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Abstract  

This thesis compares the in situ water balance of common annual production systems (wheat, 

lupin, subclover and serradella) with a grazed perennial system (lucerne) at a site in the Avon 

Catchment, Western Australia.  

Using a physically-based water balance approach the value of a plant based solution in redressing 

the hydrological imbalance that has become a feature of much of the dryland agricultural region of 

Western Australia is investigated.  The effectiveness of lucerne in providing greater available 

storage for buffering large rainfall events, as compared to the annual systems, is illustrated.  

Continued transpiration following out-of-season rainfall events maintains a larger available storage 

capacity.  In contrast, the annual systems that are fallow over summer only withdrew a small 

fraction of water by soil evaporation between rainfall events.  Under annual systems, the profile 

moisture store was sequentially increased to the extent that additional increments of rainfall could 

potentially contribute to deep drainage. 

A particular focus of this study has been to investigate the presence of soil constraints to root 

growth, and to assess how these constraints affect the water balance.   A site survey indicated the 

soil penetration resistance was sufficient to impose a physical constraint to root growth.  Published 

literature on the site shows soil acidity is also at a level imposing chemical constraints to root 

growth.   

A root growth model  “Rootmodel”, for predicting root growth with and without soil constraints is 

examined in detail as a method for providing root growth parameters for inclusion into the 

numerical water balance model, SWIM  based on Richard’s equation.  Functions developed from 

“Rootmodel” adequately describe the effect of profile limitations to root growth, such as soil 

strength, moisture availability and temperature.  Recommendations are made for inclusion of a 

growth suppressing function in “rootmodel” based on the chemical limitation of low pH. 

The effects of soil acidity on the root growth of several species is investigated experimentally  and 

the resultant root data provided a reference point by which the simplified prediction of root growth 

built into SWIM could be adjusted using a linear reduction function.  A similar linear reduction 

function is also employed to impose a physical constraint in the form of high penetration 

resistance.   
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Whist the root growth function written into SWIM provides an adequate description of plant growth, 

allowing the model to simulate water extraction there are limitations which are identified in this 

study, particularly incorporating a grazed perennial system where surface cover is removed and 

root growth is paused.  SWIM can simulate water extraction under reducing or dying vegetation 

but must be restarted to allow re-growth to occur, and it is assumed that roots must re-grow also.  

“Rootmodel” has the potential, with further model development, to overcome these limitations as it 

allows extraction of root length and depth data at various times throughout a growing period, 

which could cover more than one season.  The output data could then be used as input root 

length density tables in SWIM, effectively overriding the need to re-grow the roots when restarting 

the model. 

Water balance modeling has provided a useful tool to assess the impact of soil constraints on the 

plants ability to extract water from the soil profile.  The water extraction patterns observed in the 

field indicate that soil constraints to root growth are impacting the water balance under acid 

intolerant vegetation.  Crops grown on limed plots to combat acidity (wheat / lupin) show extraction 

patterns consistent with unconstrained root growth.   
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1. General Introduction 
1.1 Purpose of study 

In the dryland agricultural region of Western Australia, increased deep drainage under annual 

agricultural systems has resulted in rising groundwater levels, with a consequent increase in the 

incidence of secondary salinity in areas where salt stores in the soil profile have been mobilised 

(Teakle and Burvill 1945; Williams et al. 1997).  Increased deep drainage has also lead to  

enhanced nitrate leaching (Anderson et al. 1998; Smettem 1998), resulting in accelerated 

acidification under leguminous crops.  Suggested plant-based solutions to these problems include 

the introduction of deep-rooted perennial species, such as lucerne (Medicago sativa) (Nulsen and 

Baxter 1987) in order to redress the hydrological imbalance that currently exists under annual 

pasture systems, such as subterranean clover (Trifolium subterraneum) or serradella (Ornithopus 

compressus) or the annual crops such as wheat (Triticum sp.) or lupin (Lupinus sp.) (Greenwood 

et al. 1992).   

The water balance equation then, forms the basis of this thesis, mathematically defined as: 

WDETQIP                                                                                                          1.1 

Where: 

P  Precipitation 

I  Irrigation 

Q  Runoff  

ET  Evapotranspiration 

D  Drainage 

W  Change in water store  

The extent to which perennial systems reduce the drainage term is examined.  But to what extent 

are hostile soils limiting the uptake of water and subsequently maintaining a higher drainage term?  

In order to predict the value and limitations of such systems, a modeling approach is employed.   

The chosen model SWIM is based on Richard’s equation (Richards 1931), which is derived from 

the combination of Darcys Law and the law of continuity as shown: 
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Law of continuity: 
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When combined with the law of continuity Richard (1931) derived the following equation, now 

known as Richard’s equation:  
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Where: 

q Volumetric flow rate per unit cross sectional area of medium (volT-1) 

z Elevation above arbitrary datum (L) 

K  Unsaturated hydraulic conductivity of the medium (LT-1) 

h  Soil water pressure head (L) 

  Volumetric water content (vol vol-1) 

t  Time 

H  Sum of soil water pressure head and gravitational potential (L) 

  Sink or source term (including plant water uptake) 

The sink / source term is that which is being manipulated through cropping or pasture choices.   

The extent to which plants are able to manipulate this term depends on their ability to grow roots 

into the soil and extract water.  Limitations to root growth such as the soil’s physical and chemical 

properties will then result in the values for the sink  term being lower than potential.   

There is very little available information on patterns of root water uptake, or on how root water 

uptake varies with depth and time. Such information is critical for validation of water balance 

models and for provision of sensible management options to reduce environmental damage 

caused by excessive deep drainage.  Root water uptake is often poorly understood when using 
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water balance models because measurements determining root distributions are time consuming, 

difficult and destructive to the soil profile. 

1.2 Principle objectives of study 
The principle objective of this study is to answer the question: 

 “To what extent are hostile soils limiting the uptake of water and subsequently 

maintaining a higher drainage term?” 

 To answer this question, the study will investigate and compare estimates of water uptake derived 

from the field measured components of the water balance equation with those derived through a 

series of root growth modelling and water balance modelling scenarios.  The objectives are then 

broken down to achieve the comparable estimates. 

1) Using a simple water balance approach assess the impact of perennial species in 

redressing the current hydrological imbalance occurring under existing agricultural 

systems.  

 Field measured components of the water balance equation allow estimates of water uptake to be 

calculated using the water balance equation (equation 1.1).  This provides data by which water 

balance modelling can be compared.   

2) To assess the field site for physical and chemical constraints potentially limiting plant 

root growth and consequently plant water uptake.  In this case the evapotranspiration term 

of the water balance equation is to be investigated. 

Since root water uptake is one of the poorly understood parameters in water balance modelling 

this objective forms a major focus of the study.   An entire chapter is devoted to an investigation of 

the impact of low soil pH and a further two investigate the potential for using a computer model to 

predict root growth.  A survey of the field site provides a framework by which to include the 

physical constraint of soil penetration resistance into modelled predictions of root growth.   

3) Determine to what extent these limitations are affecting the water balance by predicting 

root growth with and without soil constraints, and use these predictions as input for water 

balance modelling.   In this case the source sink term of Richard’s equation is to be 

examined. 
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Values for modelled water uptake can then be compared to those derived from field measured 

parameters.   If field measured values are closer to those derived from model scenarios using 

constraints to root growth than to those derived without constraints, it can be concluded that the 

water uptake at the Gabby Quoi Quoi site has been limited by hostile soils imposing a constraint to 

root growth. 
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2. Review of Literature 
2.1 Introduction 

Armed with the ability to describe the water balance using equation 1.1 and one dimensional 

flow of water using Richards equation 1.4 the modern farmer, grazier, or horticulturist 

possesses a powerful support tool for evaluating available management options for recharge 

control.  Richards equation underpins water balance models such as SWIM (Ross 1990b) 

and can be used in cropping models such as APSIM which has the ability to use either 

Richards equation or a simple tipping bucket water balance (Asseng et al. 1998).  Such 

models can be used to predict plant yield and to assess the impact of various crops and 

pasture types (perennial or annual) on the soil water balance. Understanding the impact of 

plants on the soil water balance is essential for effective plant-based management of dryland 

salinity.    

The use of water balance models, however, requires knowledge of the soil hydraulic 

properties and the plant properties – both above and below ground.  The difficulty in defining 

root growth parameters will be discussed in section 2.4 yet, as will be shown, definition of 

root parameters are particularly important for obtaining reliable estimates of the soil water 

balance and crop yield.  In particular, soil constraints to root growth have been shown to 

have a significant impact on the performance of wheat in Western Australia (Smettem et al. 

1999a).   

Currently, farmers are being encouraged to plant perennial species to control dryland salinity 

but the decision process underpinning a change from annual to perennial systems is also 

driven by the need for economic advantage -which water balance models do not provide per 

se.  It has been suggested that the benefits of perennials for the prevention of salinisation 

and / or acidification will be of secondary importance to economic performance (Bathgate 

and Pannell 2002). Bathgate and Pannell (2002) point out that lucerne is profitable in 

suitable environments; however the catchment level problems require a greater level of 

voluntary adoption than is perceived to be economically viable at the farm level.  This again 

highlights the need to understand the impact of soil constraints on root growth, productivity, 

and the subsequent impact on the soil water balance across different soils within a 

catchment.   
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2.2 Description and quantification of the components of the 
water balance equation. 

To re-iterate, the first objective of this study is to use a simple water balance approach to 

assess the impact of perennial species in redressing the current hydrological imbalance 

occurring under existing agricultural systems.  Field measured components of the water 

balance allow estimates of water uptake to be calculated using the water balance equation 

(equation 1.1).  This provides data by which water balance modelling can be compared.  

Here some general comments are made on each of the terms in the equation. 

2.2.1 Precipitation  
Precipitation is an input parameter in the water balance that is easily obtained, either through 

on site rain gauges or nearby Bureau of Meteorology weather stations.  The most common 

method for measuring rainfall is using a tipping bucket rain-gauge as it provides an electrical 

pulse for data recording (Cornish and Green 1982).   However, tipping bucket rain-gauges 

are known to underestimate precipitation, particularly during high intensity events (Cornish 

and Green 1982; Seibert and Moren 1999; Molini et al. 2005).  Cornish and Green (1982) 

designed, tested and used a tipping bucket rain-gauge for the evaluation of shelterbelt 

design.  Tests showed that the adopted design measured rainfall with 2% accuracy for 

rainfall events from 1 to 69 mm/h in the field and 180 mm/h in the laboratory.   Seibert and 

Moren (1999) and Molini et al (2005) describe systematic mechanical errors creating a bias 

in estimate or 10 to 15% for rain rates higher that 200 mm/h.  The source of errors described 

include wind-induced limitations to catchment, wetting up of internal surfaces and losses due 

to evaporation.  All errors always give rise to underestimates.  Molini et al (2005) also 

describe losses during the process of tipping, which is a function of the time required for the 

bucket to complete it’s rotation.  A dynamic calibration is suggested since this error 

increases as rainfall intensity increases.   Seibert and Moren (1999) incorporated a wind 

shield in order to reduce errors in catchment, and a special weighing construction to reduce 

errors due to wetting of internal surfaces.  A 0.25 mm increase per rainfall event was 

attributed to the weighing system and up to 20% differences were observed between older 

style rain-gauges and the wind shielded type.  The wind shield effect was maximum (20% 

higher catchment) during low intensity events coupled with high wind speeds.   
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It is important to ensure interception losses are corrected for as the canopy significantly 

modifies the distribution of rainfall reaching the ground surface, of particular importance 

when considering native vegetation (Smettem 1998).  This thesis investigates the water 

balance of field crops and pastures by examination of changes in soil moisture content.  In a 

simulation study Finch (1998) found recharge estimates to be relatively insensitive to the 

vegetation canopy parameters for short vegetation but were sensitive to the forest canopy 

parameters.  This study does not involve forested systems, rather it investigates the water 

balance of annual crops and grazed annual and perennial systems whose canopy rainfall 

interception can be considered negligible and will not be discussed further.      

2.2.2 Runoff 
Runoff can be caused either through infiltration excess whereby the rainfall rate exceeds the 

rate of infiltration at the soil surface, or through saturation excess, whereby previous rainfall 

has saturated the surface horizon and further rainfall contributes to surface ponding  

(McFarlane et al. 1993).   Once surface detention stores are filled runoff will occur.  On soils 

that have developed a surface crust, or are non-wetting, infiltration excess is generally the 

causal mechanism.  Soils with a shallow A horizon overlying a heavy subsoil, or areas where 

groundwater is discharging tend to have runoff produced through saturation excess 

(McFarlane et al. 1993). 

Much of the wheat belt of Western Australia has low relief and it is claimed that many of the 

soils rarely produce runoff (Anderson 1992; Smettem et al. 1994; Yunusa et al. 1994).   

During summer it is possible for run-off to occur, generated by intense cylonic events  where 

the mechanism is infiltration excess (Hatton et al. 2003).  Hatton et al (2003) claim run-off 

has increased by a factor of 5 following clearing of native vegetation, however the levels are 

still very low.  In this study, runoff is not measured explicitly but can be assessed using 

physically-based water balance modeling.   

 

2.2.3 Evapotranspiration 
Evaporation from wet soil can be said to occur in two or three stages (Kutilek and Nielsen 

1994).  Wet soil initially loses water at a constant rate, which is determined by atmospheric 

demand. After the surface of the soil is sufficiently dry the rate of evaporation is determined 

by soil factors (Taylor et al. 1983). Kolasew (1941) is cited by Taylor et al (1983) as 
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describing a third phase, where losses are by vapour transport and therefore evaporation is 

very low, with the rate decreasing linearly with time. This phase is often not explicitly 

included in soil water balance models as the amount of water lost by vapour transport is 

quite small in most cropping systems.  

The first stage of evaporation is considered to be equal to the “potential evaporation” (PE) 

which is the maximum amount of water that can be lost per unit time.   Measuring the loss of 

water from an open pan and applying a pan factor correction (to account for different thermal 

and reflective properties of the pan compared to the surrounding soil) defines the upper limit 

for evaporative losses over a given time period.  This occurs for as long as the conductive 

properties of the soil are not limiting (Russell 1973).  During the second stage of evaporation, 

the rate of water supply to the soil surface declines so that the actual rate of evaporation falls 

below that of the potential.    The rate of evaporation during this stage of drying is controlled 

by the rate of supply of water to the plant roots –essentially the unsaturated hydraulic 

conductivity.   

There are two approaches to measuring evapotranspiration, either through a mass balance, 

or an energy balance.  The mass balance approach involves the monitoring of net gains or 

losses from the soil water store.  Intrinsic to this method, in field situations, is the assumption 

that runoff and deep drainage are negligible, or can be measured.  The accuracy of this 

method therefore depends on the accuracy of measurements of soil moisture and the field 

variability of such measurements (Smettem 1998).    The accuracy of the mass balance 

approach is also dependant on the accuracy of measuring precipitation as discussed in 

section 2.2.1. 

There are direct methods of mass balance measurements including the use of weighing 

lysimeters (Dunin and Aston 1981) although the validity has been questioned due to the 

artificial bottom boundary condition (Vereecken and Dust 1998).  

The energy balance approach is based on the requirement of energy to balance the incident 

net radiation at the earth’s surface.  The energy balancing this is observed through 

temperature changes (sensible heat flux – H); phase changes in water (latent heat flux – 

LE); conduction between the surface and deeper layers of the ground (Substrate/Soil heat 

flux – G); storage (S) and advection from the surrounding air (Marshall et al. 1996). 
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The energy balance equation is:  

SGLEHRn                                                                                            2.2.1 

Where:  

Rn  net radiation  

Generally, storage and advection are considered to be negligible, therefore the remaining 

equation partitions energy into sensible and latent heat, the ratio of which is known as the 

Bowen ratio defined by the following: 

LE
H                                                                                                                     2.2.2 

The Bowen ratio requires measurements of mean temperature and pressure gradients at a 

fixed height above the surface, with the sensible and latent heat obtained using the following 

equations. 
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Where: 

vL  latent heat of vaporisation 

e  Density of air 

E  Evaporative flux 

21 & zz  Heights of readings 

21 & ee  Water vapour pressure at each height 

21 & TT  Temperature at each height 

pC  Heat capacity at constant pressure 

vK  Transfer coefficient for water vapour 
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hK  Transfer coefficient based on wind speed and surface roughness 

Therefore, combining the above equations to solve for   the Bowen ratio can be defined by: 
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                                                                                           2.2.5 

The Bowen ratio technique has often been employed as a means for determining 

evapotranspiration over crops and pastures (Kalma et al. 1991; Asseng and Hsiao 2000; 

Todd et al. 2000; Ward et al. 2002)  When equipment is placed over a crop it is possible to 

determine actual evapotranspiration.  Temperature and vapour pressure gradients are 

measured using psychrometric techniques or through a cooled mirror dew point hygrometer.   

It has been observed, however that errors are large when the vapour flux is low and the 

available energy is high, as occurs in summer periods in a Mediterranean environment.   

Bowen ratio equipment was installed at the site of this study.  For periods when the data 

from Bowen ratio equipment was unreliable direct measurements (class A pan) were 

obtained from the closest Bureau of Meteorology weather station as will be discussed in 

section 3.4.   The Bowen ratio technique is less successful for short time intervals as 

conduction of energy as heat into and out of ground storage cannot be estimated with 

sufficient accuracy (Kutilek and Nielsen 1994). Evaporation data, for this study, were 

required on a daily basis where Bowen ratio techniques are considered sucessful due to the 

averaging of these factors (Kutilek and Nielsen 1994).   

2.2.4  Drainage 
Drainage is also a negative component of the water balance equation in that it is water lost 

from the system, generally taken as water that has moved out of the root zone or from a 

notionally set depth dependant on the vegetation type (Ridley et al. 2001; Ward et al. 2001; 

Ward et al. 2002; Ward et al. 2003).  The depth of the root zone varies with crop species 

therefore the capacity of the storage reservoir is greater for deep rooted crops.   Drainage of 

water out of the root zone is potential groundwater recharge which ultimately leads to rising 

water tables and the possible associated increase in surface salinisation through 

mobilization of salt stores within the soil profile.  Constraints to root growth and consequently 

root depth have been shown to reduce the size of the available water store and thus 

increase the risk of drainage occurring (Murphy and Leys 2004). 
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The amount of water draining from the root zone, quantified by rearranging  the water 

balance equation (Equation 1.1 => WETQIPD  ), of Phalaris-based 

pastures as compared to annual pastures and wheat-lupin rotations was reduced due to the 

deeper rooting characteristics and the longer growing season (Dolling 2001).  Similarly the 

deeper rooting habit combined with active summer growth of lucerne has been found to 

significantly reduce drainage beyond the rootzone near Katanning, Western Australia (Ward 

et al. 2001) (Dunin et al. 2001) and on the Riverine Plains of Victoria (Ridley et al. 2001). 

Deep drainage can also be quantified using a chloride mass balance approach which 

assumes the only source of chloride to be from rainfall, subsequently the long term average 

flux of chloride below the root zone will be equal to the average flux of chloride from rainfall 

(Allison and Hughes 1983).   

2.2.5 Change in water store 
Changes in the water stored within the soil profile can be detected through measurement of 

soil moisture content, and calculated over the depth of the root zone.   The soil moisture 

content can be measured directly by destructive sampling of the profile and oven drying at 

105oC for 24 hours, or until weight is constant.  Replicated sets of samples are required due 

to the large variability over small depths (Slatyer 1967).    This requirement enhances the 

destructive nature of sampling for soil moisture analysis.   

The presence of gravels in the soil (considered as any particulate matter greater than 2mm 

diameter) is common across the Western Australian Wheatbelt and can complicate the 

determination of moisture content.  There is an assumption that the moisture content of the 

stone fraction is generally significantly less than that of the surrounding fine material, 

therefore the greater the proportion of stones, the lower the moisture content measured by 

usual methods.  The assumption of stones containing no appreciable quantities of moisture 

may not hold true for minerals  other than quartz, that are in various stages of weathering 

(Coile 1953).  It has been  suggested that correcting for gravel by removing stones and 

deducting their weight from the total soil weight and the weight of moisture in the stones from 

the weight of moisture in the sample, gives a  reliable gravimetric moisture content (Reinhart 

1961).  If the bulk density is known, the value can then be converted to a volumetric basis.  

The proportion of stones in each sample varies greatly, therefore the variability of moisture 

content increases, necessitating an increase in sample replications.     
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Determining the bulk density of gravelly soils also poses difficulties since core sampling 

techniques can introduce bias, either through avoidance of stones or through compaction by 

stone inclusion.  Methods for the determination of bulk density of gravelly soils have been 

reviewed (Page-Dumroese et al. 1999) with soil excavation using polyurethane foam for 

volume determinations being claimed as the simplest method with low standard errors.  A 

nuclear moisture-density gauge provides an instantaneous measure but a correction is 

required for the presence of stones.  The destructive nature of sampling and the number of 

samples required for moisture monitoring has lead to considerable development in non-

destructive, indirect, techniques for the determination of soil moisture content.   

The neutron scattering technique has seen wide spread use as an indirect method for 

measuring soil moisture contents (Tennant 1976; Nulsen et al. 1986; Yunusa et al. 1992; 

Hoffmann et al. 2003; Murphy and Leys 2004).  The presence of a radioactive source in the 

neutron probe necessitates licensing for operation and transport of the unit and this involves 

significant course work for users.  Less cumbersome approaches are now in use and being 

developed utilizing the electromagnetic properties of soil.  Moisture contents are obtained by 

inference from calibration since the dielectric constant of water is significantly larger than that 

of mineral particles (Topp et al. 1980; Starr et al. 1999).  Dielectric properties can be 

measured using either transmission line techniques, or capacitance techniques (Gardner et 

al. 1998).  Time Domain Reflectometry (TDR) is a transmission line technique in which a 

microwave pulse travels down a waveguide (transmission line) and is reflected back to the 

origination point at a rate that is dependant on the dielectric constant of the surrounding 

material  

2.3 Plant species effect on the water balance and soil 
properties 

The ability of plants to influence soil properties and the water balance has been well 

documented, particularly in respect to increased dryland salinisation through removal of 

native vegetation (Nulsen et al. 1986; Greenwood et al. 1992; Kennett-Smith et al. 1994; 

McFarlane and Williamson 2002). Increased run-off has also been attributed to the removal 

of native vegetation.   

Lucerne (Medicago sativa) has seen a revival in popularity with the need to find plant-based 

solutions to the hydrological imbalance existing under annual systems.  One property in the 
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south west of Western Australia is reported to have increased plantings of Lucerne from 20 

to 800 hectares (Bee and Laslett 2002) claiming that perennial cropping systems are 

currently unavailable for dryland Mediterranean climatic regions, and that perennial pastures 

are considered the only option.  It is estimated that there has been an increase of 

approximately 30 000 hectares in southern Western Australia, sown to Lucerne in recent 

years (Latta et al. 2002).  

There have been observed increases in biomass over the summer period from Lucerne 

pastures due to the ability to utilize summer rainfall events (Dunin 2002; Latta et al. 2002). 

Lucerne has been shown to exhibit greater root survival following deep ripping, enhancing 

the  ability of roots to extract greater quantities of water (Brouer and van de Graaf 1988).    

The deeper rooted Lucerne crop has been shown to reduce water contents for 18 months 

(Angus et al. 2001), However, in their study,  rainfall events over  the winter period of 1995 

and 1996 produced an increase in moisture content under lucerne with no apparent 

increases under annual pasture.  Several explanations for this are given, one of which is the 

possible run-off and drainage from the annual pastures.   Assuming the water content under 

the annual pastures approached field capacity prior to the winter rainfall events it is feasible 

that excess water would be lost from the system as there would be little capacity for storage 

within the soil profile.   The greater evaporative demand over summer is utilized by actively 

growing lucerne when annual cropping systems would normally be under fallow.  The 

differences in water use are more apparent during this period (Dunin et al. 2001; Dunin 

2002). 

Lucerne has been shown to control a saline seep with the observation of a perched water 

table receding within one year of establishment (Halvorson and Reule 1980).  This paper 

also notes that Lucerne removes less water as the salinity of the soil solution increases.   

Shallower root growth of lucerne in the Victorian Wimmera region (compared to other 

studies) has lead to the suggestion that Lucerne has only moderate tolerance to soil salinity 

since at this site the salinity was considerable at depths below 2 metres (McCallum et al. 

2001).   

Soil acidity is also considered a severe constraint to growth of Lucerne partially due to 

reduced nodulation at pH(CaCl2) levels below 5.5 (Delavechia et al. 2003).  These constraints 
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to root growth are likely to have a significant impact on the degree to which this species can 

control groundwater recharge.   

There have been mixed findings with respect to crop yields in the years subsequent to 

Lucerne, with most observing a greater ability for the roots to penetrate inhospitable 

subsoils.  One study found wheat yields were higher in the season following lucerne (Latta et 

al. 2002). However, a simulation study implied a yield penalty for wheat and Canola would 

be the consequence of reduced available water (McCallum et al. 2001).  This result was not 

supported by field observations.  Similar results were found in Western Australia where  

wheat roots were assumed to have used channels in the subsoil that had been opened by 

lucerne in the previous season.  This effect, however was short lived and it was assumed 

that the root channels closed within one season (Ward et al. 2002).   Clay pan soils in 

Kansas have been improved with the use of Lucerne’s ability to penetrate the pan and open 

up root channels for subsequent crops (Grecu et al. 1988b).  

2.4 Water balance modelling 

2.4.1 Why use models 
Computer simulations of the soil water balance and plant growth are not only used for 

research but have value as management decision support tools.  When combined with 

experimental work they can be used to investigate the impact of variables that would 

normally be out of the researchers control, such as rainfall, or for comparing a number of 

possible scenarios (Connolly 1998).   In the context of this study, water balance models are 

used to provide an insight into the impact of soil constraints to root growth.  Such reduced 

root growth is likely to have a significant effect on the quantity of water used by any crop or 

contributing to deep drainage below the root zone.   Understanding the constraints to root 

growth allows the water balance model to become a valuable tool in matching crop choices 

to specific soil types and climatic regions.    

A Water balance model then provides a means by which the third objective of this study is 

achieved, since values for modelled water uptake can be compared to those derived from 

field measured components of the water balance. If field measured values are closer to 

those derived from model scenarios using constraints to root growth than to those derived 

without constraints, it can be concluded that the water uptake at the Gabby Quoi Quoi site 

has been limited by hostile soils imposing a constraint to root growth. 
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.    

2.4.2 Types of water balance models 
Models can be grouped or classified according to the means by which physical processes 

are represented.  Stochastic models incorporate a random component, consequently the 

results are given in terms of probability distributions, with a range of likely results.   

Deterministic models, on the other hand, produce single results from a given set of 

parameter values.  Functional models use simple functions that have been derived 

empirically or are loosely based on physical processes, with key components of the moisture 

characteristic represented by values for saturation, the drained upper limit and the lower limit 

or “wilting point” and water redistribution occurs as a consequence of storage availability 

(Connolly 1998).  The more complex mechanistic models closely describe the physical 

processes with specific functional forms of the moisture characteristic and flow equations 

(Connolly 1998).  The flow of water in mechanistic models is based on solving Richards 

equation (Equation 1.4). Models can be further divided in terms of how spatial variability is 

handled.  Lumped models do not represent spatial variability, and are therefore used for plot 

or point scale simulations.  Distributed models represent spatial variability through the 

definition of parameters over uniform landscape elements or cells (Connolly 1998).   

2.4.3 Obtaining input requirements for water balance models 

2.4.3.1 Saturated Hydraulic conductivity 
Saturated hydraulic conductivity is the rate at which water flows through a saturated porous 

medium under a unit hydraulic gradient, as opposed to Cumulative infiltration which is 

defined as the volume of water  that has infiltrated into a known area over time.  There are 

several documented methods for determining these parameters, both in the field and in 

laboratory with repacked cores.   

The borehole permeameter, also known as the Guelph permeameter (Reynolds and Elrick 

1983) is a field technique shown in  the following diagram. 
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Figure  2.4.1 Borehole  or Guelph permeameter 

 

The borehole permeameter is useful for measuring the subsoil infiltration and hydraulic 

conductivity above a water table.  The bubbling tube through the stopper serves to maintain 

a constant water level (H).  By measuring the drop in water in the large tube through time, 

and converting this to a volume in cm3   from the radius of the tube, the following equation 

allows the calculation of saturated hydraulic conductivity (Ksat). 

