2 profîles outside the influence of the root zone of
the trees, usually by positioning them beyond the change in soil surface cover (weeds,

crop, pasture etc.). Ideally, the two associated (higher) recharge values would have

confltrmed that the extent of the tree root zone had been exceeded. This condition was not

always attained. However, the associations between recharge increases changes in surface

cover allow relatively confident measurements of B. Also, the recharge values outside the

root zones at Parilla and Walpeup are similar to other reports from those areas (3 - 13 mm

yr-f , O'Connell et al., 1995;3 - 5 mm yrl, Allison et al, 1990; l7 mm yrl, Williamson,

1998). In addition, given the abrupt changes in recharge at the edges of the root zone

influence, the calculation of B from recharge transects was shown to be relatively

insensitive to whether or not the transects defined the edge of the root zones exactly (see

Appendix 2).

Recharge transects show the likely extent of lateral roots, but the time taken for them to

reach maximum extension is not known. In the case of remnant vegetation, the position of
roots of edge trees may not have changed since clearing. In the case of a plantation (Figure

27) however, lateral roots would take some time to reach maximum extension as the trees

grew. If root extension occurs slowly, then one could expect that some recharge could

occur during this time, and the transition, as depicted by the abrupt change in recharge at

the edge of the root zone (Figure 30) would be gentler. Using root growth rates of 20 mm

d-l lwilson , 1967) the salmon gum roots would reach their maximum extension of 50 m in

about 6 years and l0 months. It is quite possible that an episodic recharge event did not

occur over that period (Hume et a1.,1998). Although this is somewhat inconclusive, the

abrupt change shown in Figure 30 is possible.
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The most likely areas of over simplification in the approach relate to soil evaporation and

run off. There is no available data for forest floor evaporation in the study areas; neither is

it known if it is similar to that beneath isolated tree belts. One can safely assume that

evaporation will increase with distance from the edge of belts but the integrated effect is

unknown (this is investigated in more detail in the next chapter). The effects of run off

were minimised by careful site selection although it is unlikely that they were completely

removed. The remnant block edge sites at Parilla and Kimba sloped away from the trees

such that run off may have been significant during intense rainfall events, leading to the

under-prediction of B (Figure 3l). In both these cases the predicted B from leaf areas was

smaller than that from recharge transects, as would be expected if run off was significant.

Another key assumption made when developing the ENOR approach (Chapter 4) was that

the long-tenn average contribution of the crops and pastures (within -B) was small.

Although this was not measured, Figure 31, together with field observations of growth

near trees confirm that this was a valid assumption, except possibly in the case of the

Kimba tree belt. The under prediction of B for that site could be attributed to the presence

of some perennial grass understorey, the leaf area of which was not taken into account.

The predictions for the plantation edge at Parilla, the remnant belt at Walpeup, and the

remnant block at Dergholm are suitably accurate for application to agroforestry systems.

When the Parilla and Kimba block edge sites are excluded (because of runoff), Table 2

shows that a working error of less than20Yo can be expected when predicting B.

Conclusions

This chapter has shown two things:

1. The ENO^R concept is a useful simplification of a complex below ground interaction

between trees and soil water.

2. The approach for predicting ENOR width B (Equation 12) was valid over a range of

water-limited climates, and requires no below ground measurements. Care needs to be

taken when applying the approach where runoff is signihcant.

3. The 'worst case' error associated with the prediction of ,B is modest, and although it is

difficult to quantify a confidence interval, a working error of less than 20%o is suitably

conservative.

The approach is likely to oversimplify some of the water balance aspects of isolated tree

elements, however, it appears that leaf areas are an integrated expression of the area they

hydrologically occupy in the landscape. The ENOR concept allows a binary representation
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of agroforestry systems (Equation 14) and, combined with predictions of B from leaf area

(Equation l2), a practical means for estimating the recharge control potential of low

rainfall agroforestry systems.

Summary

This chapter has tested the ENOR approach using measured recharge transects at two tree

belt sites and four block edge sites. It is illustrated, using site photographs and leaf area

transects, that tree growth was significantly enhanced at the edges of blocks, by factors of

about 1.5 to 3, relative to mid-block growth and for distances of 5 - 15 m in from block

edges. The calculation of ENOR width B from recharge transects is explained using one

belt and one block edge example. B calculated from all six transects is compared with B

predicted from leaf area measurement (Equation l2).It is shown that the ENOR approach

can be applied to tree belts to predict B, and the worst-case error is unlikely to be greater

than20%o.
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Chapter 6

Testing the ENOR approach using water balance measurements

The contents of this chapter are also described in a manuscript submitted for

publication to Water Resources Research (see Ellis et al., in press).

Introduction

The ENO)? approach developed in Chapter 4 sought to describe the zone hydrologically

occupied by a belt of trees in terms of recharge. The approach was tested against measured

recharge transects in Chapter 5, and found to predict the results within reasonable limits.

This chapter tests the ENOR approach from a water balance perspective.

Recharge is one component of the water balance, and although it is usually a relatively

small one, it can be calculated by difference, if the remaining water balance components

are known (and errors are small). This is relatively simple for systems that can be

considered one-dimensional such as a uniform forest or crop; all water balance

components are norrnalised to area. For a belt of trees however, the area hydrologically

occupied is also an unknown and the water balance components cannot be normalised in

this way. In this case therefore, a more useful way to look at the water balance of a belt of

trees is to set recharge zerc and solve the water balance for ENOR. This gives a

relationship that can be tested experimentally, and provides another viewpoint from which
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to consider the new approach. This chapter first derives an expression for .B in water

balance terms, and then describes an experiment used to obtain the necessary

measurements to calculate B for a tree belt (in water balance terms), and to compare it

with B predicted from leaf area measurements.

ENOR in water balance terms

The water balance-based concept of ENOR (Figure 32) defines ìt as the hypothetical zone

that catches enough rainfall to account for the other water balance components:

transpiration Z; interception 1; soil evaporation E; and change in soil storage AS. Recharge,

by defìnition, does not exist within the ENOR zone. E will vary spatially, but over a long

time step will be a constant value. Applying the water balance, and expressing water

balance components in appropriate units, gives Equation 16 for ENOR areaA (Figure 32)

T
P

L or LLA

A

I

^s

L"-l
Figure 32 Schematic diagram defïning ENOR in water balance terms. ^ENOft has

areaA, the area required to catch enough rainfallPto account for: transpiration

?; interception 1; soil evaporation .E'; and change in stored soil water Â,S, which

will be zero over long periods of time. B is the width of area ENOR area A for

linear agroforestry elements such as alley farming belts.

(16)

where: Itranspiration (L);1is interception (L); P, Eand ASare rainfall, evaporation and

change in soil water storage, respectively (mm), yielding A in m2. Over long periods ÀS

will be small. If this concept is applied to a linear agroforestry tree element such as a belt,

Equation l7 is used

D_ T+ID=- f¡71P-E-AS
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where: Z transpiration (L per m of belt); .I is interception (L per m of belt); P, E and A,S are

rainfall, evaporation and change in soil water storage, respectively (mm), yielding B in

metres. Again, over long periods AS will be small and can be omitted.

It is important here to consider the implications of the water balance Equation 17 when

combined with the ENOR approach developed in Chapter 4 (Figure 20; Equation l\. ff
ÀS is assumed small and Equation 17 is applied to both isolated (belt) and non-isolated

(block) cases then the following must hold.

(r+tl f?+1\l-l =l-l (18)
\P - E )^rr"o \P - E ),,,_isototed

This is not tested explicitly in this study, however a separate experiment is described that

tests the null hypothesis that Zisolate.d and Znon-¡.o¡u¡r6 (from Equation 18) are equal. That is,

the leaf efficiency (transpiration per unit leaf area, as coined by Hatton et a1.,1997) is the

same for isolated trees as it is for trees in a block. Results from this experiment are used to

support the approach.

Aim

To compare for a belt of trees: the .ENOR width ,B predicted from leaf area measurements

(Equation 12) with ENOR width B calculated using water balance considerations

(Equation 17).

Experimental site

Tree belt water balance s¡te
A tree belt was chosen for the water balance study using the following selection criteria:

'mature' trees that had come into equilibrium with and were not 'mining' soil water stored

from before they were planted; trees were 'rain fed' only and did not have access to a

water table; single, branchless stems to a height of at least 1 m (for ease of sap flow

instrumentation); and minimal micro-relief in the surrounding soil surface so that runoff

would be minimal; land was cropped on both sides of the belt; no stones at the surface or

in the profile for ease of soil sampling and instrumentation.

The tree belt comprised two rows of 13 year old, single stemmed eucalypts planted in a

north-south orientation on a private farm at Roseworthy, South Australia (Figure 33;

34031'5, 138041'E). The winter-dominated annual average rainfall was 443 mm; and

annual average pan evaporation was 2000 mm. The western row was E. occidental¡s and

the eastern row was E. leucoxylon.The rows \Mere 3.5 m apart; interrow stem spacing was
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3 m, with one row staggered relative to the other; canopy width of the belt was about 8 m;

tree height was 7 m to 9 m, with E. leucoxylon generally larger than the Eucalyptus

occidentalis (Figure 34a; Figure 36). There was canopy closure within the Eucalyptus

leucoxylon row but about I m between the E occidentalis canopies and a canopy gap of

0.5 m to 1 m between rows (see Figure 36 for the tree layout).

Figure 33 Southern South Australia showing the location of the water balance

site at Roseworthy, on the northern Adelaide plains.

The tree root zone had a visible effect on crops up to 10.5 m from E. occidental¡'s stems

(western side) and up to 13 m from E. leucoxylo,n stems (eastern side), giving a nominal

root zone width of about 22 to 27 m. The topography was flat and the soil was a red

chromosol with some variation to calcarisol across the site (Isbell, 1996) - loam from 0 m

to 0.1 m deep, below which was a silty clay to at least 6 m with a bulk density of about 1.5

g cm-3.Normally, winter crops were sown to within 2 m of tree stems on both sides of the

belt but to simplify the experiment, the soil was kept bare 45 m each side of the belt, for a

40 m length of belt (Figure 34a). This negated the need to measure crop transpiration. Four

immediately adjacent trees were chosen for sap flow measurements; two E leucoxylon (Ll

andL2) and two E. occidental,'s (Ol andC2) (Figure 34b; Figure 36); the dimensions and

leaf areas of the trees are given in Table 3. A fence was erected aroundthe site to exclude

stock that grazed the surrounding stubble over the summer period.

t
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Figure 34 a) The water balance experimental site in summer, looking southwest and showing trough and bucket rain gauges (A);

stem flow buckets @); neutron moisture meter NMM access tubes (C); the four trees (L1, L2,Ol, 02) from which transpiration was

monitored; and the automatic weather station @). The position of a microlysimeter is indicated @).

b) The water balance experiment¡l site in winter, looking southeast. TranspÍration was measured using heat pulse sap flow meters

installed in trees marked with yellow tape. The foreground row is E.Ieucorylon f.J.'l, L2) the far row is E. occídentalis (Ol, O2). Stem

flow buckets and rubber collection channel can be seen attached to stem @).
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Figure 35 Tree belt water balance experÍmental site layout showing horizontal dÍmensions (not to scale). Open circles indicate tree

canopies and approximate relative sizes. Four adjacent trees: o1; o.21, Ll; L2; were instrumented for sap flow. Two transects of
neutron moisture meterNMM access tubes are shown as A and one transect of microlysÍmeters as an open stars. Trough end bucket

rain gauge position and orientation are shown as T. Stem flow measurements were made on trees labelled with S. WS is the

automatic weather station.
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8m
3.5 m

7m 7m
lm

Tree belt Four trees
m onitored

0.5 m

Figure 36 Detait of tree layout and dimensions of water balance experimental

site. Crown width 8 m; row spacing 3.5 m; interrow tree spacing 3 m; 4

measured trees represented 7 m length of bett; interrow crolvn gap 0.5 m;

canopy closure in E. leucorylon rorry; 1 m gap in ^E'. occídentalß row.

Transpiration measurements were made on two E. leucorylon (Ll' L2) and two

E. occidentalis (O1, O2).

II
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Table 3 Dimensions and leaf areas of the four trees used for transpiration meâsurement at

the water balance site.

Tree Species Leaf area (m2) Average Canopy Stem Sap

il) canopy projected diameter wood

code May Jan diameter area (m2) (mm) area

97 98 (m) ("-')

LI

L2

ol
02

37

34

25

20

55

46

36

27

3.8

5.1

2.9

3.7

I 1.3

20.3

6.5

10.5

123

187

190

153

132

r40

143

98

E. leuc'n

E. leuc'n

E. occid's

E. occid's

Leaf efficiency site
The transpiration and leaf area of two isolated and two non-isolated trees (one example of

each treatment is shown in Figure 37) were measured for 343 days from August 1997 at

Roseworthy, South Australia, about 5 km south of the tree belt site.

Figure 37 Examples of each of the two isolated (teft) and two non-isotated (right)

trees (E largíflorans) used for transpiration measurements in the leaf efficiency

experiment.

All trees were ,E largiflorans and were assumed to be of similar age as they were all

natural remnants. Isolated trees were 50 m apart in a pasture paddock that was cleared

about 100 years previously. Non-isolated trees were 20 m apart in an adjacent 5 ha block

with about 80 stems per hectare and LAI about 0.8 m2 m-2. Figure 93 in Appendix 1 gives
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an aerial view of the site and shows the relative positions of the four trees. Tree parameters

are given in Table 4 and show the leaf areas of isolated trees were up to 9 times larger than

those of non-isolated trees. This was considered to be due to a larger growing space (i.e.

no perennial neighbours).

Table 4 Dimensions and leaf areas of the four remnant E. largitlorøzs trees used in the leaf

efliciency experiment.

Tree Leaf area Canopy Tree height Stem Sap wood

(-') projected (m) diameter area (cm2)

area (m2) (mm)

Isolated I

Isolated 2

Non-isolated 1

Non-isolated 2

206

287

30

54

130

93

24

28

l0 510

430

210

220

66t

407

t34

t43

9

6

7

All trees were remnant natives and increased growth was therefore due to clearing of

neighbouring trees allowing greater access to soil water. Agricultural fertilizers applied to

surrounding crops are unlikely to have had a significant effect in the long term, being a

secondary effect relative to the water limitations of the climate (Landsberg and Waring,

1997). Non-isolated trees were about 200 m from the isolated trees. Terrain was flat with

similar soils to the tree belts site. Annual pasture surounded isolated trees in spring 1997

and oats was sown during 1998. The under storey in the block was mainly annual grasses.

In both isolated and non-isolated cases, actively growing understorey was only present

between about June and October.

Methods

Leaf area
Tree leaf area \¡/as measured using the Adelaide (module) method (Andrew et al., 1979) as

described in Chapter 5, and in more detail in Appendix 2. The absolute leaf area (m2) was

used in the calculation of the leaf effrciency (Hatton et al., 1998) of each ttee.The LLA

(1¡' --t) of the belt was measured for the 7 m length of belt that included only the four

monitored trees, and for a 30 m length of belt that encompassed the four trees and

extended l0 m to the north and 13 m to the south. At the water balance site, leaf areas

were measured in Mray 1997 and again in January 1998. At the leaf efficiency site leaf

areas were measured only once in June Igg7. LAI (-t --') of local remnant mallee
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vegetation was measured at 5 sites in May 1997, within 10 km of the experimental site,

and using quadrats with a minimum side length of 30 m.

Soil water storage
Twenty-four neutron moisture meter access tubes, constructed from 50 mm outside

diameter steel tubing with 1.6 mm thick wall, were installed in a 60 mm diameter hole

using the 'slurryr' technique (Greacer¡ lgSl). The tubes were ananged in two transects, 9

m apart of across the experimental site (Figure 35) to a depth of 6.0 m. The slurry was

allowed to equilibrate with the surrounding soil for two weeks before measurements

commenced. Neutron counts were taken using a CPN HydroproberM , model 503DR,

every 2 to 4 weeks at 16 depths: every 0.2 m to a depth or 1.2 m; every 0.5 m from 1.5 m

to 5.5 m; and at 5.9 m. Standard counts were made in a 50 mm diameter steel tube

immersed in a 200 litre drum of water.

Four access tubes were sacrificed for neutron probe calibration: 2 inlate spring 1997;2 in

autumn 1998. In spring 'wet' samples were taken at the +40 m position on the transect

(outside root zone) and 'dry' samples were taken at +5 m (inside root zone). In autumn a

'wet' samples were taken from a special sacrifïcial tube outside the root zone was wet up

for a period of 2 weeks prior to sampling; 'dry' samples were taken at the centre of the

belt. In both spring and autumn, 3 replicate soil samples were taken close to the access

tube using a 75 mm diameter push tube in 0.5 m stages to 3 m deep. One replicate of
samples between 3.0 m and 5.9 m, was taken in spring using a truck-mounted, hollow-

stemmed auger and 43 mm diameter removable split core (Figure 129). This technique is

often referred to as 'wire lining' because the split core is lowered and removed from the

hollow-stemmed auger via a wire rope.

The neutron count ratio of all calibration samples was regressed against volumetric soil

water content (f = 0.71, n: 43; Figure 127). Therc was no significant trend with soil

depth. A single relationship was therefore used for all depths to estimate volumetric water

content 0 from count rctio n (0:0.64n-1.95). No attempt was made to adjust gfor the

effect of soil textural variation across the site, since it primarily affects the offset, rather

than the slope, of the relationship. AQ ruther than absolute 0, was the main concem.

At the beginning of the experiment, soil profiles inside the root zone were, without

exception, drier than profiles outside the root zone of the trees (Figure 38). Trees appeared

to have extracted water to a depth of at least 4 m. The site was not sampled specifically for

roots; however roots were observed in soil cores up to 5.5 m deep, 5 m horizontally from

the centre of the belt.
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Figure 38 Examples of volumetric soil water profiles: outside the root zone in

April 1997 (r); outside the root zone in March (tr); inside the root zone in April

1997 (O); inside the root zone in March 1998 (O). Although not shown here,

maximum recorded soil water content din the root zone was about 24o/o between

0.2 m and 0.4 m, both in May and September 1997. Dashed lines indicate depths

above which Â^S was calculated and below which A0 was less than Es, the

standard count error.

During the experiment, soil profiles outside the root zons became wetter while profiles

within the root zone became drier. A visual assessment of the soil water profiles outside

the root zone showed apparently no significant change in water content with time deeper,

than 1.5 m to 2.0 m (Figure 38). Within the tree root zone A?was relatively small, and the

depth interval of water extraction was difficult to determine. An appropriate depth interval

over which to calculate AS was determined to be that where A0 was greater than the

random count error (Bell, 1976)
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where .Ee is the effor on the volumetric water content Yo, s (:2) is the number of standard

deviations required forthe confidence level;n is neutron count ratio;b is the slope of the

calibration curve; c is the neutron count in the soil and w is the standard count in water.

To consider the largest possible Ee at each depth, for each tube, Ee was calculated using

the largest n and the smallest c from the first and last measurements of that period. The
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profile depth interval selected for calculation of Â.S was that over which all A0 werc

greater than Ee. For all tubes, this method identified a contiguous depth extending from the

surface to a depth where Ee> A0. At the lower end of this interval A?was between 1.4 and

1.5%o v/v. Depths determined by this method were generally: 0 m to 2.0 m outside the root

zone; 0 m to 1.5 m inside the root zoîe - the former being consistent with that established

by visual appraisal of áversus soil depth. /,S at each depth was calculated as Â0 multiplied

by half the vertical interval between points immediately higher and lower in the profile.

Total 1,S for each profile on the transect was therefore the sum of /^S over depth intervals

where A0> Es.

Rainfall and throughfall
An automatic weather station (Measurement Engineering'u¡ was positioned 45 m to the

west of the belt for the entire 343 day measurement period from April 1997 to March

1998. Trough and bucket rain gauges were used to scale rainfall and throughfall across the

rest of the transect. These were made from galvanised steel sheet, bent to form a trough,

positioned to drain into 20 litre plastic buckets (Figure 126). They were installed across

the east west transect (Figure 35) for 210 days from August 1997 to March 1998. At each

position within the influence of the tree canopy (-5,-2.5,0,2.5,5 m)2 or 3 trough and

bucket gauges were placed at different orientations, and at different positions beneath the

canopies to estimate a mean value for each transect position. The position and orientation

of each trough was chosen deliberately, rather than at random, in an effort to

representatively sample rainfall and throughfall from canopies, canopy gaps and drip lines.

Rainfall depth was measured using a calibrated dipstick. Linear regression of data from

the most western trough and bucket gauge (10 m from weather station) against weather

station measurements (6.6 mm < P < 35.0 mm; y : l.?sc - 2.3;12 = 0.98; n : l0; Figure

125) showed the trough and bucket gauge recorded about l6Yo less rainfall than the

weather station. For this experiment the weather station rain gauge was assumed to be

correct. Rain or throughfall measured at each position across the transect was expressed as

a percentage of that recorded by the calibrated trough and bucket gauge. These

percentages were used to scale the rainfall or throughfall to rainfall recorded by the

weather station. This method extrapolated the shape of the rainfall/throughfall transect

from the 210 day period to the whole 343 day period. The presence of the trees affected

the amount of rainfall reaching the ground for at least 10 m either side of the belt centre,

although the canopy extended only 4 m either side (Figure 40).
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Ste m f low
Rainfall intercepted by plant canopies is partitioned into interception loss and stem flow.

Stem flow is intercepted rainfall that runs from the outside of twigs and branches to the

main stem and eventually the ground (Prebble and Stirk, 1980). It often represents a

proportionately small redistribution of water but can be up to l5%o of rainfall in Australian

native vegetation (Nulsen et al.,1936). I therefore measured stem flow to allow a more

accurate estimate of interception loss. Stem flow was difficult to collect from the main

experimental trees due to the installation of sap flow instruments. Instead, three trees from

each row were chosen, adjacent to the main trees, ranging from the smallest to the largest

(Figure 35). A square rubber channel (l cm x I cm) was attached to the stem in a helix, in

a similar manner to that described by Crockford and Richardson (1990), and fed into a 20

litre plastic bucket (Figure 130). Stem flow volumes were recorded for 14 rainfall events

between August 1997 andMarch 1998 using a calibrated dipstick (detail of construction is

shown in Figure 130). A single relationship was used for both species: stem flow (L) per

mm of rainfall for the whole period was regressed against tree leaf are a: y : 0.0 I 9x + 0. 1 3

(?:0.67,n:6i Figure 131). This was used to scale the stem flow to leaf area of the

section of belt comprising the 4 main trees.

lnterception
The presence of the canopy affected the amount of rain reaching the ground up to l0 m

from the belt centre - well outside the canopy (Figure 40). This was possibly due to rain

shadow and change in airflow around the trees. I have chosen, however, to represent

interception as an equivalent volume per unit length of tree belt, rather than varying with

horizontal distance from the belt centre, since the latter is complex and of little benefit to

the analysis.

I therefore define the term 'rainfall deficit' as being equal to the difference between

rainfall, outside the influence of the canopy, and rainfall reaching the ground within the

region affected by the canopy. Rainfall was not measured above the canopy so I assumed

it to equal that recorded at the weather station. The partitioning of rainfall deficit into

either interception or stem flow was assumed to be uniforrn across the 30 m width of

apparent canopy influence. Therefore, at each position on the transect over this 30 m

width, rainfall deficit was calculated as the depth of rain reaching the ground, minus total

rainfall recorded by the weather station outside the influence of the tree canopy. Stem flow

volume per metre of belt was estimated from the stem flow relationship (see previous

section). This volume was expressed as an equivalent depth across the 30 m width of

apparent influence ofthe canopy, and subtracted from the rainfall deficit at each point on
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the transect, yielding interception loss (mm). An equivalent volume of interception per

meter of belt, for each horizontal increment on the transect was calculated by multiplying

the average depth of interception for each horizontal increment on the transect (trapezoidal

method) by the width of that increment, and multiplied again by unity. The total volume of
interception per metre of belt was the sum of individualvolumes.