22 HqCK s                                                                                                         2.4.1 

Where  

C  was obtained through numerical modeling and is essentially a geometric shape factor 

(Reynolds and Elrick 1983). 

sK  Saturated hydraulic conductivity 
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q  Volume flux of water 

H  depth of water in the hole 

r Radius of the hole 

This analysis assumes that the flow through the walls is negligible compared to flow through 

the base of the hole and that capillary uptake is also negligible. 

The method is particularly attractive for field use because the soil remains relatively 

undisturbed around the borehole and a relatively small volume of water is required to 

complete the test. Care must be taken to ensure that the wetted region remains within a 

particular soil horizon. In sandy soils a liner such as shade cloth can be used to prevent 

collapse of the hole on wetting. In clay soils smearing of the walls can be a problem that 

requires use of a spiked roller tool to overcome (Reynolds and Elrick 1983).  

An alternative method for determining the saturated hydraulic conductivity for surface soils is 

to use a ponded ring apparatus (Reynolds and Elrick 1990) as shown in Figure 2.4.2 
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Figure  2.4.2 Ponded ring infiltrometer 

(Reynolds and Elrick 1990) provide a solution that includes a shape factor to account not 

only  for the spread of water from a circular source by capillarity as well as through gravity 

but also for the depth of ring emplacement.  

  sms
e

s krHK
G
r

Q 2                                                                              2.4.2 

Where eG  was determined empirically as: 

184.03169.0 







r
d

Ge                                                                                           2.4.3 

d  depth of insertion (mm) 

r  radius of ring (mm) 
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sQ  Volume flux rate (mm3s-1) 

sK  saturated hydraulic conductivity (mms-1) 

H  Head of ponded water (kept constant by supply tube) (mm) 

 m  soil matric flux potential = 


2bS
 (mms-2)                                                   2.4.4 

b  constant taken as 0.55 

S  Sorptivity (mms-1/2) 

 Change in water content between start and finish (vol/vol) 

 

In order to adequately model water movement it is particularly useful to have measurements 

or estimates of the unsaturated hydraulic conductivity.  A disc permeameter method for 

determining this in field situations was developed (Perroux and White 1988).  It allows for the 

measurement of sorptivity and near-saturated hydraulic conductivity at prescribed water 

potentials (or suctions) in the near saturated range.  The disc permeameter is shown in 

Figure 2.4.3.   
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Figure  2.4.3  Disc permeameter Z1 is the applied suction and Z2 is a positive pressure. Therefore, the 

applied suction, h, experienced by the soil surface is Z1-Z2. Note that if a layer of contact sand is used 

between the disc and the soil surface the depth of the contact sand contributes to Z2. 

 

The proposed equation solving for the above apparatus is: 





 

r
K

r
Q c





4

1
2

 (Wooding 1968)                                                                2.4.5 

Where: Q  Volume flux rate (mm3s-1) 

K  difference in hydraulic conductivity at initial and supplied potentials (mmhr-1) 

c  macroscopic capillary length scale parameter  

The above equation contains two unknowns therefore a macroscopic capillary length scale 

parameter and the matric potential using the sorptivity term (from early time readings) were 
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defined assuming KK   and 2
c

r


 (White and Sully 1987) thus the equation 

became: 

 


rr

S
K

r

Q 2

2
2.2                                                                                           2.4.6 

Equation (2.4.6) can then be easily rearranged to solve for K. 

2.4.3.2 Water retention properties  
The relationship between water content and suction is known as the water retention curve or 

the moisture characteristic.  Techniques for determining this relationship are available both 

for field and laboratory conditions.  Measurement of soil suction (tension) in the field can be 

through the use of a tensiometer, which is a column of water in direct contact with the soil via 

a ceramic cup as shown in Figure 2.4.4 For tensions above the range of the tensiometer 

(about –700 cm) intact cores are generally collected and analysed in the laboratory with 

pressure plate apparatus, to achieve a full range of tensions up to -15000 cm water.  This is 

the method preferred for this project and is discussed in more detail in chapter 7. 
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Figure  2.4.4 Ceramic cup Tensiometer 

By monitoring soil moisture content and tension simultaneously following free drainage from 

saturation it is possible to obtain a functional relationship between soil tension and water 

content (Wu et al. 1990).  The hydraulic parameter relationships, either suction as a function 

of moisture content or conductivity as a function of moisture content, have been shown to 

follow various functional relationships.  One widely used functional relationship is that of van 

Genuchten  (1980): 
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The hydraulic conductivity is then related to the water retention curve by: 
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                                                              2.4.10 

Where: 

  current moisture content 

r  residual moisture content 

s  saturated moisture content 

h  pressure 

gh  bubbling pressure 

K  hydraulic conductivity 

sK  saturated hydraulic conductivity 

 , n ,and m  are empirical constants affecting the shape of the curves.   ‘n’ is described as 

a dimensionless parameter determining the rate at which the curve turns towards the 

ordinate for large negative values of h, thus reflecting the steepness of the curve (Wösten 

and van Genuchten 1988).   

The theoretical pore size distribution model of Mualem (1976) places restrictions on the 

value of m such that the product of n and m be constant at: 

n
m

1
1                                                                                                                    2.4.11 

The similar model of Burdine (1953) limits the value of m such that: 
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n

m
2

1                                                                                                                   2.4.12 

The restrictions on m, noted above, fix the shape of the water retention curve at the wet end. 

Brooks and Corey (1964) proposed the following models for the water retention curve and 

hydraulic conductivity function: 

     hrsr 1h                                                                            2.4.13 

s  1h                                                                                                      2.4.14 

and  



















rs

r

sK

K
                                                                                                     2.4.15 

Where: 

  current moisture content 

r  residual moisture content 

s  saturated moisture content 

  empirical parameter, inverse of which is equal to the air entry point or bubbling 

pressure.   

  pore size distribution parameter 

K  hydraulic conductivity 

sK  saturated hydraulic conductivity 

  scaling parameter 

The program, RETC, is a non-linear least squares optimisation program for automating 

lengthy calculations to obtain the above water retention parameters by  minimising the least 

square error between estimated and measured values on the curve (Yates et al. 1992).    

The functions of Brooks and Corey or vanGenuchten (with Mualem or Burdine restrictions) 

can be used by this programme to mathematically describe the water retention curve.   
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2.4.4 Root water uptake functions 

2.4.4.1 Root water uptake theory 
Again, taking Richard’s equation as the point of departure, for one-dimensional flow in the 

absence of a water source or sink this has the form: 
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Now plant water uptake by roots is incorporated by simply adding a volumetric sink term so 

that the equation becomes: 

 tzS
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                                                                                         2.4.17 

 S z t,  described as the “sink term” is the important term with respect to plant water uptake 

(Ross 1990a).  This term is approached from two different perspectives in the literature: 

either a microscopic viewpoint considering uptake by individual roots; or a holistic viewpoint, 

considering the root system as a single unit.  

2.4.4.2 Individual roots as a line sink. 
Much of the pioneering work on plant water uptake was by Gardner, 1960 and 1964 (Clothier 

and Green 1997).  Gardner (1960) considers root water uptake to be a line-sink, due to the 

small radius of a single root, which has a strength q per unit length of root.  Water in bulk is 

taken as the reference state of zero energy; the potential energy is then negative.  If 

expressed as energy per unit volume of water, the dimensions are those of pressure and the 

negative sign is omitted.  In the plant this pressure is called the diffusion pressure deficit 

(DPD) or the suction tension, and in the soil it is termed soil suction.  The absolute value of 

DPD increases with decreasing potential energy as water moves from lower to higher 

suction.  In order for water uptake to occur the soil water must be in contact with the root at 

lower suction than that in the root.  If water was continually taken up the soil suction would 

eventually increase and uptake would cease, however a gradient then exists for water in 

surrounding soil at lower suctions to move to the region of the root.   To summarize, water 

moves from surrounding soil to the root surface, then into the root moving radially through 

the epidermal cells, through cortical cells, the endodermis, pericycle and into the xylem 

elements.  Once in the xylem cells, water moves longitudinally to the leaf where it then 

evaporates through the stomatal pores into the atmosphere.  Longitudinal flow is closely 
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related to the transpirational flux and therefore is assumed to have negligible resistance, 

particularly when compared to the magnitude of resistance to flow observed in the soil and 

crossing into the root (Glinski and Lipiec 1990).  At each stage the resistances to flow can be 

described with an electrical analogue, with each resistance incorporated in series.  

Gardner (1960) considered plant water uptake, via the roots, by consideration of individual 

roots as a line sink. Water moving towards the root region must obey the flow equation.  For 

an individual root Gardner gives the flow equation as: 
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  volumetric water content 

D  diffusivity 

t  time 

r  radial distance 

For maintenance of a constant rate of water movement to the plant, the initial and boundary 

conditions are: 

  0  

  0  Where 0  is the soil suction corresponding to water content, 0 . 

t  0 
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 ,       r a                                                               2.4.19 

a  radius of the root 

k  capillary conductivity 

q  rate of water uptake by the root. 

D  and k  vary significantly with water content making equation 3.4.19 difficult to solve, if it is 

assumed D  and k  are constant, it is possible to solve 3.4.19 in terms of   or   

The root is considered here, as a line source or sink, due to their minimal radius, of strength 

q, thus: 
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ln                                                                             2.4.20 

  Euler’s constant =0.57722 

Equation 2.4.20 provides a distribution of    (and  ) for all radial distances ( r ) not just 

r a    

The rate of uptake of water from a given soil volume is proportional to the effective length of 

roots in that volume and the capillary conductivity, and the difference between the average 

soil suction at the boundary between the root and soil.  Under conditions of uniform suction 

throughout the root system the rate of uptake from regions of high root density would be 

higher than from regions of low root density, assuming uniform initial water content. 
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 L = suction in the plant leaves 

 s  average soil suction 

L   effective root length per unit volume of soil 

m  a constant 

R  sum of the resistances to water movement in the soil, entry into the root, and movement 

in the plant. 

When the soil is at an initial moisture content, suction increases as water uptake occurs.  so 

the rate of change in moisture content at each depth adjusts so as to maintain a constant 

transpiration rate as determined by the potential evapotranspiration.  Consequently L  

increases to some limiting value.  Due to the unknown dependence of, L  on time, equation 

2.4.21 is difficult to solve.  An electrical analogue offered Gardner the simplest means of 

obtaining a solution.  When  L  changes slowly enough it can be taken as constant, 

therefore Gardner was able to simplify equation 2.4.21 to: 

 mLtZg ,                                                                                                      2.4.22 
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If   is plotted againstmLt , one curve describes the water extraction pattern at all depths.  

Using the above 2 equations it is possible to predict the extraction patterns from various 

crops as a function of root distribution, depth of wetting and soil profile characteristics.  

Gardner (1964) extended this theory with the recognition of the need to integrate soil suction 

over the entire root zone, in order to understand water availability to plants, and the 

subsequent plant growth responses.  The theory is based on the assumption that that the 

rate of water movement from the soil to the root is proportional to the difference between the 

free energy of the water in the root and that in the soil.   
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w  volume of water taken up per unit time, per unit volume of soil. 

   suction, or diffusion deficit in the plant roots 

  average matric suction in the soil (can be replaced by total suction in order to include 

the osmotic component – assumed negligible in this paper) 

I p  impedance to water movement in the plant roots 

I s  impedance to water movement in the soil 

I p  is assumed to be negligible here as it is much smaller than I s .  Therefore it can be 

assumed that the suction or diffusion deficit is the same throughout the root system at any 

given point in time.  I s  is taken to be inversely proportional to the unsaturated conductivity of 

the soil, and to the density of the root system, therefore: 

BKL
I s

1
                                                                                                                   2.4.24 

B  a constant 

K unsaturated hydraulic conductivity of the soil 

L  length of roots in the unit volume of soil. 

He then divided the soil into discrete layers, therefore for the ith layer: 

 w Bh z k Li i i i i                                                                                            2.4.25 
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wi   rate of water uptake per unit cross section of a layer of soil 

  suction or diffusion deficit in the plant roots 

   average matric suction in the soil 

h  thickness of the soil layer 

Z i distance from the soil surface to the centre of the layer 

The total rate of water uptake, q, per unit cross sectional area from n layers of thickness h is 

obtained by summation of wi  from i  1 to i n , by: 

 q w Bh Z k Li i ii

n

i

n

i i   
   

11
                                                              2.4.26 

Gardner (1964) used this equation to calculate a theoretical uptake pattern.  In order to 

achieve this an effective root distribution was required, which was obtained by fitting 

theoretical curves to actual data.  The observed rate of water use was substituted for each 

20 cm increment, as well as other required parameters, and solved for Bh.  He found the 

water uptake pattern is most sensitive to the relative root distribution, less to soil properties 

and insensitive to total water uptake rate, and the total extent of the root system.  The actual 

roots were found to be much higher in the soil profile than as calculated from the extraction 

pattern.  The root distribution was made to fit the uptake pattern from a short period of time.  

Gardner concluded that an assumption of impedance to flow in the roots being negligible 

may be incorrect, those roots below 60cm with diameters less than 0.2mm may have offered 

considerable resistance to flow.  As the soil dried, K decreased and the suction in the plant 

increased and water movement through these smaller roots became relatively more 

important.  Ogata et al. (1959) found similar results with lucerne.  The overall conclusion 

here was that at greater depths, I p  should not be neglected. 

Rose and Stern (1967) believe water withdrawal can be calculated as a function of time 

using an equation derived from water conservation and flux considerations only.  
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I  Irrigation or precipitation rate 
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E  Evaporation rate 

rz  rate of decrease of volumetric water content at any depth due to withdrawal by roots 
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R r dz z z

z
 0                                                                                                       2.4.29 

Nimah and Hanks (1973a; 1973b)  followed the work of Gardner in the production of a model 

of plant atmosphere relations, which was tested with lucerne.  

 A z t,  is the root extraction term in the equation: 
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Defined by: 
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H root  Effective root water potential at the surface 

PRES  Root resistance term  1 Rc  

Rc  Flow coefficient assumed to be 0.5 

h z t( , )  Soil water pressure head term 

s z t( , )  Osmotic potential term 

RDF z( )  Proportion of total active roots in the depth increment. This will change with time 

but here the short time period under consideration allows assumption of no change. 

K( )  Hydraulic conductivity 

x  distance between plant roots {at point where h z t( , ) and s z t( , ) are measured 

(arbitrarily taken as 1)} 

z  Depth increment 
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Multiplying PRES with z accounts for gravity term and friction losses.  Root water potential is 

higher at depth z than at the surface. 

It has been recognized that the entire root system, represented diagrammatically in Figure 

2.4.5, is too complex to handle individual line sinks.  However, the valuable insight Gardner 

gave into the local controls on q has been recognized (Clothier and Green 1997).  Individual 

sinks (q) need to integrate to Q as illustrated in Figure 2.4.5.  The sum of qs (multiplied by 

the length of the root segment to give a volumetric flux) gives Q, which is related to the bulk 

suction of the soil of the root zone (Denmead and Shaw 1962).  In order to integrate from q 

to Q there has to be understanding of form and function of the roots.   

 

 

 

Figure  2.4.5 Individual roots as a line sink must integrate to Q 

 

The functions incorporated into the model SWIM, (Ross 1990b) treat the system as a whole 

(Campbell 1985).  An electrical analogue is also utilized with a series of resistances and 

potentials, considering it useful to have a measure of resistance per unit length of root 

included with estimates of root density to find the resistance to water uptake for any soil 

layer.  This resistance is to water entering the root, not transport within the root, axial 

resistances are again assumed to be negligible.  Resistance to water uptake in any soil layer 

is inversely proportional to the length of the root in that layer.   

q 

q 

Q 
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 r  resistance per unit length of root 

Li  density of the root system in the layer 

z =depth of layer 

(Gerwitz and Page 1974) define Li  as a function of depth by: 

 L L azi i 0 exp                                                                                                      2.4.33 

L0 = Rooting density oat the surface 

a   reciprocal of depth at which Li  is 63% of L0  

By integration: 
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Resistance of soil water flow to roots is determined by, K, RLD, and the water uptake rate.  If 

the rate of water uptake by a cylindrical root is q (kg/s) then: 

q
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 r  radial distance from the centre of the root 

rlareaA 2  ( l  length of root) 

k  unsaturated hydrualic conductivity. 

Integrating from the root surface, r , to a distance rz  representing mean distance between 

roots gives: 
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Water uptake per unit length of root can be related to the root density, soil depth and water 

extraction rate by: 
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E i  Uptake rate from the soil layer,i, 

Mean distance between roots: 
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Equation 3.4.39 predicts the maximum rate at which water can be taken up by the plant. 

If  ri   , k ri  would approach 0 and E
k
Bi

si

i

   (constant for a given soil water potential) 

Soil resistance to water uptake is: 
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The transpiration rate must be equal to the sum of the rates of water extraction for each of 

the soil layers. 

E Ei , so 
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Rs  Resistance to flow through soil to root. 

Rr  Resistance crossing from soil into root. 
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2.4.4.3 Holistic approach 
 Other authors have chosen to adopt a more simplistic function in determining root uptake, 

all following the work of Feddes, who views plant water uptake as a function of potential 

energy and rooting depth, without consideration of resistances to flow within the soil and into 

the root (Feddes et al. 1974).  The root uptake is simply distributed throughout the profile in 

relation to a maximum rate of root uptake, Sm, modified by , that is depth and suction 

dependent (Feddes et al. 1976). 
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                                                                                                        2.4.43 

   S z t S zm, ,                                                                                                  2.4.44 

Instead of determining the effective root density function (due to the difficulties in this), 

Feddes considers water uptake by roots to be a function of the matric potential ( ). The 

function has reductions at a fixed anaerobiosis point and at wilting point, and water uptake is 

assumed to be maximal between the two limiting points.  

The integral of the sink term over the rooting depth gives the actual transpiration. 
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3
maxSS                                                                                         2.4.45 

Where: 

  Current matric potential 

2  Matric potential at anaerobiosis 

3 Matric potential at wilting point 

maxS  Maximum root water uptake 

 

   
maxS

S 
                                                                                                     2.4.46 

Substitution of 2.4.46 into 2.4.43 gives: 
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0

max                                                                                              2.4.47                                          

for unit time (e.g. one day) Smax is taken to be constant therefore 2.4.47 becomes 

 E S dzpl
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 max  
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                                                                                               2.4.48 

When transpiration is maximal, E pl  (actual) equals E pl
  (potential) and     1  so 
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Rooting depth Lr corrected using a reduction function L Lr Lreff
na    therefore the sink 

term becomes: 
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Water balance models use root water uptake functions either to predict transpiration water 

losses or to predict the water status of the plant or crop, or both.  The water uptake terms 

follow either of the above theories.  SWIM (Ross 1990b) uses root water uptake functions 

based on the equations of Campbell which were developed from Gardener, however each 

layer is considered individually, so that  the transpiration rate of a layer i is given by: 
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   (cm3 water / cm2 soil / h)                                                                2.4.51 

Where: 

soi  soil matric potential in layer i (cm water) 

x  xylem potential (cm water) 

siR  soil resistance of layer i (h cm2 soil/cm2 water) 

riR  root resistance of layer I (h cm2 soil/cm2 water) 

SWMS (Simunek et al. 1995), the water balance component of “rootmodel” (Somma et al. 

1997), uses water uptake functions based on Feddes et al (1976).   .    
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 The model EPICphase: (Cabelguenne et al. 1999), was developed for irrigation 

management.  Water uptake is based on the depth and pattern of rooting.  A parameter,  , 

allows for a conical or cylindrical root pattern with depth, controlling the pattern of extraction.    

Other models have developed their own uptake terms with the theoretical basis originating 

from that of Gardner or Feddes (De Jong and Bootsma 1996; Doussan et al. 1998; Zhang et 

al. 1999).  The model SHE allows for three different approaches to water uptake, two of 

which have vegetation only limiting actual evapotranspiration and the third is limited only by 

the resistance of the soil to water movement (Abbott et al. 1986a; Abbott et al. 1986b).  This 

is achieved through the aerodynamic resistance to water vapour transport term:  In the first 

option this term is constant for each vegetation type; in the second it is varied as a function 

of soil water pressure and vegetation type, and; in the third option the term is set at zero so 

that the ratio of actual to potential evaporation is a linear function of pressure.   

2.4.5 Root growth 
Root growth and root water uptake are important parameters in defining the 

evapotranspiration term for water balance models, but are probably the most poorly 

understood.   The issue of physical and chemical constraints potentially limiting plant root 

growth and consequently plant water uptake are investigated here to provide a background 

by which a site assessment can be carried out.  A survey of the field site provides a 

framework by which to account for the physical constraint of soil penetration resistance and 

the chemical constraint of low pH into modelled predictions of root growth.   These 

predictions of root growth can then be incorporated as input parameters into water balance 

models.   

2.4.5.1 Current approaches to root growth in water balance models 
Root depth and or distribution with depth are important input parameters in water balance 

models.  Such models then “grow” the roots  based on a given prescribed growth curve, for 

example the sinusoidal growth curve used in SWIM (Ross 1990b).  The model incorporates 

a simplistic plant growth model to allow for the increases in leaf area and root length density 

over time as would naturally occur during a crop’s growing season.  SWIM requires two 

points on the growth curve to be given by the user.  The model then assumes sigmoidal 

growth between the points, both for above ground growth and below ground growth (roots) 

according to the function: 
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Where a and b are calculated from the two stated points on the growth curve.  The 

subsequent growth function can look like either of the following: 
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Figure  2.4.6Curves simulated in SWIM, for both above and below ground vegetative growth 

The growth function on the right hand side occurs when the second point stated for the 

growth curve is lower than that given at an earlier time.  When not using tabulated root 

length density data, a depth constant is required.  This is the depth at which the root length 

density falls to 37% of that at the surface.  The model SWATRE (Feddes et al. 1993) uses a 

similar S shaped curve, but also allows for user specification of rooting depth at given times.  

Mathur and Rao (1999) cite a sinusoidal growth function of Borg and Grimes (1986) is cited 

by, which was derived from extensive regression analysis.   

Decrease in root length density (RLD) with depth is very common. RLD is often described 

with a decreasing exponential model (Gerwitz and Page 1974).  SWIM version 1.1 assumes 

root length density decreases exponentially with depth unless actual root data is entered as 

a tabulated data set.  If root data is entered in SWIM in a tabular format, the root length 

density is assumed to be linear between the stated depths.  There is evidence to support this 

theory, for example, the fine root density of lucerne was found to show typical exponential 

distribution with depth (Rechel et al. 1990). 

In SWMS (Simunek et al. 1995) rooting depth is an input parameter and is assumed static at 

this depth for the simulation.  Since the model uses a stress reduction function based on 

depth of rooting only for water uptake, there is no requirement for root length density with 
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depth.   Both SWMS and HYDRUS contain a multiple variable for user specification of 

rooting depth at given times, with a linear interpolation in between these specified times. 

2.4.6 Measurement of root growth 
Mackie-Dawson describes a number of methods for the observation and or measurement of 

root growth (Mackie-Dawson and Atkinson 1991).  The methods described are grouped into 

direct sampling methods, observation methods and indirect methods, with the claim that 

there are no field methods for observation of roots that don’t require some form of soil 

sampling or installation of in situ viewing surface in the soil. Soil sampling methods can 

include several techniques involving removal of either the entire root system, or part of the 

system.  The profile wall method involves digging a trench to allow observation and 

recording of partially exposed roots.  This method is described as suitable for stony soils and 

also allows observation of the effects of soil type on root growth.  Several authors are cited 

that have used this method to determine root length density on the assumption that roots 

present in the profile wall go back into the soil for at least the length exposed.  Monolith 

methods involve removal of whole or part of the soil within the root system volume.  The 

roots can then be removed by sample washing, or held near to original position by a series 

of pins.  Soil coring differs from monolith methods only in the size of sample that is removed.    

It is a commonly used method for root measurement as it allows for repeated sampling in 

plots of limited size.  There are many methods of coring with all methods allowing for the 

sample to be divided into varying depth zones and roots removed by washing on sieves.  

Once roots are separated from the soil, root length can be measured directly.  Roots can be 

placed on graph paper and measured directly or the number of intersections between roots 

and a random or regular pattern of lines can be determined and converted to length by the 

method of Newman (1966), which was later modified by Marsh (1971) and Tennant (1975) 

(all cited by Simpson et al (1977)).  Root scanner development has allowed for automation of 

the process of root length measurement.  Roots are spread on a rotating turntable, which is 

traversed by a light beam and a light detector.  Root interruptions to the light beam are 

converted to length as a direct readout.  High resolution scanners and image analysis can 

also be employed for determinations of root length, usually requiring small clean samples, 

with the size determined by the size of the field of view.  Roots can be digitized using 

C.MAP.ROOT, on the basis of the above Newman theory (Goins and Russell 1996). 
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Mackie-Dawson describes observation methods as those involving the insertion of a viewing 

surface of varying sizes and shapes, into the soil, such as rhizotrons, which are below 

ground constructions with windows for viewing the soil surface.  It is important that the 

surface does not interfere with or promote root growth.  If this condition is not met, 

transferring data into three dimensions (as in root length density) cannot be done, however 

growth rates and longevity can be determined.  The surface must also be large enough to 

cope with inherent variations.  Information must be available as to the volume of soil being 

sampled by the observation surface, to allow for conversions to root length density.  This 

varies with each species and can be calculated according to the cited method of Atkinson, 

(1985). Minirhizotrons, glass tubes inserted into the soil, can allow for video taping or time 

lapse photography of the growing roots.  Quantification of root length with these methods is 

more difficult as the image remains 2 dimensional.  Generally it requires recording of the 

number of roots contacting a surface at a given time.  Counting the first contact should 

negate problems with interference of the surface on root growth.  The calculation method 

was devised by Head (1966), and is numerically identical to that of Newman (1966), in that a 

grid may be inscribed on the surface of the tube or window (Mackie-Dawson and Atkinson 

1991).  Generally there is an intercept included in the equation as zero intersections do not 

necessarily indicate a lack of roots.  Micro-rhizotrons are of a smaller diameter and growth is 

visualized with a boroscope (Atkinson 1989) sampling a very small volume, with equation 

2.4.53 used to calculate root length density 

 LT=2n   (Grecu et al. 1988a)                                                                                        2.4.53  

Where: n is the number of roots per unit area  

LT is the total probable mean length per unit volume.  

 Indirect methods involve making measurements related to the root functioning, rather than 

measuring actual roots, specifically this can be the supply of water or nutrients to other parts 

of the plant.  By looking at the water depletion at varying soil depths or by observing the 

uptake of stable or radio-isotopes, such as 32P or 15N, inferences can be made as to the 

distribution of roots (Mackie-Dawson and Atkinson 1991). The basic assumption with indirect 

methods is that all active roots can be observed.  Those roots that are inactive at the time of 

measurement are assumed to remain inactive.  If the evaporative demand is met from 

surface moisture deeper roots will “appear” to be inactive, however, there activity may 
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involve translocation of moisture from deeper layers to shallower or simply absorption of 

moisture to allow for continued root elongation, but not transport of nutrients and moisture to  

the shoots where uptake of tracers is observed.  

2.4.7 Problems with root measurements 
Clearly the estimation of root length density is difficult.  As discussed in each of the methods 

of measurement, there are losses of fine roots in the process of sampling and washing, as 

well as the simple failure to observe roots under normal lighting conditions. The process of 

sampling may in itself modify the root system that is being investigated (Grabarnik et al. 

1998).  It is claimed that up to 30% of the root length may be lost during the washing process 

(Grabarnik et al. 1998).   The profile wall method is labour intensive and destructive to the 

soil profile and the results tend to be lower than those obtained by root washing since fine 

roots may be broken or removed during digging, or again, simply not seen under normal 

daylight conditions (Mackie-Dawson and Atkinson 1991). 