Transpiration
Greenspan Technology'" heat pulse sap velocity sensors (Swanson,l972)were installed in

belt trees OI,02, Ll and L2to measure sap flux for 308 days - between May 1997 and

March 1998 - as described in Hatton et al. (1995). Probes were inserted to sample sap

velocity at four positions across the depth of sapwood. The inner (heartwood) boundary of
sapwood was estimated by incremental measurement of sap velocity with depth (Hatton et

al., 1995). Wound diameter was set at 2.2 mm, the lower limit found by Hatton et al.

(1990) in their water use study of eucalypts. Sap wood matrix and water contents were

measured using the technique of Hatton and Vertessy (1990). However the data were

discarded because water contents were highly variable (28o/o to 55%).It was suspected

that the low values were due to moisture loss while sampling with a hole saw driven by a

pistol drill, which heated the samples. Default values of 40%o and 50Yo (Edwards and

Warwick, 1984) for wood and water contents, respectively, were therefore used for all

calculations. A sensitivity analysis showed that a 5%o variation in these values gave a 7%o

variation in sap flux. Sap velocity was logged every 30 minutes for all trees and sap flux

was calculated on a daily basis and converted to either: 30 day moving average (L d-t);

total volume (L) for the measurement period; transpiration per unit leaf area (L m-2); or

transpiration per metre of belt (L m l). Sap flux was calculated from average sap velocity

multiplied by sapwood area - the weighted average technique (Hatton et al., 1990).

Average sap velocity is the sum of the four sampled velocities, weighted to the areas of the

relevant sapwood annuli, relative to total sapwood area. A detailed descrþtion and worked

examples of transpiration calculated from sap flow measurements is given in Appendix 2.
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Í'igure 39 Heat pulse sap flow sensors installed in a tree at the water balance site.

Missing data days for each tree were: 40; 102; 37; 22 days; for Ol; 02; Ll1' L2;

respectively and were interpolated linearly as the mean of l0 days either side of the data

gap. Transpiration per metre of belt was calculated by adding transpiration volume from

each tree and dividing by the 7 m length of belt they occupied. Transpiration was also

calculated by difference using P, I, E and A,S measured at each position on the transect,

assuming drainage to be zero. This assumption was checked, against estimates of drainage

calculated using soil physical methods, and found to be valid (calculations are given in

Appendix 2). An equivalent transpiration volume per metre of belt was calculated by

summing average transpiration at each transect interval multiplied by the width of the

transect interval.

Transpiration of trees in the leaf efficiency experiment was measured in the same way as

for the tree belt. Data from one non-isolated replicate in 1997 was discarded due to

suspected poor installation of the heat pulse probe - sap fluxes were extremely low and

showed monotonic decrease in spring rather than an a dramatic increase. Probes in that

tree were reinstalled in 1998 and from then on leaf efficiencies were similar to those of the

neighbouring tree. Annual values of leaf efhciency were calculated from measured data

only; no missing values were interpolated.

Soil evaporat¡on
Given that the depth of soil wetting due to rainfall was clearly determined (Figure 38), soil

evaporation E, outside the root zone, was determined from P - A,S, assumingzero drainage
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below this depth. Hydraulic conductivity at a depth of 3 m outside the tree root zone was

estimated to be I xl0-3 mm d-l using measwed A 0,o1 and o/o clay (Campbell and

Shiozawa, 1992; Smettem et al., 1999; Smettem and Bristow, 1999); calculations are

shown in Appendix 2. This, combined with the apparent small hydraulic gradient at this

depth confirmed that drainage would have been insignificant, about 1.5 mm yrl. Ewas

therefore calculated using one replicate of rainfall and two replicates of A,S at positions: -
40 m; -25 m; -15 m; 25 m;40 m on the transect. For the 343 day measurement period

there was 5Yo variation in evaporation between all these positions. Evaporation within the

root zone was scaled to microlysimeter (Boast and Klute, 1986; Bond, 199s)

measurements made at l5 positions across the transect of the tree belt (Figure 35), over an

81 day period in spring 1997. Microlysimeter construction and installation is described

and in Appendix 2. All 15 microlysimeters were weighed, remade and replaced every 24

to 48 hours or after rain. The shallow depth and short measurement periods were chosen

because soil water content changed rapidly within the tree root zone, due to the additional

water extraction by the trees. Outside the root zone, average microlysimeter evaporation

on the eastern and western sides was, respectively,S4yo and 80% of that calculated by P -

A,S over the same 8l day period. Microlysimeter measurements were abandoned at the end

of spring as weather conditions dried. Installation was not possible due to hard soil

conditions, and wind-blown soil was deposited in the top of the microlysimeters.

Evaporation from each microlysimeter inside the root zone was expressed as a percentage

of average microlysimeter evaporation outside the root zone. These percentages were

multiplied by total average evaporation (P - AS for the 343 day period) outside the root

zone to estimate total evaporation at each position within the root zone. Evaporation from

both eastern and western sides of the belt was scaled in this manner, independently from

each other. This method extrapolated the shape of the evaporation transect for the 8l day

spring period to the whole of the 343 day period.

Results

Leaf area
Leaf areas of the four main trees in the belt are shown in Table 3. The LLA (m2 m-l¡ of the

7 m belt section comprising the four main trees was the same as LLA of a 30 m section on

both occasions: 17 -t --'; and 23 -' --t in May and January, respectively. The 25o/o

growth during the experiment was probably the combined effects of an unusually wet

summer as well as the absence of normal competition from adjacent crops. The average

LAI of remnant vegetation calculated from measurements at five local sites; 0.8 m2 m-2,
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Sdev = 0.1. Leaf areas from the trees used in the leaf efficiency experiment are shown in

Table 4.

Rainf all, stem f low and interception
Rainfall recorded at the weather station was 497 mm for the 343 day period. This was

about 50 mm more than average; 100 mm fell over summer. Rainfall reaching the ground

was reduce d by 25% at the centre of the belt, and between 5o/o and I0%o up to I I m outside

the canopy (Figure 40).

Stem flow volume was estimated to be 253 litres per metre of belt from the stem flow

calibration and using 497 mmrainfall and using an average LLA of 20 m2 m-t (the average

of the May and January LLA measurements). This volume translates to a depth of 32 mm

over the projected belt width, about 6Yo of rainfall, and 8 mm over the 30 m width of

apparent interception. Interception was calculated to be 1370 litres per metre of belt for the

343 day period and was distributed across the transect as shown in Figure 41. Equivalent

interception depths were l7l mm over the projected canopy width and 46 mm over the

apparent effective width of interception (30 m).

-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40

Distance from centre of belt (m)

X'igure 40 Transect of rainfall (outside the canopy) and throughfall (under the

canopy) for a distance of40 m either side ofthe tree belt.
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Figure 41 Transect, across the belt of trees, of interception calculated from

rainfall, throughfall and stem flow measurements.

Transp¡ration
Figure 42 shows a 30-day moving average of leaf efficiency for the four main trees. Trees

on the western side had about twice the leaf efficiency of eastern trees during spring and

summer. Leaf efficiencies for the 343-day measurement period were 260;217; 127; 160

litres m-2 for Ol ; 02; Ll; L2, respectively. Total transpiration volumes for this period

were 8056; 5 1 09; 5829; 6409 litres for O I ; o2; Ll ; L2, rcspectively.
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Figure 42 LeaÍ efliciency of the four trees in the water balance experiment,

measured between (v[ay 1997 and March 1998.
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Transpiration per metre of belt was 3629 L m-l for the 343-day period; equivalent to a

depth of 454 mm and 134 mm over the projected canopy width and nominal root zone

width (27 m), respectively. On a projected canopy area basis, average transpiration for the

period was 1.2 mm d-l; average potential evaporation calculated using the Penman

combination equation (Meyea lggg) for the same period was 3.4 mm d-1. Run-on and

ponding was observed on the western side of the belt between -5 m and -10 m from the

belt centre, following large rainfall events in spring and summer. On the eastern side

however, water was observed to run off and pond off-site on the same occasions. The

canopies of the western trees were smaller and lower than those of the eastem trees and

not in a position to intercept more radiation. Higher leaf efficiency of these trees was

therefore unlikely to be due to higher leaf irradiance. Wind roses recorded by the on-site

weather station showed nothing to suggest that transpiration from the western trees would

have been aerodynamically enhanced relative to the eastern trees. The higher leaf

efficiency of trees in the western row was therefore attributed to a better water supply, due

to local ponding.

To indicate the likely horizontal distribution of water extraction by the trees, and also to

check measured transpiration, transpiration was calculated by difference, assuming

recharge to be small. This assumption was ratified in the same manner described the soil

evaporation section, using measwed A 0,ot and %o clay from 2 m deep (Campbell and

Shiozawa, 1992; Smettem et al., 1999; Smettem and Bristow, 1999); drainage was

estimated to be in the order of 1 x l0-5 mm d-r (Appendix 2). Figure 43 shows Z for each

position across the transect where all water balance components were available, and

calculated as Z : P - E - 1 - AS. Negative transpiration at -10 m position is a possible

indication of run-on at this point. Total transpiration by difference was 4104 L per metre

of belt.

This was equivalent to 513 mm over the canopy width and 152 mm over the27 m width of

the npminal root zone. Transpiration estimated by difference was therefore l3%o greater

than that measured by heat pulse. I chose to assume that the heat pulse measurements of 7

were coffect but have given due consideration to the l3%o difference between methods

when discussing possible errors.

Figure 44 shows the lO-day moving average of leaf efficiency (transpiration per unit leaf

area) from the leaf efficiency experiment, for isolated and non-isolated trees, over a 12

month period. The 'isolated'trace represents the average of two replicates for the whole
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period. The 'non-isolated' trace represents one replicate during 1997 and 2 replicates

during 1998. Error bars show one standard deviation either side of the mean.
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Figure 43 Transpiration transect from the water balance site, calculated by

difference.
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X'igure 44 Average leaf efliciency of the 6isolated' and 'non-isolated' treatments

from the leaf efliciency experiment. Errors bars show standard deviations from

the mean of two replicates.
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In the spring of 1997, there were differences in leaf efficiency greater than 100% between

the two isolated trees with no obvious explanation. The tree with the higher leaf

efficiency, Isolated 2,had a lower LAI compared to Isolated I (see Table 4;leaf area per

canopy projected area), possibly causing an increase in average leaf inadiance, and

therefore higher leaf efflrciency. There was no evidence to suggest that the tree had greater

access to soil water as with the tree belt experiment. Maximum average leaf efficiencies

were similar to those measured in the tree belt experiment during 1997 spring and

summer, ranging from about 0.4 to 1.1 L d-l m-'. Winter values of leaf efficiency were

similar for both experiments, about 0.35 to 0.4L d-l m-2, for all treatments. Given the

similarity in long-term average values of leaf efficiency I found no reason to reject the null

hypothesis that Tisolated : Znon-isorated over the 12 month measurement period. This

experiment is not completely conclusive, however, and this generalisation is unlikely to be

valid over periods of one to two months, especially in spring.

Soil water storage
Figure 45 shows the mean value of A,S calculated from the two transects of neutron

moisture metre access tubes. Each point represents the mean of two values at each position

on the transect and error bars represent one standard error either side of the mean. Average

A,S outside the root zone was 76 mm (Sdev 14 mm), respectively. Inside the root zone

average A,S was 5 mm, with large increases close to the edge. Directly beneath the canopy

average A,S was 12 mm (Sdev 8 mm). The coarser horizontal resolution of access tube

placement on the eastern side was due to the presence of overhead power lines, which

restricted access of the truck-mounted drilling rig during installation.

The influence of the root zone appears to cease between l0 and 12 m on the western side,

corresponding with above ground observations of soil drying and significant changes in

remaining stubble from previous crops. On the eastern side, the surface expression of the

extent of the root zone differed between the two access tube transects by about 2 m either

side of the +15 m position. This was reflected in the largest variation in A,S at this point. A

discontinuous function, comprising three linear relationships, was fitted to the data to

allow calculation of an equivalent average AS for any width between -12.5 m and +25 m

(see following section 'Calculating ENOR').
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Figure 45 Change in stored lvater ^4S across the bett of trees. Error bars show the

standard deviation from the mean of two replicates. Where error bars are not

visible they are smaller than the data point symbol. ^4s was approximated by

discontinuous linear functions.

Soil evaporation
The evaporation transect (Figure 46) shows that average bare soil evaporation outside the

root zone accounted for 428 mm (Sdev: l0 mm) of the 497 mmrainfall. In the centre of
the belt evaporation was about 200 mm due to less rainfall reaching the ground and more

soil water used by the trees. A discontinuous function, comprising five linear relationships

was fitted to the data to allow calculation of an equivalent average evaporation across any

width between -10 m and +15 m.
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Figure 46 Soil evaporation transect across the belt of trees. Values outside the

root zone were calculated as the difference between P and .4S. Values inside the

root zone were scaled to microlysimeter measurements. ÁE was approximated by

discontinuous linear functions.

Calculating ENOR

From leaf areas
Using May 1997 LLA and LAI measurements and Equation 12, B for the belt of trees was

predicted; B = 17/0.8:21.3 m. B was not calculated for January 1998 because LAI was

not measured then.

From water balance
Equation l7 was rearranged to define a water balance, which was set to zero (Equation 20)

and placed as a formula in a spreadsheet on a personal computer. T and 1 were set in

separate cells as 3629 and 1370L per metre of belt, respectively, and P was set at 497 mm

as measured in the experiment.

B(P-¿'-AS)-T-I=0 (20)

The discontinuous functions fitted to A,S and E were integrated with respect to horizontal

distance from the belt centre. Average values of A,S and E over any chosen horizontal

width were calculated simultaneously as the integral of each function over the same width

I (centred on the belt), divided by B. .B was then iterated manually until Equation 20 was

satisfied, at which point.B was 19.8 m; average E and ÂS over width B were 262 mm and -
l8 mm, respectively.
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Error analysis

The main points of the error analysis are summarised below. For a detailed error analysis

of each component, see Appendix 4.

Due to the labour involved in data collection, measurements from the tree belt experiment

were not spatially replicated except for leaf area and A,S. The crosschecks performed

within the data set promote confidence in the measurements. However, independently of

this, I considered the possible effors associated with the calculation of B as being of 3

types: errors associated with each measurement technique; errors associated with

interpolation of data; errors associated with extrapolation of data. For each measurement

thelargestcorrespondingerrorswere:LLA+l0o/o;LAI+12.5o/o;T+13%o;I+l5Yo;P!

l0%o; E + I0%o; AS t 50% (Appendix 4). These were used to test the effect of worst-case

combinations of errors on both the prediction of ^B from leaf area measurements (Equation

12) and the calculation of B from water balance measurements (Equation l7).

Maximum and minimum (worst-case scenario) predicted B (Equation 12) were calculated

respectively by: 1) using the largest LLA and the smallest LAI; 2) the smallest LLA and

largest LAI measurement. This allowed the calculation of the smallest possible B using the

smallest numerator and the largest denominator (and vice versa) and gave 17 m<B <26.7

m. A similar approach was used to determine maximum and minimum B according to

water balance measurements (Equation l7). This was done by choosing the largest

possible values for 7,1 and AS (Å,S was negative) and the smallest possible values for P

and E, so as to combine the largest numerator and smallest denominator. The smallest

possible value of B was calculated using the smallest T, I and A,S, and the largest P and E.

This gave 13.0 m < B < 34.I m, the maximum value being physically impossible given the

root zone width of 27 m.

Discussion

The ENOR approach (Chapter 4) tested here was developed from considerations of

equilibrium between vegetation and climate, using tree leaf area as an indicator of those

conditions. Such equilibria are often notional in practice, given that climatic conditions

vary considerably from year to year. I discuss, below, the implications of this with respect

to the water balance experiment.

In this experiment I have compared predictions from annual average leaf area, albeit

calculated from only 2 measurements, with an area of hydrologic occupation calculated

from water balance measurements made in the same year. The site was also significantly
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perturbed from average annual conditions because ofthe higher than average rainfall but

also, more importantly, by the exclusion of crops from the tree root zone. The combined

effects of the two perturbations were probably reflected in the 25%o canopy growth over

the measurement period. If the tree growth had not fully responded to the higher than

average water supply, one would expect that the root zone would have become wetter over

the measurement period. This was not the case, and in fact the root zone continued drying

slightly during autumn. I am confident, therefore, that the leaf area and wate¡ balance

measurements fairly represented their respective influences over the measurement period.

As indicated when deriving the water balance expression lor ENOR in the second section

of this chapter, the approach also requires that Equation 18 must hold. Here I explore the

likelihood of this. The leaf efficiency experiment showed that, for the purposes of this

argument, long-term average leaf efficiency was not significantly different for isolated and

non-isolated trees. Taylor et al. (2001) measured the transpiration of a blue gum (E

globulus) over a two-week period in spring and showed that it was enhanced by lÙYo, at

the edge of a blue gum plantation, due to advected energy. My data shows that this

probably also occurred in the isolated trees in spring and autumn (Figure 44). Over long

periods, however, it appears that leaf efficiency does not vary hugely between isolated and

non-isolated situations. Therefore, for the same leaf area, Zisolated can be considered

approximately equal to Znon-isolate¿. A corollary to this is that aerodynamic enhancement of

Z in the isolated case is not significant and that, for the same reasons, lisolated will be similar

to lnon-¡ro¡u1"¿. Also, P will be identical for both sides of Equation 18, therefore if Equation

18 is true, Eisotated must equal Enon-isolated. In the water balance experiment annual Eisotated

was determined to be 262 mm *10%o, slightly more than half of rainfall. I am not aware of

any long-tefrn measurements of Enon-isotatr6 in mallee vegetation for comparison. Enon-¡ro¡uL¿

can, however, be estimated (Cooper et aL.,1983) although the technique is sensitive to fr*,

the canopy light extinction coefficient. Using this technique, together with k* : 0.42

(Vertessy et a1.,1993), Enon-isotated was estimated to be 303 mm, indicating that Eisotate¿ and

Enon-isolated are probably not hugely dissimilar, although I expect the error to be larger than

10%. This is not a rigorous test of Equation 18, however, it serves to show that it is likely

to approximate reality, and therefore supports the ENOR approach.

Conclusions

This chapter has shown ENOR width B = 2l t 7 m, predicted from leaf area measurements

(Equation l2), compared favourably with ENOR width B :20 t 7m calculated from the

water balance (Equation 17) over a period of almost a year. The error analysis I have
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imposed on this experiment has been severe, and must be taken in context with the many

crosschecks of calculations by different methods, and the demonstrated close agreements

in such cases. I suggest that conservative use of the ENOR approach should therefore

include a possible error of no morc than20Yo.

Scientists contemplating studies of tree belts or block edges should heed the importance of
the horizontal resolution of measurements near root zone edges, so that the root zone

extent can be accurately determined. With the beneflrt of hindsight, I recommend that the

extremities of the root zone be first approximated from above ground observation of
changes in surface cover. The positions of measurements along a transect should then be

chosen so that the nominal root zone edge is bracketed by at least 4 closely spaced

measurements.

Summary

This chapter has tested the ENOR approach from a water balance perspective. A

mathematical definition of ENOR in water balance terms is derived, and it is noted that

this, when applied within the ENOR approach, implies that the relative proportions of the

water balance components are similar (normalised to leaf area) for tree belts (isolated) and

forests (non-isolated).

An experiment is described where all the components of the water balance were measured

along a transect transverse to and spanning a 13 year old eucalypt tree belt. A second

experiment is described that tests the hypothesis that long term average leaf efficiency

(transpiration per unit leaf area, Hatton et al., 1998) is equal for both isolated and non-

isolated situations.

The results and accompanying error analysis of the first experiment show that ENOR

calculated from water balance measurements agreed well with that predicted from leaf

area measurements. The second experiment, while not completely conclusive, showed that

leaf efficiency was higher in isolated trees for short periods in spring and autumn, however

the hypothesis of equivalent long-tenn average leaf efficiency could not be rejected.
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Chapter 7

Estimating Leaf Area Index LAI of natural vegetation

Preliminary findings from this chapter were presented at the Envirowatergg - 2nd

Inter-Regional Conference on Environment, lf/ater (Ellis er al., 1999). This chapter

also forms the basis for a paper that has been submitted to the Australian Journal

of Botany (Ellis and Hatton, in press).

Introduction

Chapters 5 and 6 have shown that predictions of ENOR for a tree belt can be made from

LAI and LLA measurements (Equation 12). This chapter and the next respectively provide

methods for estimating LAI and LLA where rapid application of Equation 12 is required

for testing the effects of alley farming in catchment management scenarios, or where LAI

and LLA data are not available. This chapter deals specifically with the prediction of LAI.

A variety of models exist for predicting eucalypt plantation growth (Landsberg and

Waring, 1997;Battaglia and Sands, 1997) and for predicting LAI in eucalypt plantations

(Battaglia et al, 1998). Plantations usually comprise species exotic to the site and are

fertilised. While the growth of natural vegetation communities may be governed by similar

physical principles as plantations, the limits to growth are usually lower for ecological

reasons. Natural vegetation in water-limited environments has been shown to be
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conservative in itswater use to ensure survival through drought periods (Eagleson, 1982;

Eagleson and Tellers, 1982) and is not represented well by plantation models. In addition,

forest growth models are too complex for the task of predicting LAI for practical

application of the ENOR model, and require numerous species and site input parameters.

Around the world, physical characteristics of natural vegetation have been shown to be

dependent on local climate. Simple climate parameters such as rainfall and evaporation are

readily available at large spatial scales for most of Australia. In this chapter, LAI

measurements from 43 natural eucalypt sites across southem Australia are collated and

used to explore simple relationships between LAI and climatic indices calculated from

rainfall and evaporation measurements. The merits of several indices are compared with

respect to: the usefulness of each; the accuracy of LAI predictions; and the physical

significance of the relationships, particularly in terms of boundary conditions.

Relating LAI to climate

Several studies have demonstrated that the structure of natural vegetation communities,

and the structure of the plants within the communities reflect local climatic conditions

(Specht, 1972;Budyko,1974; Grier and Running, 1977; Ghotz, l9B2; Specht and Specht,

1989). Budyko (1974) and Ghotz (1982) show that climate and water balance can

determine the rates of primary production of natural vegetation. Plants capture radiative

resources via their leaves. It therefore follows that leaf area and hence LAI will also be

related to climate (Grier and Running, 1977; Ghotz,1982; Specht and Specht, 1989).

Grier and Running (1977) plotted leaf area index against rainfall for coniferous forests in

North American and fitted a linear relationship with 12 : 0.84. The relationship did not fit

well in high rainfall (> 1000 mm yrl) areas and overestimated LAI. They went on to show

a much better correlation (l : 0.99) between LAI and, a water balance index that added

soil water storage to growing season precipiøtion and subtracted open pan evaporation.

Negative values indicated evaporation in excess of available water while positive values

indicated the converse. Specht (1972) presented a linear relatìonship between canopy

projective cover of natural Australian plant communities, and an evaporative coeffrcient ,t

which relates monthly transpiration to available water. Specht and Specht (1989)

subsequently showed that k could be estimated from annual pan evaporation 86, and then

showed a curvilinear relationship between /c and over storcy LAI.

Budyko and Efïmova (1968) presented data to support the notion that natural vegetation

cover is an indicator of the combined energetic status of the land surface and the climate.

Budyko (1974) subsequently expressed: "the productivity of natural vegetation under
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conditions of sfficient moisture depends on the radiation balance at the earth's surface"'

He then constructed a family of curves relating measured annual biomass increments of

natural vegetation in the (then) USSR to a climatic of a radiative dryness index NlP

where: R is net annual radiation at the earths surface, 2 is the latent heat of the

vaporisation of water; and P is average annual rainfall. The different curyes represented

changes in production potential with changes in latitude (and hence radiation) at the

earth's surface, showing maxima at values of RüP: 1, and tending toward zero at high

values of Ril"P. Bazilevich et al. (1970) presented data to show that at the positions of the

maxima of Budyko and Efimova's (1968) earlier work were incorrect and occurred at

lower and higher values of R/2P for higher and lower values of .R, respectively (Figure

47).