Field measurements can only be carried out on a small number of samples, which raises the 

question: Is the population adequately represented by the sampling strategy?  When 

considering a highly heterogeneous distribution it seems unlikely that the variability will be 

encompassed.  Three types of heterogeneity in the plant root system have been identified 

(Grabarnik et al. 1998): systematic trends caused through the pattern of root development 

with one example being that root length density is greater within rows than between the 

rows; Clustering, which occurs when lateral roots are concentrated close to where they 

emerged from parent axis, increasing variance between samples, and; Directional 

anisotropy, which occurs due to gravitropism and branching angle causing a non-uniform 

root distribution. 

 

2.5  Constraints to root growth. 
Poor root penetration is not always obvious from shoot growth, but becomes more important 

in periods of drought when the plant needs to access subsoil moisture.  Stunting and 

thickening of roots is associated with slower root penetration (Pinkerton and Simpson 1986b) 

so studies of root growth focus on fine root growth (<1mm). Fine roots are accepted as being 

important for water extraction, due to changes in permeability that occur as roots thicken and 

suberise.  Constraints to root growth will have a significant effect on the amount of water 
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extracted from the soil profile, and the predicted extraction based on water balance 

modeling.  An understanding of the constraints to root growth provides a greater confidence 

in predictions if they are based on hostile soil properties.   

2.5.1 Penetration Resistance 
It is generally accepted that penetration resistance is a function of soil texture, mineralogy, 

bulk density and water content.  Soil texture and mineralogy are static soil properties varying 

spatially but not temporally.  Bulk density, is also a reasonably static soil property -

particularly over short time periods such as one season, however the water content is 

temporally variable and as such is used in “Rootmodel” (Clausnitzer and Hopmans 1993) to 

determine the soil strength of the defined medium at a given time according to equation 

5.3.2, discussed in more detail in section 5.3.  It has been shown that lucerne fine root 

growth is significantly reduced by trafficking (Rechel et al. 1990) which in itself increases the 

penetration resistance of the soil.  In a stratified sandy soil of the Sahara, dense layers of 

fine sands were virtually impenetrable to roots (Worker et al. 1973).  In this case root depth 

and development were associated with the depth to the layer of fine sand.   

Whittington (1968) cites work of Eavis (1969) who found the root length of pea radicles, after 

24 hours, to be approximately inversely proportional to mechanical stress, with  0.34 MPa 

resulting in a 40% decrease in cell division and 70% decrease in root elongation cited in.  

Greacen (1986) cites data from Collis-George and Yoganathan (1985) which showed 

3.9MPa to be the critical blunt penetrometer pressure for wheat in fine sand.  However 

critical values vary for differing soil types with values reported by Greacen (1986) ranging 

from  69KPa for fine sand; 145 KPa for Parafield loam; 226 KPa for Urrbrae loam, and; 289 

KPa for Coleraine clay, however it is stressed in this study that penetrometer data should be 

used for comparitive measures only.  Penetration resistance has been shown to cause 

severe impedence to the root and shoot growth of the following species on repacked 

columns of varying penetration resistance: Lolium perenne, Trifolium repens, Agrostis 

capillaris. L.perenne had a reduced number of nodal axes on the highest impedance 

treatment as well as reduced total length (Cook et al. 1996).  A hyperbolic relationship 

between root density and soil resistance penetration for Chickpea has been proposed (Pardo 

et al. 2000).  There is some understanding as to the physiological response to high 

penetration resistance.  Glinski and Lipiec (1990) cite work claiming that cell numbers are 
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unaffected by impedance, but cell extension is.  This could explain the finding of thicker roots 

at a layer of high impedance.   

2.5.2 Water supply 
The rate of elongation slows as soil moisture becomes limiting or over supplied (Merrill et al. 

1996).  Under dry conditions it is assumed that stomatal closure leads to reduced 

translocation of assimilates.  For root growth to continue through dry soil, the entire root 

system must be able to meet the plants demand for water.  Water has secondary affect of 

reducing fabric strength to allow root penetration through plow pans or other impenetrable 

layers.  

2.5.3 Defoliation 
Removal of the above ground part of the plants also reduces the rate of photosynthesis, 

limiting the production of assimilate for growth.  Lucerne root elongation rates have been 

observed to become slower within one day of harvest, and the effect lasted for two weeks, 

resulting in a lower than potential rooting depth (Goins and Russell 1996).  Rates of lucerne  

root extension began to slow 24 hours after defoliation, suggesting that growth is sustained 

by the readily available reserve of organic nutrients in the taproot (Hodgkinson and Baas 

Becking 1977).   

2.5.4 Temperature 
The root penetration depth of winter wheat has been shown to increase with increasing 

temperature up to a maximum at 15oC with reductions in root biomass and depth of 

penetration occurring at 26oC (Przywara and Stepniewski 1996).  The effects of flooding 

were exacerbated at the higher temperatures with only those grown at 7oC surviving a 12 

day flooding treatment.  Przywara and Stepniewski (1996) suggest that this is due to the 

higher respiratory demand of the roots at higher temperature with an associated reduction in 

oxygen availability under flooded conditions.  Similar responses were observed with  lucerne 

growing at either 21oC or 33oC under flooded or non-flooded conditions (Cameron 1973). 

The root temperature was found to have a greater influence than air temperature on the 

taproot length particularly in response to flooding.  The taproot length was greatly reduced at 

the root temperature of  33oC under flooded conditions.  
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2.5.5 Acidity, nutrient toxicities and deficiencies 
Roots are affected by the composition of the medium in which they are grown.  The effect of 

soil pH on plant growth involves a complex interaction of many factors. Three factors may be 

acting with respect to soil pH: presence of toxic substances; nutrient availability, and; 

microbial activity, rather than pH per se.  Levels of soluble Al and Mn can become toxic 

under low pH conditions and Ca can become deficient (Tang and Thomson 1996).  There is 

an important relationship occurring between Ca and other cations, as Ca is required by cells 

to control the uptake of Al (Glinski and Lipiec 1990), although it has been shown that Ca is 

not the primary factor effecting the growth of Lupinus angustifolius roots at high pH levels 

(Tang et al. 1995).  Leguminous species may show reduced nodulation under acidic 

conditions, limiting available nitrogen (Tang and Thomson 1996).  Hindered root elongation 

then hinders the uptake of water and the less mobile nutrients such as phosphate (Pinkerton 

and Simpson 1986a), whereby the effect is compounded.  Boron was also found to be an 

essential nutrient for root development so is often applied with lime (Pinkerton and Simpson 

1986a) The root elongation of lucerne was suggested to be a response to a high soluble Al 

to Ca ratio, rather than a Ca deficiency or a low pH (Pinkerton and Simpson 1981).    

Manganese is also more available under low pH conditions, but is taken up and translocated 

to the shoots, where signs of toxicity are apparent, Al on the other hand has specific effects 

on root growth, which are not readily detected (Pinkerton and Simpson 1986b) 

There are large variations between species and cultivars in response to lime and acidity, due 

to the different tolerances, and differences in the mechanisms of tolerance (Pinkerton and 

Simpson 1981).  A screening trial for acid tolerance in wheat cultivars illustrated the broad 

genotypic variation in this trait (Tang et al. 2003). 

Simpson et al (1977) found a positive response of root growth following addition of CaCO3 to 

an acid soil profile, which was assumed to be a result of the interacting effects of Ca and Al. 

Lucerne has been found to be susceptible to Al toxicity and Ca deficiency, and it is claimed 

that the sensitivity to Al could be accentuated when Ca is low, with the conclusion that root 

elongation in lucerne is dependant on the relative activities of Ca and other cations (Simpson 

et al. 1977).  Soil solution pH, monomeric Al and Ca2+ concentrations, ratios of Ca:Al as well 

as the nature of the dominant ion species, all interact to influence root growth (Wang et al. 

1999).     
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Tang et al (1992) compared the response of Lupinus angustifolius and Pisum sativum to 

varying pH levels, using root elongation as an indicator of sensitivity or tolerance.  Between 

pH 4.5 and 8 there was no effect on P.sativum, however, Lupinus angustifolius showed 

decreased root elongation when pH increased from 5.5 to 6 with a further reduction at pH 8 

and increased elongation rate from pH 4 to 5.5.  It was concluded that the optimum pH for 

L.angustifolius was 5.0 to 5.5, since beyond this there was a decrease in cell elongation.   

2.6 Root growth models 
All water balance models that include plant water uptake require some form of root 

information.   As already discussed this information is difficult to obtain without time 

consuming destructive sampling, with unreliable results.  It then falls to water balance 

models to simulate root growth based on points on the growth curve (obtained by direct 

measurement).   

There have been several models developed to simulate architectural root growth, in order to 

overcome the need for direct measurements.    Rootmodel (Clausnitzer and Hopmans 1994), 

Rootmap  (Diggle 1988), and SimRoot (Lynch et al. 1997) are examples of such models 

although not directly developed for supporting simulations of water balance, they clearly 

have the potential to be a valuable tool in this area of study.  All developed as an attempt to 

model root growth  by considering the behaviour of roots with respect to soil properties and 

crop characteristics affecting root growth.   Rootmap has been used to simulate both root 

proliferation and nitrate uptake of lupins exposed to varying quantities and spatial availabiltiy 

of nitrate (Dunbabin et al. 2002).  Partitioning of assimilate to plant parts including roots 

allows for root elongation, whilst various forms of reduction functions for hostile soil 

conditions are included to modify this growth.   The constraints that have been built into 

these models include, soil strength, temperature, solute concentrations and water 

availability. Input requirements then include soil properties, genotype specific parameters 

and functions, time parameters and / or climatic data.       

2.7 Conclusion 

Approximately 60% of the Cropping region of Western Australia is made up of duplex soils 

(Dracup et al. 1992).  These soils exhibit the chemical and mechanical constraints to root 

growth that have been discussed here (Belford et al. 1992; Dracup et al. 1992).   With the 
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greater ability to obtain spatial data regarding hostile soil properties it has been possible to 

improve the input into water balance models so that constraints to wheat root growth can be 

accounted for and reflected in predicted yields (Smettem et al. 1999).   Tang et al (2002) 

have shown that genotypic tolerance to a soil constraint enhances the use of water by that 

cultivar as opposed to one that is sensitive.   

In a recent review it was suggested that the relationship between pasture production and 

water use needs to be reassessed to improve the predictability of the soil water balance 

(Singh et al. 2003).  The extent to which soil constraints are limiting the ability of deep rooted 

perennials in the fight to minimize deep drainage and the associated consequences of 

dryland salinity is largely unknown and forms a major focus of this thesis.   

The question: ‘To what extent are hostile soils limiting the uptake of water and subsequently 

maintaining a higher drainage term?’ is the underlying aim of this project.  In order to answer 

this question it is essential to understand the water balance as observed through field 

measurements and compare this to that which could occur given optimum conditions.  The 

only foreseeable way of estimating the water balance under optimal conditions is through the 

utilization of computer simulation modelling.  Parameterisation of such models requires an 

expert knowledge of the soil’s physical properties.  To then develop this further and impose 

constraints to root growth requires an understanding of plant responses to soil constraints.  

The above outline could then be described as a stepwise progression towards answering the 

thesis question.  Only when all steps have been accomplished will it be possible to propose 

an answer.  Each of the above ‘steps’ have been discussed in detail in this review and will be 

investigated sequentially through the following technical chapters of this thesis  
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3. Comparative field water balance 

of annual and herbaceous perennial 

systems 
3.1 Introduction 

In this chapter detailed measurements of field water balance profiles at the Gabby Quoi Quoi 

field site are presented and discussed.  This work is a precursor for investigating the impact 

of constraints to root growth on the water balance via detailed modelling.  Published data 

suggests that subsoil acidity has the potential to limit root growth in the area, which could 

impact on the water extraction, yield and deep drainage.  Subsoil acidity has been shown to 

be a significant constraint to growth and yield of wheat at other sites within the Western 

Australian wheat belt (Smettem et al. 1999a).  Measurements of penetration resistance 

undertaken as a preliminary investigation of this site also show that there is a potential for 

root growth to be constrained by high soil strength.  The consequences of these constraints 

to the water balance and water balance modelling will be discussed in detail in a further 

chapter.   

3.2 Site description 

This study formed part of a larger existing investigation into cropping systems performance 

undertaken by CSIRO and the Department of Agriculture Western Australia. The field plots 

were located approximately 20 km South East from the town of Wongan Hills that is 200 km 

North East of Perth.  The field site lies within the Gabby Quoi Quoi catchment, which is a 

subcatchment of the Avon River.  Figure  3.2-1 shows the location of Wongan Hills with 

respect to Perth.  It also shows the boundary of the Avon Catchment as defined by the Water 

and Rivers Commission, Western Australia.  Plots were positioned on an east-facing slope 

with orientation shown in Figure  3.2-2.  Each plot was 20 m wide and 60 m long.     

Within the plots the soil is a yellow gradational sand overlying a lateritic subsoil at variable 

depths as described in (McArthur 1991).   
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Figure  3.2-1 Boundary of the Avon River catchment showing the location of Wongan Hills with respect to 

Perth, Western Australia(red symbols).  Obtained from the Water and Rivers Commission Western 

Australia website: http://www.wrc.wa.gov.au/under/statewqassess/Avon_home.htm accessed 15 January http://www.wrc.wa.gov.au/under/statewqassess/Avon_home.htm accessed 15 January 

2005 

A  number of samples were collected and analysed for particle size distribution of the less 

than 2mm fraction using the pipette method (Day 1965).  The clay content of the matrix 

increased from 2 - 9 % in the surface to 10-15 % at approximately 35 cm depth, with no 

significant increase in clay content up to a maximum sampling depth of 95 cm.  Bulk 

densities ranged from 1.4 to 1.6 in the surface and 1.5 to 1.8 at depths greater than 20 cm.  

Raw data is included in appendix A.  A laterite ridge follows the contour West of the plots 

and extends into the upper slope plots at a depth of approximately 20 cm, and in the lower 

plots ferruginous gravel is evident at approximately 100 cm.  Auger samples were taken at 

10 cm increments at five locations at the top of the ridge.  Samples were analysed for gravel 

volume by wet sieving through a 2mm sieve, and determining volume by displacement of 

water.  The total volume occupied by the sample was determined in the field by lining the 

hole with plastic and measuring the volume of water held in the hole at each increment.  

Volumetric gravel content was estimated to range from 0 to 28% in the surface and 32 to 

62% at depth within this ridge.   Raw data is included in appendix A.   

http://www.wrc.wa.gov.au/under/statewqassess/Avon_home.htm
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Figure  3.2-2 Plot layout of the Gabby Quoi Quoi field site showing instrumentation and sampling positions 
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3.3 Choice of cropping systems 

This study utilized existing field plots established at Gabby Quoi Quoi as part of a larger 

study conducted by the CSIRO, Department of Agriculture WA, and the University of 

Western Australia.  The plots were sown to the species shown in Table  3.3-1 and 

instrumented for moisture content monitoring as shown in the two right hand columns.  All 

plots were sown to wheat in 2001.   

Table  3.3-1 List of plot number, cropping system and instrumentation at Gabby Quoi Quoi 

Plot number Cropping system TDR Neutron access tube 
1 Wheat / Lupin No No 
2 Lucerne No Yes 
3 Serradella No Yes 
4 Lupin /  Wheat Yes No 
5 Subterranean clover Yes Yes 
6 Perennial Grass No Yes 
7 Lucerne Yes Yes 
8 Serradella yes Yes 
9 Perennial Grass No Yes 
10 Wheat / Lupin Yes No 
11 Lupin / Wheat No No 
12 Subterranean clover No Yes 
13 Perennial Grass No Yes 
14 Lucerne Yes Yes 
15 Serradella Yes Yes 
16 Subterranean clover No No 
17 Wheat / Lupin No No 
18 Lupin / Wheat No No 
19 Wheat / Lupin No No 
20 Lucerne No Yes 
21 Serradella No Yes 
22 Perennial Grass No Yes 
23 Subterranean clover No Yes 
24 Lupin / Wheat No No 

 

A number of annual and perennial crops were chosen for investigation.  Lucerne was chosen 

as the perennial legume as it has increased in popularity for grazing and at this site was 

under investigation for reliability in acidic soils.  The annual legumes were pink and yellow 

serradella (Ornithopus sp.) and subterranean clover (Trifolium subterraneum).  Perennial 

grasses were also under investigation. However, the failure of these species to establish 

meant they were excluded from this study.  Wheat (Triticum aestivum) and lupins (Lupinus 

angustifolius) were grown in rotation as per the normal practice in the area. This rotation was 

under investigation to determine the impact of subsoil liming as an amelioration strategy for 

soil acidity (Whitten et al. 2000).   
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3.4 Methods for measurement of each component of the water 
balance 

3.4.1 Water content 
Soil water contents were measured using two methods.  They were monitored on a half 

hourly basis using Campbell Scientific Time Domain Reflectometers (TDR) connected to a 

Campbell CR10X data logger, and manually measured each month using a neutron probe.   

3.4.1.1 TDR  
A full description of the theory of TDR is provided in the literature review.  The TDR probes 

were installed at depths of 20, 40, 60, 80, 120, 140 and 180 cm, connected to data loggers 

reading on a half hourly basis.  Installation of TDR probes occurred prior to the 

commencement of this study, consequently there were no direct observations on the method 

used.  A pit was dug to 2 metres deep and soil stored according to depth increments.  

Probes were installed on the upper slope face to minimise the effects of excavation 

disturbance.  A proformer was first inserted into the soil to provide holes for each probe.  The 

soil was returned to the pit in the correct sequence and compacted to achieve the 

approximate bulk density occurring prior to disturbance.  The instrumented sites are noted 

on Figure  3.2-2. and summarised in Table  3.3-1. 

Selected plots were chosen for installation of TDR probes prior to commencement of this 

project.  The quoted numbers for the subterranean clover treatment has TDR data only 

available for one replicate, plot 5, whereas the values for serradella and lucerne are the 

average of two replicates, plots 7 and 14 for lucerne, and 8 and 15 for serradella.  

For the purposes of this study, daily and shorter period data was used. The daily data 

comprised readings taken at 24:00 each day. The short period data was selected to 

encompass four scenarios for comparison.  These included: a high rainfall event during a 

summer period, a low rainfall period with higher temperatures (summer), a high rainfall event 

in winter, and a low rainfall event with lower temperatures (winter).    

Reference to total water in the profile is taken to be that included in the depth range 17.5 cm 

to 142.5 cm due to lack of data for the surface 17.5 cm.   Similarly, not all sites were 

instrumented with a probe at 180 cm depth, consequently all TDR data quoted here is up to 

a maximum of 142.5 cm, measured by the 140 cm probe. 
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3.4.1.2 Neutron probe 
A neutron scattering technique was used to monitor deep soil moisture contents as it was 

impractical to install TDR probes to depths greater than 180 cm. Neutron access tube 

locations are noted in Figure  3.2-2. This ensured water balances could be calculated for the 

deeper-rooted species that could potentially grow roots well beyond the deepest TDR 

probes.  Neutron access tubes were installed in all four replicates for serradella, lucerne and 

subterranean clover.  Neutron access tubes were also installed prior to commencement of 

this study.  Consistent diameter holes were drilled to 5 metres depth.  Holes were then lined 

with white poly pipe of consistent density, diameter and thickness.  The area around each 

tube was filled with cement / sand slurry which was mixed carefully to ensure proportions of 

sand, cement and water were constant for all access tubes.  Values for soil moisture from 

neutron scattering are an arithmetic average of the four plots for each treatment.   

3.4.1.3 Calibration of the neutron probe 
3.4.1.3.1 Methods 

The neutron probe requires calibration for each site at which it is used.  Six calibration 

access tubes were installed outside the plots using the same installation procedure at the 

same time that access tubes within the plots were installed.  For calibration, neutron counts 

were measured at all depths within two of the calibration tubes, one in the upper part of the 

landscape, and the other at the lower landscape site.  Soil was then sampled adjacent to the 

tube in bulk density rings with dimensions: height 8 cm and radius 3 cm.  No macropores 

were evident on visual examination of the excavated face so these dimensions were 

considered adequate.  Five depths were sampled from the upper site tube: 11-19 cm; 51-59 

cm; 96-104 cm; 146 – 154 cm, and; 196 – 204 cm.  The lower site tube was only sampled to 

96 cm as the gravel layer proved impenetrable, the depths sampled were: 11 -19 cm, 31-39 

cm; 51-59 cm, and; 96-104cm.  Soil samples were sealed in aluminium tins and taken back 

to the laboratory for weighing and oven drying at 1050C for 24 hours.  Gravimetric water 

content was calculated using: 

do

domoist

Wt
WtWt

CW
.

....


                                           3.4.1 
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Where 
moistWt

 weight of moist soil 

doWt .  weight of oven dry soil 

This was then converted to volumetric water content by multiplying with the bulk density, 

which was determined using: 

volume
mass

d 
                              3.4.2 

Count to rate ratio was determined using (Ward, P. pers comm. 2000.): 






 7000* backgroundcountCR                                 3.4.3 

CR was plotted against volumetric moisture content and a linear trendline fitted to the data.  

The slope of the trendline then defines the calibration coefficient, so that volumetric moisture 

content is determined by: 

 mcCR 1*                     3.4.4 

Where m is the slope of the calibration trendline.   

And c is a constant representing the intercept of CR against  

3.4.1.3.2 Results 

Measured water content and bulk density for collected samples is summarised in table 3.4.1, 

with raw data included in appendix A.  Water content versus CR values were plotted for all 

results barring those of the surface 25 cm in Figure  3.4-1.  The data trendline shown in 

Figure  3.4-1. is the one chosen as the calibration for the depths below 25 cm.    
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Table  3.4-1 Summary of average water content and bulk density of samples 

Tube Depth 
(cm) Count/Rate Bulk Density Volumetric water content  

(average of 4 samples) 
Upper 11-19 5407 1.73 0.12 
Upper 51-59 5696 1.60 0.11 
Upper 96-104 6192 1.61 0.11 
Upper 146-154 6812 1.64 0.12 
Upper 196-204 7038 1.61 0.11 
Lower 11-19 3940 1.65 0.05 
Lower 31-39 5412 1.66 0.07 
Lower 51-59 8238 1.68 0.11 
Lower 96-104 10053 1.64 0.13 
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Figure  3.4-1 Calibration curve for conversion of neutron counts to moisture content 

Resulting values of 1/m used in equation 3.4.4. are 1.95x10-5 (0 to 25 cm ) and 1.6 x 10-5   (25 

to 500 cm ).   The water contents for all measured neutron counts were then calculated using 

Equation 3.4.4.  The values obtained on 6th January 2000 and 23rd February 2000 were 

compared with the TDR readings for the corresponding dates and times as shown in Figure 

 3.4-2 and Figure  3.4-3. 
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Figure  3.4-2 Comparison of TDR data and neutron moisture meter data for the 6th January 2000 in plots 5, 

7, 8, 14 and 15. 
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Figure  3.4-3 Comparison of TDR data and neutron moisture meter data for the 23 rd February 2000 in 

plots 5, 7, 8, and 14. 

3.4.1.3.3 Discussion 

TDR is generally regarded as a reliable method for measuring moisture contents in this 

environment (Smettem et al. 1999b).  Comparison with the calibrated neutron data indicates 

that values were somewhat variable between the two methods.   The TDR probes may not 

have had complete contact with the soil, particularly at depths where gravel was found to 

occur.  For this reason both sets of data are used to determine and compare the field 

measured water balance, with the TDR probes providing shallow layer moisture profiles and 

the neutron probe providing moisture profiles at depths below 150 cm.  Assuming the error 

between within each method is constant it is feasible to look at the temporal changes within 

the boundaries of one method of measurement.  These changes in water content provide an 

understanding of the effects vegetation is having on the water balance in this and later 

chapters.  . 

 Clearly it would be more accurate to have sampled deeper into the profile for the neutron 

calibration, however, it was not possible to excavate soil to a depth of 500 cm at the time of 
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sampling, given time and safety constraints.  Ideally two sampling periods of differing 

moisture contents would have enabled more accurate calibration. However, the soil was 

drying at the time of sampling and the following season was extremely dry, so that the soil 

did not wet up enough to warrant a further sampling.   

3.4.2 Evapotranspiration 
Evaporation was monitored during the cooler months using Bowen ratio equipment logged 

on a half hourly basis.  For evaporation values during the summer months this equipment is 

unreliable as relative humidity is too low to achieve meaningful ratios, so class A pan data 

was obtained from Wongan Hills Department of Agriculture Research Station, Bureau of 

Meteorology Station 008138 located at -30.8408 S and 116.7267 E at an elevation of 305m 

above sea level.  This station is approximately 35 km north east of the Gabby Quoi Quoi field 

site   Logged data were extracted as a total daily value rather than using half hourly 

readings. For the periods when Bowen ratio equipment was unreliable it was reasonable to 

assume that drainage was negligible so evapotranspiration could be calculated from the 

water balance equation.    

3.4.3 Precipitation 
Rainfall was measured using a tipping bucket raingauge as part of an automated weather 

station on site.  This data was logged on a half hourly basis and downloaded to the “access” 

data base system held at the CSIRO, Plant Industry offices.   

3.4.4 Drainage 
Drainage was calculated from the water balance equation for periods when the water 

contents measured at depth showed increases, which could then indicate movement of 

water to that depth and possibly loss of water from the root zone.  Neutron measurements 

taken to a depth of 500 cm, established that the root zone of all species except lucerne was 

<150 cm, which is the depth of the deepest TDR probe.  Therefore TDR data could be used 

to calculate drainage for all species except lucerne.  Deep drainage from lucerne could only 

be assessed using the neutron probe data.   
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3.5 Results and discussion: Field measured water balance 
under different systems 

3.5.1 Summer storm event followed by drying. 
A small rainfall event occurred on 16 January 2000 that initially wetted the profiles.  A large 

event of 43.2 mm occurred within a 24 h period on 22 January 2000.  Logged TDR data was 

obtained for the periods around these events with two replicates for serradella and lucerne 

and 1 replicate for subterranean clover.  Neutron moisture measurements were available for 

the 6 January 2000 and the 23 February 2000, with four replicates per treatment, to allow 

observation of deeper fluctuations in moisture content prior to the storm event followed by a 

period of drying of 31 days.  For comparison between neutron and TDR data, the TDR 

values for the 6 January 2000 are included in a calculation of total changes for the overall 

time period.  

Table  3.5-1 summarizes the changes in stored water in each of the profiles as calculated 

from TDR data.      
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Table  3.5-1 Summary of stored water changes over the summer period of 2000. 

TDR data  Change in total water in 17.5 to 142.5 cm depth 

zone for period (change in mm) 

Time period Rainfall 

(mm) 

Lucerne Serradella Subterranean 

clover 

6/1/00 to 16/1/00 19 1 0 0 

17/1/00 to 

23/1/00  

56 26 34 31 

24/1/00 to 

31/1/00  

0 -3 5 9 

1/2/00 to 

23/2/00 

0 -25 -10 -14 

Total 6/1/00 to 

23/2/00 

88 -3 31 27 

 
Neutron data   Change in total water for each depth zone for the 

period 6/1/00 to 23/2/00 

30 to 55 cm  -3 4 2 

55 to 250 cm  -6 16 12 

250 to 500 cm  -5 3 17 

Total  -13 22 31 

 
Depth profiles of moisture content occurring at midnight on each of the above dates are 

shown in Figure  3.5-1 to Figure  3.5-3, illustrating the redistribution of water within the soil 

profile.   
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Figure  3.5-1 Lucerne depth profiles of moisture content both  (a)TDR and (b) Neutron moisture meter for 

6th January and 23rd February 2000 
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Figure  3.5-2 Subterranean clover depth profiles of moisture content both  (a)TDR and (b) Neutron moisture 

meter for 6th January and 23rd February 2000 
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Figure  3.5-3 Serradella depth profiles of moisture content both  (a)TDR and (b) Neutron moisture meter for 

6th January and 23rd February 2000 

The summer storm events led to the increases in moisture content shown in Figure  3.5-1, 

Figure  3.5-2 and Figure  3.5-3 from the 21st January 2000 to 31st January 2000.  The water 

was then redistributed deeper into the profiles under subterranean clover and serradella by 

23rd February 2000.  There was no increase in moisture content registered on the TDR 

probes below 140 cm under lucerne from the 21st January 2000 to 31st January 2000.  In the 

subsequent dry period of summer the actively growing lucerne was able to use all the stored 
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water accumulated previously as well as further drying of the profile by approximately 3 mm.  