Ril"closely approximates potential evaporation (Budyko, 1974), which is highly correlated

(y' : 0.98) with pan evaporation E¿ (Budyko,l974). Therefore Budyko's (1974) radiative

index of dryness can then be replaced by the analogous water balance terms
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Table 5 shows 43 measurements of IIU of natural eucalypt vegetation from southern

Australia (latitudes -30 to -40 degrees) used in the construction of Figure 48a to d and

Figure 49 a and b. Six sites were measured for this study; the remaining 37 have been

obtained from the literature. The Adelaide (module) method of leaf area estimation

(Andrew et al., 1979; Appendix 2) was used in all cases except those of Pook (1984) and

Carbon et al. (1979a) who used litter fall traps and the method of Carbon et al. (1979b),

respectively. P and E¡ werc obtained from 'Data Drill' the Queensland Department of
Natural Resources historical meteorological data surfaces (/www.dnr.qld.gov.aulsilo/).

These data have been used to investigate the relationship between LAI and the following:

long-term average annual rainfall P (Figure 48a); long-term average annual potential

evaporation E¿ (Figure 48b); a simplified version of Grier and Running's water balance

index P - E¿ (Figure 48c); Specht and Specht (1939) evaporation coefficient /r (Figure

48d); Budyko's climatic dryness index Eof P (Figure 49a); and a climatic wetness index,

the inverse of the latter, f f Eo Gigure 49b).

Results

Figure 48a and b shows that LAI is shongly conelated (f = 0.76) with rainfall but very

weakly (i : O.Ze¡ with pan evaporation. The modified Grier and Running index P -Eo
(Figure 48c) provides a slightly stronger relationship with LAI (r2:0.57). The data set

shows a very poor match with Specht and Specht's (1989) evaporation coeffîcient ,t.

Evaporative coefficient ft values (Figure 48d) for each of the 43 sites were calculated using

Equation 22 (this is equation 7,p195 of Specht and Specht (1989).

,t = o.oo45 +7I'57
Eo

The solid curvilinear line (Figure 48d) has been graphically reproduced from Figure l0 of
Specht and Specht (1989), rather than the quadratic equation the authors quote in the

caption as being the equation fitted to their data.

It should be noted that their quoted quadratic equation (LAI : 1.37 - 73.76k + lß6t?;
Specht and Specht, 1989) describes their data over their measured range only and does not

satisfy the boundary condition of small LAI at low values of /ç.

(22)
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Table 5 Natural vegetation LAI measùrements from southern Australia with site coordinates

and local annual average rainfall and evaporation.

Source Latitude Longitude P (mm) E¿ (mm) LAI

(deg. min.) (deg. min.)

Carbon et al. (1979a)

Carbon et al. (1979a)

Carbon et al, (1979a)

Carbon et al. (1979a)

Dunin el al. (1985)

Ellis (this study)

Ellis (this study)

Ellis (this study)

Ellis (this study)

Ellis (this study)

Ellis (this study)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

McVicar et al., (1996)

Pook (1984)

Roberts (2001)

Silberstein et al. (1999)

Vertessy et al, (1998)

Walker et al., (1998)

Walker et al., (1998)

ìValker et al., (1998)

Walker et ø1., (1998)

Walker et al., (1998)

Walker et al., (1998)

Walker et al., (1998)
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Figure 49 shows LAI lrom the 43 sites (Table 5) versus Budyko's (1974) index of climatic

dryness. The scatter plot exhibits a similar shape to the curves of annual vegetative

production increment of Budyko and Efimova (1968) and Bazilevich et al. (1970) (Figure

47); LAIs are high at low values of climate dryness and appcar to asymptote to zero as the

climate becomes drier. This supports the notion that vegetative production of natural

vegetation is proportional to LAI since it is leaf area that captures radiative resources.

Given the roughly hyperbolic shape of Figure 49a,the same LAI data were then regressed

(and forced through the origin) against the inverse of the index of dryness; Pf E, (Figure

49b) The regression coefficient (f = 0.67) shows that there is a reasonably strong

relationship although not as strong as when rainfall alone was used (Figure 48a; f : 0.76).

Ellis e/ al. (1999) also tested LAI vs f f no with a smaller and more polarised data set and

reported a stronger linear trend (l : 0.91) and smaller slope of 2.9 compared with 3.5

(Figure 49b).

Choosing an appropriate index

The criteria used to select an appropriate index for estimating LAI are as follows:

l. The index must use only easily procurable inputs;

2. The index must be algebraically simple;

3. The index must return an LAI estimate within measurable and acceptable limits;

4. The relationship between LAI andthe index must be intuitively obvious;

5. The relationship must have (at least implicitly) calculable and logical boundary

conditions.

Using the above criteria Eo, k, P-E¡ and EolPcan be rejected immediately as being

inappropriate indices for predicting LAI: Eo does not meet criteria 3,4 and 5; & does not

meet 3 and 5; P-Eo fails to meet 4 and 5; and E, f P fails to meet criterion 2. This leaves P

and Pf Eo which will be examined in turn with respect to the first four criteria. Criterion

5, boundary conditions, will be dealt with separately.

Local rainfall records are possibly the most universally available climate statistic in

Australia, and least prone to measurement error. Using rainfall P alone is very simple and

would appear to return the smallest uncertainty (f :0.76, SEv*: 0.5). A standard error of

0.5 LAI would represent an absolute error of 50Yo to 25%o along an annual average rainfall

gradient from 400 to 1000 mm. For approximations at the landscape scale this is an
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acceptable error. It is intuitively obvious that LAI should increase with increasing P as

shown in Figure 48a. Annual average rainfall P therefore satisfìes criteria I to 4.

The climate wetness index Pf Eo Gigure 49b) is less precise than P alone for predicting

LAI (i = 0.67, S&* = 0.6); producing a likely absolute error of 600/oto 30%o alongan

annual average rainfall gradient from 400 to 1000 mm. Annual average pan evaporation

data is less readily available than rainfall and often prone to measurement error. Again it is

intuitively obvious that LAI should increase with increasing climate wetness as

demonstrated in Figure 48b. The climate wetness index Pf Eo therefore also satisfies

criteria I to 4, although less convincingly than P.

Boundary conditions
The apparent threshold rainfall e 200 mm, Figure 48a) below which there is negligible

LAI is often the case in arid environments as a large proportion of the rainfall evaporates

directly from the soil surface. A negative y intercept for the fitted relationship between

LAI and P is therefore acceptable and there is no good reason for the hendline to be forced

through the origin. In the case of PlEo , fitting an unforced trendline only minimally

altered the slope of the relationship (-3%).In arid climates Eo is usually much greater than

rainfall (Table 5) and therefore the wetness index would be small. It is therefore

acceptable that Pf Eo versus LAI should go close to or through the origin.

The upper boundary conditions are less definite. The two plots (Figurc 48a; Figure 49b)

both beg the questions: "what is the maximum LAI, and under what climatic conditions is

likely to occur?". In both cases the answer is unlikely to be straightforward due to

confounding factors: 1) as rainfall and climate wetness increase, radiation becomes a

limiting factor to plant growth and water availability becomes non-limiting; 2) wetter

climates are often associated with mountainous terrain where incident radiation is

dependent on hill slope aspect (Budyko, 1974); 3) more cloud accompanies wetter

climates, increasing the relative proportion of diffuse light and allowing a denser spatial

affangement of leaves for optimal light capture (Horn, 197 I ; Roderick et al., 2001),: and 4)

wetter climates often occur at higher altitudes which, in the extreme (above the snow line),

become too cold for plant growth (Budyko, 1974).It is likely however, that the fitted

linear relationships between LllI and both P and Pf Eo approximate what is in reality

probably asymptotic, approaching a maximum LAI as P and Pf E, go to infinity.
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It is difficult to estimate the upper boundary condition of LAI versus P, but it is possible

for Pf Eo. This can be done by estimating the value of Pf Eo for which biomass is

maximum at latitudes 300 - 400 S and substituting it into Equation 23 fromFigure 49b

(23)

Budyko (1974) lists mean components of heat balance at the surface of the earth for a

range of latitudes. For latitudes 300 - 400 S mean annual ^R for land is 2.6 G J m-2 yrl.

There will be some effor associated with using a mean value of R since it will vary with

land surface, but not greatly between dense vegetation covers (Budyko, 1974; Okq 1978).

A more recent data source (Sellers et al., 1995) gives an average value (for years 1987-

88), for latitudes 300 - 400 S on the Australian continent, llYohigher than that of Budyko

(1974). The standard deviation was greatest (about l0%) for 350 S, but was only 3%o

overall. Dunin et al. (1985) recorded R about 30% higher than that of Budyko (1974) for

Kioloa, 35060'5, 150028'8, on the New South Wales coast however this appears to be an

extreme value.

For ^R = 2.6 G J m-2 yf I Bazilevich et al. (1970) give a maximum biomass increment at

R/)"P : 0.6 (Figure 47). Given that R/)"P is analogous to Eo/P (Equation 21) then this

maximum should occur at a wetness index f f n, of 1.67. This then gives a maximum LAI

= 5.8 (Equation 23) for latitudes 300 - 400 S. This compares favourably with LAI

estimations of E. regnar¡s forest of 5.7 - 6.2 (Berringer, lgg4) made using the Li-Corru

light interception plant canopy analyser (Welles and Norman, l99l). These measurements

were made in 8 year old regrowth and would be considered to represent close to maximum

values of LAI. Vertessey et al. (1998) report the highest LAI for mature forest in Table 5 of

4.0, also E. regnans forest.

Two checks can be made on the feasibility of this method for estimating the upper

boundary condition: one is to calculate maximum ET from a semi-empirical relationship

between the ratio of evaporation to precipitation (ET/P) and radiative index of dryness

N),P (Budyko, 1974); the second check is to solve this relationship for P and Es and

compare them with expected values. Budyko (1974) presents Equation 24 when

illustratìng the dependence of ET/P on R/)P, as part his investigations of geographic

associations of energy and water balances.

ør =*ta*L e4),1 R

=3.5L
Eo

LAI
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ET will approach a maximum of Rü" as LP/R approaches infinity. Using R:2.6 G J m-2

yr-r lBudyko, 1974) and À :2.4 M J kg-t (Oke , lg78) maximum ET will be 1083 mm yr I

for latitudes 300 - 400 S. One can also expect that maximum ET will occur when biomass

and, LAI aÍe at a maximum, at LP/R = 1.67 as before (Bazilevich et al., 1970). Budyko's

Equation 24 (Budyko , lg74) therefore estimates that ET will be 1009 mm yr I at this point.

These two estimates of ET are in close agreement.

Budyko's (1974) Equation 24 can be solved forP (Equation 25) and hence estimate the

rainfall at which the maximum LAI may occur

P = 4t"nh -t 'lET
)" R Qs)

Some circularity emerges if .OZ is set to the maximum value of 1083 mm yr-l as calculated

above since )"87/R then becomes unity, for which the tanh-l function is undefined. If EZ is

setto the'rule of thumb' 1000 mm yrl, the rainfall, P is calculatedto be 1744mmyrt.

This is a reasonable maximum value to expect for the high rainfall zones of southern

Australia, which are heavily forested. If this value for P is substituted into the trendline

fitted to Zl-Iversus P (Equation 26; Figure 48a)

LAI = 0.0028P - 0.33 (26)

then the maximum LAI is estimated tobe 4.7. This is l9olo lower than that estimated when

combining Equation 25 and Figure 49b; and 24Yo lower than the maximum recorded LAI

in southern Australia for E. regnans (Beninger,1994).

Given the several confounding factors as rainfall and climate wetness increase, the

methods used to check the boundary conditions of Equation 23 serve to illustrate that the

upper end of the relationship is in the right 'ballpark', rather than exact. LAI values

interpolated from the relationship should provide reasonable predictions.

I)iscussion

The notion that natural vegetation evolves to reflect soil available water is not a new one,

and has been demonstrated (Specht, 1972; Grier and Running, 1977; Specht and Specht,

1989). The challenge faced in this chapter was to determine an appropriate index, derived

from gross climate parameters - one that did not require any estimates of less accessible

parameters such as soil water storage or other local hydrologic characteristics.

Most natural vegetation communities comprise an evergreen and an annual vegetation

component. The LAI of both of these components will depend on recent climatic

conditions; in dry years the annual vegetation may not even germinate. The long-term
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average of the sum of annual and perennial LAI components is likely to bear a very strong

relationship to long-term average climatic conditions, but not in individual years. The

growth of the annual vegetation will only reflect recent conditions, but by its very nature

however, the evergreen (and hence perennial) vegetation must evolve to survive inter-

storm or drought periods (Eagleson, 1982;Eagleson and Tellers, 1982). For these reasons,

although the LAI of the perennial vegetation will fluctuate seasonally with climate, the

fluctuations will be attenuated relative to climate fluctuations, and will always bear some

relationship to long-term average climatic conditions.

Therefore, in the absence of long-term data on total LAI of natural communities, in this

chapter, only the evergreen component of natural vegetation LAI is considered. For the

purposes of ENOR application, it is assumed that this represents the LAI that is in

equilibrium with the climate, such that recharge is very small (although it is acknowledged

that there will be some seasonal variation).

Clearly Eo, P -Eo and fr, although easily obtainable, are not strongly related to the LAI

from the data set used (Table 5). It would appear that the weak relationship between LAI

and P - E¿ (Figure 48c) may have been improved if stored water was taken into account as

with Grier and Running (1977), however this would have defeated the purpose of the

exercise. Particularly interesting is the lack of agreement between the Table 5 data set

collated from southern Australia and Specht and Specht's (1989) relationship, derived for

the whole of Australia. I can offer no explanation for this but note that the LAI

measurements used by Specht and Specht (19S9) were mostly calculated from liuer fall

traps data rather than from visual estimation methods as used for the measurements in

Table 5. and that there may be some bias between the techniques. Seasonal perturbations

from 'normal' climatic conditions could not cause such a major difference between the

two data sets given the associated large spatial and temporal ranges. Such an effect is

likely to change the position of individual points or groups of points but a general trend is

unlikely.

Conclusion

This chapter has confirmed that there exists a strong relationship between local climatic

conditions and the LAI of natural vegetation in southern Australia. As an appropriate index

for the purposes of estimating LAI for predicting B for a tree belt (Equation l2) the climate

wetness index Pf E, satisfied the 5 criteria used to select an appropriate index. Although
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the upper boundary condition cannot be readily assessed using P in isolation, it appears

that it is also a useful index for the purpose, and possibly more precise than Pf Eo .

Summary

This chapter investigates simple methods for estimating the LAI of natural vegetation as an

input parameter to the ENOR model when data is not available. LAI measurements of

natural vegetation made during this study (Chapters 5 and 6), were used together with IÁI
measurements from other studies conducted in southern Australia, to investigate

relationships between LAI and indices of climate derived from gross climate parameters,

and a water balance index (Specht and Specht, 1989).

A poor relationship was found between I-41 and fr but strong relationships were found

between LAI and both P and Pf Er. Criteria are established for selection of an appropriate

index, with particular attention paid to boundary conditions. It is concluded that P as an

index may be a more precise predictor of LAI, however the relationship between LAI

andPf E, has more readily testable, and feasible, boundary conditions. The use of either

index is appropriate for predicting LAI as an input parameter for the ENOR model.
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Chapter 8

Estimating Lineal Leaf Area LLA of tree belts

The contents of this chapter and the next chapter have been combined and

published as a CSIRO Technical Report (see Ellis et aL.,2001).

Introduction

Chapter 7 described the development of a method for estimating LAI from a simple

climate index for use as the denominator in Equation 12. This chapter provides a scheme

for estimating the numerator of Equation 12, LLA of a tree belt.

As discussed in Chapter 3, agroforestry models and isolated tree growth models are either

insufficiently advanced to be used for predicting tree belt growth parameters such as LLA,

or are prohibitively complex for an application such as this. An almost universally limiting

factor is lack of knowledge regarding tree belt root growth and distribution. While the

ENOR approach has provided a method for simpliffing this issue, it cannot be used to

predict the growth of tree belts, as it requires knowledge of the LLA in the first place. In

Australia, the best-documented attempt to model the growth of tree belts was made by

McJannet (1999), using process-based model TOPOG (Dawes et al., 1997). McJannett

(1999) however, assumed that there \¡/as no lateral spread of roots from the tree belts. The

modelled belt growth was enhanced relative to plantation growth, but due mainly to
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assumed run-on from upslope. This epitomises the dilemmathat is constantly confronted

in such situations: the model was not capable of describing the interface zone but the

applied simplification omitted the effect of lateral roots, the dominant characteristic of tree

belts. A more suitable model such as WaNuICAS (Van Noordwijk and Lusiana, 1999;

ICRAF, 2001) could have been used but, as discussed in Chapter 3, the resources required

to obtain input parameters become extreme, and there remains the problem of site-specihc,

and largely unknown, growth characteristics of tree roots.

In the absence of belt growth models that can be practically applied over a wide range of
species and site conditions, and so that ENOR to be more widely used, this chapter

describes a survey of typical farm tree belts in key catchments of the Murray Basin. Site

characteristics and species are tabulated and a scheme is devised for visually estimating

LLA from site photographs. B for each site is also calculated as additional information but

it is noted that it is specific to the site. For a particular LLA, B will vary depending on the

local LAI.

Site selection

Figure 50 shows the location of the 27 sites used in this survey, the selection of which

involved the following considerations.

Alley farming is a relatively recent development in Australian landscapes. Although in

excess of 10 000 ha of alley farms have been planted in Western Australia (Stirzaker and

Lefroy, 1997), there is much less in other states, and what exists is at relatively immature

stages of growth.

Primarily, tree belts were sought and located, where possible, on alley farms, but many of
the sites used were fence-line or windbreak plantings. Initially, it was hoped to select sites

of the same tree species (e.g.E. cladocalyx was planted widely on farms, rural towns and

schools in some areas) and also of similar stages of maturity. In this regard little

uniformity was found, with the added complication that tree belts varied in width from one

to many rows.

The Murray Basin covers a large area and cannot be represented in full by this exercise.

The criteria for the selection of LLA sites was focussed to represent: catchments in the

Basin that are of significant interest in the short-term with regard to salinity; Focus

Catchments already identified for study by other projects; a climate gradient (and hence a

potential LAI gradient).
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The project budget necessitated restriction of sites to within about half a days drive of

CSIRO Land and Water Laboratory, ACT.

Catchments
Local and intermediate sized catchments (Coram, l99S) on the South-western Slopes of

NS\ry are of significant interest in terms of future land use for salinity mitigation due to

their relatively quick (decades) hydrogeologic response times and salt loads (Coram et al,

2000). The Upper Billabong Creek catchment is one of the Land and Water Audit

(LWRRDC ,1999) focus catchments for these reasons, and due to the significant interest in

tree planting from the farming community.

C o ntacts
Contact was made with farmers via the Murrumbidgee Landcare Association

(http://www.landcareweb.com/lcdirectory/lVlurrumbidgeelca.html) and the Murrumbidgee

Catchment Management Committee (http://www.murrumbidgee-catchment.org.au/).

Tree age
ENOR approach was developed and tested on mature eucalypts species (Chapters 5 and 6)

where trees were remnant; a70 year old plantation; and a 13 year old belt. The approach is

not easily applicable to young plantings growing on stored water, so relatively arbitrary

minimum age of l0 years \ryas set for sites in this survey. This allowed a compromise

between the paucity of mature tree belts of this age, and the need to gather data. The

implications of calculating B for young belts is discussed in the next chapter.

Exceptions to this age limit were the E. polybroctia (oil mallee) plantation (Site 10, Figure

60) grown in belts 3 m apart, and the LRAF trials (Sites 3,4 and 9; Figure 53, Figure 54

and Figure 59). These examples were included as they represent an established enterprise

but their age must be considered when interpreting results.

Siting
The .ENO^R model was developed where trees are rain-fed only and runoff is negligible.

Sites in this project were therefore chosen wherever possible on flat land and, away from

the influence of creeks and groundwater or likely run-on. This excludes more than 90o/o of

tree belts found in rural areas as they are often planted adjacent to roadways, which

significantly affect the local surface hydrology and the tree root zone.

These issues are of significant concern to the siting of tree belts for plot-scale

investigatìons but need not be a serious limitation to the application of ENOR, at

catchment to regional scales. Although not corroborated except in the 'flat land' context,

ENOR approach implies that the leaf area of a tree belt represents its equivalent width of
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occupation in the landscape, independent of the source of water. This point is covered in

more detail in the discussion section.

Tree health
ln general, only healthy tree belts were selected for LLA measurement. Site 27 (Figure 77)

had sustained significant insect attack and leaves were relatively sparse. This is reflected

in calculated B equal to 5 m, which is less than the belt width of 6 m (Table 6).

Belt sections containing dead or missing trees were included if it was apparent that the

trees had died or been removed a 'long time ago' and therefore belt growth had

'stabilised'. This was often apparent if the growth of adjacenttrees had compensated for

the missing tree. Site 26 (Figure 76) included a recently deceased tree but the effect of this

was considered to be negligible as LLA was estimated from a 180 m length of belt.

Trees with greater than about 5% dieback (estimated visually), indicated by dead branches

or dead segments of stem, were avoided.

Understorey
All sites except Site 24 (Figure 74)were considered to have insignifîcant understorey and

it was not measured. This was either due to grazing or growth suppression by the trees.

The effect of the pasture growth at Site 24 (Figwe 74) may be reflected in the calculated B

equal to 12 m, which was identical to the belt width

Length of belt selected
Where belts were relatively short (less than 40 m) LLA was estimated from the whole belt,

excluding the 'end' trees. These trees usually showed relatively enhanced growth due to

access to a greater land area than other trees in the belt (as with edge effects in Chapter 5).

Where belts were long (greater than 100 m) and tree growth was relatively even, a 20 m to

40 m section was selected for LLA measurement. Where belts were greater than 40 m long

and growth varied significantly with length, the method of estimating LLA from stem

diameters was used (see Stem diameter - leaf area relationships, next section; and also

Appendix 2 - inferring LLA from stem diameter).

When is a belt a belt?
Tree belts are planted in the landscape in a variety of widths and lengths. A site was

judged to be a tree 'belt' when it its length was greater than l0 times its width and tree

spacing and growth stage were such that trees were judged to be occupying a contiguous

linear strip in the landscape. Where the combined effects of intra-row tree spacing and

growth stage was such that trees appeared to not be affected by their neighbour, it was not

considered a belt.

t2s



In water-limited environments, blocks of eucalypt trees usually show an edge strip of

growth that is enhanced relative to that at mid-plantation. The width of such strips has

been reported to vary between 5 m and 15 m (McJannett, 1999; Albertson e/ al., 2000;

Chapter 5). A belt was therefore considered to comprise any number of rows of trees, as

long as: it was certain that the root zones of rows met or overlapped; and the belt was not

more than two widths of 'enhanced edge' growth wide. It is worth noting that typical alley

farm designs use belt widths of 5 to l0 m, and hence edge effects are not likely to be an

issue.

Typically sites varied between single rows or up to five rows 2 m apart. Site 22 (Figure

72) was 16 m wide with obvious enhanced growth at the edges but it was considered that

the enhancement of growth (due to the proximity of the edge) reached to the belt centre.

How many sites?
Early in the study it became clear there was little consistency in age, species or width

within the sites available, and it was pointless specifying sample sizes in search of such

relationships, and that the LLA data would represent a survey exercise. The number of

sites was therefore determined by budget restrictions.

Leaf area measurement

Lineal Leaf Atea LLA

As with experiments in chapters 5 and 6, leaf area was measured using the Adelaide

(module) method (Andrew et a1.,1979) and is described in full in Appendix 2. Lineal Leaf

Area LLA (*' rn-t) was calculated by dividing the leaf area (m2) by the length of the tree

belt (m).

Stem diameter and leaf area relationships
Tree belt lengths varied from tens to hundreds of metres. In the latter case, the belts often

covered a range of growing conditions (soil type, depth etc.), and was reflected in changes

in tree size along the belt length. For the scale of interest to this project, the longer the

length of belt over which LLA is avebaged, the better the representation of the expected

LLA for that catchment (for that particular species and age). Measurement of LLA using

the module method for belt lengths greater than about 40 m was considered prohibitively

time-consuming (greater than -1.5 hrs). However, to efficiently obtain a representative

measurement in such cases, leaf area was scaled to stem diameter as this has been shown

to be a useful method for eucalypts (Vertessy et a1.,1995).
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Figure 50 Southeastern Australia and the Murray-Darling Basin (inset) showing

the location of the 27 LLA measurement sites used in this survey.

Where long belts also comprised a large range of tree sizes, about 12 trees were chosento

evenly represent the range from the smallest to the largest. Both the stem diameters (below

all leaf-bearing branches) and number of leaf modules were measured on the selected

trees. A second-order polynomial relationship was frtted to the data; the stem diameters of

all the remaining trees in the belt were then recorded and the mean number of modules per

tree was calculated from the polynomial relationship. Total leaf area and LLA were then

calculated as described above. This method was evaluated (Figure 100) on a 40 m length

of E. globuløs (Site 25, Figure 75). LLA predicted from the stem diameters was found to

be within l0o/o of that from counting the modules of all the trees.

Nine sites were measured using the stem diameter method; coefficients of the fitted

polynomial relationships are shown in Table 7 and include the data of Vertessy e/ a/.

(1995) for 15 year-old E. regnans. When the data set was viewed as a whole, there was

only a relatively weak relationship between stem diameter and leaf area (r2 : 0.54) and

preliminary attempts to make generalisations \ryere made by adjusting for tree age.

Although further investigation is required, it is worth noting that, when the remnant sites

were excluded (because it is difficult to assign an age), along with two -E globulus Sites

20 and 25 (Figure 70 and Figure 75), the relationship y : 0.0084x2 + 1.36 (r2 :0.82, n:
120) was fitted to stem diameter (mm) versus leaf area (rnt) x age (yr). E. globulus is

considered to be a profligate user of resources compared to other eucalypt species and
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tends to maintain a high leaf area under conditions when other species have reduced their

leaf area in response to dry conditions (pers. comm. Michael Battaglia, CSIRO Forests and

Forest Products). This may justify treating E. globulus separately but it would require

further investigation.

Results

Typical tree belts and LLA measurements
The purpose of the photographs and accompanying LLA measurements is to provide an

appreciation of the likely range of LLA of tree belts and to allow an estimation of LLA for

hypothetical tree belts/alley farms. Readers should note the following:

o Site numbers correspond with those in Table 6 and have been sorted in order of

ascending increasing climate wetness (P/E¡) that roughly corresponds with increasing

local LAI. Sites l, 2 and 5 (Figure 51, Figure 52, Figure 55) are from Chapters 5 and 6;

Sites 3, 4 and 9 (Figure 53; Figure 54; Figure 59) are the MDBC Low Rainfall Alley

Farming Trial sites planted in 1997-98. The remaining sites \¡/ere measured

specifically for this survey.

o Unless otherwise specifred, the following site photographs were taken at the time of

measurement - between May and September 2000.

o To give an appreciation of scale, operators in the photographs are holding a 4 m staff.

o Photograph captions include: species; type, orientation and location of planting.

o The LLA (m2 m-r) of each site is given and ranked: 5 - l5 small; 16 - 30 medium; 3l -
45 large; 46 - 65 very large; >66 extremely large. Note that the rank refers to the

magnitude of the LLA,notthe physical dimensions of the trees.

o The length of belt used to measure LLA is given.

o The method used at each site is indicated: either 'module' counts only (Andrew et al.,

1979); or'stem diameter/leaf area'relationship (Hatton et al., 1995; Vertessy et al.,

l99s).

o Further site details are given in Table 6 and include: age; belt width; canopy width;

latitude; longitude; local rainfall and evaporation; local LAI; width of visually

discernible root influence; and B.

I
I
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Figure 51 Site 1 Remnant E. socialis north-south oriented fence line planting at

"Cooinya" south east of Kimba, SA. November 1998.

LLll:11 m2 m-l - small.
Length of belt measured = 20 m.
Method used -úmodule' only.

LLA:25 m2 m'l - medium.
Length of belt measured : 30 m.
Method used -'module' only.

Figure 52 Site 2 Remnant E. dumosa (Chapter 5) north-south oriented fence line

at the lYakefìeld's property near Walpeup, Vic. October 1997.
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Figure 53 Site 3. Atriplæ nummula¡ía andAlriplex amnícola north-south oriented

alley farm triat at the Mallee Research Station, Walpeup' SA.

LLA= 13 m2 m-l - small.
Length of belt measured = l0 m.
Method used -'module' only.

LL/l= 42 m2 m-t - lu.g".
Length of belt measured : l0 m.
Method used -'module' only.

Figure 54 Site 4 Alriplex nummula¡ía and Acacia saligna north-south oriented

alley farm trial at Pallamana, north of Murray Bridge, SA.
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Figure 55 Site 5 E, leucorylon and E occìdentalis (Chapter 6) north-south

oriented windbreak on the Selleck's property near Roseworthy, SA.

LLll = 17 m2 m-l - medium.
Length of belt measured = 30 m.
Method used -'module' only.

LLA:22 m2 m-l - medium.
Length of belt measured : 20 m.
Method used -'module' only.

f igure 56 Site 6 E. maculalø belt in a north west-south east oriented alley layout

at "Avondalet', Sandigo south east of Narrandra, NSW. The belt is one of several

(see Site 7) planted in an effort to reduce a saline seep a few kilometres away.
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Figure 57 Site 7. camnldulensis (right) belt in a north west-south east oriented

altey tayout at "Avondale", Sandigo south east of Narrandra, NSW. Site 6 can be

seen on the far left.

LLA = 16 m2 m-l - medium.
Length of belt measured : 20 m.
Method used -'module' only.

X'igure 58 Site 8 E, cladocølyx east-west fence line ptanting at "Avondale",

Sandigo south east of Narrandra' NSW.

LLA:19 m2 m'l- medium.
Length of belt measured:112 m.
Method used -'module' only.
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Figure 59 Site 9 E. leucorylon, E. camaldulensís, E. maculata, E. mlcrocarpa,

Acacia salicìna north-south oriented alley farm trial at Bridgewater-on-Loddon,

near Bendigo, Vic.

LL¿l: 14 m2 m-l - small.
Length of belt measured = 20 m.
Method used -'module' only.

LL,/l= 5 m2 m-l-very small.
Length of belt measured = 20 m.
Method used -'module' only.

Figure 60 Site l0 E. polybractiø (blue maltee) 18 mth old regrowth following

harvest in a north-south oriented oil mallee plantation at 66Tumbledown" south

of \ilest Wyalong, NSIV. Rows are 3 m apart.

133



Figure 61 Site ll E. dawsìonì and E. dtuylerü north-south fence line planting at

"Truro" east of Wagga Wagga, NSW.

LLA= 15 m2 m-l- small.
Length of belt measured = 466 m.
Method used -'stem diameter/leaf area'.

LLA= ll m2 m-l - small.
Length of belt measured = 20 m.
Method used -'module' only.

#
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Figure 62 Sitel2 Belt of an unidentified eucalypt species in a north-south

oriented wide-spaced alley (200 m between belts) at "Waerali", west of Old

Junee, NSW.
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Figure 63 Site 13 E. síderoryloz north-south oriented fence line planting at

"Carinyat, west of Old Junee, NSIV.

LL.A = 14 m2 m-l - small.
Length of belt measured = 77 m.
Method used - both: 'stem diameter/leaf area'l and 'module' only.

Figure 64 Site 14 E. mícrocarpa north-south oriented fence line plantÍng at

Temora Research Station, north of Temora, NSW.

LL.¿l : l7 m2 m-l - medium.
Length of belt measured = 75 m.
Method used -'module' only.
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Figure 65 Site l5 E. largitlor¿ns northeast-southwest oriented fence line planting

at Temora Research Station, north of Temora, NSW.

LLll: 16 m2 m-l - medium.
Length of belt measured = 70 m.
Method used -'module' only.

LLA -- 54 m2 m-l - rery large.
Length of belt measured = 80 m.
Method used -'stem diameter/leaf area'.

X'igure 66 Site 16 E, saligna arnd E. botfiaides east-west windbreak at "Jayfields"

north of Holbrook, NSW.
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F'igure 67 Site 17 E. polyanlhemos remnant belt on a north-south fence line at

"Ardrossan", south east of Holbrook, NSW.

LIll:25 m2 m-l - medium.
Length of belt measured = 55 m.
Method used - 'stem diameter/leaf area'.

LLA:24 m2 m'l - medium.
Length of belt measured : 33 m.
Method used -'module' only.

Figure 68 Site 18 E. mellíodora and E. síderorylon north-south oriented row,

planted for stock shelter at'óKillandaye" south east of Holbrook, NSW.
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Figure 69 Site 19 E. melliodora north-south oriented row planted for stock

shelter at "Killandaye" south east of Holbrook, NSW.

LL.A:24 m2 m-l - medium.
Length of belt measured = 48 m.
Method used -'module' only.

LLA = 62 m2 m-t - very large.
Length of belt measured = 66 m.
Method used - 'stem diameter/leaf area'.

Figure 70 Site 20 E. melliodo¡a and E. globulus north-south windbreak at

6'Mima" north of Holbrook, NS\il.
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F'igure 71 Site 2l E. mclliodora anìl E, cladocalyx north-south windbreak at

"Mimat'north of Holbrook, NS\il

LLA: 19 m2 m-l - medium.
Length of belt measured : 43 m.
Method used -'module' only.

LLA:102 m2 m-1 - extremely large.
Length of belt measured:110 m.
Method used -'stem diameter/leaf area'.

Figure 72 Site 22 E. albens, E. mannifera and E. díves remnant windbreak

oriented east-west at (rHighfields", west of Rosewood NSW.
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Figure 73 Site 23 E. gtobul¡¿s council planting oriented north-south, east of

Ifarden, NSW.

LL,A:29 m2 m-l - medium.
Length of belt measured = 135 m.
Method used -'module' only.

Figure 74 Site 24 E. camatdule¿srs discharge planting (valley floor seep) oriented

north-south at "Oxton Park", northwest of Harden, NSIV. Note signifÏcant

understorey growth.

LLA= 16 m2 m-l - medium.
Length of belt measured = 148 m.
Method used - both: 'stem diameter/leaf area'; and 'module' only.
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Figure 75 Site 25 E. globulus council planting, oriented north-south at Chifley,

ÄCT. Photographed December 2000.

LLA= 45 m2 m-l - large.
Length of belt measured : 185 m; 40 m
Method used - both: 'stem diameter/leaf area'l and 'module' only (calibration site).

Figure 76 site 26 E. globulzs east-west oriented fence line planting at ó6Emu Flat"

north of Yass, NSIY.

LL.A: 17 m2 m-l - medium. Note gaps in the belt which have affect the averag e LLA.
Length of belt measured = 180 m.
Method used - 'stem diameter/leaf area'.
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Figure 77 Site 27 E. comaldulensís east-west oriented windbreak at "Bobbara

Creek" west of Binalong, NSW. There was significant insect leaf damage.

LL/l=7 m2 m-r -small.
Length of belt measured = 66 m.
Method used -'module' only.

Site data and calculation of B

The LLA measurements for the27 sites are listed in Table 6, together with local ZAIvalues

estimated using Equation23. B values were calculated from Equation 12 and are presented

as additional information; the main purpose of the survey is to provide an appreciation of

the likely range of LLA values and a means for approximating LLA in the absence of either

data or measurable tree belts. Table 6 also lists site specifications including the type of

planting, age, species, dimensions, climate. The width of visible root influence on adjacent

pasture or crop has also been approximated where possible. In most cases no effect was

discemible. Sites have been sorted with increasing LAI, which corresponds with increasing

climate wetness.
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Table 6 Site specifications and LLA measurements, modified from Ellis el at (2001d). Data is

sorted with increasing climate wetness, which approximately follows increasing LAI. B is

calculated from Equation 12. Sites 1, 2 and 5 are from Chapter 5. Sites 3, 4 and I are the

Murray Darling Basin Commission Low Rainfall Alley Farming trial sites. Í'or all sites L41

was estimated using Equation 23.
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Table 6 (Continued)
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Notesþr Table 6:

" Site number corresponds with photographs.

ö Most sites were eucalypt species: E. albes (al); blal<eli (bl); botryoides (bo); camaldulensis (ca);

cladocalye (cl); dives (di); dumosa (du); dwylerii (dw); globules (gl); largiflorans (la); leucoxylon (e);

maculata (ma); mannifera (man); melliodora (me); microcarpa (mi); occidenlalis (oc); polyanthemos (ps);

polybractiø (pa); saligna (sa); sideroxylon (si); socialis (so). Sites 3, 4 and 8 included Atriplex spp:

nummalaria (nu); amnicola (am) and Acacia saligna (sal). The eucalypt species at site 12 were not

identified.

" Type of plantings: belt in an alley farm system A; fence line F; plantation P; windbreak W; council C;

discharge area D; remnant R.

d NV means effeclextent of tree roots was not visible.

Additional remarks

Following on from the discussion in Chapter 3 regarding spatial and temporal variation of

processes within the root zone, and the expression of these as tree/crop competition, it is

worth noting the limited indications of root zone extent (from visible effects of trees on

adjacent pasture or crop) that were possible during this survey. Many factors influence the
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presence and extent of such an effect including soil water conditions in the root zone of

the crop or pasture, and their stage of development. Because of this, the temporal

distribution of rainfall can have a large influence. The best indication of the extent of the

tree root zotre can be seen in very dry conditions during which the trees usually compete

aggressively for soil water at the expense of the other species (see Chapter 5). Under

certain conditions towards the end of spring and during summer, or when the soil is

waterlogged, annual pastures can be seen to grow better beneath the tree canopies. Table 6

shows that in most cases it was impossible to discern an effect of the trees on adjacent

species, and where one could be estimated, there were large differences between the

estimated width of influence and predicted B. Some authors have expressed the extent of
influence of a tree belt on crops as a function of tree height (Hall et a1.,2000) however

only very weak relationships were found between B and tree height in this study.

Due to the disparate nature of the sites in terms of species, age, climate and belt width, the

B values calculated, although interesting, are site-specific and are not the main purpose of
the survey. In the absence of suitable growth models, the site photographs and

accompanying LLA values serve as a guide for estimating LLA when applying the ENOR

model to hypothetical or planned alley farms. The next chapter briefly revises the ENOR

model and provides worked examples of its application.

Summary

This chapter describes a survey of 27 farm tree belts and alley farming trial sites in the

Murray Basin and presents the data as a guide for users of the ENOR model. Selection

criteria are presented for the sites used in the survey, as well as the methods used to

measure LLA directly, or to estimate LLA ftom stem diameter/leaf area relationships. For

each site a photograph is provided and is accompanied by the LLA value measured at the

site. This allows users of the ENOR model to make realistic estimates of the LLA they

might expect for hypothetical alley farms.
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Chapter 9

Model application

The contents of this chapter and the previous chapter have been combined and

published as a CSIRO Technical Report (see Ellis et aL.,2001).

Introduction

This chapter brings together the approach described in chapter 4, the methods for

estimating LLA and LAI in chapters 7 and 8, and provides procedures for applying the

ENOR model. The ENOR approach is summarised and a map is presented of potential

long-term average LAI of naúral vegetation for the Murray Darling Basin, developed from

P and Eo data and the climate wetness index Equation 23. Worked examples of

hypothetical alley farms are presented showing how to use ENO¡R to: 1) estimate recharge

from an alley farm; 2) design an alley farm to result in a prescribed level of recharge.

Some practical implications of the application of both alley farms and the ENOR model

are discussed in relation to: catchment response to reduced recharge; the productivity of

alley farms; the application of ENOR to young and non-eucalypt systems; and coppicing

and root pruning practices. The errors associated with predictions and designs are

quantified and compared for cases where LLA and LAI are: 1) directly measured; 2)

estimated.

I
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Summary of ENOR conceptual model and approach from Chapter 4

Model description
The ENOR approach developed in Chapter 4 can be summarised as follows (note: equation

numbers relate to Chapter 4):

Recharge from an alley farm is expressed as Relative Recharge RrR

^ 
_ _rechargefrom alley farm =l_+ (13)

rechargefrom conventional farm W

where B (m) is the Equivalent No Recharge (ENOR) width of the tree belts and W' (m) is

the centre-to-centre spacing of the tree belts (Figure 78).

t- \M -t

afea

þ-nJ J.-sJ
Figure 78 ENOR width B and belt spacing ll for an alley farm.

B can be calculated from leaf area measurements

a = 
L=4, (2)LAI'

where: LLA is the Lineal Leaf Area of the tree belt (-' .-t belt); and LAI isthe leaf area

index of local natural vegetation (-' .-t).
If the magnitude of recharge from the conventional farming system ÀC is known, an

average recharge from the alley farm RA can be calculated

RA= RC xR.R. (15)

Model inputs

The four model inputs are as follows:

1. Lineal Leaf Area LLA (m2 m-r¡ of the tree belt(s), equal to the leaf area (m2) per unit

length (m) of belt;
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2. Leaf Area Index LAI of natural vegetation where Leaf area index (-t --t) of a block

of vegetation is equal to the ratio of plant leaf area (m2) to the ground area (m2¡ it

covers;

3. The centre-to-centre belt spacing of the aley farm W;

4. An estimate of recharge from the conventional farming system.RC.

If RC is not known, typical values are available from the technical report of Petheram e/

at. (2001) that is available on line at http://www.clw.csiro.aulpublications/technical2000/.

If data is not available LL¿L, LAI and W canbe estimated as described below.

Leaf Area lndex of natural vegetation LAI
As shown in Chapter 7, LAI can be estimated for a site using Equation23 if the long-term

average annual rainfall P and pan evaporation Eo is known

(23)

P and Eo can be obtained from the Bureau of Meteorology weather maps (Australian

Bureau of Meteorology, 2000).

To faciliøte rapid approximation of LAI amap (Figure 79) was generated for the whole of

the Murray Darling Basin using a GIS package and Equation 23 (derived for latitudes 30

to 40 S). The Basin extends between latitudes 2505 and 3705 and the implications of the

extrapolation of Equation23 (to the whole Basin) are addressed in the discussion section

of this chapter.

LAI was evaluated at a grid cell resolution of 36 seconds, which represents about I km,

over the MDB. The inputs required \À/ere:

o A Digital Elevation Model (DEM) - used in the generation of rainfall and

evaporation surfaces;

o A rainfall surface;

o A pan-evaporation surface;

The resulting DEM, rainfall and evaporation maps are shown in Appendix 5.

P
Eo

= 3.5LAI
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Figure 79 NIap of the Murray Darling Basin showing estimated Leaf Area Index

DI for natural vegetation derived using Equation 23. Ellis e/ al. (2001) included

a similar map but it was derived using a coeflicient of 2.9 (Ellis e/ al., 1999)

instead of 3.5.

Lineal Leaf Area of tree belt LLA
The paucity of alley farms and appropriately sited tree belts will necessitate the estimation

of LLA in many cases. A scheme was developed in Chapter 8 to allow estimates to be

made by inspecting the site photographs of typical tree belts and deciding on an LLA rank

and range:

o small 5 - 15 m2 m-t;

o medium l6 - 30 -2 m-l;
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. large 3l -45 rnt --t;

. very large 46- 65 m2 m-1;

o extremely large >66 m2 m-|.

Note: the rank refers to the magnitude of the LLA,notthe physical dimensions of the trees.

Belt spac¡ng W
Il is the centre-to-centre spacing of tree belts (Figure 78). If this measurement is not

available from an existing site, typical values range between 50 m and 200 m. Typically,

this dimension is determined as a multiple of the width of the farmer's seeding and/or

harvesting machinery.

Procedures for applying the model

Procedure 1 - Calculating recharge from an alley farm
l. estimate LLA for tree belts (Chapter 8);

2. estimate local LAI (Figure 79 or Equation 23);

3. calculate B (Equation 12)

B=LLA,LAI'

4. choose centre-to-centre belts spacing úT and calculate the percentage recharge

reduction rRR (Equation 13)

.RR = 1 -!;
W

5. calculate average recharge rRl from the alley farm (Equation 15)

RA= RRxRC .

Example 1- calculating recharge
An alley farm is to be planted in a cropping paddock 50 km west of Wagga Wagga

(35o10'S I47"30'E). The farmer uses 10 m wide seeding equipment and wants to

be able to sow the crop between the belts with 4 passes of the seeder. Assume tree

belts will be l0 m wide, therefore the centre-to-centre spacing of the belts IZwould

be 50 m. What relative recharge RR can be expected once the belts have matured?

rWhat will be the average recharge RA from the alley farm if recharge from the crop

.RC is 50 mm yrr?

l. choose a medium belt (Chapter 8) with an LI'A:20 m2 m't;

2. using Figure 79 estimate local LAI:1.0;

t
I
I

I

r
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3. using Equat ion I2calculate n =4 = 20m;

4. using Equation 13 calculate relative recharge R.R = I -! = O.ø;"50

5. using Equation 15 RA = 0.6x50 = 30mmyr-r .

lf an alley farm near Wagga Wagga comprised tree belts similar to Sites g, 18 and
21 Chapter 8) spaced at 50 m intervals (measured centre-to-centre), the recharge
from the paddock would be 60% of that from a conventional farming system.

Procedure 2 - Designing an alley farm to meet a recharge
target
To design an alley system that will result in a prescribed recharge reduction, steps I to 3

are followed in the same way as above but Equation 13 in step 4 is solved for W rather

than RR.

Example 2- designing an alley farm
rr E. cladocaylix is intended for use in an alley farm 100 km north of Albury

(36o00'5, 147o00'E), what centre-to-centre belt spacing lZ would be required to

reduce recharge to 20%o of that from the conventional farming system? What

proportion of the paddock would be left for crop or pasture production?

1. estimate LLA : 40 m2 m-1, similar to Site 25 (Figure 75, Chapter 8), belts 4

m wide;

2. from Figure 79, LAI = 1.3 at Albury;

3. carcurate n = 9= 3rm:
1.3

4. reanange Equation 13 and calculate W = B-= 
-+ = 39m;

I - RR l-0.2

5. if the tree belts were 4 m wide then the proportion of the paddock

remaining for crop and pasture would U. 3? 
^ 

a 
= 0.9 .

39

lf recharge from a cropping paddock near Albury is to be reduced by 80% using 4
m wide sugar gum (E cladocaylix) belts, the belts would need to be placed every
39 m (measured centre-to-centre) across the paddock. The tree belts would
occupy about lOo/o of the total land area.

l5l



I)iscussion

Catchment response
The eventual impact of such a recharge reduction on either dryland salinity or stream

salinity levels depends to a large degree on the type of catchment being considered.

Investigations of catchment responses to changes in land use are at an early stage of

development. Current research is aimed at intensively modelling the response of

representatives of several catchment types (Coram, 1998; Coram et al., 2000) so that

generalisations may be made regarding the likely response of similar catchments. Dawes

et al., (2001) and Stauffacher et al., (2000) give examples of such studies in two

catchment types. Whatever modelling technique is used, however, recharge estimates

made using the ENOR model will be required for inputs to groundwater models.