If the neutron data is considered for the same period (an average of 4 plots) there is an 

obvious depletion of moisture occurring as deep as 450 cm with a total decrease in stored 

moisture of 13 mm.    

Conversely the profiles under serradella and subterranean clover have been progressively 

wetted up by the storm events over the summer period, with one third of the total rainfall 

being stored within the profile as indicated in Table  3.5-1.  There is a lack of data for 0 to 

17.5cm depth zone but this could account for up to a further 24 mm of stored water.  The 

17.5 to 42.5 cm depths were wet up to moisture contents exceeding the field capacity or 

drained upper limit of 0.14 cm3/cm-3 vol/vol, by the 31st January 2000, which was then 

redistributed to deeper in the profile by the 23rd February 2000 as seen in Figure  3.5-2 and 

Figure  3.5-3.  Drained upper limit is taken here to be the moisture content at a pressure of 10 

KPa or 100 cm water.  This value is taken from the water retention curves in appendix D 1 to 

3 obtained by the method described in chapter 7 (section 7.2.2).  The moisture content at 

140 cm, in the charts above for subterranean clover and serradella (Figure  3.5-2 and Figure 

 3.5-3) indicate an increase in moisture content, clearly allowing for redistribution of moisture 

to occur out of the root zone and potentially contributing to recharge. The graphed data is an 

average of the moisture content, recorded by TDR, of plots 8 and 15 at 140 cm for 

serradella.  The graphed data for subterranean clover was taken directly from the 140 cm 

TDR probe of plot 4.  The neutron data shows no obvious increases in moisture content 

below 200cm.  If the soil were at a moisture content approaching field capacity drainage 

could have occurred, since redistribution of water in the profile would not show obvious 

increases in water content.  The measured water content at 10 KPa, taken here to be the 

field capacity was in the range 0.12 to 0.15 for soil samples taken at depths greater than 20 

cm.  The moisture contents observed in Figure  3.5-2 (subterranean clover) are at this level 

so it is possible that drainage below the root zone could occur.  The moisture contents 

observed under serradella in Figure  3.5-3 are below field capacity to a depth of 

approximately 350 cm, indicating that deep drainage is unlikely to have occurred below this 

depth.  The increase observed at 500 cm is likely to be a consequence of moisture in the 

base of one or more access tubes, rather than a true indication of soil moisture content.   
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Examination of the water balance for individual plots, subsequent to a 43 mm rainfall event, 

indicates that the upper slope plots (plot 14 and 15) showed an increase in stored water for 

the depth zone 17.5 to 142.5 cm of 33 mm and 38 mm respectively.  The following increases 

were observed for the middle slope plots: plot 5, 41 mm; plot 7, 27 mm; and plot 8, 41 mm.  

The only plot within the lower slope unit with available TDR data is plot 4 which showed a 53 

mm increase in stored water over the same depth zone, following the same rainfall event.  

This suggests that there has been significant run-on onto the lower plot as the observed 

increase in stored water is 10 mm greater than the rainfall event.  TDR data for the 0 – 17.5 

cm zone would allow calculations to determine the source of this extra 10 mm.  First 

appearances indicate that plot 7, with increased storage being 16 mm lower than the rainfall 

event could be the source.  However this plot was sown to lucerne which was actively 

growing during this period hence it could be assumed that the available storage capacity for 

the 0 -17.5 cm zone would be at a maximum.  If the drained upper limit of this soil is 0.14 

cm3cm-3 this zone has the ability to store approximately 24 mm water that could account for 

the missing 16 mm.   

3.5.2 Winter dry period 
The month May 2000 had a total of 9.2 mm rainfall, which is approximately 44 mm less than 

the average taken over the past 94 years (Bureau of meteorology web site:  www.bom.au).  www.bom.au).  

The potential evapotranspiration for this period is 188 mm.  Clearly atmospheric demand 

cannot be met by rainfall alone but will be augmented by water stored within the soil profile.  

Table  3.5-2 summarises the changes in stored moisture during this period and Figure  3.5-4., 

Figure  3.5-5 and Figure  3.5-6 are depth profiles of moisture content for each of the species 

investigated.   

www.bom.au


62 

Table  3.5-2 Summary of stored water changes over the dry winter period of 2000.  

TDR data  Change in total water in 17.5 to 142.5 cm depth 

zone for period 

Time period Rainfall Lucerne Serradella Subterranean 

clover 

2/5/00 to 9/5/00 0 -1 -2 -6 

10/5 /00 to 

17/5/00  

9.2 0 -2 -6 

18/5/00 to 

1/6/00  

0 -1 -8 -17 

Total 2/5/00 to 

1/6/00 

9 -2 -12 -30 

 
Neutron data   Change in total water for each depth zone for the 

period 2/5/00 to 1/6/00 

30 to 55 cm  -6 -9 -9 

55 to 250 cm  0 -5 -5 

250 to 500 cm  0 5 0 

Total  -6 -10 -14 
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Figure  3.5-4 Lucerne depth profiles of moisture content both  (a) TDR and (b) Neutron moisture meter for 
2nd May, 9th May, 17th May and 1st June 2000 
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Subterranean clover water content depth 
profiles: Time Domain Refectometry
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Figure  3.5-5 Subterranean clover depth profiles of moisture content both  (a)TDR and (b) Neutron moisture 

meter for 2nd May, 9th May, 17th May and 1st June 2000 
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Figure  3.5-6 Serradella depth profiles of moisture content both  (a)TDR and (b) Neutron moisture meter for 

2nd May, 9th May, 17th May and 1st June 2000 

Data presented in Figure  3.5-4. indicate that the only fluctuations in water content occur in 

the surface layers under lucerne during the dry winter period, as the summer growth flush 

depleted profile moisture stores.  The evaporative demands during this colder winter period 

are substantially less than over an equivalent summer period and could be adequately met 

by surface moisture.     

During the winter period when little rainfall occurred, both the serradella and subterranean 

clover show greater losses in stored water, than under Lucerne.  Such a difference is 

indicative of moisture being available for evaporation. At this time all plots had been grazed 

so losses are by evaporation alone and reflect differences in stored water. The moisture 

contents under the two annual species were increased from the summer events whereas 

under Lucerne, the moisture contents were approaching the lower limit from which 

evaporation rates are significantly reduced.      
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3.5.3 Wet winter period 
The months of June and July 2000 had significant rainfall events.  Data was collected in the 

same manner as for the above 2 scenarios, with Table  3.5-3 summarising the changes in 

water stored within the profile for this wet winter period, and Figure  3.5-7, Figure  3.5-8 and 

Figure  3.5-9 showing the depth profiles of moisture content.   

Table  3.5-3 Summary of stored water changes over the wet winter period of 2000.  

TDR data  Change in total water in 17.5 to 142.5 cm depth 

zone for period 

Time period Rainfall Lucerne Serradella Subterranean 

clover 

1/6/00 to 18/6/00 17 1 -2 0 

19/6 /00 to 

28/6/00  

9.0 1 1 1 

29/6/00 to 

26/7/00  

65 20 23 19 

Total 1/6/00 to 

26/7/00 

91 21 22 21 

 
Neutron data   Change in total water for each depth zone. 

  Lucerne Serradella subterranean 

clover 

  1/6 to 

28/6 

28/6 to 

26/7 

1/6 to 

28/6 

28/6 to 

26/7 

1/6 to 

28/6 

28/6 to 

26/7 

30 to 55 cm  5 10 3 11 2 12 

55 to 250 cm  -4 5 -8 4 -9 4 

250 to 500 cm  -9 3 -6 1 -8 4 

Total  -8 18 -11 16 -15 20 
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Figure  3.5-7 Lucerne depth profiles of moisture content both  (a)TDR and (b) Neutron moisture meter for 

1st June, 28th June, and 26th July 2000. 
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Figure  3.5-8 Subterranean clover depth profiles of moisture content both  (a)TDR and (b) Neutron moisture 

meter for 1st June, 28th June, and 26th July 2000. 
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Figure  3.5-9 Serradella depth profiles of moisture content both  (a)TDR and (b) Neutron moisture meter for 

1st June, 28th June, and 26th July 2000. 

Rainfall events during winter have resulted in replenishing of the stored water under lucerne, 

as shown in Figure  3.5-7 and Table  3.5-3, with the wetting front estimated to be between 60 

and 80 cm from TDR data.  Profiles under serradella and subterranean clover have been wet 

up by a similar quantity of water but Figure  3.5-7 and Figure  3.5-8 indicate that this water 

has been redistributed deeper into the profile.   
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Discrepancies observed between average TDR readings at 140 cm and average neutron 

moisture meter readings at 150 cm are a consequence of using two different methods for 

measuring moisture content, as discussed in section 3.4.1.3.  This variation is further 

confounded by the number of plots for each treatment that the data draws on to form an 

average.  As discussed in sections 3.4.1.1 and 3.4.1.2 TDR data was only available for one 

plot of subterranean clover, two plots of serradella and two plots of lucerne.  The neutron 

water content data is an average over four plots for each species.  This highlights the need 

to place an emphasis on changes in water content within each depth range (20 to 140 cm for 

TDR and 150 to 500 cm for the neutron moisture meter) rather than looking at the absolute 

values of water content.   

3.6 Conclusion 

Data has been presented that illustrate the effectiveness of lucerne in providing greater 

available storage for buffering large rainfall events as compared to the annual pastures, 

including subterranean clover or serradella thereby reducing deep drainage.  Continued 

transpiration by lucerne following out-of-season events maintains this larger available 

storage capcity, which is reported to have a substantial influence on reducing deep drainage 

(Tennant and Hall 2001). In contrast, the annual systems that are fallow over summer only 

lose a small fraction of water by evaporation between each event.  Thus the profile water 

store is increased to the extent that additional increments of rainfall could have potentially 

contributed to deep drainage.   

The water store under the serradella profile had been sequentially increased with rainfall 

events of the summer.  In this situation the subsequent growing season commenced with a 

wetter soil profile than under lucerne, with reduced capacity for storage of ensuing rainfall 

events.  However, the active growth under lucerne has been able to draw the water out of 

the profile, increasing the available storage for the coming season.  Essentially, lucerne has 

carried out 2 functions: it has provided a larger available storage for water by maintaining a 

drier profile, and secondly it has dried the profile between summer rainfall events, to prevent 

sequential filling of the profile.  Published literature supports these findings of high water 

uptake rates over summer and autumn when potential evaporation is at it’s highest (Angus et 

al. 2001; Ridley et al. 2001).  Dunin (2002) found late in the season was a time where 

maximising leaf area had an effect on water uptake.   The only source of water to partially 
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meet the high evaporative demand during this season is that which is stored deep in the soil 

profile, and lucerne, with it’s deep root system is able to access some of this water for 

transpiration.  Under annual crops this water would remain stored in the soil profile when the 

surface of the soil dries beyond the point at which direct evaporation can occur.   

The subsequent growing season initially had low rainfall, which depleted the stored moisture 

that had accumulated under serradella and subterranean clover thereby ensuring that winter 

rainfall events could be stored within the root zone.  This highlights the need to maintain 

active growth throughout the summer period when climatic evaporative demand is at a 

maximum.  It also, however, highlights the risks that are taken when selecting cropping and 

grazing systems.  In this particular case the soil moisture storage was depleted prior to the 

traditional winter growing season.     

The magnitude of water extraction at the Gabby Quoi Quoi site is approximately midway 

between values reported in published literature (Angus et al. 2001; McCallum et al. 2001; 

Ridley et al. 2001; Dunin 2002; Ward et al. 2002; Ward et al. 2003).  However, the depth to 

which water extraction was investigated here is much deeper than that of Angus (2001), 

McCallum (2001) and Ridley et al (2001), where water extraction was only monitored to 150 

cm.  The work of this chapter has demonstrated that lucerne roots penetrated the soil to a 

depth of more than 450 cm which is comparable to the work of Ward et al (2003).  However, 

perhaps in both situations hostile subsoils have restricted the root growth and place 

limitations on the extraction of water from the soil profiles.   

The extent to which lucerne extracted water from the profile at the Gabby Quoi Quoi site is 

potentially limited by reduced root growth occurring as a result of soil constraints, such as pH 

and soil strength.  Root growth however is often an unknown parameter when considering 

the water balance.  The presence of roots at a specific depth can be inferred by a reduction 

in moisture content in the absence of drainage.  However the absence of roots cannot be 

assumed when no reduction in moisture content occurs as evaporative demand can be met 

by extraction of moisture from shallower soil layers.    

This chapter has provided a basis by which it is now possible to compare the field measured 

water balance with that derived through a process of modelling with and without soil 

constraints to root growth.  Firstly however, there needs to be a greater understanding of the 

effects of soil constraints to root growth.   
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The effects of soil constraints on root growth are experimentally investigated in the next 

chapter prior to using the dynamic root architectural model  ”Rootmodel” (Clausnitzer and 

Hopmans 1993).  The overall objective is to employ the model to generate root length 

density distributions allowing for soil constraints in order to parameterize the sink term in 

Richards equation.  Water balance modelling can then be used to assess whether the water 

extraction patterns observed are affected by soil constraints impacting on root development.    
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4. Root growth 
4.1 Introduction 

Root growth is controlled by a complex interaction of plant and soil factors, as described in 

the literature review.  For successful water balance modelling, the distribution of plant roots 

in the soil profile at any particular time needs to be known with a reasonable degree of 

certainty.   An understanding of how individual soil constraints affect root growth is therefore 

of particular interest.   This chapter focuses on the effect of soil acidity as a constraint on root 

growth, but the general methodology could equally be applied to other soil constraints.  The 

approach taken was to perform measurements of root length over time in response to 

varying levels of pH(CaCl2). Experiments were undertaken in the glasshouse and in lysimeters.  

These data are also used in chapter 6 to evaluate root growth models in which particular soil 

constraints can be specified.  The ultimate objective is to develop reliable scenarios for root 

growth in the presence of common soil constraints and to use this information for 

determining the impact of soil constraints on the soil water balance.  

Despite numerous investigations into soil pH effects, (Simpson et al. 1977; Pinkerton and 

Simpson 1981; Joost and Hoveland 1986; Pinkerton and Simpson 1986b; Tang et al. 1992; 

Dracup et al. 1993; Tang and Thomson 1996) there is a general  lack of information 

pertaining to  the overall reduction of root growth in response to pH(CaCl2), where pH pH(CaCl2) 

is considered to be an index of interacting factors such as Al and Mn availability and Ca 

deficiency.  Such quantification may provide the basis for estimating  simple root growth 

reduction functions required in water balance models incorporating sink terms for root water 

uptake (Asseng et al. 1997).  It is important to note, however, that reductions in root growth 

can be expected to vary with cultivar and species, and on soils with differing cation exchange 

properties (Tang et al. 1993).  By relating the reduction in root growth to the Al:Ca ratio, it 

may be possible to represent soil pH(CaCl2) constraints as a combination of aluminium toxicity 

and calcium deficiency effects.  Such a relationship may be hypothesised from documented 

evidence for the release of toxic aluminium ions due to increasing solubility of Al3+ as 

pH(CaCl2) declines (Russell 1973), whilst Ca2+ concentration increases with the additions of 

lime as an ameliorant for low pH(CaCl2).  Numerous researchers have reported that reductions 

in root growth are not significant under conditions of adequate water supply (Simpson et al. 

1979; Pinkerton and Simpson 1986a), but under water limiting conditions the  ability of a 
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plant to exploit subsoil moisture is essential for continued productivity and/or survival 

(Hamblin et al. 1987).  This is a particularly important consideration for the effective 

management of summer active perennial species, which require access to stored water in 

the subsoil for their growth over the summer months.  

Much of the previous work on root growth has been done in solution culture with controlled 

nutrient availability and pH(CaCl2) values in the range 5 to 6 (Simpson et al. 1977).  Since 

pH(CaCl2) is correlated with the release of monomeric aluminium below pH(CaCl2) 5, it was 

decided to conduct an experiment using soil from the field site under investigation.  Tang et 

al (1992) found optimum pH(CaCl2) for lupin ( Lupinus angustifolius ) to be 5 to 5.5, so this 

study was designed to encompass a wider  range of pH(CaCl2) levels.   Also, in the study of 

Tang et al (1992), two of the treatments included a graded pH(CaCl2) profile, either increasing 

or decreasing pH(CaCl2) with 10 cm depth increments.  Much of the work cited in the review of 

literature (Chapter 2) is concerned with the determination of causal factors in the reduction of 

root growth.  For the purposes of water balance modelling, it is more important to quantify 

the absolute reduction in root growth that occurs in response to particular constraints.    A 

reduction function, based on soil depth and the root length density profile with depth, can 

then be incorporated into a root growth model, or directly into a modified sink term in 

Richards equation.   

4.2 Preliminary investigation of pH effects on root growth. 

4.2.1 Glasshouse experiment  

4.2.1.1 Methods 

Soil from the upslope location of the Gabby Quoi Quoi study site was collected for this 

investigation, so that data generated by the model could be compared with field results.  

Physical properties of this soil are included in appendix A.  Soil was collected from the profile 

depth interval of 15 to 30cm, where pH(CaCl2) is reported to be the lowest (Whitten et al. 2000)   

The pH(CaCl2) buffering capacity of the soil was determined by method of M. Whitten (pers 

comm.2000) which involves measuring soil pH following incubation of 10g soil samples with 

various concentrations of NaOH.  The addition of lime to soil neutralises 2 hydrogen ions 

according to: 
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CaCO3 + 2H+ → Ca2+ + CO2 + H2O 

The moles of NaOH required to alter 10g of soil by one pH unit can be determined from the 

slope of the pH v’s NaOH concentration curve and converted to CaCO3 by a multiplier of 0.5.  

Soil was subsequently treated with varying quantities of technical grade CaCO3 to achieve 

the target levels as shown in Table  4.2.1.1.   Since the solubilities of CaCO3 and NaOH vary, 

the pH was measured after one week (prior to planting) and again at the conclusion of the 

experiment.  The average is included in table 4.2.1.1 and is used in plotting all resultant data.  

Table  4.2.1.1 Target (pHT) and measured (pHm)  pH(CaCO3) levels 

  

Treatment 1 
Treatment 2 Treatment 3 Treatment 4 Treatment 5 Treatment 6 

 pHT pHm pHT pHm pHT pHm pHT pHm pHT pHm pHT pHm 

 4.0  4.5  5.0  5.5  6.0  6.5  

Canary clover: 4.08  4.90  5.77  6.11  6.25  6.31 

Birdsfoot trefoil: 4.23  5.07  5.78  6.05  6.19  6.54 

Lucerne: 4.15  4.99  5.29  5.71  6.21  6.14 

Wheat: 4.35  5.19  5.68  5.99  6.24  6.42 

 

Initially, three different species were grown in a pilot study with 2 replicates of each species 

in each treatment.  The objective was to compare the pH(CaCl2) responses of shallow and 

deep rooted species and to obtain data for subsequent modelling work. The range of species 

included were hairy canary clover (Dorycnium hirsutum); birdsfoot trefoil (Lotus corniculatus ) 

and; lucerne (Medicago sativa).  After completion of the pilot study the experiment was 

repeated with a further four replicates of hairy canary clover and birdsfoot trefoil. Wheat 

(Triticum aestivum ) was also included as a fourth species.  Lucerne was not included in this 

further study as it was investigated in greater detail using lysimeters, as described later.   

This experiment was concerned with the effect of pH(CaCl2) on root growth, not on 

establishment, consequently it was important to germinate seeds in a solution of 200 M 

CaSO4 and 6 M H3BO3 for 24 hours to eliminate the effects of nutrient deficiencies on 

germination and early growth.  Calcium is essential for the growth of meristems and proper 

growth and functioning of root tips (Simpson et al. 1977).  Boron is also essential for root 
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growth and development (Russell 1973).  The soil was inoculated at sowing with appropriate 

strains of Rhizobium in suspension. 

Plants were grown for 54 days in a glasshouse, with sealed 1Kg pots, lined with plastic bags 

for ease of root collection at the cessation of the experiment.  Pots were randomly placed in 

a root cooling tank kept at 20o C.  Average glasshouse temperature ranged from 20oC 

(minimum) and 45oC (maximum).  Pots were maintained at a soil moisture content equivalent 

to 85% of field capacity on a gravimetric basis by watering to a constant weight every two 

days.  After 54 days, soil was washed from roots, root length measurements were made 

using a flat bed scanner and image analysis software.  Roots and shoots were then dried for 

48 hours at 70O C before weighing. 

Sub-samples of soil were taken from each pot at the end of the experimental period, air dried 

and passed through a 2 mm aperture sieve. Soil pH(CaCl2) was measured in 0.01m CaCl2 with 

a bench top pH meter in a 1:5 soil suspension using the method of  (Rayment and Higginson 

1992).  In the repeated component of the study, cations were extracted with 1M KCl and 

measured after dilution and matrix matching of standards, on AAS for Calcium and 

Magnesium.  Aluminium was measured using the Pyrochatechol Violet method of (Dougan 

and Wilson 1974), with absorbance measured on the UV-Vis spectrophotometer.   

4.2.1.2 Results and discussion 

The data were standardised by dividing root length density values by the maximum for each 

species thus producing a data set in the range 0 to 1 for each of the species under 

consideration.  This standardising allowed the data for Birdsfoot trefoil from both experiments 

to be combined so that the number of replicates measured for each treatment was six.  Data 

for hairy canary clover were combined in the same manner.  Since pH(CaCl2) was measured 

before and after growth, the average value was used to define pH for each treatment.  The 

graphed values of pH(CaCl2) have a standard deviation of no greater than 0.1 pH(CaCl2) units.   

Figure  4.2.1.1 and Figure  4.2.1.2 illustrate the relationship between pH(CaCl2), calcium 

concentration and aluminium concentration with standardised root and shoot parameters for 

hairy canary clover and birdsfoot trefoil. Despite the lack of significant differences for any of 

the measured root or shoot parameters for hairy canary clover, there appears to be a 

general trend towards a threshold level around pH(CaCl2) 6, given that the initial response to 
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increasing pH is positive, followed by a down turn between pH(CaCl2) 6 and 6.2.  This trend is 

illustrated with the two segment linear model superimposed on the root length density graph.  

The large variation shown by this species may indicate a greater range of tolerance to 

pH(CaCl2) than observed for other species.  Significant differences were found for birdsfoot 

trefoil, which are summarised in Table  4.2.1.2.  

Standardised root and shoot paramters for hairy canary clover as a 
function of pH, Aluminium concentration and Calcium concentration.
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Figure  4.2.1.1 Relationship between pH(CaCl2), Calcium concentration and Aluminium concentration with 

standardised root and shoot parameters for hairy canary clover. 
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Standardised root and shoot paramters for birdsfoot trefoil as a function of pH, 
Aluminium concentration and Calcium concentration
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Figure  4.2.1.2 Relationship between pH(CaCl2), Calcium concentration and Aluminium concentration with 

standardised root and shoot parameters for birdsfoot trefoil.  Different letters on the pH(CaCl2) relation for 

root length density indicate statistical differences with confidence levels greater than 85% and a 

superscript of “*” indicates statistical difference at the 95% probability level.  
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Table  4.2.1.2 Confidence levels for significant differences among treatments for birdsfoot trefoil. 

Treatment Treatment Treatment 

 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

1 Root Length Density 

%Confidence 

Shoot dry weight  

% confidence 

Root dry weight 

% confidence 

2 17     34     37     

3 86 90    97 91    94 87    

4 93 95 39   99 97 29   99 97 42   

5 99 99 84 58  99 99 66 48  99 98 70 43  

6 91 93 42 6 50 98 94 34 11 32 98 96 51 17 25 

 

Birdsfoot trefoil initially showed an positive response to increasing pH(CaCl2), but between 

pH(CaCl2) 4.9 and 5.6 there was a negative response.  A clear statistical difference occurs 

between the two lower treatments and the four higher values.  These statistical differences 

support the view that a threshold value occurs in the region of pH(CaCl2) 5.   

Growth relations for wheat are shown in Figure  4.2.1.3 with statistical differences outlined in 

Table  4.2.1.3.   
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Standardised root and shoot parameters of wheat as a function of 
measured pH, Aluminium concentration and Calcium concentration
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Figure  4.2.1.3 Relationship between pH(CaCl2), Calcium concentration and Aluminium concentration with 

standardised root and shoot parameters for wheat 
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Table  4.2.1.3 Confidence levels for significant differences among treatments for wheat. 

Treatment Treatment Treatment 

 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

1 Root Length Density 

%Confidence 

Shoot dry weight  

% confidence 

Root dry weight 

% confidence 

2 9     39     84     

3 5 5    43 73    93 36    

4 32 25 33   20 58 33   39 54 73   

5 59 52 70 21  17 59 49 8  80 27 65 41  

6 80 77 89 57 65 63 23 92 84 89 63 48 75 19 30 

 

Figure  4.2.1.4. shows the pH(CaCl2) relations for lucerne with no statistical analysis performed 

due to lack of replication.  The purpose of including lucerne at this stage of the experimental 

work was as a pilot study to provide preliminary estimates of pH(CaCl2) response so that four 

treatments for the later lysimeter experiment could be better determined.   

Standardised root and shoot parameters of lucerne
 as a function of measured pH.
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Figure  4.2.1.4 Relationship between pH(CaCl2) and standardised root and shoot parameters for lucerne. 

 

The superimposed red lines (Figure  4.2.1.1 to Figure  4.2.1.3) propose a method for 

modelling relationships between pH(CaCl2) and root length density obtained by fitting two 

segment linear functions. These functions were obtained using the least squares fit function 

of Microsoft Excel 2002, for linear trendlines for data segments, and tested for goodness of 

fit using Root Mean Square Error (RMSE), which analyses the difference between observed 

and predicted values using the following equation:   
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The smaller the RMSE, the better the model prediction.  The functions are given in Table 

 4.2.1.4. 

Table  4.2.1.4 Linear segment models for hairy canary clover, birdsfoot trefoil and wheat and associated 

RMSE’s 

Species Function limits RMSE 

y=0.048x+0.184  6x  
Hairy canary clover 

y=-0.414x+2.961   6x  

0.00047 

y=0.026x+0.676 9.4x  
Birdsfoot trefoil 

y=-0.264x+2.072 9.4x  

0.00429 

y=0.0073x+0.627 4.5x  
Wheat 

y=0.156x-0.193 4.5x  

0.0023 

 

Lucerne is not included in the above fitting due to the lack of replication and the large variation 

observed (Figure  4.2.1.4).  Growth parameters at pH 4.9 appear to be abnormally high 

suggesting that the data from this experiment should not be used further since this species is to 

be investigated in greater detail in a lysimeter trial. 

4.2.1.3 Conclusion 

The four plant types responded in different ways to the applied constraint of low pH(CaCl2), with 

differing species showing different reactions to acid conditions.  The patterns of observed 

response indicate genotypic variations exist in terms of acid tolerance as opposed to acid 

preference.  When considering further use of this information as a basis for modelling plant 

growth and or water balance, it is imperative to know the pH(CaCl2) status of both the species 

and soil under investigation.   
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4.3 Lysimeter experiment 

With the renewed interest in perennial plant species, particularly for recharge control, it was 

appropriate to consider the effects of pH(CaCl2) on the distribution of roots throughout a soil 

profile over a longer time period than in the previous glasshouse trials.  This is of particular 

importance when considering water uptake by perennial plants from soils with acid profiles. 

To address this requirement, a lysimeter experiment was undertaken.  

4.3.1 Methods 

Two cubic metres of subsoil were taken from the 15 to 35 cm depth zone of the upslope 

Gabby Quoi Quoi site.  The soil came from a nine square metre area five metres south of 

plots 11 and 12, the location of which is shown in Figure 3.2.2.  Half a cubic metre of top soil 

(0-10 cm depth) was collected from the same area.  The resulting pit was filled with yellow 

sand and topsoil returned appropriately.   The subsoil was then transported to Perth where it 

was treated with varying amounts of lime to target the levels as described in section 4.2.1 for 

treatments one, two, three and five.  The number of treatments was reduced from six to four 

due to the larger volume of soil required.  The previous glasshouse experiment showed that 

wheat had a threshold value around 4 to 4.5 with little significant change  in root length 

density above pH(CaCl2) 5.  Despite the inconclusive nature of the results it was decided to 

remove treatments four and six to try to define the threshold value for lucerne root growth 

more precisely.  The treated soil was again wet to 85% field capacity and sealed in large 

plastic bags for two weeks to allow for reaction of the lime.  Because adding lime in a 

discrete location of the soil profile could lead to compensatory growth within the zone and to 

reduced growth outside, the lime was added to the soil and homogenised prior to packing 

the lysimeters to the desired bulk density.  The lysimeters had the dimensions of 24 cm 

diameter and 200 cm height.  For the top 0-10 cm of the column, topsoil from Gabby Quoi 

Quoi was used untreated. 

All pots were sown with 1 week old seedlings of lucerne cv. Septre.  Once established, 

seedlings were thinned to one per lysimeter.  Plants were grown for 150 days on the 

assumption that roots would grow at approximately 1 cm per day (P.Dolling pers comm. 

2000).  Six weeks before the end of the growing period all plants were cut back to the crown 
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to mimic grazing.  After three weeks of regrowth all above ground material was collected, 

dried and weighed.  After a further 3 week regrowth period, the lysimeters were lifted and cut 

into 20 cm lengths.  The soil was washed from the roots of each depth increment, as 

described for the glasshouse experiment.  Root measurements were performed as described 

previously.  Sub-samples of soil were collected for pH(CaCl2), Ca and Al analysis, as per the 

glasshouse experiment.    

4.3.2 Watering regime 

The lysimeters were housed in a rainout shelter so that irrigation could be controlled.  

Surface water was applied by sprinkler irrigation, with sprinklers mounted at a height of 20 

cm above ground to ensure an even coverage.  The imposed rainfall regime corresponded to 

1996 rainfall data measured from a nearby field location at Moora, W.A.  The irrigation 

regime, stated on a daily basis in Appendix B2 was applied as a single irrigation event on the 

days showing rainfall.   

4.3.3 Results 

Table  4.3.3.1 identifies the confidence level for each depth increment at which significant 

differences in root length density occurred between treatments.  Figure  4.3.3.1 to Figure 

 4.3.3.5 illustrate the relation between pH(CaCl2) and measured root length density for each of 

the depth increments with significant differences.  Figure  4.3.3.6 shows the root distribution 

for the treated profile from 10 to 180 cm.  Figure  4.3.3.7, the root length density depth profile, 

is included to illustrate the relation between pH(CaCl2) and the overall root distribution 

throughout the entire treated profile. Table  4.3.3.2 lists the above ground biomass produced 

in a three week period prior to the completion of the experiment averaged over 4 replications 

for treatments 1 and 2, and over 3 replications for treatments 3 and 5.  The discarded 

replicates suffered severe snail attack and there was very little green material to harvest.  

Confidence levels for differences in above ground biomass production between treatments 

are included. 
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Table  4.3.3.1 Confidence levels for differences among treatments for each depth increment of lucerne 

growth in two metre lysimeters. 

Depth increment Significance matrix 

Treatment 1 2 3 5 

1 *    

2 ns *   

3 ns ns *  

10-20 cm 

5 88.6 80.3 95.0 * 

20 – 30 cm no significant differences at any depth 

30 – 40 cm no significant differences at any depth 

40 – 60 cm no significant differences at any depth 

Treatment 1 2 3 5 

1 *    

2 87.1 *   

3 ns ns *  

60 – 80 cm 

5 96.3 ns Ns * 

Treatment 1 2 3 5 

1 *    

2 ns *   

3 ns ns *  

80 – 100 cm 

5 82.1 ns ns * 

Treatment 1 2 3 5 

1 *    

2 91.3 *   

3 ns ns *  

100 – 140 cm 

5 93.4 ns ns * 

Treatment 1 2 3 5 

1 *    

2 ns *   

3 82.0 ns *  

140 – 180 cm 

5 95.7 ns ns * 

10 – 180 cm no significant differences at any depth 
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Figure  4.3.3.1 Relations between measured root length density and: a. pH(CaCl2) and; b. 1/Al 

concentration for 10-20 cm depth increment (lucerne) 
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Figure  4.3.3.2  Relations between measured root length density and: a. pH(CaCl2) and; b. 1/Al 

concentration for 60-80 cm depth increment (lucerne) 
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Figure  4.3.3.3 Relations between measured root length density and: a. pH(CaCl2) and; b. 1/Al 

concentration for 80-100 cm depth increment (lucerne) 
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Figure  4.3.3.4 Relations between measured root length density and: a. pH(CaCl2) and; b. 1/Al 

concentration for 100-140 cm depth increment (lucerne) 
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Figure  4.3.3.5 Relations between measured root length density and: a. pH(CaCl2) and; b. 1/Al 

concentration for 140-180 cm depth increment (lucerne) 
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Figure  4.3.3.6 Relations between measured root length density and: a, pH(CaCl2); b. 1/Al concentration; c. 

Calcium concentration, and; d. aluminium to calcium ratio for the entire lysimeter subsoil from 10 cm to 180 

cm (lucerne) 
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Figure  4.3.3.7 Root length density depth profile for each treatment (lucerne) 
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Table  4.3.3.2 Above ground biomass produced during a three week period with the associated confidence 

limits for significant differences between treatments. 

Above ground biomass Treatment Significance matrix 

6.7 1 1 2 3 5 

9.3 2 95    

8.8 3 93 34   

10.7 5 98 68 82  

 

4.3.4 Discussion 

When considering the root length density profile in relation to pH level as a function of depth, 

the surface layer, (0 – 10 cm) was excluded because it remained untreated and has not 

been included on the depth profile graph.  

Depth increments from 60 to 80 cm and from 140 to 180 cm both showed a 90-95% 

probability of a statistical difference between root length density for treatments one and five.  

However, the 60 to 80 cm depth zone showed a negative response to pH(CaCl2) while the 

reverse occurred at 140 to 180 cm.  The proliferation of roots in the 60 to 80 cm zone in acid 

soil may indicate that the acidity is interfering with the plants geotrophic growth habit, 

causing a build up of lateral roots around this depth.  Tang et al (2001) also observed a 

proliferation of wheat roots in limed topsoil above an acid subsoil.  The significant positive 

response to pH in the deepest zone (140 – 180 cm) highlights the hindered vertical 

extension in acid soil conditions.   Under neutral conditions it has been normal to see an 

exponential decay in root length density with depth (Tennant 1976; Mackie-Dawson and 

Atkinson 1991; Goins and Russell 1996).  However, lucerne has also shown growth patterns 

that depart from this rule of exponential decay (Rechel et al. 1990).  The bulging pattern 

observed in the root length density profile has also been observed to occur in maize, 

soybean and a mixed system of lucerne and fescue when grown in soil that did not receive 

subsoil cultivation (Grecu et al. 1988b; Grecu et al. 1988a).  The pattern of root distribution 

here tends to be more uniform with depth than expected, supporting the work of Rechel et al 

(1990) that lucerne does depart from the rule of exponential decay.  A further explanation for 

this phenomena is that it is an artefact of the experimental design.  Roots growing in a 
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column with 12 cm radius would soon reach an impenetrable barrier when growing 

horizontally.  The roots would then deviate vertically downwards in the available space.  In a 

field situation this would rarely occur.   The time frame over which this study was carried out 

was greatly reduced in comparison to the length of time lucerne is grown in a field situation 

in an attempt to minimise the effects of side wall deflection.  This response highlights the fact 

that results from lysimeter studies cannot translate directly into the field.  They do, however 

provide a guide as to the likely responses that will occur in the presence of soil constraints to 

growth. 

Over the entire depth of treated soil, total root length density appeared highly correlated with 

pH(CaCl2), though no statistically significant differences were recorded due to variation within 

treatments. 

4.4 Conclusion 

The trends shown, indicate that, at this site, lucerne could potentially be limited in root 

growth due to a pH(CaCl2) constraint that has been shown to exist, particularly at 15-30cm 

depth (Whitten et al. 2000).   Quantifying this response in terms of a threshold pH value is 

not possible from the highly variable results found here.  If we consider each depth 

increment individually, the only statistically significant difference at the 95% confidence 

levels were between treatments 3 and 5 at 10-20 cm; treatments 1 and 5 at 60 to 80 cm and 

treatment 1 and 5 at 140 to 180 cm.  This suggests that the pH of treatment 5, in this case 

5.8, could be approaching an optimal level, whereas levels below this are imposing a 

constraint to root growth.   

It is also important to note that the plants grown in acid conditions produced less above 

ground biomass during a 3 week period prior to the end of the study.  The reduced leaf area 

would lead to a reduction in the capacity of the plant to transpire water.   A proposed 

hypothesis is that the effect of soil acidity on the water balance is then doubled.  Not only are 

the plants unable to access stored water deeper in the profile, but they also lack the above 

ground capacity driving the extraction of this water from the profile.  Whether or not these 

constraints do impose a limitation on the ability of plants to extract water from a field situation 

is yet to be determined.   
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The next consideration is translating the information derived from this study into a usable 

estimate of field root growth without destructive sampling.  The following chapter investigates 

the sensitivity of a root growth model to input parmeters.   Using the data from this study as a 

guide in determining the required genotypic parameters, the model is then applied to provide 

an estimate of root growth likely to occur at the Gabby Quoi Quoi field site.  These estimates 

then provide a basis by which water balance modelling can be used to determine likely 

patterns of soil water extraction from soils with and without imposed constraints to root 

growth. 
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5. Modelling root growth  

- model description and sensitivity analysis 

5.1 Why model root growth? 

There are numerous reasons why root measurement is impractical, as outlined in section 4 of the 

literature review, yet accurate information on the distribution of functional roots in the soil is 

essential in studies of water and chemical transport.  (Green et al. 2003) provide a concise 

description of the importance of plant roots: “The movement of soil water and any water-borne 

chemicals is frequently a direct result of the action of plant roots.  Roots are the ‘big movers in soil’ 

(Clothier and Green 1997)”. Spatial and temporal patterns of water uptake can only be determined 

if there is expert knowledge, or  an appropriate prediction of the distribution of these functional 

roots within the soil profile.  (Green et al. 2003), were able to partition water use from different 

parts of the root zone of apple trees following extensive destructive sampling and calculation 

of root length densities.   Root sampling techniques have been employed to determine root 

length densities for the quantification of nitrate leaching under legumes (Anderson et al. 

1998);  quantifying water loss beyond the root zone (Ward et al. 2002); and determining 

factors affecting root growth such as mechanical impedance (Bengough et al. 1997). 

The problem remains however, to predict the distribution of functional roots in the soil in order to  

adequately define  the sink term in Richards equation (Equation 1.4.).  Although it is possible to 

achieve this by inverse optimization from water content profiles the method does not provide 

insight into the interplay between roots and the soil environment in which they grow.   Gardner 

(1964) used extraction patterns as an indicator of root distribution.  However, he found that there 

were more roots than could be calculated from the extraction pattern (Gardner 1964).  The 

commonly used water uptake models that are used to describe the sink term, such as that of 

Feddes et al (1976) and Campbell (1985) do not explicitly consider the interactions between roots 

and the soil in which they grow.   There is increasing evidence, supported by the work of the 

previous chapter, that hostile soil conditions significantly modify root development.  Until recently, 

the impact of soil constraints on root growth  has only been treated using empirical adjustments,  

sometimes referred to as root hospitality factors (Asseng et al. 1997).  For example, it was  shown 
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that, when allowance was made for the impact of soil acidity on root growth, better yield 

predictions were obtained across a precision agriculture trial (Smettem et al. 1999).    

Recently, models of growing root architecture have been proposed (Diggle 1988; Clausnitzer and 

Hopmans 1994; Wullschleger et al. 1994; Acock and Pachepsky Ya 1996; Asseng et al. 1997; 

Lynch et al. 1997). These models offer the opportunity to look at the ‘forward problem’, whereby 

the distribution of growing roots can be modelled and then information about the root pattern 

extracted for use in the water uptake routines of existing water balance models.  This approach 

has the potential to provide insights into the significance of various soil constraints to root growth 

that could significantly impact on the soil water balance.   One of the two models presented in the 

literature was selected for further investigation as a tool for a priori assessment of soil constraints 

on root growth.     

5.2 Models 

Two architectural models are available: “Rootmap” (Diggle 1988) and a model developed by 

Clausnitzer and Hopmans (1993) that will be referred to as “Rootmodel”.  The output from 

“Rootmap” is not consistent with the requirements of the project in terms of providing root length 

density profiles that can be included as input into physically-based water balance models.  In this 

study the SWIM (Ross 1990) water balance model is used.  SWIM uses the Campbell function 

(Equation 3.4.51) for the sink term and has previously assumed an exponential pattern of root 

growth.  A version was made available which allows tabular input of root length density with soil 

depth for any given time.  “Rootmodel” output can then be included directly in the root parameter 

file in SWIM.   

“Rootmodel” is a transient 3-dimensional model for root growth currently based on mechanical soil 

strength as a function of moisture content, soil temperature, solute concentration, and a branching 

pattern based on root age and impedance functions.   Essentially, the model can "grow" the roots 

under the control of the environment, whilst also affecting that environment.  This has been 

achieved by the combination of a 3-dimensional root growth model with a 3-dimensional transient 

water flow and solute transport model (Clausnitzer and Hopmans 1994).  Within the model, the 

soil water retention and conductivity curves are described with van Genuchten's (1980) 

relationships: 
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Where: 

 current soil moisture content 

s Saturated soil moisture content 

r Residual moisture content 

K  Hydraulic conductivity 

sK
 Saturated water content  

h  pressure head 

a n and m are fitting parameters. 

"Rootmodel" (Clausnitzer and Hopmans 1993) allows for the simulation of root growth at three 

different levels depending on the mechanism for simulation of transpiration and root growth, with 

each level optionally including solute transport.  The levels of simulation can be: 1. no uptake; 2, 

potential transpiration rate predefined as a function of time; 3, dynamic assimilate allocation to 

shoot and root with transpiration rate dependent on current leaf area.  The model was originally 

supplied as FORTRAN coding, run from a file named rootdos.exe.  The current version comprised 

the first stage of a comprehensive root-soil-interaction model with the objective of simulating the 

interactive relationships between changing soil water, soil strength, root growth and water uptake 

processes (Clausnitzer and Hopmans 1993).  "Rootmodel" being a 3-dimensional model of root 

architecture incorporates a 3-D water flow component based on Richards equation (in 3-

dimensional form). Entering initial soil types for discrete nodes requires altering the coding of 

Grid.for, recompiling Grid.exe and running to create the finite element mesh.  Source or sink 
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volumetric water flux is then applied to the flux boundary nodes as defined in BC.in.  "Rootmodel" 

simulates at a single plant scale with conceptual isolation of the modelled soil domain with 

evaporation eliminated through an assumption of a plastic covered soil surface for all level 2 and 3 

simulations (Clausnitzer and Hopmans 1993).  In its present form "Rootmodel" could be 

considered a valuable tool for modelling 3-dimensional water and solute movement following 

discrete pulse events on a single plant system rather than for direct use in field water balance 

simulation.  The current version of "Rootmodel" was intended as a basis for continued extension 

and development (Clausnitzer and Hopmans 1993), which could lead to the capacity for field scale 

simulations in the future.  However, at this stage, field water balance modelling is more practical 

through simplification to a 1-d model.  Rootmodel was therefore used for developing scenarios of 

how roots may respond to specified soil constraints.  Root distribution outputs from these level 1 

simulations in "Rootmodel" were then incorporated in the 1-dimensional water balance model 

SWIM as tables of root length density changes with depth at specified times during the growing 

season. 

5.3 Model parameterization 

5.3.1 Time scale parameters 

In “Rootmodel” all simulations start at time 0.  However, existing output files can be used as 

input so that existing “roots” can continue to grow if a variation in conditions is required.  The 

user must enter times at which output is required, with the capability of numerous entries, the 

last of which determines the stop time for the simulation.  The user is also able to define the 

initial time step and impose limitations upon the models ability to vary this parameter.  The 

model then varies the time interval between subsequent growth events dependent upon the 

number of iterations required to meet the convergence criterion, which is specified as the 

maximum permitted change in pressure head at each node of the Finite Element Grid 

(defined in following section).   

5.3.2 Growth medium 

The soil profile for ”Rootmodel” is described by a finite element method in which the area is 

divided into discrete finite element domains, as shown in  Figure  5.3.2.1. 
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Figure  5.3.2.1 Diagram of finite element mesh from: (Clausnitzer and Hopmans 1993) 

 

 “Rootmodel” employs a sub-routine “Grid.exe” in which the user defines element size and 

number.  Running grid.exe then creates two files, ‘grid.in’ and ‘node.in’ in which corner points 

of each finite element are defined in terms of x,y,z spatial co-ordinates with material numbers  

assigned for soil properties.  The routine ‘rootdos’ links to a file ‘soil.in’, where the soil 

properties for each material number are entered.   Soil layer depth is then not a required 

parameter since the finite element grid defines the spatial co-ordinates for changes in soil 

properties.   

The resistance term varies as a direct multiplier between 1 and 0, with a value of unity 

having no effect on growth rate down to zero at which no elongation occurs.  For the 

simplest simulation, root growth is dependent on soil strength, with temperature effects 

optional.  Whilst no uptake of water occurs at this level and soil water flow is not influenced 

by the root system, it is still simulated to allow for the calculation of soil strength using the 

following equation. 

 3max 1  ssss                     5.3.1

 Where:   

  normalized volumetric water content shown as equation 5.2.3. 

ss soil strength   



93 

and, 

maxSS  Maximum soil strength input parameter.   

Rearranging equation 5.3.1 gives  
ssSS

3

max
1                                                   5.3.2 

Hence it is possible from one measure of moisture content and associated penetration 

resistance, to calculate maxSS  for each soil type and location, provided estimates of the 

associated saturated and residual moisture contents are available.  

Soil temperature is optionally included as an input file, “Temp.in”, which allows for 

temperature to be defined as a list of transient values along depth co-ordinates.   

Temperature is considered to be independent of soil water flow to avoid computational 

intricacies and high memory usage.  If the input file “temp.in” is absent, the simulations 

proceed with the assumption that temperature conditions are optimal. 

5.3.3 Species specific growth parameters 

Variations in root morphology that are observed under natural conditions are genus or species 

specific, such as development of a deep taproot as opposed to shallow rooting.  Such variations 

are achieved through a set of species specific input parameters.  The main axis emerges from 

the seed and each branch nomenclature conforms to the hierarchy shown in Figure  5.3.3.1  
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Figure  5.3.3.1 Diagram indicating branching order nomenclature 

Genotypic root growth parameters are defined within an input file ‘root.in’.  The numbers of 

axes originating from the seed, along with emergence times are user defined.  The number 

of emerging axes is entered as paired values of time and number.  At each defined time, any 

number of axes may emerge from the seed.   A set of weighting factors for preferential 

growth with the horizontal is defined for each axis group and each order of laterals, along 

with a calculation of the soil strength component of the growth direction vector using a 

combination of heading angle sensitivity to soil strength and the soil strength reference 

gradient.   A maximum branching order is defined by the user.  Branch spacing is defined 

within the execution control file, “control.in”.  Branching angles and delay times are similarly 

entered.  There is an additional parameter defining the mass per unit length of root as a 

function of soil strength for each branch order.  For higher levels of simulation “Rootmodel” 

also has optional input files which relate to factors effecting plant water uptake.   

5.4 Model sensitivities 

Prior to applying the model for the estimation of root growth parameters for water balance 

modelling an initial investigation was undertaken to analyse the sensitivity to, and maximum 

ranges for, each set of parameters in the model.   

The input parameters required for the execution of “Rootmodel” could be grouped according 

to the nature of influence and extent of sensitivity.  The first group of parameters were those 

Axis  

Main lateral – 
first order 

Second 
order branch 

Third order 
branch 

seed 

a 
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that define the nature of the medium in which the roots are grown, essentially these are 

environmental parameters which provide a means to incorporate hostile soil conditions.   

Environmental parameters such as soil strength, water supply (“BC.in”) and temperature 

provided the capacity to impose limitations on genotype specific parameters such as 

unimpeded elongation rate.   

The second group of parameters depend on the nature of the medium, such as the heading 

angle sensitivity to soil strength.   

The last group of parameters  are genotype specific (i.e. purely under genetic influence), 

such as unimpeded elongation rate, soil strength at which growth ceases, branch spacing, 

and branching delay time and angle.  

The sensitivity of the model to each parameter group was investigated in the order described 

above.  At the lowest level of simulation, the limiting factor is soil penetration resistance, 

which was considered first in this study.   

5.4.1 Penetration resistance 

5.4.1.1 Methods 
Model sensitivity to the parameter SSmax and the water flux component of the input file “BC.in” was 

investigated simultaneously due to the dependence of soil strength on water content.  The model 

was run under four scenarios as outlined in Table  5.4.1.1 under a level 1 simulation, which is the 

simplest procedure in which the grid defines soil strength and optionally temperature with no 

simulation of water uptake except to provide a value of moisture content to allow calculation of soil 

strength using Equation 5.3.2.  Boundary condition (‘BC.in’) and control parameters (‘control.in’) 

are included in appendix B.  The impeding layer occurred with a change in texture from surface 

soil to subsoil at 10 cm.  The soil strength at which growth ceases was set at 3 MPa.   

At the Gabby Quoi Quoi field site penetration resistance was measured using a recording 

bush penetrometer with a 30o cone requiring a multiplier of 0.076 to convert readings to MPa.  

The penetrometer records the force required to push the cone through the soil with a reading 

displayed every 3.5 cm of soil depth.  The same operator performed all readings to maintain 

consistency.   
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Table  5.4.1.1 Input parameter values to assess sensitivity to SSmax 

Treatment SSmax surface SSmax subsoil Water supply 

1 1.5 5 Low 

2 1.5 1.5 Low 

3 1.5 5 adequate 

4 1.5 1.5 adequate 

5 5 5 Low 

6 5 5    adequate 

 

5.4.1.2 Results and discussion 
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Figure  5.4.1.1 Effects of soil strength under varying moisture contents, on the modelled root length density. 

 

Output for treatments 5 and 6 was identical to treatments 1 and 3 and are not shown on the 

graph.(Figure  5.4.1.1)  As water content increases, the difference between an impeding soil 

and a non- impeding soil become smaller.  During a normal growing season in the Western 

Australian wheatbelt, soil moisture content will tend to be quite high during the winter rainfall 

period so the effects of soil strength are at their lowest.  In the case of perennial crops or 

pasture species, soil water content will be at the drier end during the summer months.  

During this time, soil strength effects are at a maximum, and this becomes an important 

consideration in modelling simulations for perennial species.  This is supported by the 
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literature, showing that a traffic pan has a more pronounced effect during drier seasons 

(Hamblin et al. 1990).   

Penetration resistance for this study was comparable with measured values at sites 

throughout the wheat belt of Western Australia, assessed prior to the break of season when 

the soil would have had moisture contents approaching residual, which was then assumed to 

represent SSmax.  The following set of calculations indicate that this value is lower than that 

required to represent the actual penetration resistance measured at the Gabby Quoi Quoi 

site.   A survey of the penetration resistance at site was carried out as part of the initial site 

assessment. Moisture content was measured with a portable TDR (Trace) unit and 

corresponding penetration resistance measured using a recording bush penetrometer.  

Residual and saturated water content data was taken from the fitted water retention curves 

in appendix C 1-3.  (The method for obtaining these curves is described in section 7.2.2.)  

Using equation 5.3.2 it was possible to calculate the required value for the input parameter 

SSmax to allow the model to simulate a growth medium mimicking the Gabby Quoi Quoi field 

site.  Table  5.4.1.2 summarises the averaged values for all of the above measurements and 

calculations for three soil depths and three landscape elements.   

Table  5.4.1.2 Water content and corresponding penetration resistance, saturated and residual water 

content, calculated normalized water content all used to calculate parameter SSmax required as input for 

simulations of root growth in growth medium corresponding to the Gabby Quoi Quoi field site. 

Position in 
landscape 

Water  
Content 

(vol / vol) 

Soil strength or penetration 
resistance 

 (MPa) 
s 
 

r 
 

Θ 
 

SSmax 

 
Lower slope:0-15 cm 17.1 0.5 35.9 4.3 0.4 2.5 

Mid slope: 0-15 cm 16.5 0.5 24.8 4.9 0.6 7.6 

Upper slope: 0-15 cm 16.7 0.5 27.3 5.1 0.5 4.5 

Lower slope:15-30 cm 15.7 1.7 32.8 4.6 0.4 7.7 

Mid slope: 15-30 cm 14.4 1.9 24.9 5.0 0.5 12.7 

Upper slope: 15-30 cm 15.1 1.9 26.8 6.0 0.4 10.9 

Lower slope:30-45 cm 16.7 1.2 29.6 4.9 0.5 8.5 

Mid slope: 30-45 cm 15.3 1.5 25.0 5.1 0.5 12.6 

Upper slope: 30-45 cm 15.2 1.4 26.2 7.0 0.4 7.7 
 

5.4.2 Temperature. 

5.4.2.1 Methods 
The input file under investigation here is “temp.in”, which is a multi-variable input file allowing 

for incorporation of fluctuations in soil temperature over a season.  For the purposes of 
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sensitivity analysis, all depths and all times were set to the same temperature.  Defined 

genotype specific root growth parameters were set at 0oC, 28oC and 40oC for minimum, 

optimum and maximum temperatures respectively.  Six modelling simulations were run, one 

in the absence of “temp.in”, representing an assumption of optimal temperature for the 

duration.  Five other simulations included “temp.in” with temperatures set at 8oC, 18oC, 28oC, 

38oC, and 48oC, the two temperatures being below optimal and the last two above optimal.   

5.4.2.2 Results and Discussion 
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Figure  5.4.2.1 Modelled root length density depth profile under varying temperature regimes. 

 

The relationship between temperature and root growth was not symmetrical about the 

optimum temperature.  This is explained by the model-calculated impedance function having 

a modified sine-wave shape, allowing for the fact that the optimum temperature for a 

particular species is not always the median between the maximum and the minimum limiting 

values  (Clausnitzer and Hopmans 1993).  In the example shown in Figure  5.4.2.1 there is a 

clear difference between the effects of a temperature increase or decrease of 10oC from the 

optimum temperature.  While 38oC is approaching the maximum limiting value, 18oC is not 

approaching the minimum limiting value.  Since optimum growth temperatures for the 

species involved in this study are largely unknown, the influence of temperature was 

excluded from further modelling exercises, hence an assumption of optimal conditions.  The 

impedance function for temperature could, however, be adapted to represent a pH constraint 
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since the previous chapter showed that the optimal pH for various species is not the median 

between high and low limiting values.   

5.4.3 Genotype-specific root growth parameters 

There are 18 parameters to be defined within the “root.in” file, some of which can be multiple 

parameters through time, or branch order.  Many combinations could therefore have been 

investigated, but it was important to first understand which of these 18 parameters had the 

greatest influence in altering simulated root growth so that appropriate manipulations could 

be made later when simulating root growth to compare with actual data sets. 

Each genotype-specific parameter was varied individually, while all other parameters were 

held constant. To investigate variations in root elongation rate, it was necessary to reduce 

the number of emerging axes so that the limitations for each grid unit were not exceeded 

with resultant model failure.  

5.4.3.1 Axes emergence - method 
Axes emergence is complicated in that it can be varied according to the time of emergence, 

the number of axes occurring at each defined time, and the number of times that axes 

emerge.   

Table  5.4.3.1 defines the initial file and the changes made to axis emergence parameters for 

each simulation.    

Table  5.4.3.1 Input parameters controlling axes emergence used in simulations for sensitivity analysis. 

Simulation number: 1  2 3 4 5 6 7 

No. axis emergence times 4 4 4 4 4 4 4 

Time 1 0 0 0 0 0 0 0 

No. axes emerging 1 2 3 1 1 1 1 

Time 2 24 24 24 12 48 24 24 

No. axes emerging 2 2 2 2 2 1 2 

Time 3 120 120 120 120 120 120 120 

No. axes emerging 2 2 2 2 2 2 1 

Time 4 240 240 240 240 240 240 240 

No. axes emerging 2 2 2 2 2 2 1 

 



100 

5.4.3.2 Axes emergence - Results and Discussion  
Results are presented in graphical format, with root length density, calculated from the 

output of “Rootmodel “ using the subroutine ”profile.exe”.  Total root length and maximum 

depth for each simulation are also presented to illustrate those parameters that affect 

distribution of roots within the finite element mesh, as opposed to those reducing or 

increasing actual root length.  Sensitivity to emergence parameters are summarised in Table 

 5.4.3.2and illustrated in Figure  5.4.3.1 a to d.   