Productivity
The compromise between crop production and recharge control is a difficult issue,

requiring consideration at different scales of time and space. The loss of production due to

tree competition is significant, relatively immediate and localised. However the recharge

reduction benefits from trees are not immediate. They are long-term and usually off site -
lower in the catchment. The production costs of not controlling recharge, and hence

salinity, are very large and very long-term. There is consequently a lot of interest in

developing productive tree species that can offset crop yield losses due to tree

competition, and still provide some recharge reduction. Some eucalypt mallee species

have high leaf oil concentrations and can provide a commercially viable return, depending

on production costs. The productivity of fodder shrubs, such as saltbush is also under

investigation for agroforestry in southern Australia (Knight et a1.,2001). Tree belts can

add value to a rural landscape in other was such as stock and crop shelter (Nuberg et al.,

1998), biodiversity and amenity.

Ignoring the intrinsic value of the trees momentarily, if there is a requirement to reduce

recharge in a catchment by, say, 50%o, tree plantings are the most effective method for

doing so. 50% recharge reduction can be achieved by planting a single block of trees

covering half the catchment; or the whole the catchment with an alley farm where B/W

equal to 0.5 (from Equation l4). The block planting will also undoubtedly reduce

catchment crop production by at least 50%. The alley belts will cover less than 50% of the

ground area; crop production loss could also be as high as 50%o, but is likely to be much

less. Stirzaker et al., (2001a and b) propose a complementarity index CI, the ratio of

ENOR to an equivalent no yield zone, as a means for quantifying this compromise. The
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authors also show that when CI >I there is a crop yield incentive for choosing an alley

farm configuration rather than a single block. When CI : I there is no yield advantage

from an alley configuration. Cl is unlikely to ever be less than 1.

Application to young and non-eucalypt systems
The ENOR model is a static representation of mature systems and does not address the

hydrological implications of dynamic agroforestry systems involving young trees. In such

instances, leaf efficiencies are likely to be different from those of mature trees, and the

trees are likely to be 'mining' soil water stores. Given the long-term nature of the

hydrological issues involved, the transient phase of young agroforestry systems could be

seen to be of secondary concern compared to steady state conditions, although this

deserves further consideration.

Knight et al. (2001) reported rapid growth of 6 m wide belts old man of salt bush Aniplex

nummlaria and Acacia saligna (Site 4; Figure 54) in the three years following planting on

a deep sandy loam. LLA was 42 m2 m-r and the local LAI was 0.66, giving an ENOR of 64

m (Equation I2). This required the untested assumption that both the young shrub belts

and the local remnant eucalypt had similar leaf efficiency. Surface lateral roots were

observed about 20 m either side of the belt but soil water extraction was measured no

further than 4 m either side of the belt edge. This gives a'water extraction zone' of about

14 m, less than one quarter of the predicted ENOR. The overestimation of ENOR is what

would be expected in a situation where the plants had access to a water source other than

rainfall. In this case, Knight et al. (2001) found the belts had access to stored soil water.

The site was previously used for conventional cropping for about 100 years and recharge

was estimated using the chloride profile technique to be in the order of 20 mm yr l. Roots

were found in soil samples from up to 13 m deep and neutron moisture meter

measurements showed that water had been extracted to a depth of 8 m. Approximately 500

mm of water had been extracted directly below the belts, below 2 min the profile. This

can be considered to be water that would otherwise eventually have added to the water

table (60 m below the surface), because conventional crops would never have accessed it.

It would be expected that once the shrubs had reached steady state and ceased to expand

their root zone, they would reduce their leaf area such that the predicted ENOR more

closely matched the root zone. It is also likely that at this stage the shrubs would be more

actively competing for rainfall with adjacent crops. The significance of the 500 mm of

'saved' recharge depends on the spacing of the shrub belts. This represents 14 years of

equivalent average recharge prevented from reaching the water table, over a 3-year period.
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If belts spacings were 50 m or 100 m this would only be the case for 28%o to l4%o of the

landscape. If, however, the whole of the landscape were planted to perennial shrubs on,

say, a 3-year rotation with crops it seems possible that recharge could be eliminated from

the landscape. This is assuming the shrub roots could 'catch up to' and use all the recharge

that occurs during the cropping phase. The implications of this transient phase need to be

considered in future groundwater modelling exercises (see Chapter 2).

In this study I have considered only eucalypt species because of the availability of mature

stands that are old enough to have developed stable chloride profiles, and because of the

generalities that can be made regarding leaf efficiencies (Hatton et al., 1998). Also, for

preliminary investigations with regard to the recharge reduction potential of agroforestry

systems, it is likely that eucalypts will provide the upper limits in the long term because of

their size, adaptability and longevity. The method should apply, however, to any species,

as long as leaf area data from mature sites is available.

Cultural practices
Australian farmers sometimes limit the extension of lateral tree roots into crops by 'deep

ripping' but it is not yet normal practice in low rainfall arsas, possibly due to the cost of

the operation. 'Ripped' trees do not grow as large as 'non-ripped' trees and produce less

leaf. In the long term, the area hydrologically occupied by the trees would still be

proportional to leaf area, and ENOR approach would still apply. The appraoch would

predict that a greater area of 'ripped' belts (measured stem to stem) would be required to

reduce recharge by the same amount as'non-ripped' belts. It follows therefore, that if the

belts were ripped close to the edge trees, the total area of 'ripped' belts would approximate

the total ENOR of 'non-ripped'belts. It is also likely thatthe rootzone of a'ripped'belt,

as defined by the rip lines, would closely approximate the ENO¡R of that belt. The merits

of the 'ripped' and 'non-ripped' systems would then be compared on the bases of

productivity and management but will not be discussed further here.

It is not known to what extent ENOR approach can be applied to coppicing practices,

which involves the periodic removal of all leaves for enterprises such as oil mallee

harvesting. Commercial oil mallee producers at West Wyalong, NSW typically harvest the

trees every 12 to l8 months (Site l0; Figure 60, Chapter 8). This introduces two new

unknowns: the comparative efficiency of the regrowth leaves relative to local mature

vegetation; a representative long term average leaf area. ENOR was applied to Site l0

which had an LLA = 5 m2 m-r; a local LAI estimated to be 0.8 which yields B equal to 7 m.

This value is more than twice the belt spacing of 3 m. It is unlikely that this discrepancy is
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due to errors. Although uncorroborated, this is an indication that the system was not in

equilibrium, but was 'mining' soil water stored during a period of low leaf area.

E rro rs

A more detailed error analysis (Chapter 5 and 6; and Appendix 4) has shown that a

maximum error of about 20Yo can be expected when estimating B, and hence R.R, using

field measurements of LLA and LAI.

Additional uncertainty is introduced if LLA and LAI are estimated, rather than measured.

In reality, LLAwill depend upon: tree species; growth stage; climate; site conditions; belt

width; and cultural practice. LLA values measured from the survey sites are therefore only

a guide. Until better data sets and predictive tree belt growth models are available, one

could expect error in estimating LLA to be as high as 50Yo but it is impossible to quantiff.

Chapter 7 showed that a standard enor (S.E.yx) of +0.6 for LAI when it is estimated from

the climate index (Equation 23, Figure 79), producing an absolute error of 60%o to 30%o

along an annual average rainfall gradient from 400 to 1000 mm. The total error possible

for B could therefore be about 100%. The prediction made in Example I (above) therefore

would be M = 30 +30 mm yr l, although this would be an extreme situation.

lf Equation 12 is applied using an actual measurement of LLA, but with LAI was estimated

using Equation23 or Figure 79,then it is possible that additional error could be introduced

because of the effects of seasonal climate variation. This error is also difficult to quantify

but it is likely that if the LLA was measured under drought conditions, and LAI was

predicted, then B will be under predicted, and vice versa.

Conclusion

The ENOR model allows relative recharge ÀR predictions to be made rapidly, and without

the need for below ground measurements. lnput parameters can be easily estimated using

the methods in this and the previous chapter. The likely prediction errors are known and

are within acceptable limits. The ENOR meets both of the original aims of the study (see

Chapter 1). The model is, however, a preliminary method for making such predictions and

the following limitations apply:

l. ENOR approach was developed for water-limited conditions;

2. the model has been tested on eucalypt species only;

3. it has been developed and tested on mature systems only;
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4. equation 23,fot the prediction of LAI, was derived for use between latitudes 30o and

40o S and application of the relationship may be inaccurate for areas of the Basin

outside this zone, such as south central Queensland.

It is likely that future alley farming systems will incorporate both immature trees and non-

eucalypt species. If interest in alley farming continues to grow, the ENOR approach should

be tested on a range of species and on transient systems. Preliminary results (Y:night et al.,

2001) in this regard are encouraging.

Summary

This chapter gives procedures and worked examples of the application of ENOrR to

hypothetical alley farms in the Murray Darling Basin. Recharge is estimated from a given

alley geometry; and an alley farm is designed to result in a prescribed recharge. A detailed

discussion is given of the applications, the limits of the ENOR model, the implications of

cultural practices and the effors involved in the application of the model.
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Chapter 10

Conclusions

Introduction

In this thesis I have developed a simple and robust model for estimating recharge from

alley farms in the southern Murray Basin. The motivation for doing so was the need to

assess the likely long-term impact of alley farms on recharge, and their impact on dryland

salinity. By reviewing the methods used for measuring and modelling of recharge from

conventional farms and forests, together with reviews on agroforestry modelling and

previous key studies, it became clear that a new approach was required for alley farms.

This is due principally to the complex spatial and temporal distributions of plant/soil/water

interactions within tree belts themselves. I therefore presented the ENOR concept for

approximating the width B (m) of the zone hydrologically occupied by tree belts, and

showed that this allowed the representation of alley farms using the simple ENOR model.

This thesis concludes with a reiteration of the original aims and a summary of the thesis

findings, by examining in turn: the ENOR approach and model; the testing of the

approach; and the application of the model. The thesis hypotheses are then reviewed in

light of the findings, and some potential future research directions are outlined.
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Reiteration of the original aims

To develop a model for:

l. Predicting groundwater recharge from alley farming systems in the Murray Basin;

2. Designing alley farms that will result in a prescribed recharge reduction.

Thesis findings

The ENOR conceptual model
Recharge is a difficult quantity to both measure and model, even in relatively spatially

homogeneous systems such as 'pure' forest plots or 'pure' agricultural crops. The spatial

heterogeneity of alley farming systems adds further complexity and prompted the

development of the 'Equivalent No Recharge' ENOR concept (Figure 2l). The width ,B

(m) of the ENOR approximation, for a tree belt, is an abstract width within which recharge

is zero, and is a powerful tool for summarising the overall effect of complex spatial

distributions. The ENOR approximation negates the need to consider:

l. The manner in which water extraction patterns (and hence recharge patterns) vary

within the tree belt root zone in both the vertical and horizontal directions;

2. The actual point value, or average value, of recharge below a tree belt.

The ENOR concept also simplifies the representation of recharge from an alley farm to a

binary system comprising alternate units of: tree belts, characterised by width B of no

recharge; and crop/pasture, characterised by the recharge RC from that conventional

system. This binary model, named the ENOR model, allows a simple calculation of

relative recharge, and absolute recharge, from the alley farm (Equation 14; Equation 15)

for a given tree belt spacingW.

Scaling B to leaÍ area
The approach for scaling B to the tree belt leaf area was derived by extending the

principles of eco-hydrological optimality theory (Eagleson, 1982) of natural plant

communities, to tree belts. The resulting approach (Equation 12) predicted that B for a tree

belt was equal to the ratio of leaf area of the tree belt (normalised to belt length) LLA (m2

m-r¡ to the LAI (rn' .-') of the local natural vegetation. This requires the assumptions: that

recharge from the natural vegetation was very small in comparison to recharge from

conventional farming systems; the tree belt overwhelmingly dominates the zone it

occupies; and that runoff is small.
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The approach for estimating .B has the significant attribute that it requires no

measurements from below ground.

Testing the ENOR approach
The above approach was tested in two separate experiments:

l. In Chapter 5, long-term average recharge measurements using chloride profiles

(Walker et al., l99l) were used calculate ,B for mature tree belts and compared with 
^B

predicted from leaf area measurements (Equation l2). Predictions were shown to be

sufficiently accurate for practical applications (Figure 3l), except for two sites where

B was under-predicted, possibly due to runoff from the site.

2. In Chapter 6, an expression for B in terms of the water balance (Equation 17) was

derived. All components of the water balance were measured over a 343-day period

and used to calculate B (19.8 m), which compared well with B predicted from leaf area

measurements (21.3 m).

Chapters 5 and 6 conclude that the ENOR approach is a simple and robust method of

estimating B. A rigorous effor analysis (Appendix 4) undertaken in both experiments

showed conservative use of the approach should include an error of about 20%. This error

could possibly have been reduced if EM techniques (Cook and Williams, 1998) had been

used as an adjunct to the chloride profiles, allowing greater horizontal resolution in the

recharge transects. It is also noted that the possible implications of seasonal climatic

variations (e.g. drought) need to be considered if LLA and LAI measurements are

significantly separated either in time or space. If measurements are made within a few

days and a few kilometers of each other, this is not a concern.

Applying the ENOR model and estimating input parameters
The National Action Plan for Salinity and Water Quality (Agriculture, Forests and

Fisheries Australia, 2000) is undertaking to establish target outputs for selected

catchments in Australia, and to develop catchment management plans to meet those

targets. Alley farming is one of the land management options for reducing recharge from

agricultural lands, however alley farms are relatively rare and their hydrologic effects at

the catchment scale are unknown. As an input to groundwater flow models and catchment

management plans therefore, the ENOR model is likely to be used to estimate the recharge

from hypothetical alley farms or to design alley farms such that that average recharge is a

specified value. The methods developed in Chapters 7 and 8 allow the estimation of both

LAI and LLA respectively from gross climate parameters and from photographs of typical

farm tree belts. Following the application of these methods and the model, using worked
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examples, Chapter 9 concludes that the ENOR model can be applied in this way to make

recharge estimates (with measurable errors), and to design alley farms when used within

the following limits:

l. water-limited plant growth conditions;

2. eucalypt species only;

3. mature systems only.

However, Chapter 9 discusses results from the MDBC LRAF trials that suggest the

application of the ENOR model to non-eucalypt belts, and to young tree belts, should still

provide useful indications regarding their role in the overall water balance of a catchment.

Estimates of absolute, rather than relative, recharge from an alley system require an

estimate of recharge from the accompanying cropping system RC (Equation 15). RC can

vary signifîcantly at the paddock scale (Cook et al., 1989) and users of the ENOR

approach should endeavour to use an RC that is representative of the area under

consideration.

Assumptions

Small recharge under natural vegetation
The assumption that recharge from natural vegetation in southern Australia is small, in

comparison to recharge from agricultural systems, is valid in the large majority of cases

(Allison et a1.,1990; Cook et a1.,I992;Kennett-Smith et al.,1992a; Kennett-Smith et ql.,

1992b; Walker et al., 1992). Where this assumption does not hold (e.g. Carbon et al.,

1982), an ENOR can still be calculated if the recharge from the natural vegetation is

known, or alternatively, the Equivalent Recharge Zone ERZ concept could be used to

replace ENOR.

Trees hydrologically dom¡nate the area they occupy
In light of the complications of describing the interactions between trees and crops in alley

farming systems, the point is made in Chapter 4 that, over long time scales (years) in

southern Australia, tree belts overwhelmingly dominate the zone that they hydrologically

occupy. This greatly simplified the approach to the problem and allowed the assumption

that the long-term average effects of annual crops and pastures (within that zone) was

small. The results of the experiments confirm that this was a valid approach but also

highlight the instances where the assumption did not hold (e.g. the tree belt at Kimba,

Chapter 5). Caution should be observed, therefore, if the same approach is used in weffer

climates where crop production in the tree root zone can be significant.
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Runoff was small
Assuming runoff to be small is a valid approach for much of the southern Murray Basin,

particularly the Mallee region where hillslopes are not a common feature. The experiments

described in Chapters 5 and 6 however, emphasise the significance of this assumption

when making investigations at the plot scale. Despite the care with which sites were

selected, the effects of runoff were obseryed in the 'recharge transect' experiment (Kimba

and Parilla remnant mallee block sites, Chapter 5); and both runoff and run-on were

observed at the 'water balance' site (Chapter 6). In addition, it appears that both runoffand

run-on influenced LLA and the resulting prediction of .B from Equation 12. It would appear

that where runoff occurred, the LLA reflected a drier climate than the local conditions, and

vice versa in the case of run-on. While this is intuitively reasonable, it stresses the need for

also addressing the surface hydrology where alley farms are to be considered for hillslopes

(see 'Future Research', this chapter).

Review of hypotheses

Two hypotheses were proposed in Chapters 5 and 6 and are reviewed below in light of the

flrndings of the thesis. The hypothesis central to the approach for predicting B from leaf

area was presented in Chapter 4:

1. The hydrologic effect of an isolated tree element in the landscape is equivalent to

the hydrologic effect of a certain area of uniform vegetation within a block. The

size of that areq can be scaled to the LAI, or the leaf areo L, of the isolated tree

element, relative to the LAI of the uniform block.

The hydrologic effect of somethìng, measured at the landscape scale, can be thought of as

its combined contribution to ^/,S, run off and recharge. For this study where 1,S and runoff

are small, this reduces to its contribution to recharge. In tackling this problem I have used

the ENOR (an absence of recharge) to define this contribution. The results of the 'recharge

transect' experiment (Chapters 5) and the 'water balance' experiment (Chapter 6) provide

strong evidence to support this hypothesis. However this must be viewed in light of the

derivation of the water balance definition of ENOR (Chapter 6). For the above hypothesis

to hold, Equation 18 must also be true; the ¡¿1¡s 
I il 

must be the same for both the local
P_E

natural vegetation and the isolated tree belt, when considering equal leaf areas in both

cases. Equation l8 was not tested explicitly but was investigated piecemeal: P would be

equal in both cases; in Chapter 6 E was estimated to be similar in both isolated and no-

isolated cases; l was not measured for the non-isolated case but is considered to be driven
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by atmospheric demand in a similar fashion to Z. Although not intended as a rigorous test

of Equation 18, a second hypothesis (relating to 7) was proposed and tested as an adjunct

to the first:

2. Long-term average leaf fficiency (transpiration per unit leaf area) of un isolaled

tree is equal to thatfrom a non-isolated tree growing in a community'

The results of the 'leaf efficiency' experiment described in Chapter 6, although indicating

definite differences in leaf effìciency between treatments in the short term, do not allow a

rejection of the hypothesis. It is concluded in Chapter 6that, this is further evidence that

first hypothesis is a valid approximation of reality.

Future research

Testing of the ENOR model at catchment scale
In this study I have developed a model that is applicable at any scale, but I have only

tested it at the plot scale. Ultimately we want to know the hydrologic effects of alley

farming at the catchment scale, and at the scale of the groundwater systems that are

contributing to dryland salinity. If such a study were undertaken, two significant time

delays must be considered: the time required for the tree belts to reach maturity (years to

decades); the time required for the groundwater system to respond andlor equilibrate

(decades). It is conceivable that a site suiøble for such a study may arise in coming

decades during the course of the implementation of catchment management plans. The

costs of establishing tree belts over such a large area would have to be justified by the

perceived long-term intrinsic value of the trees and/or the resource protection (via salinity

control) they would afford. Large areas of oil mallee belts have been planted in Western

Australia with both such outcomes in mind, and it is possible that an area suitable for

testing the ENOR model at a larger scale could be identified. It would be essential

however, that groundwater data was available from a period before the implementation of

the tree belts.

Predicting the growth of tree belts
Chapter I provides, in the absence of a tree belt growth model, a scheme for estimating

realistic ranges for the magnitude of LLA. The number,type, maturity and geographical

distribution of the 'typical' farm tree belts that are available for description and

measurement, limit the widespread application of this scheme. For a more detailed

appraisal of both the productivity and the hydrologic effect of alley farms, better

approximations of the likely growth rates and leaf areas of tree belts are required, for a

wide range of species, and for a wide range of soil types and climates. Forest growth
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models are available (Battaglia and Sands, 1997; Landsberg and Waring, 1997), as are

some models for describing isolated trees (Landsberg and McMurtrie, 1984) and models

that describe agroforestry systems (Van Noordwjik and Lusiana, 1999; Lawson et al.,

1995). With regard to the growth of tree belts specifically, the practical application of

these models to large areas is limited by their requirement for relatively large numbers of

site-specific and species-specific input parameters. I therefore believe a new and more

focussed approach is required.

The broad question to be answered here is "How big will tree belts grow?"; a more

focussed question is "By how much will tree belt growth be enhanced, relative to the

growth in the centre of a plantation?". In asking this question we are also asking how trees

respond to a change in growing space; our current knowledge requires us to assign a

growing space (root zone dimensions) to a tree belt before we can model its growth. The

problem is, in most cases, we can only guess at the growing space, or work backwards

from top growth as the ENOR approach does. This is a significant limitation to describing

any land use system that incorporates spaced trees, and will remain so until such time that

there is a comprehensive data base on tree root distributions, or efficient methods for

predicting them.

Understanding the impl¡cat¡ons of run ofllrun-on for tree
belts on hill slopes
This study has not considered the implications for alley farms planted on hill slopes,

however there is a pressing need to do so, given the possible effects of revegetation of
water supply catchments (Vertessy and Bessard,1999).

Critical to the drought tolerance of Australian natural vegetation systems is their ability to

'internally' redistribute surface water (Nulsen et al., 19S6). In low rainfall areas, some

natural vegetation systems such as mulga (Acacia aneura) have evolved to comprise

regular, linear zones or 'bands' (Greene et a1.,2001), each of which performs a unique

role in either shedding runoff to the lower zone, or storing the run-on for use by either

annual or perennial vegetation. In this regard, there is a need for methods to optimise alley

farm designs for sloping land in Australia, and in other countries (Droppelmann et al.,

2000a and b).

Concluding remarks

Over the next ten years, targets for levels of land and stream salinity will be set and

monitored in 20 to 50 major catchments in the around Australia (Agriculture, Forests and

Fisheries, 2000); six of these catchments are in the southern Murray Basin. Target setting
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will be a first stage of the development of catchment management plans for the large-scale

management of dryland salinity. In each case, the catchment management plan will need

to reflect a compromise between primary production and protection of resources and

infrastructure both within, and downstream of, the catchment.

Groundwater flow models will be used to test the effects of a suite of land management

options aimed at reducing recharge from agricultural land, or for prescribing target

recharge values that will result in a 'design' groundwater discharge. Alley farming is one

land management option for reducing recharge, and this thesis describes the development

of the ENOR model that can be used to: estimate recharge from alley farms; and to design

them to result in a prescribed recharge. In this way ENOR satisfies both of the original

aims of this study. Further, the ENOR model requires a maximum of six input parameters,

none from below ground; it is simple and effectiveo and will be a useful tool in the

development of catchment plans for the management of dryland salinity.
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Appendix I - site descriptions

Introduction

This appendix provides descriptions of the landform, soil and natural vegetation of the

experimental sites used in the experiments described in Chapters 5 and 6, as well as

photographs and site details that relate directly to the experiments.

Recharge transect sites (Chapter 5)

Soil descriptions given in this section have been converted to the Australian Soil

Classification (Isbell, 1996) from a combination of field data and soil descriptions from

other surveys (Rowan and Downes, 1963; Gibbons and Downes,1964;Laut et al. 1977).

The sites appear in the same order as in Table 1 and Table 2.

Kimba
Recharge transects were measured at two sites: a remnant belt (Figure 82); and a

remnant block edge (Figure 83). These were separated by about 2 km, on the property

"Cooinya" (owner Ms Sue Murphy) approximately 30 km south east of the township of

Kimba 330 15' S 1360 50'E on the Eyre Peninsula, South Australia. Laut et al. (1977)

categorise the landscape in Province 4, Eyrc and Yorke Peninsulas under "Kimba

Environmental Association - 4.3.16" and describe the association:

"A gently undulating calcreted plain with occasional low quartzitic hills, partly

mantled with sand sheets and dunes" (Figure 80).