Table  5.4.3.2 .Total root length and maximum depth achieved by simulated roots following variations in 

listed values.  

Parameter Values Total root length (cm) Maximum depth (cm) 

Initial axes emergence 1 999.1 32.5 

 2 999.1 32.5 

 3 999.0 32.5 

Number of subsequent axes emerging 2,2,2 999.1 32.5 

 1,2,2 853.4 32.5 

 2,1,1 863.1 32.5 

Time at which second axes emerges (hours) 24 999.1 32.5 

 12 999.0 32.5 

 48 999.0 37.5 

Total number of emerging axes 7 999.1 32.5 

 2 291.7 32.5 
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Figure  5.4.3.1 Root length density output from “rootmodel” as a consequence of varying a) the number of 

axes emerging at time = 0; b) the number of axes emerging at 24, 120 and 240 hours after initiation; c) the 

time at which the second axis group emerged and d) the total number of emerging axes.   

Initial axis emergence affects the distribution of roots within the domain, with very little 

difference in total root length.  Delaying the emergence of the second axis group gave 

surprising results in that emergence at 24 hours produced a higher root length density than 

at 12 hours and at 48 hours.   The effect appears to be that of branching within the shallow 

layer, as all differences occur below a depth of 10 cm.  Delaying axis emergence reduces 

branching in the period prior to the second axis emergence, but also results in a deeper root 

depth profile as there are more resources for downward growth of the initial axis.  The 

number of axes emerging initially appears to be less significant than subsequent emergence.   

The most influential parameter in this set is the total number of emerging axes producing 

proportionate reductions in total root length.  In this example, the number of emerging axes 

was reduced by a factor of 3.5 and the corresponding total root length output from simulation 

was reduced by a factor of 3.43 as can be observed in Table  5.4.3.2   

5.4.3.3 Preferential growth angles - Method 

The weighting factor for preferential growth angle with the horizontal plane for each axis 

group has the value limitation of 0 to 1, with 1 defining maximum tendency for the root to 

grow in a downwards direction.  For simplification, each axis group was given the same 

weighting factor in each simulation, with values being 0, 0.25, 0.5, 0.75 and, 1, with 1 being 

the default value.  The weighting factor for preferential growth angle with the horizontal plane 

for the main laterals was treated similarly. However, for the laterals the default value is 0 

rather than 1 as for the axis groups.   

The range of randomness in preferential growth angle with horizontal plane for each axis 

group is entered as a value in degrees and again each axis group was given the same value 

for each simulation, with values being 5, 10 and 20, with 10 being the default value.   

The preferential growth angle with the horizontal plane for each axis group is defined as a 

function of temperature.  Again, for reasons of simplicity the number of (temperature: angle) 

points was held constant at 1, with the angle varying at 10oC only.  The simulations then 

encompassed values of -45 and -180 with the above example being default.  The preferential 

growth angle with the horizontal plane for main laterals by default has 2 temperature: angle 
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points.   Initially, this parameter was investigated for axis groups and main laterals 

separately.  However a further investigation using values shown in Table  5.4.1.1 was carried 

out to determine interdependence.   

Table  5.4.3.3 Input parameters for series of simulations to assess interrelations between growth angles of 

axis groups and main laterals. 

Simulation number Preferential angle – axis groups Preferential angle – main laterals 

1 -90 0 

2 -90 -90 

3 -90 -180 

4 -45 0 

5 -45 -90 

6 -45 -180 

7 -180 0 

8 -180 -90 

9 -180 -180 

5.4.3.4 Preferential growth angles - Results and Discussion  
The distribution of roots through the profile in response to variations in parameters affecting 

growth angles are illustrated in Figure  5.3.2.1 a. to f.  Total root length and depths for this 

series of simulations in summarised in Table  5.4.3.4.   
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Figure  5.4.3.2 Root distributions in response to parameters effecting growth direction: Weighting factor for 

preferential growth with horizontal plane for: a) each axis group and; b) main laterals.  Preferential growth 

angle to the horizontal for: c) main axis groups and; d) main laterals: e. range of randomness in 

preferential growth angle with the horizontal plane for each axis group and; f) Combined preferential 

growth angles for axes and main laterals. 
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Table  5.4.3.4 Total root length and maximum depth achieved in response to variations in parameters 

controlling growth direction. 

Parameter Values Total root length 
(cm) 

Maximum depth 
(cm) 

Weighting factor – preferential growth with horizontal 
plane for each axis groups 

1 999.1 32.5 

 0 999.7 12.5 

 0.5 999.0 32.5 

 0.75 999.0 32.5 

 0.25 999.0 32.5 

Weighting factor – preferential growth with horizontal 
plane for main laterals 0 999.1 32.5 

 1 999.0 37.5 

 0.5 999.0 37.5 

 0.75 999.0 37.5 

 0.25 999.2 37.5 

Preferential growth angle to horizontal for main axis 
groups at 10oC 

-90 999.1 32.5 

 -45 
999.1 

 
27.5 

 -180 998.9 62.5 

Preferential growth angle to horizontal for main laterals at 
10oC 

0 999.1 32.5 

 -90 
999.1 

 
32.5 

 -180 
999.1 

 
32.5 

Range of randomness 10 999.1 32.5 

 5 999.2 32.5 

 20 999.0 32.5 
 

The weighting factor for preferential growth with the horizontal for each axis group 

determines the direction of growth rather than affecting the rate of growth.  The results for 

this series of simulations was as expected in that there was very little difference in total root 

length over the entire finite element. However, there was a significant difference in the 

distribution of roots.  A weighting factor of 0 implies no tendency for downwards growth, with 

results showing the maximum depth achieved with this value to be only 12.5 cm (Table 

 5.4.3.4).  The same parameter for the main laterals again shows similar results, although 

less dramatic.  It appears that any value greater than 0 for both parameters produces similar 

results.  The randomness for the growth angle determines growth direction through a 

random function which is user-constrained with the range of the randomness parameter.  

Results show that the model is reasonably insensitive to this parameter.   

The preferential growth angle also determines growth direction, with a greater sensitivity for 

that of the axis groups than that of the main laterals as shown in Figure  5.4.3.2.f. with 
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simulations 1 to 9 corresponding to those in Table  5.4.3.3.  Variations in the preferential 

growth angle of the main laterals did not alter the root distributions at all.  Despite 

distributions being significantly different for variations in this parameter to each axis group, 

there was very little variation in total root length, again as expected as this parameter 

manipulates growth direction and not rate.   

5.4.3.5 Branching order - Method 

Maximum branching order, as explained by Figure  5.3.3.1 was initially set at 2 then output 

compared with input values of 1 and 3, again with no change to any other parameters.   

5.4.3.6 Branching order - Results and Discussion 
Distribution of roots through the profile in response to variations in maximum branching order 

is illustrated in Figure  5.4.3.3  Total root length and depths for this series of simulations in 

summarised in Table  5.4.3.5. 
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Figure  5.4.3.3 Root distributions with maximum branching orders of 1, 2 and 3. 

 

Table  5.4.3.5 Variations in total root length in response to changing maximum branching order. 

Parameter Values Total root length (cm) Maximum depth 

Maximum branching order 2 999.1 32.5 

 3 1375.2 32.5 

 1 241.6 32.5 
 

“Rootmodel” is particularly sensitive to the maximum branching order.  The lower the 

branching order, the less opportunity there is for fine root production which produces 

significant reductions in total root length.  Because maximum depth achieved is not limited 
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by this parameter, increasing branching order resulted in an increase in root length density 

but no increase in the maximum depth achieved.   Increases in total root length were 

disproportionately higher than increases in maximum branching order.   

5.4.3.7 Elongation rates - Method 

The unimpeded elongation rate must be set for each branching order and has the option of 

variation through time. For purposes of sensitivity analysis, the rate was held constant for the 

duration of the simulated growing season.  Initially, variations were made individually for 

each branching order as outlined in Table  5.4.3.6, Table  5.4.3.7 and Table  5.4.3.8.  In this 

series of simulations, the number of emerging axes was reduced to one at time 0 and one at 

time 24, all other parameters remained unchanged.   Since initiation of lower order branches 

is dependent on the parent branch elongation, a further investigation was carried out using 

the rates shown in Table  5.4.3.9 to investigate the interrelationships between branching 

order elongation rates.  Whilst the highest values are unrealistic in terms of actual root 

growth they do serve to demonstrate the response of the model to variations in these 

parameters.  

Table  5.4.3.6 Variations made to first order elongation rate, all others held constant 

Simulation number: 1 2 3 4 

1o elongation rate (cm/hour) 0.01 2.5 5 10 

 

Table  5.4.3.7 Variations made to second order elongation rate, all others held constant 

Simulation number: 1 2 3 4 5 

2o elongation rate (cm/hour) 0.002 0.2 2 10 0.02 

 

Table  5.4.3.8 Variations made to third order elongation rate, all others held constant 

Simulation number 1 2 3 4 

3o elongation rate (cm/hour) 0.0008 0.008 0.08 0.8 
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Table  5.4.3.9 Elongation rates (cm/hour) used to assess interrelationships between branching orders 

Simulation Number First order rate Second order rate Third order rate 

1 0.01 0.002 0.0008 

2 0.01 0.002 0.08 

3 0.01 0.002 0.8 

4 0.01 0.2 0.0008 

5 0.01 0.2 0.08 

6 0.01 0.2 0.8 

7 5.0 0.002 0.0008 

8 5.0 0.002 0.08 

9 5.0 0.002 0.8 

10 5.0 0.2 0.0008 

11 5.0 0.2 0.08 

12 5.0 0.2 0.8 
 

5.4.3.8 Elongation rates - Results and Discussion 

Distribution of roots through the profile in response to variations in elongation rates for each 

branching order are illustrated in Figure  5.4.3.4 a. to c. with the interrelationships illustrated 

in Figure  5.4.3.4d.  Total root length and depths for this series of simulations are summarised 

in Table  5.4.3.10. 
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Figure  5.4.3.4 Simulated root length densities from variations in a) first order elongation rate b) second 

order elongation rate c) third order elongation rates and d) combined variations to each branching order 

elongation rate. 
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Table  5.4.3.10 Variations in total root length in response to changing elongation rates for each branching 
order. 

Parameter Values Total root length (cm) Maximum depth 

First order elongation rate 0.01 291.65 32.5 

 5 1746.31 37.5 

 2.5 1740.41 37.5 

 10 1750.28 72.5 

Second order elongation rate 0.002 291.65 32.5 

 0.02 2287.44 47.5 

 0.2 11389.9 162.5 

 2 13190.02 192.5 

 10 1210.29 192.5 

Third order elongation rate 0.0008 291.65 32.5 

 0.008 92.02 32.5 

 0.08 2287.44 47.5 

 0.8 2257.44 47.5 
 

Unimpeded elongation rate is a parameter with significant effects on growth, with the model 

most sensitive to first order elongation and much less sensitive to third order.  However, it is 

clear that the elongation rate of the first order branches imposes a limitation on the growth 

the second order branch growth, and so on, through the branch spacing parameter.  

Increasing first order elongation rate reduces root length at the surface because the roots 

are able to grow deeper prior to commencing to branch.  It is apparent that an error occurred 

during simulations when the third order elongation rate was set at and above 0.08 cm per 

day.   

5.4.3.9 Branch length and spacing - Method 
The maximum branch length is the maximum length a root can grow to before branching 

must occur.  This parameter was varied for each branching order as shown in Table 

 5.4.3.11.  Branch spacing, by definition, is the distance between sub-branch origination 

points.  Distance “a” on Figure  5.3.3.1 defines the branch spacing for a first order lateral.  

Branching angle is the angle between the branch and the sub-branch at the site of origin for 

each sub-branch.  Branching delay time is the minimum age for sub-branch origination 

points: it defines the time lag that occurs before a new branch is initiated. These parameters 

are defined for the base branch so that those specified for first order define the spacing and 

angle of the origin of second order branches from the first order branch.  In this series of 

simulations, the maximum branch order was three, therefore, only two values were required 

as shown in Table  5.4.3.12 to Table  5.4.3.14.   
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Table  5.4.3.11 Variations in maximum branch length used as input for simulations 

 Maximum branch length [cm] 

Simulation number: 1 2 3 4 

First order 200 300 100 300 

Second order 200 300 100 200 

Third order 200 300 100 100 
 

Table  5.4.3.12 Variations in branch spacing used as input for simulations 

 Branch spacing (cm) 

Simulation number 1 2 3 4 5 6 7 8 9 10 11 12 

1o to 2o 1 1 1 1 10 10 10 10 100 100 100 100 

2o to 3o 1 10 20 100 1 10 20 100 1 10 20 100 
 

Table  5.4.3.13 Variations in branching angle used as input for simulations 

 Branching angel (degrees) 

Simulation number 1 2 3 4 

1o to 2o 90 45 135 45 

2o to 3o 90 45 135 90 
 

Table  5.4.3.14 Variations in branching angle used as input for simulations 

 Branching delay time (hours) 

Simulation number 1 2 3 4 5 

1o to 2o 100 200 50 300 100 

2o to 3o 300 600 150 300 100 
 

5.4.3.10  Branch length and spacing - Results and Discussion. 
Distribution of roots through the profile in response to variations in branch lengths and 

spacings are illustrated in Figure  5.4.3.5. a to d. Total root length and depths for this series 

of simulations are summarised in Table  5.4.3.15. 
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Figure  5.4.3.5 Simulated root length densities from variations in a) maximum branch length b) Branch 

spacing c) branching angle and d) branch delay time.   

Table  5.4.3.15 Simulated total root length and maximum depth achieved  from variations in maximum 

branch length, branch spacing,  branching angle and, branch delay time. 

Parameter Values Total root length (cm) Maximum depth 

Maximum branch length (cm) all simulations 291.6 32.5 

Branch spacing  1o to 2o - 1 

2o to 3o – 1,10,20 & 100 

291.6 32.5 

 1o to 2o - 10 

2o to 3o – 1,10,20 & 100 

86.4 32.5 

 1o to 2o - 100 

2o to 3o – 1,10,20 & 100 

69.8 32.5 

Branching angle 1o to 2o - 90 

2o to 3o – 90 

291.6 32.5 

 1o to 2o - 45 

2o to 3o – 45 

291.7 32.5 

 1o to 2o - 135 

2o to 3o – 135 

291.6 32.5 

 1o to 2o - 45 

2o to 3o – 90 

291.6 32.5 

Branching delay time (hours) 1o to 2o - 100 

2o to 3o – 300 

291.6 32.5 

 1o to 2o - 200 

2o to 3o – 600 

278.6 32.5 

 1o to 2o - 50 

2o to 3o – 150 

298.4 32.5 

 1o to 2o - 300 

2o to 3o – 300 

265.8 32.5 

 1o to 2o - 100 

2o to 3o – 100 

291.6 32.5 
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“Rootmodel” is clearly not sensitive to the input value for maximum branch length as 

illustrated in Figure  5.4.3.5 a.  Branch spacing is only significant for first to second order: as 

illustrated by Figure  5.4.3.5 b. and Table  5.4.3.15.  There is no effect on total root length or 

root distribution, of changing the second to third order spacing. Branch angle also showed 

minimal sensitivity for higher order branches and no sensitivity for second to third order as 

can be seen in Figure  5.4.3.5.c.  Variations in branching delay time also showed no 

sensitivity for the lower order.  Delaying higher order branching created a reduction in total 

root length with shallower roots failing to proliferate but all scenarios achieved roots to the 

same depth,  as shown in  Figure  5.4.3.5.d.  

5.4.3.11  Root parameters controlling response to soil strength - Method 
Mass per unit length,  entered as a function of soil strength for each branching order was 

varied according to Table  5.4.3.16  This parameter, being related to soil strength, is 

dependent on the moisture content being within a range  where soil strength becomes a 

limiting factor to growth.  For sensitivity analysis, the parameter SSmax was held constant.  

However, simulations as outlined in Table  5.4.3.16 were run both with and without a limited 

water supply.   

Table  5.4.3.16 Variations to mass of root per unit length input parameter 

 Mass per unit length 

Simulation number 1 2 3 

Soil Strength: 0 Mpa 6 Mpa 0 Mpa 6 Mpa 0 Mpa 6 Mpa 

First order 0.0003 0.0012 0.003 0.012 0.03 0.12 

Second order 0.00005 0.0002 0.0005 0.002 0.005 0.02 

Third order 0.00001 0.00004 0.0001 0.0004 0.001 0.004 
 

The soil strength at which growth ceases completely by default is set at 3 Mpa, for sensitivity 

analysis the following values were used in simulations: 1.5, 3, 6, and, 12 Mpa.  

The components determining the direction vector are the soil strength reference gradient, 

heading angle sensitivity to soil strength at reference strength gradient, and the maximum  

random deviation.  The parameters were varied as shown in Table  5.4.3.17, Table  5.4.3.18 

and Table  5.4.3.19. 

Table  5.4.3.17 Variations to soil strength reference gradient for simulation 

Simulation: 1 2 3 

Soil strength reference gradient: 0.5 0 1 
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Table  5.4.3.18 Variations to heading angle sensitivity for simulation 

Heading angle sensitivity to soil strength at reference strength gradient 

Simulation number: 1 2 3 

First order 0.1 0.01 1 

Second order 0.5 0.05 5 

Third order 1 0.1 10 
 

Table  5.4.3.19 Variations to random heading angle for simulation 

Maximum random heading angle deviation per root growth time step [DEG] 

Simulation number: 1 2 3 

First order 45 4.5 90 

Second order 45 4.5 90 

Third order 45 4.5 90 

   

5.4.3.12   Root parameters controlling response to soil strength - Results and 
Discussion 

The distribution of roots through the profile in response to variations in the parameters 

controlling the growth response to soil strength are illustrated in Figure  5.4.3.6 a to g. Total 

root length and depths for this series of simulations are summarised in Table  5.4.3.20. 

Table  5.4.3.20 Simulated total root length and maximum depth achieved as a consequence of varying the 

parameters controlling the direction vector.   

Parameter Values Total root length (cm) Maximum depth 

Mass per unit length  All  291.65 32.5 

Simulation 1  root mass 0.03g 

Simulation 2 root mass 0.32g 

Simulation 3 root mass 2206g 

Soil strength at which growth ceases All 291.65 32.5 

Soil strength at which growth ceases – reduced water All 289.77 32.5 

Soil strength reference gradient All 291.65 32.5 

Heading angle sensitivity to reference gradient All 291.65 32.5 
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Figure  5.4.3.6 Simulated root length density output from variations to a) mass per unit length with 

adequate water b) mass per unit length with reduced water supply c) soil strength at which growth ceases 

with adequate water d) soil strength at which growth ceases with reduced water supply e) soil strength 

reference gradient f) heading angle sensitivity to reference gradient, and g) maximum random heading 

angle deviation. 

Soil strength at which growth ceases imposes a limit on root growth only when water supply 

is limited enough to create conditions at which soil strength approaches SSmax.  If the soil 

strength at which growth ceases is greater than defined SSmax in the soil input file, then no 
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cessation of growth will occur since soil strength can never reach the defined value for 

growth to cease. 

 Mass per unit length as a function of soil strength allows for thickening of roots under 

conditions where the soil is impenetrable, hence it could be assumed in doing so there would 

be a corresponding decrease in root length.  This, however, is not the case.  Differences 

observed between the simulation sets with adequate water and limited water supply show a 

response to water rather than any response to changes in the values for mass per unit 

length of root.  The mass per unit length parameter changes the mass of root produced while 

not affecting the rate of root elongation.  When considering the mass of roots produced, 

there is a clear difference with the lowest value producing 0.03 grams of root material, and 

an increase by a factor of 10 producing a corresponding increase in mass.  The further 

increase in mass per unit length (factor of 100 of initial) resulted in a dramatic increase in 

root mass (2206 grams).    

5.5 Conclusion 

There are many combinations of parameters and a correlation between parameters further 

complicates any sensitivity analysis, however the above exercise has proved valuable in 

demonstrating the function of each parameter.   It has also shown that the parameters of 

highest significance are the unimpeded elongation rates for all orders of branching and the 

maximum branch order.  Table  5.4.3.10 demonstrates a clear difference in total root length 

and maximum rooting depth when these parameters are manipulated.  The environmental 

factors can then be used to demonstrate the effects of soil conditions upon root growth.    

The root growth model presented here incorporates an allowance for root growth constraints 

based on soil strength and temperature.   The work of the previous chapter suggests that a 

similar chemical impediment could be used to constrain root growth based on pH or 

aluminium toxicity, so that the impact of chemically hostile subsoils can be assessed.    

It is important to note that the model response to soil constraints involves a reduction in root 

depth and a proliferation of roots above the constraint. This is particularly noticeable in 

Figure  5.3.2.1.  The work of chapter 4 has shown, in the lysimeters experiment, how a 

proliferation of roots does occur at a discrete depth in a uniformly hostile soil.  This work 

showed a reduction in root length density within the deepest layer and it is postulated that 
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had the experiment been terminated earlier, the maximum depth achieved by roots would 

have been reduced.  “Rootmodel” has mimicked this response when an impeding layer is 

present in the soil.   

The following chapter takes the understanding developed here and applies it to simulate the 

root growth of species grown at the Gabby Quoi Quoi field site.  At this site there is both a 

soil strength constraint to growth and a pH constraint.  The soil strength constraint has been 

observed to occur at a depth of 15 cm, the maximum depth of this constraint was not 

identified as 45 cm was the deepest that these readings were taken.  In contrast the pH 

constraint has been found to be greatest in the depth range 15 to 30 cm (Whitten et al. 

2000).   

The modelling exercise of this chapter has allowed an understanding of the functioning of the 

temperature constraint file.  Being a non-linear constraint, it seems apparent that this file 

could be used to impose a chemical constraint by simply substituting pH values for the 

minimum, optimum and maximum temperature in “root.in”.  Similarly pH values for each soil 

layer and time could substitute for temperature in “temp.in”.  This scenario is explored in the 

following chapter.   
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 6. Modelling Root Growth 

 - model  application 
6.1 Introduction 

Measurement of root growth, as discussed, is not only difficult but time consuming and, 

destructive.  An alternative method for estimating root distributions within the soil profile to 

parameterise water balance models is applied in this chapter.  The functional processes of 

the chosen model were examined in the previous chapter. Here the potential application of 

this model is examined against the actual root growth data of chapter 4. 

6.2 Estimates of wheat growth 

6.2.1 Methods 

Wheat root growth data at the highest pH (6.4)  from the previous glasshouse experiment 

was used to estimate input parameters for ‘rootmodel’ such that simulated root length at 54 

days approximated that actually achieved under glasshouse conditions.  The parameters, 

shown in Table  6.2.1, were then used as input for simulation of root growth over 150 days.  

The total root length measured from the glasshouse trial with no-constraints was 103 cm and 

the ‘rootmodel’ simulation produced 105 cm over 54 days using these parameters.   

It is recognised that the physical and chemical conditions in a field situation are not the same 

as found in the glasshouse trial.  The soil used in the glasshouse trial was packed to uniform 

bulk density and well mixed to ensure uniform pH throughout.  The glasshouse trial, 

however, does provide a basis through which a simulated finite element grid can be equated 

to these conditions.  Genotypic parameters could then be estimated by comparison of model 

output with that achieved under uniform conditions.  Altering soil properties within a larger 

finite element mesh allows model simulations to approximate field conditions.  Previously 

estimated genotypic parameters then applied to the larger, non-uniform finite element mesh 

provide a starting point by which root growth can be simulated under field conditions.  
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Table  6.2.1  Input parameters to simulate wheat root growth. 

Parameter value 

Number of axis emergence times 4 

0 24 120 240 Time of emergence (hours) 

Number of axes emerging 

2 2 2 2 

Weighting factor for preferential growth angle with horizontal plane for each axis 
group 

1 1 1 1 

Range of randomness in preferential growth angle with horizontal plane for each 
axis group 

10 10 10 10 

Preferential growth angle with horizontal plane for each axis group as a function 
of temperature 

-90 at 10oC for each group 

Weighting factor for preferential growth angle with horizontal plane for main 
laterals 

0 

Preferential growth angle with horizontal plane for main laterals as a function of 
temperature 

0 at 10oC 

-90 at 30oC 

Maximum branching order  2 

Unimpeded elongation rate as a function of branch age for each branching order 

  

1o 

2o 

3o 

1 age point each at age of 0 
hours: 

0.009 cm/hr 

0.001 cm/hr 

0.0001 cm/hr 

Temperature – minimum, optimum and maximum 

- pH constraint 

0, 28, 40 oC 

3, 6.5, 8 

Soil strength at which growth ceases 10 

Soil strength reference gradient  .5 

Heading angle sensitivity to soil strength at reference gradient .1 .5  1. 

Maximum random heading angle deviation per root growth time step 45. 45. 45.  

Maximum branch length 200. 200. 200. 

Branch spacing 1. 1. 1. 

Branching angle 90. 90. 

Branching delay time at growing tip 100. 300.  

Solute deficiency / toxicity effects not included  
 

Root growth for wheat was initially simulated with no soil penetration constraints and with 

adequate water supply using the above growth parameters in the file ‘root.in’.  Water supply 

inputs were then reduced until a response in growth occurred.  This determined the limiting 

water supply in order to illustrate the effects of moisture content on penetration resistance 

constraints.   

To determine appropriate values for the soil parameter SSmax a survey of the field site was 

conducted for penetration resistance and corresponding volumetric moisture content.  Using 

Equation 5.3.1 in the rearranged form it was possible to calculated a value for SSmax so that 

at the measured moisture content, a simulated value for penetration resistance (MPa) 

agreed with measured values.  Root growth was then simulated using the maximum 

calculated value of SSmax to illustrate the greatest constraint likely to occur at site.   
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The model does not have a built-in function allowing incorporation of pH effects.  However, 

as discussed in the previous chapter it was possible to use the temperature input file as a pH 

constraint file. A component of the root growth parameter input file is an option to enter a 

minimum, optimum and maximum temperature but is only considered in the simulation if the 

‘temp.in’ file is also present in the directory.  The pattern of response to pH is similar to 

temperature in that the optimal value does not necessarily have to be the median value 

between maximum and minimum.  The values for this parameter were then changed to 

those indicated in Table  6.2.2 for pH constraint, and ‘temp.in’ parameters were included as 

shown in Table  6.2.1.   

Table  6.2.2 Parameters entered into ‘temp.in’ to substitute temperature for a pH constraint 

Depth Time Soil  (pH) values 

0 0 

100 

200 

6 

6 

6 

10 0 

100 

200 

4 

4 

4 

20 0 

100 

200 

4 

4 

4 
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6.2.2 Results 

The depth profiles for simulated root growth are shown in Figure  6.2.1. and Figure  6.2.2.    
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Figure  6.2.1 Simulated root growth showing effects of limiting water supply on a non-impeding soil as 

compared to an impeding soil.   
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Figure  6.2.2 simulated root growth showing the effects of using ‘temp.in’ to impose a constraint based on 

pH 

 

6.3 Modelling lucerne root growth 
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6.3.1 Methods 

Simulation of root growth was conducted systematically, starting with the values used above 

for wheat but with reduced axis emergence to allow for the development of one major root, 

representing a taproot.  Output was compared to data obtained from the lysimeter trial.  The 

parameters were assigned based on a priori knowledge of the morphology of the Lucerne 

root obtained from observation and literature (Daday and Williams 1976; Latta et al. 2002; 

Dolling et al. 2003).  The following root parameters were found to produce the closest values 

for root length density as compared to lysimeter trial data.    

Table  6.3.1 input parameters for root growth to represent lucerne 

Parameter Value 

Axis emergence times 1 

Time of emergence 0 

Number of axes emerging  2 

Weighting factor – for preferential growth with horizontal plane – axis groups 0,0 

Range of randomness 10,10 

Preferential growth angle with horizontal plane – axis groups -90 at 10oC 

Lists of (temp.;angle)-points [DEG];[DEG], increasing temp.: 10. -90.: 10. -90 

Weighting factor for pref. growth angle with horiz. plane for main laterals: 0 

Pref. growth angle with horiz. plane for main laterals as f(temperature):   -0 at 10oC      -90 at 30oC 

Maximum branching order: 3 

Unimpeded elongation rate, v = f(branch age) for each branching order  

Number of (age;v)-points: 3 3 3 

0 hrs 15 
hrs 

35 hrs 

5 15 12 

7 1 0.00051 

Lists of (age;v)-points [T];[L/T]:                              
age: 

1o 

2o 

3o 0.5 1 0.00001 

0 6 

1.7 3.4 

0.0013 0.0026 

Mass per unit length, MPL = f(soil strength) for each branching order  -Soil 
strength: 

Lists of (soil strength;MPL)-points [P];[M/L]:                                           1o 

2o 

                                                                                                                                  
3o  

0.001 0.002 

Minimum, optimum, maximum temperature values [DEG]: 

                                                                                                             -pH 
constraint: 

0        28       40  

3        6.5      8 

Include solute deficiency/toxicity effects (yes=t; no=f): F 

Soil strength [P] at which growth ceases completely: 10.0 

Soil strength reference gradient [P/L]: .5  

Heading angle sensitivity to soil strength at reference strength gradient: .1   .5    1. 

Maximum random heading angle deviation per root growth time step [DEG]: 15. 15. 15. 

Maximum branch length [L]: 200. 200. 200. 

Branch spacing [L]: 30. 20. 

Branching angle [DEG]: 45. 45. 

Branching delay time at growing tip [T]: 200.  400. 
 

Lucerne root growth was simulated using the same scenarios as for wheat using the same soil 

and temperature input files. 
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6.3.2 Results 

The results for simulated root growth are shown in Figure  6.3.1 and Figure  6.3.2.  The 

measured data, included for comparison in Figure  6.3.1 is from the highest pH treatment of the 

lysimeter trial and that in Figure  6.3.2 is from the lowest.   
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Figure  6.3.1 Simulated root growth showing effects of limiting water supply on a non-impeding soil as 
compared to an impeding soil. 
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Modelled root length density as a function of 
depth representing lucerne at 3600 hours
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Figure  6.3.2 simulated root growth showing the effects of using ‘temp.in’ to impose a constraint based on 
pHand the effects of both soil strength combined with a pH constraint, shown as fully constrained lucerne 

growth.   

 

6.4  Discussion 

In the first series of simulations, representing wheat, “Rootmodel” has produced results for 

root growth using input parameters close to default values that could realistically represent 

an annual crop.  No actual root data was available from the experimental site to enable 

calibration of the model under conditions of high soil penetration resistance, however the 

simulated reductions in root length density with depth would have a substantial impact on the 

output from a water balance model in terms of reduced transpiration and increased deep 

drainage.   

The imposed pH constraints on the root growth of wheat have produced reductions that 

appear greater than observed experimentally.  In the glasshouse trial a pH of 4.3 produced a 

total root length that was 78% of the root length pH 6.4, whereas the model simulation at pH 

of 4.3 resulted in a total root length that was 40% of that at pH 6.4.   

Once input parameters were significantly different to default values, as was required to 

achieve root depths in the same order of magnitude observed for lucerne, there was a 

noticeable change in the reliability of the model.  It was noticed that “bulging” occurred in the 

output root length density.  This can be seen at depths of 45 cm and 155 cm in Figure  6.3.1, 

and between 45 and 145cm and at 195 cm in Figure  6.3.2.  The cause of this error is not 
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clear but for modelling the water balance under a perennial plant system these peaks would 

produce significant anomalies, and must be manually removed before proceeding.  Manual 

removal involved deleting the abnormally high values and interpolating the root length 

density from the depth increment above and the depth increment below that point.  

6.5 Conclusion  

The root growth model provides detailed insight into how roots develop in response to 

defined soil conditions.  However, limitations in terms of the maximum number of root 

segments, maximum axis emergence and memory allocation were included in the original 

coding as a requirement under available computer capabilities.  These capabilities have now 

been improved by minor changes to the coding and recompiling of the software, but 

’Rootmodel’ cannot as yet be used as a crop water balance model, for reasons discussed in 

the previous chapter.   

Modelling the architecture of root growth produces an estimate of functional root lengths 

within a defined spatial and time domain. The output data can be represented as a root 

length density function that varies through time in the presence of absence of specified soil 

constraints. Such simulations provide a valuable insight into conditions under which root 

growth may be constrained in the field and therefore require modification to the sink term of 

existing water balance models.  

As described in section 5.2, "Rootmodel" simulates at a single plant scale with conceptual 

isolation of the modelled soil domain, which could be considered a valuable tool for 

modelling 3-dimensional water and solute movement following discrete pulse events on a 

single plant system rather than for direct use in field water balance simulation.  The current 

version of "Rootmodel" was intended as a basis for continued extension and development 

(Clausnitzer and Hopmans 1993), which could lead to the capacity for field scale simulations 

in the future.  However, at this stage, field water balance modelling is more practical through 

simplification to a 1-d model.  “Rootmodel” was therefore used for developing scenarios of 

how roots may respond to specified soil constraints.   

The number of parameters used in ‘rootmodel’ prevents the sensible use of optimisation 

routines for parameter identification and the model has therefore been used here to develop 

indicative scenarios. For practical field applications the use of simpler root growth reduction 
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functions may still have a role, especially when guided by scenario output from ‘rootmodel’. 

This is explored further in the following chapter by examining the simulated water balance 

using simple root growth reduction functions, as well as entering root distribution outputs 

from the level 1 simulations from this chapter, directly into the root length density depth / time 

tables provided in the current version of SWIM.  
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7. Water balance modelling 

7.1 Introduction 
Water balance modelling is a useful predictive tool for researchers and farmers.   It provides 

a potential framework for growers to predict the likely outcomes from management 

decisions, be they changing crop type, altering the management practices of existing crops, 

for example altering the row spacing of sorghum (Whish et al. 2005) or responding to 

changes in climate (Foale et al. 2004).  The use of models however, requires an expert 

knowledge of the soil, climate and crop physiology.    

Comparisons of shallow dense roots and deep sparse roots representing a simulated corn 

crop (Benjamin et al. 1996) highlight the importance of the total volume of soil explored by 

the roots in determining the quantity of water available for plant uptake.  In this study it was 

concluded that under conditions of adequate rainfall shallow roots were able to access water 

such that evaporative demand was met.  Under conditions of high evaporative demand and 

low rainfall, a characteristic of the Mediterranean climate of the Western Australian wheat 

belt, plants need to access water from deeper in the soil profile.  Consequently any 

constraints to root growth are likely to significantly reduce the amount of water transpired by 

plants growing under these conditions. 

This chapter addresses this issue by investigating potential changes in moisture content 

within the soil profile, derived from a one dimensional water balance model solving Richards 

equation (equation 1.4): SWIM (Ross 1990b).  Four levels of constraint to root growth were 

applied, (no constraints, soil strength constraints, soil pH constraints and combined soil 

strength and pH constraints).  For the input parameters of depth constant and maximum root 

length density a linear reduction function was employed which could be considered an over 

simplification of such relations.  However, the root distribution within SWIM is best regarded 

as a convenient method for the extraction of water from the soil profile in a reasonable way 

(Ross 1990) therefore it was considered reasonable to use a simplified method for reducing 

this growth based on soil constraints.   

An alternate method of root growth input available in SWIM is root length density as a 

function of depth and time entered as a table on a separate worksheet.  This facility was 
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utilised by incorporating the root length density output files from ‘Rootmodel’ for each of the 

above soil constraints, obtained in the previous chapter.    

Output from the model could be directly compared to logged TDR soil moisture contents 

within seven plots at the field site (discussed in chapter 3).  Modelling then, in this context, 

has two components.  Firstly adequate soil parameters were determined and assessed.  

Secondly plant growth parameters were introduced, with or without constraints to root 

growth, demonstrating the value and implications of using simplistic approximations to root 

growth parameters.   

7.2 Obtaining input requirements  

7.2.1 Climatic data 

Precipitation and evaporation are the driving forces in determining the gains and losses of 

water from the soil-plant system.  The data collected was described in section 3.4. 

7.2.2 Soil characterisation for water retention properties 

7.2.2.1 Methods 
Intact soil cores of 3 cm height and 5 cm diameter were collected from two depth ranges: 0-6 

cm and 20-26 cm from the locations shown in Figure 3.2.2.  Duplicate samples were 

collected from each location in plots 10 and 17, and triplicate samples were collected from 

plots 4 and 24. These depths were chosen so that input parameters would be available for 

equivalent depths as the locations of TDR probes.   

The apparatus for sampling includes a casing containing two removable core holders 

stacked vertically so that one cut hole provided two samples, one from 0-3 cm and the other 

3-6 cm.  Excavation to 20cm allowed a further two core samples to be collected.  A 

diagrammatic cross section of the sampling apparatus is shown in Figure  7.2.2.1. Sampling 

beyond 25 cm depth was precluded due to soil hardness.  A further 18 cores were collected 

at the same depths and locations to determine the bulk density of the material.   The core 

holders are an integral component of the Tempe cell system from Soil Moisture Equipment 

Corp. Santa Barbara C.A.   
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Figure  7.2.2.1 Soil sampling apparaturs for collection of intact cores. 

 

Water retention curves for all cores were assessed using Tempe cells as shown in Figure 

 7.2.2.2 and for the 0 to 1 metre water pressures.   Cores were wet from the bottom using de-

aired 0.02 M CaCl2 solution as shown in Figure  7.2.2.4, until moisture appeared at the soil 

surface.  Cores were then allowed to drain for one hour, weighed and moved to the 

apparatus shown in Figure  7.2.2.2. The wet weight was then used to calculate saturated 

moisture content.  The apparatus allowed small pressure increments to be applied to the top 

of the core using a syringe, with pressure registered on a hanging water column.  Water 

draining from the core was collected and weighed to obtain the water loss over each applied 

pressure increment.   

3 cm 

Pushed into 
soil 

Outer casing 
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Figure  7.2.2.2 Tempe cell apparatus for applying tensions from 0 to 1 metres of water 

 

 

Figure  7.2.2.3 Pressure chamber for applying pressures of 10 to 150 metres of water 
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Figure  7.2.2.4 Apparatus for wetting soil core in tempe cells  

 

Water contents at tensions of 10, 50 and 150 metres water were obtained using cores of 

1cm height in pressure chambers (Figure  7.2.2.3).  The cores were divided by transferring 

the soil from the 3 cm core into 3, 1 cm cores of equal diameter as shown in Figure  7.2.2.5 

and Figure  7.2.2.6  The force required to transfer the core was spread over the entire soil 

surface using a disc of equal diameter in order to minimize compaction.  The core was then 

split using sharpened squares of 1 mm thick tin sheet.  Cores were removed from the 

chambers after equilibration, requiring a time period of up to one month.  Resultant moisture 

contents were obtained by the gravimetric method of determining weight loss following a 24 

hour period at 105oC.  Gravimetric water contents were converted to volumetric by 

multiplication with bulk density obtained from the duplicate set of collected core samples.   

Height of water 
equal to top of soil 
core 
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Figure  7.2.2.5 Transferring soil from core of 3 cm height to 3 cores of 1 cm height. 

  

 

Figure  7.2.2.6 Separating each 1 cm core of soil using sharpened tin. 

 

Water retention data for each sample were used as input into RETC, which is a non-linear 

least squares optimization program (Yates et al. 1992), obtained as freeware from the US 

salinity laboratories web site. RETC identifies an equation which maximizes the sum of 
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squares associated with the model while minimizing the residual sum of squares.  Curves 

were then fitted using Van Genuchten retention (Equation 2.4.7) with the Burdine restriction 

on the value of m (Equation 2.4.12).  The geometric mean of the obtained fitted parameters 

was then calculated for plots of the lower, middle and upper slope landscape units as shown 

in Figure 3.2.1 to provide water balance model input parameters for each.  

Intact, soil cores were not taken from depths greater than 26cm.  Particle size distribution of 

bulk samples taken at depths up to 95 cm suggest that the physical properties of the B 

horizon remain relatively constant (Appendix A).  Water balance modelling required water 

retention parameters to 180 cm so that resultant moisture content could be compared to that 

measured in the field.  The parameters measured at 20 to 26 cm were used as model input 

for all depth increments to 180 cm. 

7.2.2.2 Results  
Individual water retention curves are included in appendix D1 and  fitted water retention 

curves are included as Appendix D2.  Table  7.2.2.1 summarises the obtained parameters for 

each curve, which were used as input for water balance simulations.   

Table  7.2.2.1 Water retention properties for three landscape units at the Gabby Quoi Quoi field site. 

Lanscape 
unit 

Depth (cm) Residual 
water 
content (r) 

Saturated 
water 
content (s) 

 n m -1/ or 
bubbling 
pressure 
(cm) 

0 – 6 0.06 0.38 0.04 3.04 0.34 -23.74 Upper 
slope 20 – 26 0.08 0.3 0.04 2.87 0.3 -24.64 

0 – 6 0.06 0.25 0.08 2.71 0.26 -12.83 Middle 
slope 20 – 26 0.07 0.25 0.07 2.72 0.26 -14.88 

0 – 6 0.05 0.33 0.05 3.1 0.36 -18.93 Lower 
slope 20 – 26 0.05 0.29 0.05 2.85 0.3 -20.4 
 

7.2.3 Soil characterisation for hydraulic conductivity  

7.2.3.1 Methods 
Three sites were selected in relation to position in the slope to encompass the higher, middle 

and lower landscape units as described previously, and as shown in Figure 3.2.2.  At each 

site four replicates were measured at 40 cm depth using the borehole permeameter, as 

illustrated in Figure 2.4.1.  Surface hydraulic conductivity was measured at a site adjacent to 

each of the borehole permeameter sites using a tension infiltrometer (Figure 2.4.3), with 

tension set at -20 mm pressure.  The tension infiltrometer was the preferred method over the 
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ponded ring because both the presence of gravel and the high soil strength  prevented 

insertion of a ring into the soil without creating cracks leading to edge  flow.  The tension of -

20 mm was used because it was the lowest achievable with the apparatus and was at a level 

well below the bubbling pressure of the soil, thus obtained values for hydraulic conductivity 

could be considered to approximate that at saturation.  

Saturated hydraulic conductivity ( Ks ) for the borehole permeameter was calculated using 

equation 2.4.1. { 22 H
CqK s 

 }.  The tube had a radius of 2.5 cm and the height from the 

base of the hole to the bubbling tube (H) was 10 cm, giving a value of 2.33 for C, obtained 

from literature (Reynolds and Elrick 1983).  Conductivity at -20 mm  )20( mmK   was 

calculated using a rearranged form of Equation 2.4.6 {
 


rr
S

r
Q

K
2

2
2.2 }, where the 

disc radius was 4.1 cm, and the sorptivity (S) was obtained from the slope of cumulative 

infiltration against the square root of early time. The change in moisture content was 

obtained using TDR readings, with the initial reading taken adjacent to the site so as not to 

disturb the measurement site.  A 3 mm layer of contact material was used due to surface 

roughness.   

7.2.3.2 Results 
The geometric mean of the four replicates for the measured hydraulic conductivities of each 

landscape unit are included in Table  7.2.3.1.  These were then used as input parameters for 

modelling of the water balance at site.  

Table  7.2.3.1 Hydraulic conductivity (saturated and -20 mm) for each of the landscape units at the Gabby 

Quoi Quoi field site 

Landscape unit Depth Ksat (cm/h) K(-20mm) (cm/h) 

Surface  25.08 Upper slope 

40 – 60 cm 7.07  

Surface  28.07 Middle slope 

40 – 60 cm 15.19  

Surface  20.20 Lower slope 

40 – 60 cm 20.59  
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7.3 Modelling the water balance in the absence of vegetation. 
The primary purpose of the modelling exercise in this chapter, as discussed in the 

introduction, was to determine the effects of subsoil constraints to root growth, the overall 

consequence this had on the water balance and to determine if simplification of root growth 

parameters is adequate to produce results consistent with actual data.  In order to achieve 

this it was necessary firstly, to assess the ability of the input parameters to represent the 

existing soil properties.     

7.3.1 Methods 

Unseasonal weather conditions favoured the examination and comparison of the actual 

water balance under annual and perennial systems during the summer and winter of 2000.  

Data for the year 2000 were also used for comparison of modelling scenarios against 

measured field data.   TDR data for this period was available for the plots and landscape 

units listed in Table  7.3.1.1 with the water retention and hydraulic parameters listed in the 

previous section used as input for each over a simulation period of one year.  Precipitation 

and evaporation data were also available from the on site weather station, as discussed in 

chapter 3.   

 

Table  7.3.1.1TDR instrumented plots, their vegetation type, and the associated parameter data set used 
as input for water balance modeling. 

Plot number Vegetation Landscape unit=>  

(hydraulic property data set)  

4 Lupin / Wheat Lower  

5 Subclover Middle  

7 Lucerne Middle  

8 Serradella Middle 

10 Wheat / Lupin Upper 

14 Lucerne Upper 

15 Serradella Upper 
 

The water balance model SWIM as discussed in the Review of Literature, was used to 

simulate the water balance for each of the listed plots.   An input file was set up for each of 

the listed plots, initialised with actual TDR data for the 1st January 2000, and using hydraulic 

and retention properties according to the position of the plot in the landscape, as defined in 

Table  7.3.1.1.  The two wheat plots were initialised with TDR data values for the 1st February 
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and simulation was run from that date until the end of 2000, because TDR data was lacking 

for plot 10 during January 2000.   

Over the summer period (1st January to 30th April) all plots except lucerne were considered 

free of vegetation, so that model output for this period was used a comparison against actual 

TDR data to determine the adequacy of soil parameters. In the absence of vegetation, any 

discrepancies were due to soil properties alone.  Changing soil parameters in the model to 

match TDR readings during this period is justified as the purpose of modelling in this context 

is the examination of vegetation parameters in particular,  constraints to root growth.       

Figure  7.3.1.1 to Figure  7.3.1.3 graphically illustrate the moisture content data for the 

summer period, both measured and simulated, for the subclover (5) and serradella (8 and 

15) plots.  These graphs were used to determine any required changes to the soil’s hydraulic 

properties.  Plots 5 and 8 were apparently retaining more moisture than predicted initially, 

consequently the input hydraulic conductivity was reduced to 25 mm / hour for the surface 

layer and 12 mm / hour for depths below 20 cm.  Figure  7.3.1.1 and Figure  7.3.1.2 

demonstrate the effect this adjustment has on the simulated water content at each depth 

increment and the total stored water in the soil profile.  No data were obtained for depths 

beyond 40 cm which required the assumption of continuity of soil type for depths up to 180 

cm.  Residual water contents were altered to match the minimum values observed in TDR 

data for all plots.   Plot 15 was simulated using the measured parameters unchanged, listed 

in Table  7.2.2.1 and Table  7.2.3.1.   Input parameters for the lucerne plots were altered to be 

consistent with the landscape unit to which they belonged, i.e. plot 7 parameters matched 

those of plot 5 and 8 while those of plot 14 matched plot 15.   
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Plot 5:  20 cm moisture content measured  
and modelled
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Plot 5: 80 cm moisture content measured 
and modelled

0

0.05

0.1

0.15

0.2

0 50 100 150
Day number

d.

W
at

er
 c

o
n

te
n

t

 (
v

o
l/

vo
l)

Plot 5: 100 cm moisture content measured 
and modelled

0

0.05

0.1

0.15

0.2

0 50 100 150
Day number

e.

W
at

er
 c

o
n

te
n

t

 (
vo

l/
vo

l)

Plot 5: 140 cm moisture content measured 
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Plot 5: Stored profile water 17.5 to 142.5 cm measured and modelled
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Figure  7.3.1.1 Plot 5 simulated moisture content through time for a)20 cm, b) 40cm c) 60 cm d) 80 cm e) 

100 cm f) 140 cm and g) total moisture stored in the profile between 17.5 cm and 142.5 cm depth – 

corresponding with the zone of influence of the shallowest and deepest probes.   
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Plot 8: 20 cm moisture content 
measured and modelled
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Plot 8: 60 cm moisture content 
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Plot 8: 80 cm moisture content 
measured and modelled
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Plot 8: 100 cm moisture content 
measured and modelled
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140 cm moisture content 
measured and modelled
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Figure  7.3.1.2 Plot 8 simulated moisture content through time for a)20 cm, b) 40cm c) 60 cm d) 80 cm e) 

100 cm f) 140 cm and g) total moisture stored in the profile between 17.5 cm and 142.5 cm depth 
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Plot 15: Stored profile water 17.5 to 142.5 cm measured and modelled
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Plot 15: 60 cm moisture content 
measured and modelled
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Plot 15: 80 cm moisture content measured 
and modelled
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Plot 15: 100 cm moisture content 
measured and modelled
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Plot 15: 140 cm moisture content 
measured and modelled
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Figure  7.3.1.3 Plot 15 simulated moisture content through time for a)20 cm, b) 40cm c) 60 cm d) 80 cm e) 

100 cm f) 140 cm and g) total moisture stored in the profile between 17.5 cm and 142.5 cm depth  

Simulations for plots 4 and 10, under wheat and lupin rotation, showed a much greater loss 

of water than was actually observed.  Since plot 4 is in the lower slope and plot 10 is in the 

upper slope they were considered individually.  Moisture content graphs in Figure 

 7.3.1.4.and Figure  7.3.1.5 illustrate the varying behaviour of each plot and the 

consequences of altering input parameters on the simulated water content output.  Plot 4 

simulations show that for all depths, moisture contents were lower than observed in the 

TDR readings.  This indicates a soil type variation that was not detected in the hydraulic 
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conductivity measurements.  This plot was under an intensive cropping system up to and 

including the year under investigation with regular cultivation and trafficking for harvest.  

These cultural practices would increase the compaction and consequently decrease 

hydraulic conductivity.  Compaction would also affect the bulk density and therefore at least 

affect the saturated water content, if not the air entry.   The altered input parameters for this 

plot are included in Table  7.3.1.2.  

Plot 4:  Stored profile water 17.5 to 142.5 cm 
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Figure  7.3.1.4 Plot 4 simulated moisture content through time for a)20 cm, b) 40cm c) 60 cm d) 80 cm e) 

100 cm f) 140 cm and g) total moisture stored in the profile between 17.5 cm and 142.5 cm depth  
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Table  7.3.1.2 Adjusted input parameters (from table 7.2.2.1) for simulations representing plot 4 so that 
output more closely represents field measured conditions.  

Depth (cm) i s r hg (cm) m=1-2/n Ks  (cm/h) 

0 0.11 0.33 0.09 -18 0.26 7 

20 0.12 0.29 0.08 -16 0.22 5 

40 0.14 0.29 0.08 -16 0.22 5 

60 0.14 0.29 0.08 -18 0.26 6 

80 0.14 0.29 0.08 -18 0.26 6.5 

100 0.14 0.29 0.08 -18 0.26 6.5 

140 0.14 0.29 0.08 -18 0.26 6.5 

180 0.14 0.29 0.08 -18 0.26 6.5 

 

 

Plot 10: Total stored water 17.5 to 102.5 cm 
measured and modelled 
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c. Plot 10: 80 cm moisture content 
measured and modelled

0.00

0.05

0.10

0.15

0.20

0 50 100 150 200
Day number

M
o

is
tu

re
 c

o
n

te
n

t 

(v
o

l/v
o

l)

d.

Plot 10: 100 cm moisture content 
measured and modelled

0.00

0.05

0.10

0.15

0.20

0 50 100 150 200
Day number

M
o

is
tu

re
 c

o
n

te
n

t 

(v
o

l/v
o

l)

e.

 

Figure  7.3.1.5 Plot 10 simulated moisture content through time for a)20 cm, b) 40cm c) 60 cm d) 80 cm e) 

100 cm and f) total moisture stored in the profile between 17.5 cm and 102.5 cm depth – corresponding 

with the zone of influence of the shallowest and deepest probes.   

 

From 20 cm to 60 cm the simulated moisture contents for plot 10 closely match the actual 

TDR data, apart from some faster drying at 20 cm after day 90.  The TDR probes at 80 and 
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100 cm register much higher moisture contents than occur through simulation, indicating a 

change in soil properties at that zone, with the model consequently showing a much drier 

profile between the depths of 17.5 cm and 102.5 cm.  There were no TDR probes beyond 

the depth of 100 cm in plot 10.  Table  7.3.1.3 summarises the adjusted input parameters 

producing the closest match between measured and simulated moisture contents for the 

period when the influence of vegetation was absent.   

Table  7.3.1.3 Adjusted input parameters (from table 7.2.2.1) for simulations representing plot 10 so that 
output more closely represents field measured conditions  

Depth  (cm) i s r hg (cm) m=1-2/n Ks  (cm/h) 

0 0.10 0.38 0.06 -23 0.34 25 

20 0.12 0.28 0.07 -28 0.2 4 

40 0.14 0.28 0.07 -28 0.2 4 

60 0.13 0.28 0.07 -28 0.2 4 

80 0.17 0.28 0.10 -28 0.2 3 

100 0.18 0.28 0.11 -28 0.2 3 

140 0.14 0.28 0.11 -28 0.2 3 

180 0.14 0.28 0.11 -28 0.2 3 
 

7.4 Modelling of the water balance incorporating vegetation 
with and without constraints to root growth 

Once all parameters were established it was possible to introduce vegetation as a water 

sink, to investigate the influence of soil constraints to root growth on the water balance.  

Vegetation was included in the input files using both available options: a vegetation file with 

a user defined maximum root length density and depth constant and; root length density 

output from ‘Rootmodel’ entered as root length density depth / time tables. 

7.4.1 SWIM calculated root distributions. 

SWIM uses an exponential decay curve to define root distribution in the form: 

 






c
sz z

zdd exp                                                                                                     7.4.1 

Where dz is the root length density at depth z, ds is the maximum surface root length density 

and zc (the depth constant) is the depth at which root length density falls to 37% of the 

maximum root length density.  Using the obtained root length densities from the glasshouse 

and lysimeter trials it was possible to empirically specify each of the above parameters.   
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Multiplier reduction functions for the depth constant and root length density were then 

introduced for soil hardness and pH based on linear reductions to simulate slowing of root 

proliferation and an impediment to depth of growth.  The reduction function for hardness 

was set at 1 (no reduction) for a penetration resistance of 3 MPa and 0 (maximum reduction 

equating to no growth) for a penetration resistance of 10 MPa.  Similarly the reduction 

function was set to 0 at a pH of 3 and 1 at a pH of 6.5.  The line equations were used to 

calculate fractional reductions for soil with a penetration resistance of 4 MPa and a pH of 4.   

With an absence of root data for subclover and serradella, the same root distribution 

parameters as for wheat were used with a reduction in maximum fraction of PET.  The 

maximum fraction of PET is an indicator of surface cover, determining the fraction of 

potential evapotranspiration that is intercepted when the “crop” is fully grown.  This was 

initially set at 0.5 for all grazed systems to account for loss of leaf area during grazing and at 

0.8 for wheat / lupin rotations.  Two parameter sets, Table  7.4.1.1. and Table. 7.4.1.2 were 

incorporated into input files to represent perennial and annual plants with no constraints; a 

soil hardness constraint; a pH constraint; and both hardness and pH combined (by 

multiplying original parameters by both reduction functions).  Equation 7.4.1 above was used 

to calculate and graphically illustrate how SWIM would calculate the root distributions for 

each of the systems (Figure  7.4.1.1and Figure  7.4.1.2).   

An alternative method for representing a grazed method was examined against the TDR 

data for plot 7 (lucerne) and plot 15 (serradella).  In this modelling exercise two input files 

were created for each level of constraint.  The first file allowed simulation from days 0 to 200, 

with growing vegetation included.  The second file allowed simulation from days 200 to 365 

with vegetation commencing growth on day 260.  The second file was initialised with the 

water contents from the previous simulation.  The vegetation parameters for each scenario 

under this system are included in Table  7.4.1.3 and Table  7.4.1.4.  In this situation the 

removal of above ground material was represented.  A consequence, however, is the 

associated “loss” of root material.  In the second simulation, root growth also commenced 

from 0.   This method represents one of the grazing periods which commenced on day 200.  