Figure 80 Aerial view of partly cleared dune/swale land forms near Kimba,

South Australia.
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Natural vegetation was mainly mallee communities dominatedby Eucalyptus socialis and

E. gracilis (Figure 81).

f igure 81 Remnant undisturbed mallee on a dune formation near Kimba' South

Australia. LAI of the overstorey was 0.47.

The association comprises 2 land units: hill; dune; and plain (swale). Hills are typically 30

m high and uncleared. Dunes are typically 5 m to 10 m high, 1 km in width and several

kilometres long. Generally only the swales were cleared for grazing, about 60 years

previous, and vegetation is retained on the dunes to prevent wind erosion.

The remnant mallee belt of E. socialis (Figure 82) was orientated north-south across an

east-west oriented dune. The recharge transect (Figure 110) extended east from the belt

along the crest of the dune. Laut et al. (1977) describe dune soils of these systems as

having uniform, loose, coarse textured brownish sand; Uc5.l I (Northcote, 1979). This

translates to a Hypercalcic, Calcarasol under the Australian Soil Classification (ASC)

(Isbell, 1996). The soil was deep and well-drained, changing gradually from a sandy loam

and a clay loam at about l0 m deep.ì
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Figure 82 Hand augering profiles for soil water and chloride analyses at the

remnant mallee belt of Eucalyptus sociølís on a dune at 6Cooinya' neâr Kimba

South Australia.

The remnant block edge of mallee, E. socialís and E. gracilis (Figure 83), was oriented

east-west, on the southem edge of a block, on the southern toe of an east-west oriented

dune. At the toe of the dunes soils make a transition over a distance of about 10 m to a red

duplex soil: Dr2.23 (Northcote, 1979); Calcic, Red, Chromosol (Isbell, 1996). While a

clear distinction is difficult, the vegetation was considered to be wholly on the dune and

the root zone in the swale. The depth to B horizon varied from 0.5 m at the vegetation

edge to 0.2matahorizontal distance of 25 m. Belowthe B horizon the soil alternated

between a loamy clay and a clay sand to a depth of about 6 m. The (apparent) root zone

was almost devoid of vegetation or litter. This changed abruptly to substantial annual grass

growth at the edge, which in turn tapered off over the next several metres. It appeared that

the grass at the edge benefited from run offfrom the bare root zone. The recharge transect

measured at this site is shown in (Figure I I l).
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Figure 83 The remnant block edge of mallee, E. socialis and .E'. gracilis near

Kimba, South Australia. Tree growth was enhanced by a factor of about 1.5'

relative to mid-block growth (see mid-block Figure 81), for a distance of about

6.5 m in from the btock edge. Note zone of strong competition between trees and

annuals and apparent high runoff towards the foreground where competition

lessens and ceases near the orange tape reel. The growth of annuals in the

foreground is apparently enhanced by run-on.

P.a rilla
Two recharge transects were measured at Parilla: the salmon gum (E salmonophloia)

plantation edge (Figure 87); and the remnant mallee block edge (Figure 85 and Figure

86). Both sites were on the property of Mrs Hazeldeane, about 6 km northwest from the

township of Parilla in South Australia Parilla 340 3l' S 1400 39'E.Laut et at. (1977) name

the "Pinnaroo Environmental Association 2.3.4' in Province 2 Murray Mallee, and

describe the region:

"A gently unduloting sandy plainwith low parallel dunes and locally, small

outcrops of calcrete" (Figure 84).

The association comprises 2 land units: dune; and plain (swale). Although mostly cleared,

the native vegetation is predominantly white mallee (8. dumosa) and other mallees. The

understorey is generally absent due to grazing. Dune soils are described as: deep uniform
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Figure 84 Aerial view of Murray Mallee region near Parilla. Remnant vegetaion

remains along roadsides and other small patches. The dune-swale formation can

be seen throughout and is most obvious near the bottom of the picture.

coarse, Uc5.1l (Northcote, 1979); or Regolithic, Hypercalcic, Calcarosol (Isbell, 1996).

Swale soils are: shallow brown gradational calcareous, Gcl.12 (Northcote, 1979); or

Rendic, Hypercalcic Calcarosol with aclay loam B horizon (Isbell, 1996).

The dune soil profile generally comprised a sandy loam interspersed with bands of clay

loam about 0.5 m thick at 4m, 8 m and 12 m deep, reflecting the sedimentary origins of the

soil. The swale soil profile comprised 0.2 m to 1 m of sandy loam overlying a loamy clay

B horizon about 1.5 m thick, below which was alternate bands of clay loam and sandy

loam.

The remnant mallee block @igure 85) grew on the next dune 200 m to 300 m to the

north of the salmon gum plantation. The dune was 10 m high, about 100 m wide and

about 1 km long. The edge of the mallee block approximately coincided with the southern

toe of the dune (Figure 86). The apparent root zone, judged by change in weed cover,

extended about 20 m from the block edge, into the swale. The recharge transect is shown

in Figure I12.
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Figure 85 Aerial vieril of remnant mallee (8. dumosa) block edge at Parilla, South

Australia. The edge strip of enhanced growth can be seen clearly and the length

of edge measured is indicated.The L¿lI away from the edge effect was 0.76.

Figure 86 Remnant mallee E. dumosa block edge at Parilla, South Australia.

Tree growth was enhanced by a factor of about 2, relative to mid-block growth'

for distance of about 4 m in from the block edge.

The salmon gum plantation (Figure 87) recharge transect measured was on the southern,

east-\¡/est oriented edge of the plantation in the swale between two east-west oriented

dunes. The plantation edge was close to the toe of a dune that was: 6 m high; 150 m wide;

and about I km in length. The apparent root zone ofthe edge trees extended about 50 m up

the north face of the dune, as indicated by the change in soil cover. The plantation was part
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of a species trial planted in the early 1900s. Surrounding natural vegetation was cleared at

about the same time. The recharge transect is shown in (Figure 113).

Figure 87 Aerial view of the salmon gum (.8 salmonophilìa) at Parilla, south

Australia, looking west. Enhanced growth is obvious at both north and south

edges ofthe block. The recharge transect extended south from the southern edge.

The IllI of mid-plantation was 1.21.

Walpeup
The remnant mallee belt was on a north-south oriented fence line on Mr and Mrs

Wakefield's property about 5 km northeast from the Victorian Department of Agriculture

Mallee Research Station, near the township of Walpeup, in north west Victoria Walpeup

350 07' S 14l0 59'E. Surrounding natural vegetation was cleared about 50 years previous

to the experiment. The site and surrounding area is on an 60 km2'island'of Boigbeat land

system (Rowan and Downes, 1963) in a large expanse of the, lower, Central Mallee land

system. The land unit is described:

" ...the landscape is composed of a plain on which there is a dense array of
hummocks, typically one quarter of a mile (400 m) ocross.

The more northerly qreas of the land system qlso have distinctive native vegetation

in which pine, belar (Casuarina cristata), buloke (C. luehmanii) or pine (Cattitris

preissií)-belar-buloke woodlands predominqte amongst smaller proportions of
mallee".

The belt (Figure 88 and Figure 23) was on the north face of a hummock where soils are

described as Group A sandy loams (Rowan and Downes, 1963) or Hypercalcic Calcarasols

(Isbell, 1996).
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Figure 88 Aerial view looking south toward the Walpeup remnant tree belt site'

marked with arrow. A ground view of the site is shown in Figure 23.

A particle size distribution of the top 1.4 m is given in Figure 89. Below 1.4 m soil texture

was generally a sandy loam with clay loam bands up to 0.5 m thick at 3 m, 8 m and l1 m.

The recharge transect (Figure 114) extended eastward from the belt, approximately in the

horizontal plane.
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Figure 89 Particle size distribution of a Group A sandy loam, to 1.4 m deep'

modified from Rowan and Downes (1963).
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Dergholm
The Dergholm recharge transect (Figure 115) site was on a property belonging to Mr

Simpson, about 7 km east from the township of Dergholm, Victoria. The remnant

vegetation block edge (Figure 90) ran east-west on the boundary between farm land and

the southem edge of the Dergholm State Park Dergholm 370 2l' S 1410 l2'E.

Figure 90 Remnant vegetation edge at Dergholm victoria. Tree growth was

enhanced by a factor of about 2, relative to that at mid-block growth (LAI =
0.95)' for a distance of about 15 m in from the block edge. The competition zone

between the trees and the pasture can be seen to wane towards the teft of the

photograph.

Gibbons and Downes (196a) describe the area under the Kanawinka Land System as:

Gentle dunes and sheets ofwhite acid sands overlying swampy laterized table lands

and dissected tablelands.

The land unit was gentle dunes of acid white sands classified as a Kowree sand (Gibbons

and Downes, 1964) or Aeric, Podosol (Isbell, 1996). The coarse sand is up to 15 m deep

with a laterite basement. Natural vegetation was dry schlerophyll forest of stringy bark (E

baxteri), pink gum (8. fasciculosa) and yellow gum (E'. leucoxylon) up to l6 m high. The

understorey was relatively sparse grasses and heaths. The farm land was cleared about 40

years prior to the experiment. The soil at the remnant block site matched well with the

description given by Gibbons and Downes (1964):
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...a dark grey coorse At horízon overlying a very light grey coarse sand with a B

horizon of brown sand.

Figure 9l gives the particle size distribution measured by Gibbons and Downes (1964) in

the top 1.7 m. Below this depth the soil tcxture \üas a relatively uniform coarse sand with

red mottled bands, to a depth of at least 8 m.

Oo/o 20o/o 40o/o 600/o 8Oo/o lOOo/o

0.04

0.1

0.2 tCoarse sand
tr Fine sand
rsilt
NClay

E

cLoo

1.4

1.7

f igure 91 Soil particte size distribution of the top 1.7 m near the Dergholm site'

modified from Gibbons and l)ownes (1963).

Water balance and leaf efficiency sites (Chapter 6)

The water balance site (Figure 92; Figure 34) was on the propeÉy of Mr Robert Selleck,

approximately 8 km north west from Roseworthy Campus of the University of Adelaide,

South Australia. The leaf efficiency site (Figure 93; Figure 37) was about I km southwest

from the Roseworthy Campus 34o15'S, 138"41'E. The local landform is classified by Laut

et al. (1977) as 4.6.6 "Mallala Environmental Association", occurring in Province 4,Byrc

and Yorke Peninsulas. This association comprises 2 land units: a dominant undulating

plane; and a minor dune land unit. Natural vegetation \¡/as mostly cleared around the turn

of the century but patches of E. largiflorens and mixed mallee species remain on the plain

while most dunes are still vegetated with Callitris preissii. The understorey is minimal in

such patches, due to grazing,comprising mainly summer grasses and weeds.

Both the water balance site and leaf efficiency site were situated on the plane where soils

are dominantly gradational calcareous loams (Gcl.12) with some red duplex (Dt2.23)

5

1

0

t94



(Northcote, 1979), or Calcic, red Chromosol with some Supracalcic, Red, Chromosol

(Isbell, 1996).

F'igure 92 The water balance site, in the year following the experiment, viewed

from the air and looking northwest. The dashed line indicates the 90 m x 40 m

rectangular area that was kept bare for water balance measurements on both

sides of the belt.

Figure 93 Aerial view of leaf efficiency site at Roseworthy South Australia,

looking south east. Positions of the 2 isolated trees and the two non-isolated trees

are shown.

Figure 94 shows the particle size distribution to a depth of 5.9 m at the water balance site.

Soil particle size was not measured at the leaf efficiency site however the soil was very

similar to that at water balance site.
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Appendix 2 methods and calculations

fntroduction

This appendix provides additional and more detailed descriptions of methods, apparatus

and calculations (where appropriate) for methods used in Chapters 5, 6, 7 and 8. The

measurement of /S (using the neutron moisture meter NMM) is not covered in this

appendix as it is described in detail in Chapter 6. Appendix 2 gives the NMM calibration

data. For each of the recharge transect sites (Chapter 5) the chloride profiles are shown in

this appendix, in the same order as in Table I and Table 2. The resulting recharge transects

and ENOR measurements are then shown in the subsequent section in the same order.

Leaf area estimation

Tree leaf areas were estimated for the experiments described in Chapters 5, 6 and L Leaf

areas were either expressed as: absolute area L (m2); Leaf Area Index LAI (m2 m-2¡; or

Lineal Leaf Area LLA (m2 m-t¡. In all cases leaf areas were estimated using a modified

version of the Adelaide (module) method (Andrew et a1.,1979).In the cases of LAI and

LLA, L was divided by the ground area of the quadrat, or the length of the tree belt,

respectively.

The Adelaide (module) method (Andrew et al., 1979) was developed for estimating the

biomass of fodder shrubs. It requires two operators to inspect the plant(s) and agree on a

branch, or collection of branches (module), of which the total foliage of the plant(s) can be

estimated to be a multiple. Once identified, the module is removed from the plant and

carried with the operators as they move between plants. Each operator records an estimate

of the equivalent number of modules that comprise each plant. The foliage is stripped from

the module, weighed, and multiplied by the module count (the average count from two

operators) to give the foliage mass for each plant.
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Figure 95 Canopy of salmon gum (E salmonophloiø), viewed from below'

showing the "clumpy" or modular nature of eucalypt foliage that makes it

suitable to the Adelaide (module) technique (Andrews et øL,1979),

The Adelaide (module) method (Andrew et a1.,1979) was modif,ied for this project in the

following \ryays: eucalypt tree canopies were used rather than fodder shrubs (Figure 95);

the estimated number of modules in each canopy was calculated from the average of three

estimates made by each of the two operators; the leaf area of the module was determined

by electronic planimetry.

Following module counting, leaves were stripped from the module and sealed in a plastic

bag. Leaf area of the module was calculated from the average area of three 100 g sub

samples of leaf usingBquationZT.

Moduleareo(m') - av er a ge or e a of sub s amp le s (m2 ) x t o t al ma s s of le aÍ (S)

100

Modules varied in size from about I kg to 4 kg mass of leaf. The area of 100 g sub

samples varied between 0.18 m2 to 0.25 m2.

For LAI measurements, quadrats were marked out as rectangles using a tape and optical

square. Branches attached to stems inside the quadrat (but hanging outside the quadrat)

were not counted, and vice verso. For LLA measurements, the ends of the length of tree

belt considered were marked as close as possible to mid-way between canopies.

Module count¡ng - bias between operators
A total of four operators were used for LLA measurement by the Adelaide (module)

method (Andrew et a1.,1979). The same two operators (Operators I and 2) were used for

all leaf area estimations made in Chapters 5 and 6. An initial period of training was

(27)
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required for the selection of appropriate modules and comparison of count estimates. Bias

between operators I and 2 was measured and found to be small (Figure 96). Operators l,
3, 4 and 5 were used for the leaf area measurements in Chapter 8. The counts made by

each operator were compared with counts made by Operator I at the same sites (Figure 97;

Figure 98; Figure 99). Any associated bias was shown to be small.

Calibrat¡on
This method was calibrated by defoliating three entire tree canopies and comparing leaf

area estimates made by the module method and by weighing and sub sampling the entire

canopies. This procedure is described in Appendix 3.

a

y=1.0x-0.68
I = 0.98

a

aa

0
a

10 70 80

Figure 96 A comparison of module counts, by the two operators used in Chapters

5 and 6, from 89 stems of native eucalypt at Dergholm, in a 612 m2 quadrat. The

fitted line has a slope of 0.97 indicating, on average, an insignificant bias between

operators.
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Figure 97 Bias between module counts made by Operators I and 3 at Site 25

Chapter 8.
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X'igure 98 Bias between module counts made by Operators I and 4 Site 26

Chapter 8.

I

I

{

200



a

a

o a
y=0.82x-0.02

f=0.9

0

10 20 30 40

Operator 5

50 60

Figure 99 Bias between module counts made by Operators 1 and 5 at Site 13,

Chapter 8.

lnferring L LA Írom stem d¡ameter
There is often a strong relationship between stem diameter and leaf area of eucalypt trees

(Vertessy et al., 1995). This was used to obøin an average LLA of lengthy belts (>40 m),

relatively quickly, without having to count the modules on all trees.

The method was tested by fitting a 2nd order polynomial relationship to stem diameter vs

leaf area for 10 trees ranging between the smallest and largest in a 100 m long belt of ,E

globulus at Chifley, ACT (Site 25, Figure 75). The average number of modules, per metre

of belt, for a 40 m section of the same belt, was then calculated from; the average stem

diameter, of the same section; and the fitted relationship (Figure 100). This method

predicted an average LLA of 44.8 m2 m-'. All the modules of the same section were then

counted, giving an average LLA of 48.4 m2 --1.

Table 7 gives the coefficients from regression equations used to estimate leaf area from

stem diameter.
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Figure 100 Evaluation of the method for estimating average IL,4 from stem

diameter on E. globulzs at Chifley, ACT (Site 25, Figure 73). A relationship was

fitted to stem diameter and leaf area data for ten trees O ranging between the

smallest and the largest. The average LLA for a 40 m section of the belt was

estimated to be 44.8 m2 m-r using the fitted relationship and the average stem

diameter of all trees in the 40 m section a. LLA was then calculated from

measured leaf area and found to be 48.4 m2 m-1.

Table 7 Coeflicients from regression equations used to estimate leaf area from stem

diameter. Site photographs and descriptions can be found in Chapter 8.

Coefficients for regression equation:
Site number (see y : ax2 + b Number of trees

Chapter 8) y = stem diameter (mm)
x : leaf area (m2)

ab

in sample

nf
l1
l3

l6

t7

2l

'))

24

25

26

Vertessy et al. (1995)

0.00013

0.00044

0.0025

0.00015

0.000003

0.00010

0.00057

0.00084

0.0027

0.0015

0.25

0.04

-0.16

0.092

0.3s

0.089

0.065

-0.044

0.062

-0.019

0.62

0.78

0.93

0.93

0.62

0.91

0.84

0.96

0.93

0.91

l3
33

t4

9

t2

20

l4

t2

l3

2l
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Recharge

Chloride mass balance technique
The chloride mass balance technique for estimation of recharge is described by Allison

and Hughes (1978) and was used to estimate recharge at some sites described in Chapter

5. The mass balance technique is applicable where conditions have reached a steady state,

and is of most use in areas where there has been no change in land use for a long period,

and hence the chloride concentration profile in the soil has stabilised. For this project the

technique was applied in the root zones of remnant vegetation and a 70-year-old

plantation. For sites that have been perturbed and have not yet reached a new steady state,

the Transient Chloride Method (Walker et al., l99l) was used. This technique is described

in the next section.

The chloride ion Cl- occurs naturally in precipitation and dryfall, its mean annual

concentration Co can be estimated using an empirical relationship between Co and distance

from the coast in south-eastern Australia (Hutton, 1976)

t- 0.99cr=ffi' (28)

where: Co (^ mol L-l) is the total mean annual chloride concentration of the precipitation

and dryfall; d is distance from the coast in kilometres, measured in the direction most

likely to contribute oceanic chloride. Cp can be converted to m g L-l by multiplying by

35.45, the atomic mass of chlorine. Table 8 shows the approximate distance of each

recharge measurement site (Chapter 5) from the coast and the associated Cp calculated

from Equation 28.

Table I Approximate long term average chloride concentration of precipitation and dryfatl

Cp at recharge measurement sites.

Site Distance from coast (km) Cp (mg L-t)

x 1000

Kimba

Parilla

Walpeup

Dergolm

150

ls0

250

ls0

10.0

10.0

8.8

10.0

Other sources of Cl- are considered negligible except where potassium chloride fertilisers

are applied. Allison and Hughes (1978) reported two such cases where it was necessary for
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this to be taken into account. Although no farm records were available for sites in this

study, the assumption of zero or negligible application of potassium chloride in those areas

is a safe one, as it would be an unusual practice. Export of chloride from sites in livestock

tissue is negligible but can be large in cases of extreme wind and water erosion.

Plant roots extract soil water but leave behind chloride, concentrating it in the root zone.

Over a long period (at least decades) of unchanged land use, the chloride concentration of

water draining below the root zone stabilises to a constant value C¿. The mass balance

therefore gives

PC, = DC¿, Q9)

where P is annual average rainfall, D is average annual recharge and C¿ is the chloride

concentration of the recharge water. Equation 29 is therefore solved for D

D=PCo
cd

Allison and Hughes (197S) go on to derive a correction factor of 0.9 for the right hand side

of Equation 4 to allow for deviations in values of the annual values of D and C¿ from

annual means (Equation 30).

PC
D = 0.9x' -p . (30)

cd

Figure l0l shows the chloride profile from the root zone of the remnant mallee belt at

"Vy'akefield's", Walpeup. The proflrle exhibits the characteristic pronounced 'bulge' at

about 2 m deep. The chloride concentration of the soil water draining below the root zone

C¿ is approximately 8500 mg L-l. Although this profile is insufficiently deep to show that

this value stabilises with depth, the other deeper profiles in the transect (Figure 108) show

a similar C¿value.In the method used by Allison and Hughes (1983, 1987), the position of

the chloride bulge was used to approximate the position of the chloride 'front'.

(Equation 4, Chapter 3)

il
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i

I
I

I
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Figure 101 Chloride profile from the root zone of remnant mallee belt at

"wakefield's", 'lvalpeup, victoria. such a profile is typical of an non-leached soil

under remnant vegetation, showing a chloride .bulge' at about 2 m.

Recharge beneath the root zone of the mallee was calculated using the chloride mass

balance technique (Allison and Hughes, l97B) and Equation 30. using: p; Cp; and ca

equal to 343 mm yrl; 48.8 mg L-l; and 8500 mg L-|, respectively, D is calculated as 0.32

Transient chloride techn¡que
The transient chloride technique (rWalker et al., 1991) is a generalised version of the

chloride front displacement technique (Allison and Hughes , 1978,1983), and hence is also

called the "generalised chloride front displacement technique". It is used to estimate

recharge under land use situations that have been perturbed from equilibrium and have not

yet reached a new steady state. It also avoids the need to assume piston flow and remains

valid even if the chloride profile becomes distorted (and a chloride front is not obvious).

The technique identifies the position of the 'effective' chloride front, from chloride and

water balance considerations, defining it as the depth at which Equation 3l is satisfied.

Zcf Zd'iea, ='!trt-lr*, (3r)
00

where: áis the soil water content (vlv%o); C is the chloride concentration of the soil water

(tng L-t); C¿ is the chloride concentration of the soil water at the depth at which it

yr
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stabilises to an constant value (.g L-t); Z¿ is the depth at which C¿ stabilises (m); and Z"¡

is the depth of the effective chloride front. Figure 102 illustrates the logic behind the

technique, using an idealised soil water/chloride profile as an example. Flow is 'non-

piston' as represented by the curved, solid line. The horizontal dashed line represents the

position of the effective chloride front Z"r, the sum of soil water above this line being

equal to the left hand side of Equation 31. The right hand side of Equation 31 calculates

the equivalent depth of 'new' water (the area above the solid line). This is done by

summing total soil water to depth Z¿, and subtracting from it, the equivalent depth of 'old'

water (area below the solid line).

Soil water content

-l

t'old"

Figure 102 An idealised soil water profile, following leaching. For conceptual

simplicity, soil water content does not vary with depth. 'New' water (above the

solid line) has infiltrated and displaced 'old'water as it moves downward.

0
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Figure 103 Soil chloride profile from outside the root zone of the remnant mallee

belt at 'ówakefield's", 'lvalpeup, victoria. The profire is obviously leached

relative to Figure 101. The 'new' position of the chloride front is not obvious but
can be calculated (Equation 31).

Figure 103 shows a classic example of a real soil profile that has been leached following

clearing of natural vegetation, and has not yet reached a new equilibrium. As described by

Walker (1998), the depth at which Equation 3l holds can be relatively easily determined

using an electronic spreadsheet. Integrations were performed by trapezoidal approximation

on the sampling interval. Table 9 shows soil chloride and soil water data from the profïle

in Figure 103. Note: the increase in soil water from the surface to 6 m deep; the

stabilisation of soil chloride at depth; the stabilisation of column 5 below 7 m. The

effective depth of the chloride 'front' is located using Equation 31. The condition is

satisfied, in this case, at a depth of 4 m, at which point the value in column 4 (565)

approximately equals the (stabilised) value in column 5 (567).

In the case of the leached profile, recharge is calculated as the total soil water between the

position of the effective chloride front, and the position it most likely was before land

clearing. The non-leached profile, Figure l0l is most likely representative of the pre-

clearing condition. The generalised chloride front displacement technique (Walker et al.,

l99l) shows that Z"¡for a non-leached profile can be approximated as l/3 of the depth to

the chloride bulge. If this is approximated to be about I m in the "Wakefield's" case

(Figure l0l), total recharge since clearing in this case is 565 mm -213 mm:352 mm.
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Since the land had been cleared for about 50 years then the average annual recharge rate is

about 352150:7 mm yrl.

Where a local non-leached site is not available for comparison, Z"¡ must be estimated.

Walker et al. (1991) present a relationship between Yo clay in thc top 2 m of the soil

profile and Zr¡ Unfortunately Yo clay was not measured for this experiment. However, it is

relatively safe, in low to medium rainfall environments, to assume that the effective

chloride front would occur within the top I m of the profile (pers. comm. Ian Jolly, CSIRO

Land and Water). While the calculation of recharge, using the generalised chloride front

technique, is somewhat dependent on this assumption, the calculation of ENO,R from

recharge transects is relatively insensitive to it. This is explained in detail in Appendix 2,

with specific reference to each site and each recharge transect.

Tabte 9 Soit chloride and water data from the profile in Figure 103. The effective chloride

front has been located at a depth of 4 m where the value in the 4'h column approximates the

value in the 5th column. The depth of the chloride front under natural vegetation is about 1 m

(Figure 101). The amount of recharge is therefore the water stored between I m and 4 m in

the 4th column: 565 - 213 = 352 mm. This spread over 50 years since clearing gives 7 mm yr r.

Depth
(m)

Soil water
chloride
(-g L-t)

Soil water
content
(vol %)

zcf

le a, 'ï'u-tr*
(mm)

0

(mm)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.5

5.0

6.0

7.0

8.0

9.0

10.0

l1.0

12.0

13.0

14.0

15.0

765

230

480

858

939

2146

4353

2701

5603

6784

6906

8289

7627

8629

9839

9298

I 1073

10322

9329

9293

9683
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317
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479
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Soil chloride and soil water profiles
This section presents the soil chloride from all transects investigated in Chapter 5. Soil

water profiles are included to augment interpretation of the chloride profiles. Recharge

values are plotted as recharge transects in the next section.

209



chlorite (mg L'r) r lo¡ chlorids (mg L-rl r lo¡ Chlqite (mg L-t) r los

0 5 l0 l5 051015 0 5 l0 l5

0
1

2
3
4
5

â6
Èr

58Êsclto
11

12
13
14
l5
l6

0
1

2
3
4
5

-6Ê,,
-agâsolo

11

12

l3
14
l5
l6

0
1

2
3
4
5

=6Er
58Êsc¡lo

11

12
l3
14
l5
l6

0
1

2
3
4
5

â6E'

58
Êgolo

11

12
l3
14
t5
l6

Kirùe
Emanl bell
l4 m out froÍr
edge

27.8 m out fm
bdr

0
I
2
3
4
5

^6Ez
58Bso1o

11

12
t3
14
l5
l6

soilwatr (cn! m-) Sollmtø(m¡m-) So¡l watü (m'm-l
05101520æ 0510152025 0510152025

Figure 104 Soil chloride and soil water profiles from a rernnant helt st *Cooinya', Kimba South Australia (Figure 82). Leaching and associated

soil water storrge increases with distance from the belt. Soil samples were unprocurable closer to the belt due to hard soil conditions and dry

sandy soil that could not be retrieved with the auger. Figure 110 shows the recharge transect for the site.
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Figure 105 Soil chlorÍde rnd soil water profiles from a remnant hlock edge at 6Cooinya", Kinbq South Australia (Figure 83). The vegetation

edge coincided with the base of the dune so the transect extended into the swale. Some leaching can be seen at both 10 m and 25.5 m from the

block edge' exhibiting a variation in the recharge transect (Figure 111) cornpared to the other sites.
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Figure 106 Soil chloride and soil water profiles from the remnant block edge at Parilla, South Australia (Figure 85). While chloride

concentrations are much higher directly under and near the vegetation, no significant leaching could be detected further from the block. It

would appear the influence of the trees on recharge extended at least 27.5m although a change in surface cover was obvious at about 25 m

horizontally from the block @igurell2).
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tr'igure 107 Soil chloride and soil water profiles from the salrnon gum plantatìon edge at Parillq South Australia (Flgure 87). Horizontal
distances are measured from the block edge rather than from the inner edge of the 5 m wide strip of enhanced edge growth. Significant
leaching is evident at 63 m from the block with much lower chloride concentrat¡ons from 0 m to 2 m deep compared to the other profiles.

Stored soil water progressively increases with horizontal distance from the block Figure 113 shows the recharge transect for the site.
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Figure 108 Soil chloride and soil water profiles from "Wakefield's' remnant belt zt Walpeup, Victoria (Figure 88). The level of leaching of the

chtoride profile, relative to the non-leached profile ú2.7 m from the belt, can be seen to progress with horizontal distance from the tree belt.

The associated increase in water stored below 3 m is obvious at 25 m and 54.5 m from the belt. tr'igure 114 shows the recharge transect for the

site.

8.5 m from
cenfe of belt

14.5 m

from
cenbe
of be lt

w akef¡eH
2.7 m from cente
of belt

19 m from
cente of
belt 25 m from cenlre

of belt

54.5 m

from
c e ntre
of belt

14.5 m from
centre of belt

19 m from
cente of belt

W a kef¡e b
2.7 m from cenfe
of belt

8.5 m from cente
of be[

25 m from
ce ntre of be lt

54.5 m from
cente of bet

2t4



Chbrldê (mg L-r) x l0s Chbrldê (mg L'r) x t0r chb¡ldr (m9 L-r) x tor Chbrldo (mg L'r) x t0r

01234
Chlorite (mg L''¡ x lot

So¡l vater ¡cm¡ cm-)

0 l0 20 30 40 50

01234

01020304050

0'f234 01234 01234

E

E
coo

E

E
Èoo

E

t
coo

E

E
eoô

0
1

2

4
5
6
7
I
I

10
'l'l
12
l3
'14

15
l6

0
'l

2
3
4
5
ô
7
I
9

10
11
12
13
'14
't5
16

Dergholm remnanl
-9.5 m in from
edge of blæk

So[ watq ¡cmt cmo¡ sol water 1cm¡ cn¡¡
o 'tO 20 30 ¡10 50

0
'l

2
3
4
5
6
7
I
9

10
11
'12

l3
14
l5
't6

0
I
2
3
4
5
6
7
I
9

l0
11
'12
't3

14
l5
16

0
I
2
3
4
5

e9
58
tgôto

1'l
12
'13

14
15
l6

E

E
q
aê

Ê

G
q
oo

0
1

2
3
4
5
6
7
I
I

10
11

12
l3
14
l5
l6

0
1

2
3
4
5

-6E-
58tgo10

11

12
13
14
15
l6

E

q
o
c¡

0
1

2
3
4
5
6
7
I
9

l0
11

12
l3
14
't5

16

0
1

2
3
4
5

=6
5etgoio

11

12
't3
11
l5
l6

sol ratlr lcmt cm{¡

o1020304050
So{ wfer lcmt cm')

01020304050
0
1

2
3
4
5
6
7
8
I

l0
11
'12
't3

14
15
l6

Figure 109 Soil chloride and soil water profiles from a remnant block edge at Dergholm, Victoria (tr'igure 90). Leaching in the pasture paddock
is large (as is shown 63 n from the block edge) due to high sand content of the soil and 701 mm average annual rainfall. profiles ryere not deep

enough to reach the displaced chloride fronts tt25 m,32 m and 63 m. Minimum values only can therefore be calculated at these positions. This
howeyer, does not seriously effect the est¡mation of B @igure ll5).
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Recharge transects
This section presents the recharge values calculated from the soil chloride profiles in the

previous section, represented as recharge transects for each ofthe profiles investigated in

Chapter 5. The order of presentation is the same as that in the previous section. Additional

comments regarding the transects accompany each figure; "Change in surface cover"

refers to the point on the transect at which there was an obvious change in the long-term

soil surface cover of pasture, weeds, stubble etc. This is used as additional information,

when required, for estimating the extent of the root zone influence. A deøiled explanation

of the calculation of B and the associated errors for each transect is given in Appendix 4.

The following assumptions were applied when plotting the recharge transects in the

previous section. Possible effors resulting from these assumptions are reflected in the

calculation of B for each site (Appendix 4).

1. Chloride profiles were positioned to allow adequate definition of the transition from

(low) recharge within the root zone to (higher) recharge beyond the influence of the

root zone.

2. Where a chloride profile was insufficiently deep (due to hard soil conditions) to obtain

a C¿value, it could be estimated from other nearby profiles.

Where a chloride profile was no obtainable beneath remnant vegetation, recharge was

calculated by the mass balance technique.

216



Change in
surface cover
at10m

B=13.3m

5 10 15 20 25 30

Distance from centre of belt (m)

Figure 110 Recharge transect from a 7 m wide (stem to stem) rcmnant bell at

Kimba, South Australia. Recharge values were calculated from soil chloride

profiles. Horizontal distances are measured from the centre of the belt.

Comments: The site is shown in Figure 82; the chloride profiles are shown in Figure 104.

No chloride profiles were obtainable within, or close to, the tree belt because of very dry,

hard, sandy soil that could not be extracted with the auger. It was assumed that recharge in

this zone was dominated by the presence of the trees and recharge was estimated using the

mass balance method. The three remaining data points make a rigorous calculation of B

difficult. Recharge outside the influence of the trees was assumed to be 5 mm yr l, at 17.8

m from the belt centre.,B was calculated to be 13.3 + 1.8 m for one side and was assumed

to be symmetrical on the other, giving a total B of 26.6 t4 m. Rationale for this decision is

discussed in Appendix 4 in the error analysis.
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Figure 111 Recharge transect from the remnant block edge at Kimba' South

Australia. Recharge values were calculated 'from soil chloride profiles.

Horizontal distances are measured from the block edge.

Comments: The site is shown in Figure 83; the chloride prohles are shown in Figure 105.

A chloride profile was not obtainable from within the vegetation due to hard, dry, sand soil

conditions that made only surface samples procurable. The surface soil was wind-blown

deposition and therefore was considered to be an unreliable indicator of soil chloride. It

was assumed that recharge in this zone was dominated by the presence of the trees and

recharge was estìmated using the mass balance method. Rationale for this assumption is

discussed above under 'Mass balance technique'. B was calculated to be 25.5 tl.5 m.
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Figure 112 Recharge transect from remnant block edge block at Parilla, South

Australia calculated from chloride profiles. Horizontal distances are measured

from the edge ofthe block.

Comments: The site is shown in Figure 85; the chloride profiles are shown in Figure 106.

No chloride profiles appear to have been sited beyond the influence of the tree roots and

therefore only a minimum B canbe calculated. ^B extends24 m from the edge of the block,

and includes the 4 m width of enhanced edge growth, therefore giving a value of 28 m.

This was calculated assuming that recharge outside in the cropping zone was 5 mm yr-l;

this calculation is not very sensitive to the magnitude of the assumed value.
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Figure 113 Recharge transect from the planlation edge at Parilla' South

Australia. Recharge values were calculated from chloride profiles. The

horizontal distance is measured from the edge of the plantation.

Comments: The site is shown in Figure 87; the chloride profiles are shown in Figure 107.

The 60 m B is calculated from the inner edge of the 5 m edge strip of enhanced growth,

such that the area of rectangle WXYZ is equal to the area of the trapezium WSTU. The B

therefore extends 55 m from the edge of the block. No error was attached to this estimate

(see Appendix 4).
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Figure 114 Recharge transect from one side of an I m widc remnanl belt at

"wakefield's", walpeup, victoria Recharge values were calculated from

chloride profiles. Horizontal distances are measured from the centre of the belt.

Comments: The site is shown in Figure 88; the chloride profrles are shown in Figure 108.

The profile at 18 m was insufficiently deep to calculate the full recharge value so the

upward arrow denotes the data point representing the minimum value, although is would

be close to the value shown. Cropping zone recharge was taken as 7 mm yr-l; the edge of
the influence of the tree roots was assumed to be at 25 m (line ST) given the change in

ground cover at this point (Table 2). B was calculated to be 20 +l m such that rectangle

WXYZ has equivalent area to WSTUZ. This value is relatively insensitive to the assumed

extent of the root influence. This transect represents only half of the B for the belt since

below ground effects are assumed symmetrical on the other side of the belt. B for the

whole belt is therefore 40 +2 m.
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Figure 115 Recharge transect from the remnant block edge at Dergholm'

Victoria. Recharge values were calculated from chloride profiles. Horizontal

distances are measured from the edge of the block.

Comments: The site is shown in Figure 90; the chloride profiles are shown in Figure 109.

Upward affows on data points at distances 25 m,32 m and 63 m denote profiles that were

insufficiently deep (due to hard soil conditions) to calculate the whole recharge value.

These three data points therefore represent the minimum recharge at these points.

Recharge outside the influence of the trees was assumed to be 17 m.n yr-l (32m from the

block edge) but was probably higher. Calculation of B is relatively insensitive to this

assumed value, especially given that the slope of the recharge transect is steeper than

shown. In hindsight, more data points were required within the root zone of the trees

(between 0 m and say 20 m), their absence leading to a likely overestimate of B. The strip

of enhanced edge growth was 15 m wide and B was calculated to be 35 + 5 m, therefore

extending l5 t5 m from the belt edge.
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Soil physics - estimates of Kunsat

In the water balance experiment (Chapter 6) drainage below 2 m was assumed to be

negligible for two reasons: to allow the efficient calculation of evaporation E by difference

outside the root zone (E : P - L9); for comparing measured transpiration Z with

transpirationcalculatedbydifference(T:P-E-I-Ag),appliedovertherootzone.This

assumption was shown to be valid using the following calculations.

From Bond (1998) Darcy's law for unsaturated flow q in soil can be written as:

- K"lLhu + Lzl
n = --T (Equation 2, Chapter 3)

where q is flow rate (mm d-l) and d refers soil water content; K6 and he arc hydraulic

conductivity and suction, both dependent on water content; z is soil depth (m). If Ah(O) is

close to zero then Q = -K. This condition could be considered to be approximated at a

depth of about 2 m because at this point: d does not vary greatly with depth in March

1998, when the profile is wettest (Figure 38); soil texture is relatively constant with depth

(Figure 94).

Campbell (1974) showed that K (cm min-l) could be estimated from moisture retention

data

y = K"Ç)ro*' (32)

(33)

where: K" is saturated hydraulic conductivity; 0, is saturated water content; and á is an

exponent estimated from Equation 33 (Smettem et a1.,1999):

I
b

Í-0.25 log(Yocl ay) + 0. 5 l

Smettem and Bristow (1999) derived an expression for K, (mm hr-l):

K" =9.7x10e aho-2 (34)

Where h6 (mm) is the to bubbling pressure head (Smettem et at., 1999) and can be

estimated from ó
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Combining Equations 32, and 34, and accounting for the differences in units, gives an

expression for K (mm hr t¡ in terms of å¡

r = Sx 
l. T xtos aho-2 rt ** (36)

Smettem and Bristow (1999) give a : 3.7 x l}'s; Yo clay at a depth of 2 m is about 50%

(Figure 94), therefore å and htare 13.3 and 578 mm, respectively;0ata depth of 2 m is

about 30Yo and 25% outside and inside the root zone, respectively; 4 was measured to be

about 40Yo dwingthe 'wet' calibration for the neutron moisture meter. Using Equation 36,

Katadepth of 2 m was estimated to be 1.2 x 10-6 mm hrl and 5.0 x 10-e mm hfl, outside

and inside the root zone, respectively. Both of these values are negligible and equate to

0.01 and 4 x 10 
-s mm yrr.

Transpiration measurement using heat pulse sap flow

Sapflux (volume flow per unit time) is the product of xylem sapflow velocity (sapflux

density) and the cross sectional conducting wood area of the tree. The heat pulse, or

compensation, method measures sapflow velocity by timing the progression of a small

pulse of heat injected into the conducting wood of the tree. This is described in detail in

"Sapflow Measurement with the Greenspan Sapflow Sensor: Theory and Technique"

document on the Greenspan@ website.

http ://www. greenspan.com. aulsaptheory.pdf

The following italicised text and equations is a modified excerpt from the afore-mentioned

document, reproduced here with kind permission from Greenspan Technology Pty Ltd.

Calculations have been performed using data from the water balance experiment (Chapter

6). This provides an example calculation of instantaneous sap flux from initial heat pulse

times, through to instantaneous sap flux. Transpiration is then calculated as the total sap

flux over a period, estimated from instantaneous sap fluxes measured and logged at 30 min

intervals and downloaded periodically (Figure 118). Transpiration is later expressed as a

flux density; either mm d-l m4leaf,or mm d-l m-2 ground area.

The Sapflow Sensor utilises two probe sets, each with a heater probe and two sensor

probes (Figure I 16). The upstream sensor probe is located 5 mm below the heater

probe and the downstream probe is I0 mm above the heater probe. On each sensor

probe there are one or two thermistors (sensors). Thefirst thermistor is positioned 5

mmfrom the end of the probe, the second is 5 mm behind the first. Thermistots are

paired on the vertical plane tofacilitote the measurement of sapflow velocities.
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Probo 1

80

33 54

Probo 3

80

Si = Sensor Pair 1

52 = Sensor Pair 2

53 = Sensor Pair 3
54 = Sensor Pair 4

F'igure 116 Schematic diagrarn of Greenspan heater probe sets.

The time talrenfor q pulse of heat to reach any point downstream is afunction of
both the conduction of the heat through the wood (i.e. dffision) and the convection

of the pulse by moving sop. Following the release of a pulse of heatfrom the heater

probe, the closer upstream probe p2 warms with diÍfusion. ll'arming of p2 by

convection cannot occur as sapflow direction isfrom p2 to the heqter probe. The

upstream probe warms above the baseline temperature where both sensor probes

are in equilibrium (Figure I 17) and there is a positive difference in temperature

between the upstream probe and the downstream probe p2. The temperature

dffirence pI-p2 peaks and then as the pulse moves downstream, with diffusion and

any convection, declines as p2 warms The dffirentiql returns to zero at 72, where

the system has returned to q balance. If convection is occurring the temperature

dffirentíal will become negative as pI cools and p2 continues to warm.
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Figure 117 Change in the difference between the temperatures recorded at

probes in upstream and downstream positions in the sapwood following the heat

pulse at time T1.

Figure 118 Rebecca Sherman downloading heat pulse data from a Greenspan

logger. Ileater probes were installed and insulated with aluminium foil. Data was

logged every 30 min and downloaded every 2 to 4 weeks.
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Calculating Sapflow

Calculating the Heat Pulse Velocity
Heat pulse velocity is calculatedfrom the time to reach 72, known as the heat pulse

time (Figure 117). At this point the heat pulse has moved to a midpoint between the

probes and the þrmula þr heat pulse velocity Yþ is

vh
xt+x2

(37)
2to

where: x¡ and )c2 represent the distances of the upstream and downstream sensors

respectivelyfrom the heater, and to is the time to 72, or the heat pulse time (Closs,

1esg).

A negative value is assigned to xt becouse of its position upstreamfrom the heater

probe.

CR 7.0 cm

Sapwood

Bark

Heartwood

Figure 119 Cross-section of tree showing heartwood radius rIIR and cambium

radius CrR. Two probe sets are installed with two sensor pairs each (S1, 52, 53,

54) measuring sap velocity at four different sapwood depths.

To illustrate the calculations, data and tree parameters from tree Ll (Water balance

experiment, Chapter 6) are used. Figure ll9 shows 2 probe sets implanted in tree Ll,
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measuring sap velocity at 4 positions across the sapwood. Table l0 gives T2, and Vn at

each point in the sapwood at one point in time on an autumn afternoon in 1997.

Convection of the heat pulse is affected by the dffirent thermal properties of the

heater and sensor probes in comparison with wood, and by the damage to nearby

xylem vessels due to drilling of the holesfor probe insertion @arrett 1992). A

numerical solution (Swanson and Whitfield, 1981) is applied to cotect heat pulse

ve lo c ity V n "for w ounding :

V't = ao + atVn + arVo2 (38)

where

V'n is the corrected heat pulse velocity and the cofficients;

where a0, er, and a2 are coefficients specific to a givenwound diameter (Swanson

and Whitfield, 1981).

The wound diameter \ryas assumed to be equivalent to the probe diameter (0.22 cm).

Greenspan@ SAPCAL software provides values for a¡, âr, âtld U as -0.879,2.544, and

0.005, respectively. Table x shows Y'¡values calculated using V¡ and the above wound

coefficients.

Calculating the Sap Velocity

To convert the corrected heat pulse velocity V'¡ to sap velocity Vs it must be

translated on an areal basis. From Marshall (1958),

V" = aV'n (39)

where a is the lumen area of the sapwood. Lumen area is not readily established

without destructive sampling, andMarchall (1958) proposedfurther modiJications,

and together with work by Edwards and rWarwick (1984), the following expression

can be derived.

v,=v'o(o.sosr;+4) øo)

Where F^ and Fn ore, respectively, the sapwood volume wood and water fractions.
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Table 10 Heat pulse times T2, heat pulse velocities V¡, and corrected heat pulse velocities V'¡

at one point in time for tree Ll on at2 pm, March 141997.

sl s2 s3 s4

T2 (sec)

V¡ (cm hr I)

V'¡ (cm hr I)

V, (cm hrI)

100

9.0

22.4

14.6

73

12.3

31.2

20.4

94

9.6

23.9

l s.6

t49

6.0

14.7

9.6

Wood and water fractions were measured but were considered unreliable, possibly due to

the heating of the sample during extraction from the tree, using a powered hole saw.

Instead, default values were used: Fr: 0.5; Fr: 0.4.

Calculating the SapFlow Volume
The final point of interest to most workers is not sapflow velocity, but rather the

volume of sapflow (or sapflux) through the stem. Sapflux in li*es per unit time Q is

a function of the velocity of sop flow and the orea over which the flow occurs,

Q =V,A, (41)

where l" is conducting wood (sapwood) area (Closs, 1958) and V" is the average sap

velocity. The simplest method of calculating V, is by weighted area technique (Hatton et

al., 1990). The four point estimates of V, are sampled from a sap velocity profile (Figure

120) across the sapwood which must be converted to an average sap velocity. The

weighted area technique assigns each V, to the area of sapwood it can be considered to

represent.

229



25

O Measured sap velicity

-Weighted 
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012345678
Tree radius distance (cm)

Figure 120 An instantaneous sap velocity profile from tree Ll (Water balance

experiment, Chapter 6). Point velocities (o) from heat pulse measurements were

converted to a weighted average (sotid line), weighting factors are given in Table

10.

ìWeighting factors (Table 11) for each Vs are calculated from: cambium radius CR;

heartwood radius HR; and sensor positions (Figure I l9).

Tabte 1l Sensor positions of probes placed in tree Ll and associated weighting factors used

to calculate Z" from point measurements of 2".

sl s2 s3 s4

^20L
tr
brs
Ë(,
€to
ct
.E
11, 

5

H€artwood
rad us

0

Sensor position on

tree radius (cm)

Weighting factor

5.2

0.17 0.15

4.5

0.51

6.0 6.5

0.17

Z" is calculated:

4 : (0.51 x 14.6)+ (0.17 x 20.3) + (0.15 x 15.6) + (0.17 x 9.6) : I4.9cm hfr

Sapwood area A,calculated from CR and HR (Figure I 19) is about 0.13 m2 therefore:

Q= 0.13 x 14.9 = 1.9 litres hr-r.

This is an example of an instantaneous sap flux in tree Ll atthat point in time. The tree

transpired for about 12 hours per day (approximately daylight hours) at this time of year.

For the purposes of the example, if Q is assumed to be constant for the 12 hour period then

Cambium
radius
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the daily sap flux would be about 23 litres d-1. The leaf area of tree Ll was 46 m2

therefore the transpiration efficiency was 0.5 litres d-l m2 leaf.

Calculations of all sap flow calculations in this study were performed using a Microsoft

Excel macro written by Peter Taylor (see Taylor,1999).

Microlysimeter construction and installation

Soil conditions were often hard, so a metal construction was chosen for the

microlysimeters, rather than PVC. Since the microlysimeter measurements were used for

scaling evaporation in the root zone, relative to the more accurate P - L5, the thermal

properties of the construction material were not a concern (Evett et al., 1994). Inner rings

were 50 mm long, 75 mm diameter brass tube with a 1.6 mm thick wall (Figure 121).

Figure 121 Microlysimeter installed. The inner ring was fïrst pressed into the soil

nearby, trimmed, sealed on the bottom face, and placed inside the outer ring,

level with the surrounding soil surface.

The rings were pressed into the soil, rather than hammered (to minimise surface

disturbance, Figure r22), using a lever anchored to a post, then dug out, trimmed and

sealed on the bottom side with tight aluminium caps. They were then weighed and placed

in a 100 mm diameter hole in the soil surface, lined with steel exhaust tubing. All 15

microlysimeters were weighed, remade and replaced every 24 to 48 hours or after rain.

The shallow depth and short measurement periods were chosen because soil water content

changed rapidly within the tree root zone.
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Figure 122 Hannah Ellis pressing the inner ring of a microlysimeter (A) into the

soil using a lever mechanism with temporary anchor (B). Rings were

subsequently removed, trimmed and weighed before placement in outer ring

nearby (X'igure 121).
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Appendix 3 - calibrations

Introduction

This appendix shows the derived relationships and the apparatus used to calibrate: the

Adelaide (module) method of leaf area estimation (Figure 123; Figure 124);ruinfall trough

and bucket gauges (Figure 125; Figure 126); neutron moisture meter (Figure 127;Figure

128); and stem flow apparatus (Figure 130;Figure 131).

Leaf area estimation

The leaf area of three trees was first estimated using the Adelaide (module) technique

(Andrew et al., 1979). The complete canopies were then destructively sampled (Figure

123), weighed, and the leaf area of each canopy was calculated from the average area of 3

sub samples measured using an electronic planimeter (Figure 124).

Figure 123 One of the three trees used to calibrate the leaf area estimation

method (Andrew et aL, 1979) The picture shows the leafless branches of the

'middle-sized' tree, remaining after destructive sampling of complete canopy.

233



70

"í- 
60

E
(Ú50
oL
*¿o
(u

-g
o3ooL
dzo
(ú
oEto

y:0.87x + 1'r4
! : o.sg

0

0 10 20 30 40 50 60 70

Estimated teaf area (m2)

Figure 124 Calibration data for the Adetaide (module) method (Andrew et oL

(1979) of leaf area estimation. Three complete tree canopies were destructively

sampled.
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Figure 125 Data from the trough and bucket rain gauge calibrated against

weather station tipping bucket gâuge (Measurement Engineering AustraliarÐ.
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Figure 126 Trough and bucket rain gauge were constructed from steel sheeting

bent to form a 'v'-shaped channel, supported at one end by a post. The other

end grained into a plastic funnel glued into the lid of a plastic 20 L bucket.

Twenty identical gauges were used to measure rainfall and throughfall transects

across the tree belt used in the water balance experiment. Placement, materials

and dimensions of the gauges are provided in the Methods section of chapter 6.

Neutron moisture meter NMM

The sampling strategy for the neutron moisture meter calibration (Figure 127) is described

in Chapter 6. The procedure used for \¡/etting the soil prior to 'wet' sampling is illustrated

in Figure 128. The 'wire-line' sampling apparatus is shown in Figure 129.
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a

a
OO¡

o tao

a y=0.011x+0.16
ê = 0.71

0.2
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0

O

01020304050
Volumetric soil water content (%)

Figure 127 Neutron moisture meter calibration relationship from combined data

gathered from 4 tubes. One relationship was used to represent all soil layers

between the soil surface and a depth of 5.9 m.
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Figure 128 George the dog (Canis familìaris\ during the wetting-up of the soil

surrounding the neutron moisture meter access tube, two weeks prior to soil

sampling for'wet' calibration.

F'igure 129 lvlr Thompson operating the CSIRO drilling rig with 'wire line'

equipment, used for extracting soil samples both 'wet' and 'dry' neutron

moisture meter calibration. Samples are taken using a 74 mm diameter, 1 m long

split tube fitted to the tip of the hollow-stemmed auger and retrieved via a cable.
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Stem flow

Stem flow is the small fraction of rainfall that runs down the outside of tree branches and

is concentrated around the stem. Figure 130 shows a rubber channel attached to a tree stem

at the water balance experimental site (Chapter 6) to catch stem flow and guide it into a

bucket. Stem flow was not measured on the same trees as the transpiration measurements

(Ll, L2, Ol, o2) because the installation of the sap probes interrupted flow down the

stem. Figure 131 gives the relationship derived from measurements made on another 6

trees in the same belt, and used to scale stem flow to leaf area, and therefore estimate stem

flow for Ll,L2, Ol and 02.

Figure 130 Apparatus used to measure stem flow in water balance experiment.

Rubber channel was attached to stem in a helix to direct flow into a bucket. Stem

flow volume \¡yas measured using a calibrated dipstick.

237



o
o

o.7

-,- 0.6
ts
E
J 0.5

I o.¿q
õ
I o.s

ì
Ê 0.,

EI o.r
.t,

O E. leucoxylon

OE. oæidentalis

o

10 l5
Tree leaf area (m2)

o

y=0.019x+0.13
Í =0.67

20
0

0 5 25
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at the water balance experimental site. The fitted linear relationship was used to
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Appendix 4 - error analyses

Introduction

This appendix considers, in turn, all significant likely effors associated with the

measurements made in Chapters 5 and 6 that are used to calculate B. The largest likely

error is selected and used to calculate the 'worst-case scenario' errors likely in the results

of both experiments.

Recharge transect experiment

Leaf area
The Adelaide (module) technique for leaf area estimation (Andrew et al., 1979) was

calibrated of by the destructive sampling of three complete tree canopies (Appendix 3).

Likely errors of this method were estimated to be less thanl0%o (Figure 124) and were

similar to those of Hatton et al. (1995). Conversion to LLA and LAI values involved

division by a measured length and area, respectively, for which the error is likely to be in

the order of l%o. The maximum likely error for LLA and LAI was therefore assumed to be

lÙYo.

Equation 12 was used to predict B, therefore maximum and minimum .B values were

calculated for each site by using respectively: the largest LLA and smallest Zll; smallest

LLA and largest LAI.For the six sites this yielded: 20 +4 m; 12 +2.4 m; 16 +3.5 m;60 +12

m;42 +8.4 m; 40 +7.7 m; for the Kimba remnant belt; the Kimba remnant block edge; the

Parilla remnant block edge; the Parilla plantation edge; the Walpeup remnant belt; and the

Dergholm remnant block edge, respectively.

Chloride techniques
Reported effors associated with chloride techniques vary somewhat. When comparing the

mass balance with a tritium tracer mass balance technique Allison and Hughes (1978)

report a relative standard deviation of l5Yo. Walker et al. (1991) report a "negligible"

difference between recharge calculated using the generalised chloride displacement

technique and a profile water balance (Jolly et al., 1989). However, while the accuracy of
recharge estimates has some bearing on the calculation of B from recharge transects, a

more critical factor is the positioning of the chloride profiles, as described in the following

section.
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Calculation of B from recharge transects
This section presents the rationale for the calculation of the B values and likely errors from

the recharge transects calculated in Appendix2, and which are summarised in Figure 31

and also in Table 2.

The error associated with the calculation of B from recharge transects arise from the

designation of the following two values:

l) The recharge value outside the influence of the root zone;

2) The limit of the extent of influence of the root zone.

Due to the spacing of chloride proflrles, these can be interpreted as having more than one

possible value, therefore producing more than one B value. For each recharge transect

therefore, the rationale for the designation of values for l) and2) above, are given together

with the associated maximum and minimum B.

Remnant mallee belt, "Cooinya", Kimba (Figure 110): The influence of the root zone is

unlikely to extend beyond about 18 m, and is probably shorter, given the change in surface

cover at l0 m. Soil conditions were too dry and hard for soil sampling closer to the belt

then 14 m. Recharge in the centre of the belt was estimated from mass balance to be in the

order of 0.1 mm yr l. There are therefore two likely extreme values for .8. One value is

calculated assuming: the root zone influence ends at 18 m; recharge beyond its influence is

about 4.8 mm yfl and linear decline in recharge toward the belt centre; the other value is

calculated assuming the same recharge value outside the root zone influence but 0.1 mm

yrt betwe"n the belt centre and l4 m. This gives an average half B of 13.3 tl.8 m.

Remnant mallee block edge, "Cooinya", Kimba (Figure 1ll): The abrupt recharge

increase beyond the root zone influence is relatively unambiguous at 25 m. As with the

salmon gum plantation site, .B is relatively insensitive to recharge remaining constant or

increasing beyond 25 m. Recharge beneath the vegetation was about 0.1 mm yrl,

calculated from chloride mass balance. As with "Cooinya" remnant mallee belt, it is likely

that recharge is also small close to the trees and linear interpolation between 10 m and -5

m will result in a (possibly) underestimated B, equal to 24 m.If recharge is assumed to be

0.1 mm yr I in this zone then B will be 27 m. Average B can therefore be considered to be

25.5 +1.5 m.

Remnant mallee block edge - Parilla (Figure ll2): At the time of sampling, the outer two

chloride profiles were considered likely to be outside the influence of the root zone.

However, recharge values calculated from the profiles did not support this, allowing only a

minimum B oî 28 m to be calculated. This required an assumed recharge outside the

i{

f
I
I

I
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influence of the root zone. This was chosen to be 5 mm yr-l rather than the 7 mm yrt at

the close by salmon gum site since the mallee transect extended toward the swale (Rowan

and Downs, 1963) rather than a dune, where higher values are expected (Kennett-Smith er

al., 1992b). Calculation of a minimum B is relatively insensitive to the assumed recharge

value.

Salmon gum plantation block edge, Parilla (Figure ll3): This recharge transect is

relatively unambiguous. The main uncertainly surrounds whether recharge beyond the

influence of the root zone is adequately represented at the outer most profile. The increase

in recharge at the boundary of root zone influence is relatively sharp. Recharge is unlikely

to drop below this value (beyond this point) and the calculation of ,B is relatively

insensitive to whether it remains constant or increases. For these reasons any error

associated with the calculation of B for this site is considered difficult to estimate and

probably negligible.

"llakeJìeld's" remnant mallee belt, Walpeup (Figwe I l4): Recharge outside the influence

of the root zone is taken to be 7 mm yrl. Although no information is available between the

distances of 25 m and 54.5 m from the belt centre, it is safe to assume the influence of the

root zone extends only to 25 m, and definitely beyond 19 m. It is unlikely, therefore, that B

is greater then 2l m. If recharge outside the root zone is taken to be 4.7 mm yr I at 25 m,

rather thanT mm yr-I, B is calculated to be 19 m. Assuming this to be the maximum likely

uncertainty, and applying it to the whole belt (i.e. double the B shown for one side of the

belt) then the B for "ÌùVakeflreld's" site is 40 +2 m.

Dergholm remnant block edge (Figure I l5): This transect presents 2 obvious

uncertainties: chloride profiles outside the influence of the root zone were insufficiently

deep to calculate absolute recharge; recharge values within the influence of the root zone

were poorly represented in space. Neither of these uncertainties however cause a large

variation in the calculation B. Given that the increase in recharge outside the root zone

would be steeper in reality than is represented in Figure ll5, the designation of the

boundary of root zone influence at 32 m is valid and renders the calculation of B relatively

insensitive to the designated recharge value outside the root zone. Using a boundary at 32

m and recharge value of 17 mm yr-l for outside the root zone, B is calculated as 30 m, a

probable underestimate. If recharge between -10 m and 20 m is assumed similar to that at

-10 m, then.B is calculated to be 40 m. The resulting value for this transect is therefore

approximately 35 +5 m.
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Water balance experiment

Due to the labour involved in data collection, measurements from the tree belt experiment

were not spatially replicated except for leaf area and AS. The crosschecks performed

within the data set allow confidence in the measurements. However, independently of this,

I have considered the possible errors associated with the calculation of B as being of 3

types:

l. Errors associated with each measurement technique;

2. Enors associated with interpolation of data;

3. Errors associated with extrapolation of data.

For each measurement I have estimated the largest error from each of the above classes

and tested the effect of worst-case combinations of elrors on the calculation of B - both

leaf area measurements (Equation 12) and water balance (Equation 17).

Leaf area
Leaf area estimations using the Adelaide (Module) method (Andrew et al., 1979) were

calibrated against destructive sampling of whole canopies (Ellis er al, in press) and

estimated to be less than 10%. The canopy areas used in the calibration ranged between 14

m2 and 64 m2, bracketing all trees in the water balance experiment. Trees in the leaf

efficiency experiment however, were up to 4.5 times as large as the largest calibration tree,

with higher and denser canopies. The effect of this on leaf area estimations is unknown

although it is expected that it would lead to underestimates of larger canopies. Given that

leaf efficiencies of all trees are similar in winter, and also similar to those in the water

balance experiment, the possible error in canopy leaf area estimation appears not to be an

important issue in the leaf efficiency experiment. In the tree belt experiment, LLA

estimates also rely on linear ground measurements to determine the relevant length of belt.

Similar LLA values were obtained over belt lengths of 7 m and 30 m, on two separate

occasions. I therefore believe that the method of estimating the beginning and end of the

effective belt length occupied by the trees - midway between adjacent canopies - was

effective and had small associated errors. The standard deviation from the five local I'AI

measurements was 0.1 m2 m-'. B was predicted (Equation 12) using both LLA and LAI

measurements performed within a short period of each other (May 97) to eliminate any

seasonal bias. Average tree leaf area however, grew by about 25%o between May 97 and

January 98. New growth was also observed in local remnant vegetation, and although it

was not measured a second time, it was assumed to grow by a similar amount. If this

assumption was false and there was no change in local LAI during the year, the effect on

242



predicted,B would be about l0%. This was tested using Equation 12 and an average LLA

of 19 m2 m-l lassuming an LLA of 17 m2 m-l from May to October and a linear increase to

25 m2 m-r between October and March). A scenario of this kind is unlikely to be this

extreme, so any associated emor was assumed to be much smaller than l0%o.

Transp¡rat¡on
Haffon et al. (1995) calculated a l3o/o error in transpiration of eucalypts estimated from

heat pulse velocity method. This represented the combined errors from: wound diameter;

probe placement; volumetric wood and water contents. I examined the possible effects of
poor probe installation because it occurred accidentally in our experiment.

Sap velocity was sampled at four positions across the sapwood, and is usually small at the

outer (cambium) and inner (heartwood) boundaries of the sapwood, reaching a maximum

somewhere in between. The accuracy of flux calculation using the weighted average

technique (Hatton et al., 1990) relies on the careful installation of probes to sample sap

velocity uniformly across the sapwood. A probe anangement that is skewed towards either

the cambium or the heartwood can result in inappropriate weighting of sampled sap

velocities, and inaccurate flux calculations. Skewed installation of probes occurred in two

trees over one measurement period. [n order to determine the resulting flux error, the

effect of grossly skewed installation (only half the sapwood depth sampled) of probes was

investigated using a spreadsheet and mock sap velocities and stem dìmensions. Simulated

sap velocities were zero at sapwood boundaries and distributed as a parabolic function of
sapwood depth (Edwards and ÌWarwick l9S4). Probe installations grossly biased toward

the cambium boundary and the heartwood boundary caused flux overestimates of l5% and

l lolo, respectively, when compared with that from properly installed probes. Similar but

less serious installation problems occurred once in 2 trees, for parts of spring and summer.

I am confident, therefore, that there was less than 10%o error in total transpiration due to

poor installation.

Missing transpiration data was interpolated for: l2Yo;24%o; llYo; 6Yo of the measurement

period for: Ol; OZ;LI; L2 respectively. For all trees except 02, missing data periods were

less than a month and were relatively evenly distributed over the measurement period. 02
had 90 days of missing data in one block between July and September during which time

transpiration was low and relatively uniform. There was about 20%o decrease in the lQ-day

average transpiration values for 02, either side of this period whereas the transpiration of
the other the trees increased by between l0%o and 30%. Therefore the maximum likely

error in 02 transpiration resulting from this interpolation would be: l5Yo over about one
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quarter of the measurement period; during which time transpiration was about two thirds

of average for that tree. The result was a possible 5%o enor in total transpiration of 02.

lnterpolation effors for the other trees would have been less than this.

In Chapter 6 the horizontal distribution of across the transect transpiration was also

calculated by difference (Figure 43), assuming deep drainage to be zero. A value of total

transpiration (by difference) was estimated to be l3%o greater than that measured by heat

pulse. Given this was the largest estimation of error, and that it is similar to that

determined by Hatton et al. (1995), I have taken this as the largest most likely error.

Rainfall, interception and stem flow
The weather station rain gauge is purported to be t2% accurate (Measurement

Engineering Australiart). It used a 0.2 mm capacity tipping bucket mechanism that

recorded 77 rainfall events during the experiment. Using a possible error of one 'tip' per

event, this equates to 15.4 mm or 3Yu The error involved in scaling trough and bucket

rainfall data to weather station records would also be small (l = 0.98; n: 10; 6.6 mm < P

< 35.0 mm). The shape of the rainfall transect was extrapolated over a period of 123 days,

during which time 25%o of the total rain fell. The temporal variation of the shape of the

rainfall transect was significant over a short time scale, close to the trees, and was

dependent on wind direction. However when data from individual gauges over 10 week

periods was regressed against that from the whole period there was good agreement (l =

0.98) and extrapolation was considered to be a minor source of error. The maximum error

of rainfall measurement was therefore considered to be less than l0o/o.Interception error

comprised that from the rainfall troughs (about l0%o) and that from the stem flow

measurements. Stem flow error was about 33Yo, but because stem flow was small it

represented only a 5olo error in interception. Maximum interception error was therefore

estimated tobe l5Yo.

Evaporat¡on
Evaporation from outside the root zone from P - AS was relatively consistent and gave

Sdev: 5Yofor î= 4. By far the greatest uncertainty in total evaporation arises from the

extrapolation of the relative root zone evaporation from spring, to the whole measurement

period. However the likely error is difficult to determine. Although potential evaporation

trebled during the 80-day microlysimeter measurement period, average root zone

evaporation, relative to that outside the root zone, showed no trend with time and

remained at about 0.6 (Stdev = 0.15, n:37). Average evaporation outside the root zone

was about I mm d-l with a slight downward trend over spring. It would appear therefore,
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that surface resistance, rather than atmospheric demand, dominated spring root zone

evaporation. It is reasonable to assume that this was also the case in both winter and

summer, given that the root zone remained relatively dry @igure 45). Choudhury and

Monteith (1988) related surface resistance directly to the depth of air-dry soil. It is likely

that relative root zone evaporation was similar during winter and spring, but may have

decreased over summer, but by how much is impossible to determine from the data.

Assuming that I have overestimated root zone evaporation for the summer period (38% of

the measurement period)by 50o/o, this equates to about a l0o/o error in total evaporation.

Soil water storage
/,S was neither interpolated nor extrapolated, and was replicated twice. While errors \¡/ere

large towards the edges of the root zone, they were less than 5 mm between -7.5 m and 8

m positions (Figure 38; Figure 45). A weighted average of the maximum error in L5

between -15 m and +15 m positions is about l0 mm. Because L5 was small this represents

about 50%o error.

Worst-case scenarios
Using a possible l0oá error in LLA and an LAI standard deviation of 0.1, two worst-case

scenarios to considered for the prediction of .B (Equation 12) were calculated by: l) using

the largest LLA and the smallest LAI;2) the smallest LLA and largest LAI measurement.

This allowed the calculation of the smallest possible B using the smallest numerator and

the largest denominator (and vice versa) and gave 17 m<B <26.7 m.

Table 12 lVater balance component values and errors from the water balance

experiment.

Component Measured value o/o error
(from Chapter 6) (from this section)

T

I
P

E

AS

3629 L

1370L

497 mm

266 mm

-17 mm

l3

15

l0

l0

50

A similar approach was used for the water balance calculation using the values and errors

shown in Table 12. Maximum and minimum B (from water balance Equation 17) were

calculated by: l) choosing the largest possible values for 7, I and E and the smallest
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possible values for P and AS (AS was negative), so as to combine the largest numerator

and smallest denominator; and 2) the smallest possible value of B was calculated using the

smallest T, I and E, and the largest P and /S. This gave 13.0 m < .B < 34.1 m, the

maximum value being physically impossible given the root zone width of 27 m.

246



Appendix 5 - Digital Elevation Model (DEM), rainfall and
evaporation surfaces for the Murray Darling Basin

Introduction

This appendix describes the 3 inputs (Digital Elevation Model DEM; rainfall; and

evaporation) used to compose the map of potential long-term average LAI of nafural

vegetation in the Murray Darling Basin (Figure 79; based on Equation 23). Yves Bessard

and Andrew Bradford, CSIRO Land and Water, Canberra performed all of this work.

Rainfall and evaporation maps were constructed from long-term mean annual rainfall and

Class A pan evaporation surfaces extracted from the ANUCLIM/ESOCLIM, version l.06

package (Hutchinson et a1.,1998). The authors made use of the entire available records

over the 1900-1975 period and use weighting factors to account for the differences in

record length, attributing a larger weight to a station that has a longer record.

All maps have a 0.6 degree (-l km) resolution.

Input 1 - Digital Elevation Model DEM

The following sheets of the 9 seconds (^-250 m x 250 m) Auslig DEM were merged to

obtain a DEM covering the entire MDB : SG55; SG56; SH54; SH55; SH56; SI54; SI55;

5156; SJ54; SJ55. That grid was resampled to a 0.6 degree cell size. A higher resolution

would not have improved the accuracy of the input data, except for interpolation of rainfall

surface in the more mountainous area where Equation 23 becomes less applicable.

Choosing a coarser resolution also resulted in speeding up the computation and saving

storage space. All the operations related to the assembling of the DEM (Figure 132) were

performed in the following Arclnfo workspace.
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Figure 132 DEM of the Murray-Darling Basin. Elevation is shown in metres.

Input 2 - rainfall surface

Based on the DEM (Figure 132),a long term mean annual rainfall surface (Figure 133)

was extracted from the climatic surfaces provided with the ANUCLIMÆSOCLIM

package version 1.06 (Hutchinson ¿/ at., 1998). Values were weighted according to record

duration at each station. The interpolation parameters were latitude and longitude and the

elevation above sea level.
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Figure 133 Rainfall map of the Murray-Darling Basin; mean annuar long term

values in mm yr-l.

Input 3 - evaporation surface

As for the rainfall, a long-terrn mean annual evaporation surface (Figure 134) was

extracted from ANUCLIM/ESOCLIM. Hutchinson et al., (1998), used the Class A pan

evaporation measurements as a surrogate for potential evaporation. As for the rainfall, the

interpolation parameters were latitude, longitude and elevation.

Mlldure
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Pan measurements were extracted from a number of meteorological stations within the

Basin that had a record length of at least 5 years. These were used to check long term

mean annual values and found to be consistent.
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Figure 134 Pan-evaporation map of the Murray-Darling Basin; mean annual

long term values in mm yrr.
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