Other shorter grazings were included in the site management however, they are not included 

in simulations.  The purpose here is to investigate a plausible alternative method for the 

simulation of grazed systems.   Since this is an investigative exercise the simulation input 
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parameters only represent plot 7 and plot 15, and output is compared only to measured 

moisture contents from plots 7and 15. 

Table  7.4.1.1 Vegetation parameters entered to represent grazed perennial plants 

Vegetation parameters for 
perennial system 

No 
constraint 

Hardness 
constraint 

pH 
constraint 

Combined 
constraints 

Number of vegetation types 1 1 1 1 

Vegetation type number 1 1 1 1 

Minimum xylem potential -150 -150 -150 -150 

Depth constant for roots 100 85.7 28.57 24.48 

Maximum effective root length 
density 0.6 

0.51 0.17 0.15 

Maximum fraction of PET 0.5 0.5 0.5 0.5 

Fraction of above maxima  0.1 0.1 0.1 0.1 

at time 100 100 100 100 

Fraction of above maxima  0.75 0.75 0.75 0.75 

at time 365 365 365 365 

Number of RLD depth/time 
sets 

0 0 0 0 

 

 

Table. 7.4.1.2 Vegetation parameters entered to represent both grazed and cropped annual plants through 
a one-step simulation.   

Vegetation 
parameters for 
annual  system 

No constraint Hardness constraint pH constraint Combined 
constraints 

 Grazed 
plants 

Cropped 
plants 

Grazed 
plants 

Cropped 
plants 

Grazed 
plants 

Cropped 
plants 

Grazed 
plants 

Cropped 
plants 

Number of 
vegetation types 1 1 1 1 1 1 1 1 

Vegetation type 
number 1 1 1 1 1 1 1 1 

Minimum xylem 
potential 

-150 -150 -150 -150 -150 -150 -150 -150 

Depth constant for 
roots 30 30 25.71 25.71 8.57 8.57 7.35 7.35 

Maximum effective 
root length density 

0.6 0.6 0.51 0.51 0.17 0.17 0.15 0.15 

Maximum fraction 
of PET 

0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 

Fraction of above 
maxima  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

at time 100 150 100 150 100 150 100 150 

Fraction of above 
maxima  0.75 0.9 0.75 0.9 0.75 0.9 0.75 0.9 

at time 365 200 365 200 365 200 365 200 

Number of RLD 
depth/time sets 0 0 0 0 0 0 0 0 
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Table  7.4.1.3 Vegetation parameters for simulation of a grazing period using a two-step simulation 
procedure.  

Vegetation parameters for perennial 
grazed  plants  (plot 7) 

No constraint Soil strength 
constraint 

pH constraint Combined 
constraints 

Days simulated: 
0 - 
200 

200 - 
365 

0 - 200 200 - 
365 

0 - 
200 

200 - 
365 

0 - 200 200 - 
365 

Number of vegetation types 1 1 1 1 1 1 1 1 

Vegetation type number 1 1 1 1 1 1 1 1 

Minimum xylem potential -150 -150 -150 -150 -150 -150 -150 -150 

Depth constant for roots 100 100 85.7 85.7 28.57 28.57 24.48 24.48 

Maximum effective root length density 0.6 0.6 0.51 0.51 0.17 0.17 0.15 0.15 

Maximum fraction of PET 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Fraction of above maxima  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

at time 100 260 100 260 100 260 100 260 

Fraction of above maxima  0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

at time 200 365 200 365 200 365 200 365 

Number of RLD depth/time sets 0 0 0 0 0 0 0 0 
 

Table  7.4.1.4 Vegetation parameters for simulation of a grazing period of annual plants using a two-step 
simulation procedure.  

Vegetation parameters for annual 
grazed  plants (plot 15) 

No constraint Soil strength 
constraint 

pH constraint Combined 
constraints 

Days simulated: 
0 - 
200 

200 - 
365 

0 –  

200 

200 –  

365 

0 - 
200 

200 - 
365 

0 –  

200 

200 –  

365 

Number of vegetation types 1 1 1 1 1 1 1 1 

Vegetation type number 1 1 1 1 1 1 1 1 

Minimum xylem potential -150 -150 -150 -150 -150 -150 -150 -150 

Depth constant for roots 30 30 25.71 25.71 8.57 8.57 7.35 7.35 

Maximum effective root length density 0.6 0.6 0.51 0.51 0.17 0.17 0.15 0.15 

Maximum fraction of PET 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Fraction of above maxima  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

at time 100 260 100 260 100 260 100 260 

Fraction of above maxima  0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

at time 200 365 200 365 200 365 200 365 

Number of RLD depth/time sets 0 0 0 0 0 0 0 0 
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Figure  7.4.1.1 Final root distribution of annual plants, used in SWIM simulations.  This is calculated from 
the user specified maximum surface value (Zc) and depth constant (c).   
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Figure  7.4.1.2 Final root distribution of lucerne used in SWIM simulations.  This is calculated from the user 
specified maximum surface value (Zc) and depth constant (c). 

7.4.2 Root distributions from prior ‘Rootmodel’ simulations. 

Direct inclusion of root length density output from ‘rootmodel’ simulations was achieved 

using all of the vegetation parameters defined above in Table  7.4.1.1 and Table. 7.4.1.2 apart 

from the ‘depth constant for roots’ and ‘maximum effective root length density’.  These 

parameters were removed and replaced with RLD depth/time sets.  The entered root length 

densities are graphically illustrated in Figure  7.4.2.1 and Figure  7.4.2.2.  The root distribution 

for lucerne was partially smoothed to remove outlying anomalies as discussed in the 

previous chapter.  This was achieved by removing anomalous values and interpolating the 
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root length density for that depth increment from the values above and below that point.  The 

resulting distributions show that in the presence of soil constraints, there are overall 

reductions in root length density at all depths.  The pattern of root distribution also changes, 

with a loss of the exponential decay of RLD in the top 50 cm that is evident in the non-

constrained case.  Because of the architectural arrangement of the lucerne root system, the 

pattern of RLD shows variation with depth.  This pattern of root distribution has been 

observed in the literature (Grecu et al. 1988b; Grecu et al. 1988a; Rechel et al. 1990; Tang 

et al. 2001) and has been discussed in chapter 4.  The modelled distributions approach 

those observed in the lysimeters study of chapter 4 and were therefore considered adequate 

to use as RLD depth/time sets.   

Grazing of plots 7 and 15 was represented using the same dual file system as above, 

however the presence of a RLD depth / time table allowed for removal of above ground 

material without the consequent ‘removal’ of roots.  The same root length density used in the 

first file at 150 days (represented in Figure  7.4.2.1 and Figure  7.4.2.2) was repeated in the 

second file at 260 days.  This represented a cessation in growth of roots due to the removal 

of leaf material.   
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Figure  7.4.2.1 Root length density of annual plants as a function of depth, after simulating 3600 hours (150 
days) of growth using ‘Rootmodel. 
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Root distribution for lucerne at 150 days 
obtained from 'Rootmodel' 
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Figure  7.4.2.2 Root length density of lucerne as a function of depth, after simulating 3600 hours (150 days) 
of growth using ‘Rootmodel. 

7.4.3 Results 

The modelled and measured water contents and total profile water are compared separately 

for each plot within each vegetation type.  Model performance was evaluated individually 

using Root Mean Square Error (RMSE) which indicates the precision of the prediction and 

was calculated using equation 4.2.1.1 from chapter 4.  The smaller the RMSE the closer the 

model predictions are to observed values.  This statistical parameter does not give any 

indication as to whether the model is under or over predicting moisture contents.  This is 

evaluated using Mean Error of Prediction (MEP) calculated using the following equation: 

  
n

MEP op 




 

Where:  

p  Predicted water content 

o Observed water content 

n number of observations 

A negative MEP indicates under prediction while a positive value indicates over prediction.   
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7.4.3.1 Subclover 
The TDR data for the only subclover plot (plot 5) is compared with SWIM output after 

simulation with both methods of root data input in Figure  7.4.3.1 a to d.  Figure  7.4.3.2 

combines simulations of all levels of root constraint using SWIM calculated root growth to 

illustrate the potential effects of such constraints on the water balance of plot 5.  Table 

 7.4.3.1 summarises the statistical evaluation of all simulations.  The associated evaporation 

from the soil, transpiration from the vegetation and total drainage for each of these 

simulations is summarised in Table  7.4.3.2.  The changes in stored water from each 

simulation, under all levels of constraint, are then compared to those measured at the field 

site for each of the scenarios from chapter 3.  These changes are included in Table  7.4.3.3.   

Negative numbers indicate removal of water from the profile while positive numbers indicate 

addition of water.   
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Figure  7.4.3.1 Total stored water actual and simulated for plot 5 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints.  

Table  7.4.3.1Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 5. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 7.5 7.7 0.6 -0.8 

Soil Strength constraint 13.7 14.3 9.7 9.4 

Soil acidity constraint 14.2 15.4 7.9 8.9 

Combined constraints 16.2 15.7 9.8 9.3 
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Figure  7.4.3.2 Total stored water, actual and simulated for plot 5 under subclover. 

Table  7.4.3.2 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 5 

Plot 5 Drainage (mm) Soil evaporation  Transpiration  

No root constraints 20.8 273.6 80.3 

Soil strength constraint 0.7 286.1 66.2 

Soil acidity constraint 36.9 297.5 16.9 

Combined constraints 37.6 301.0 12.0 
 

Table  7.4.3.3 Changes in stored water calculated from all simulations and compared to measured changes 
from chapter 3 for subterranean clover.   

 Dry Summer period 
change in stored water 

(6/1/00 – 23/2/00 

Dry winter period 
change in stored water 

(2/5/00 – 1/6/00) 

Wet winter period 
change in stored water 

1/6/00 – 26/7/0) 

No constraints –‘rootmodel’ 20.2 -8.5 5.1 

No constraints -SWIM 18.1 -8.7 4.2 

Soil strength constraint-‘rootmodel’ 24.5 -7.6 3.6 

Soil strength constraint - SWIM 22.7 -7.6 4.8 

Soil acidity constraint – ‘rootmodel’ 20.2 -6.9 6 

Soil acidity constraint - SWIM 20.2 -6.3 7.7 

Combined constraints – ‘rootmodel’ 20.2 -6.3 9.6 

Combined constraints - SWIM 20.2 -6.3 8.2 

Field measured changes 26.5 -29.6 20.7 
 

7.4.3.2 Wheat 
The TDR data for each of the wheat plots (plots 4 and 10) are compared with SWIM output 

after simulation with both methods of root data input in Figure  7.4.3.3 a to d (plot 4) and 

Figure  7.4.3.5 a to d (Plot 10). Figure  7.4.3.4 and Figure  7.4.3.6 combine simulations of all 

levels of root constraint using SWIM calculated root growth to illustrate the potential effects 

of such constraints on the water balance of each of the wheat plots.  Table  7.4.3.4 and Table 
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 7.4.3.6 summarise the statistical evaluation of all simulations.  Calculated evaporation, 

transpiration, and total drainage are summarised in Table. 7.4.3.5 (plot 4) and Table  7.4.3.7 

(plot 10).  The stored water for plot 10 is calculated only for the depth range of 17.5 to 102.5 

cm to match the available TDR data, which did not include a probe at 140 cm.   
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Figure  7.4.3.3 Total stored water actual and simulated for plot 4 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 
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Figure  7.4.3.4 Total stored water, actual and simulated for plot 4 under wheat. 
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Table  7.4.3.4 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 4. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 48.8 50.3 -38.8 -34.9 

Soil Strength constraint 48.4 49.6 -33.5 -34.4 

Soil acidity constraint 42.7 40.5 -27.6 -25.7 

Combined constraints 37.7 34.5 -22.8 -29.5 
 

Table. 7.4.3.5 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 4 

Plot 4 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 37.6 224.0 92.5 

Soil strength constraint 38.3 223.7 87.9 

Soil acidity constraint 42.5 243.1 36.9 

Combined constraints 42.9 248.2 29.5 
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Figure  7.4.3.5 Total stored water actual and simulated for plot 10 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 
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Figure  7.4.3.6 Total stored water, actual and simulated for plot 10 under wheat. 

Table  7.4.3.6 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 10. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 13.4 14.8 -8.7 -9.7 

Soil Strength constraint 13.1 14.3 -8.3 -9.1 

Soil acidity constraint 14.8 15.1 -1.9 -0.1 

Combined constraints 17.1 15.6 2.2 0.4 
 

Table  7.4.3.7 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 10 

Plot 10 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 10.3 231.9 99.7 

Soil strength constraint 10.7 233.0 96.0 

Soil acidity constraint 13.8 258.8 36.3 

Combined constraints 14.2 265.1 28 

7.4.3.3 Serradella 
The TDR data for each of the serradella plots (plots 8 and 15) are compared with SWIM 

output after a one step simulation with both methods of root data input in Figure  7.4.3.7 a to 

d and Figure  7.4.3.9 a to d.  Figure  7.4.3.8  and Figure  7.4.3.10 combine the output under 

each level of constraint for comparison. Table  7.4.3.8 and Table  7.4.3.10 summarise the 

statistical evaluation of all simulations.  The associated evaporation from the soil, 

transpiration from the vegetation and total drainage for each of these simulations is 

summarised in Table  7.4.3.9 and Table  7.4.3.11.  The changes in stored water from each 

simulation, under all levels of constraint, are then averaged and compared to those 

measured at the field site for each of the scenarios from chapter 3.  These changes are 

included in Table  7.4.3.12. Data for simulation in two stages is illustrated in Figure  7.4.3.11 a 
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to d.  Table  7.4.3.13  summarises the statistical evaluation of simulations from the 2 step 

procedure.   
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Figure  7.4.3.7 Total stored water actual and simulated for plot 8 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 

Table  7.4.3.8 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 8. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 18.3 19.8 -16.9 -18.3 

Soil Strength constraint 18.1 18.8 -16.7 -17.1 

Soil acidity constraint 14.7 14.3 -9.6 -8.5 

Combined constraints 14.2 14.3 -7.8 -8.3 
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Figure  7.4.3.8 Total stored water, actual and simulated for plot 8 under serradella. 
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Table  7.4.3.9. Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 8 

Plot 8 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 28.3 280.1 80.8 

Soil strength constraint 30.6 279.7 75.6 

Soil acidity constraint 45.0 303.9 17.0 

Combined constraints 45.6 307.4 12.1 
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Figure  7.4.3.9 Total stored water actual and simulated for plot 15 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 

Table  7.4.3.10 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 15. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 10.2 13.4 -8.5 -11.4 

Soil Strength constraint 9.9 12.1 -8.3 -9.8 

Soil acidity constraint 10.4 10.8 -0.1 1.1 

Combined constraints 11.4 11.0 2.2 1.5 
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Figure  7.4.3.10 Total stored water, actual and simulated for plot 15 under serradella. 

Table  7.4.3.11 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 15 

Plot 15 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 1.8 283.7 78.3 

Soil strength constraint 2.6 283.8 73.7 

Soil acidity constraint 10.0 308.8 17.2 

Combined constraints 10.3 312.33 12.3 
 

Table  7.4.3.12 Changes in stored water calculated from all simulations and compared to measured 
changes from chapter 3 for serradella.   

 Dry Summer period 
change in stored water 

(6/1/00 – 23/2/00 

Dry winter period 
change in stored water 

(2/5/00 – 1/6/00) 

Wet winter period 
change in stored water 

1/6/00 – 26/7/0) 

No constraints –‘rootmodel’ 16.3 -8.2 4.6 

No constraints -SWIM 13.9 -8.3 3.9 

Soil strength constraint-‘rootmodel’ 16.3 -8.2 4.7 

Soil strength constraint - SWIM 14.5 -8.4 4.2 

Soil acidity constraint – ‘rootmodel’ 16.3 -6.5 5.8 

Soil acidity constraint - SWIM 16.3 -5.9 7.5 

Combined constraints – ‘rootmodel’ 16.3 -5.8 9.6 

Combined constraints - SWIM 16.3 -5.8 8.0 

Field measured changes 30.5 -12.4 21.9 
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Figure  7.4.3.11 Total stored water actual and simulated using a 2 step procedure, for plot 15 with a) no 
constraints to root growth, b) soil strength constraint, c) soil pH constraint and d) both soil strength and pH 

constraints. 

Table  7.4.3.13 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth using a 2 step procedure with and without constraints to root 

growth for plot 15. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 13.4 14.6 -10.9 -11.9 

Soil Strength constraint 12.1 12.9 -9.8 -9.9 

Soil acidity constraint 10.4 11.0 0.2 1.4 

Combined constraints 11.7 11.2 3.1 1.9 
 

7.4.3.4 Lucerne 
The TDR data and SWIM output for each of the lucerne plots (plots 7 and 14) simulated in a 

one step operation are illustrated in Figure  7.4.3.12 a to d and Figure  7.4.3.14 a to d.  Figure 

 7.4.3.13 and Figure  7.4.3.15 combine the SWIM output under each level of constraint.  Table 

 7.4.3.14 and Table  7.4.3.16 summarise the statistical evaluation of all simulations.  

Calculated evaporation, transpiration, and total drainage summarised in Table  7.4.3.15 and 

Table  7.4.3.17.  The data for simulation in two stages are illustrated in Figure  7.4.3.16 a to d 

with statistical analysis summarised in Table  7.4.3.18.  The changes in stored water from 

each simulation, under all levels of constraint, are then averaged and compared to those 

measured at the field site for each of the scenarios from chapter 3.  These changes are 

included in Table  7.4.3.19.  
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Figure  7.4.3.12 Total stored water actual and simulated for plot 7with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 
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Figure  7.4.3.13 Total stored water, actual and simulated for plot 7 under lucerne. 

Table  7.4.3.14 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 7. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 13.4 13.0 -4.1 -4.1 

Soil Strength constraint 13.4 12.9 -3.8 -4.0 

Soil acidity constraint 13.2 9.7 -3.8 1.5 

Combined constraints 13.0 9.1 -3.4 3.4 
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Table  7.4.3.15 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 7 

Plot 7 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 24.8 281.2 91.1 

Soil strength constraint 25.5 279.5 91.2 

Soil acidity constraint 40.3 279.2 65.3 

Combined constraints 43.7 281.9 54.9 
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Figure  7.4.3.14 Total stored water actual and simulated for plot 14 with a) no constraints to root growth, b) 
soil strength constraint, c) soil pH constraint and d) both soil strength and pH constraints. 

Table  7.4.3.16 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth, with and without constraints to root growth for plot 14. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 11.6 11.3 -1.7 -1.6 

Soil Strength constraint 11.7 12.2 -1.6 -5.6 

Soil acidity constraint 11.5 9.2 -1.5 0 

Combined constraints 11.5 8.8 -1.1 1.8 
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Figure  7.4.3.15 Total stored water, actual and simulated for plot 14 under lucerne.  
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Table  7.4.3.17 Simulated drainage, soil evaporation and, plant transpiration with initial water content and 
input parameters matching those of plot 14 

Plot 14 Drainage (mm) Actual soil evaporation  Actual transpiration  

No root constraints 4.4 278.2 90.6 

Soil strength constraint 9.6 278.2 92.1 

Soil acidity constraint 23.8 277.5 67.4 

Combined constraints 27.2 281.1 56.6 
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Figure  7.4.3.16 Total stored water actual and simulated using a 2 step procedure, for plot 7with a) no 
constraints to root growth, b) soil strength constraint, c) soil pH constraint and d) both soil strength and pH 

constraints. 
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Table  7.4.3.18 Statistical evaluation of simulated water content using both ‘rootmodel’ predictions of root 
growth and SWIM predicted root growth using a 2 step procedure, with and without constraints to root 

growth for plot 7. 

 RMSE MEP 

Constraint rootmodel SWIM  rootmodel SWIM  

No root constraints 10.8 10.4 1.0 0.9 

Soil Strength constraint 12.0 10.2 0.0 1.0 

Soil acidity constraint 10.8 9.0 0.6 5.0 

Combined constraints 10.3 9.2 1.6 6.0 

Table  7.4.3.19 Changes in stored water calculated from all simulations and compared to measured 
changes from chapter 3 for Lucerne.  Field measured changes for the 2 step procedure are compared to 

plot 7 only – no averaging between plots. 

 Dry Summer period 
change in stored water 

(6/1/00 – 23/2/00 

Dry winter period 
change in stored water 

(2/5/00 – 1/6/00) 

Wet winter period 
change in stored water 

1/6/00 – 26/7/0) 

 1-step 2-step 
(plot 7) 

1-step 2-step 
(plot 7) 

1-step 2-step 
(plot 7) 

No constraints –‘rootmodel’ 12.9 12 -9.6 -5.9 3.3 7.5 

No constraints -SWIM 12.8 12.3 -9.5 -5.9 3.5 7.5 

Soil strength constraint-‘rootmodel’ 13 12.1 -9.4 -5.8 2.7 7.5 

Soil strength constraint - SWIM 12 11.3 -9.6 -6.1 4 7.7 

Soil acidity constraint – ‘rootmodel’ 12.9 12.2 -9.4 -6.1 3.1 7.4 

Soil acidity constraint - SWIM 13.6 13.7 -8.3 -6.4 5.1 7.5 

Combined constraints – ‘rootmodel’ 13 12.4 -9.3 -6 2.9 7.5 

Combined constraints - SWIM 13.9 13.9 -7.5 -6.3 5.8 7.5 

Field measured changes -2.6 -2.9 -2.2 -0.8 21.3 17.2 

 

7.5 Discussion 
Plot 5, the only plot under subclover instrumented with TDR, showed a dry down period later 

in the year which closely matched that modelled with unconstrained roots.  This is supported 

with statistical analysis showing an RMSE of 7.5 for ‘rootmodel’ root growth predictions 

based on no constraints.  Introduction of constraints shows an over prediction of water 

content of approximately 10 mm over a 12 month period.  When the data was broken down 

into seasonal events coinciding with those of chapter 3 the field measured water balance 

shows a faster extraction of water from the profile following the summer storm event 

suggesting that soil hydraulic parameters may vary to those measured at site.  This variation 

carries through to the following winter periods where the measured stored water shows a 

greater increase following rainfall events.   

Simulation of the serradella plots shows variation in terms of the level of constraint that best 

fits the measured data.  Plot 8 has a measured water balance closer to that simulated with 

fully constrained roots, whereas the other serradella plot (15) did not seem as severely 

constrained which could indicate significant spatial variability of soil pH.   The initial rainfall 

occurring as a summer storm event appears to have a smaller effect on the water content 
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when simulated than measured in the field.  This suggests there has been run – on from an 

adjacent plot which has not been accounted for.  This error has carried over in following 

winter events with continued increases in water content.  Plot 15 statistically shows closest 

prediction with a soil strength constraint only, although the intensity of rainfall during the 

summer storm event also shows a discrepancy between the modelled and measured water 

balances.  Taking the rainfall inaccuracies into account, serradella is unlikely to be showing 

responses to soil constraints to root growth.   

The TDR data for both lucerne plots, when shown with model output indicates that there is a 

significant constraint to root growth for this vegetation type, resulting in a reduction of 

transpired water of 34 to 36 mm water, and an increase in drainage of approximately 20 mm, 

over a 12 month period.  This statement is supported with statistical analysis showing the 

lowest RMSE over the 12 month period when simulation was carried out using the 

combination of root growth constraints for both plots.  Plot 7 shows a similar variation in 

rainfall from the summer rainfall event again suggesting run - on from an adjacent plot.  In 

this case plot 8 being immediately up-slope also indicates run-on suggesting the source is 

further up-slope. 

All grazed plots show a discrepancy between modelled and actual data between days 200 

and 250.  This time period coincided with a grazing period where interception of PET would 

have been significantly reduced.  This was accounted for in one step simulations by the 

reduced value for the maximum fraction of PET that could be intercepted.  SWIM does not 

have the ability to interrupt the growth of vegetation in a way that would mimic a grazing 

period.  The only way to do so was to stop the model and change the vegetation parameters, 

requiring simulation of the water balance in two or more steps.  However, the model then 

assumed that the root distribution was also returned to zero, which then needed to be re-

grown.   

It was possible to use RLD depth/time profiles in which data for root distribution was entered 

manually, allowing simulation of roots that stopped growing then re-commenced once leaf 

area increased.  The pattern of extraction, although of different magnitude, using this method 

of simulation is closer to that measured by TDR for plot 15.  Statistical analysis fails to 

identify this characteristic since there are still numerical variations between model prediction 

and measured values.  This is particularly obvious in Figure  7.4.3.11 (b) where there is a 
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significant reduction in stored water from days 260 to 300 where roots were present.  A 

similar response was not reflected in the data simulated using SWIM calculated root 

distribution.  This pattern was lost when greater constraints were applied as recovery from 

grazing appeared to be faster than the applied constraints allowed.  Similarly, plot 7 under 

lucerne showed a pattern of change in stored water which was better approximated using 

RLD depth / time data, but for this vegetation type the applied constraints to this data was 

inadequate to fully demonstrate the impedance to water uptake.  Again, the pattern of 

extraction is not a feature that can be supported statistically.   

 

7.6 Conclusion 
The constraints to root growth at the Gabby Quoi Quoi field site vary between species but 

also within species, highlighting the importance of spatial variations in soil properties and 

rainfall.  This makes it difficult to draw hard and fast conclusions as to the presence or 

absence of soil constraints to root growth at this site.   Generally, water extraction under 

subterranean clover was predicted well with no introduced constraints to root growth.  Water 

contents for one wheat plot were predicted best using full constraints to root growth while the 

other only required a soil strength constraint.  Simulations of the water balance under 

serradella were similarly variable, although there were significant inaccuracies in determining 

the quantity of rainfall falling during the summer storm event of early January 2000.  The 

water balance under lucerne, however, was statistically best predicted with fully constrained 

roots for both plots.       

This chapter has highlighted the importance of accurate rainfall measurements and their high 

spatial variability.  Similarly the spatial variability of soil properties has a significant impact on 

the accurate parameterisation of water balance models.  Despite these variations limiting the 

ability to draw firm conclusions this exercise has proved valuable in illustrating proposed 

methodology for incorporating soil constraints to root growth into water balance modelling 

scenarios.   

Incorporating a grazing period into the simulation of both annual and perennial systems was 

better achieved with the use of RLD depth / time tables.  The input for which was obtained as 

output from ‘rootmodel’.   Rootmodel’, in it’s current form has limitations in the simulation of 
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perennial systems, and in the application of constraints to these systems.    A noticeable 

difference between ‘rootmodel’ and the root growth function built into SWIM is that 

‘rootmodel’ provides output in terms of root architecture regardless of functionality whereas 

SWIM predicts a water extraction capability in terms of a functioning root system.  

‘Rootmodel’ has provided a valuable insight into the pattern of root growth and the function 

of constraints on this growth and further development of such a model would prove valuable 

for the simulation of the water balance when a simplified mechanism does not represent 

fluctuations in vegetative interception of potential evapotranspiration and interruptions to the 

normal growth curve of roots, as occurs under a grazed system.   
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8. General discussion 
8.1 Using a simple water balance approach the impact of perennial 

species in redressing the current hydrological imbalance 
occurring under existing agricultural systems was assessed. 

Data has been presented that illustrate the effectiveness of lucerne in providing greater available 

storage for buffering large rainfall events as compared to the annual crops and pastures, including 

subterranean clover (Trifolium subterraneum), serradella (Ornithopus compressus), wheat 

(Triticum aestivum) and lupin (Lupinus sp)  thereby reducing deep drainage beyond the notional 

depth of 500cm (corresponding to the deepest available soil moisture data) which could be 

considered potential groundwater recharge(McFarlane et al. 1993; Kennett-Smith et al. 1994).  

Continued transpiration by lucerne following out-of-season events maintained this larger available 

storage. In contrast, the annual systems that were fallow over summer only lost a small fraction of 

water by evaporation between each rainfall event.  Thus the profile water store was increased to 

the extent that additional increments of rainfall could have potentially contributed to deep drainage.  

In this situation the subsequent growing season commenced with a profile at maximum 

capacity, with no ability to store ensuing rainfall events.  However, the active growth under 

lucerne was able to draw the water out of the profile, providing substantial available storage 

for the coming season.  Essentially, lucerne carried out 2 functions, it provided a larger 

available storage for water by maintaining a drier profile, and secondly it dried the profile 

between summer rainfall events, to prevent sequential filling of the profile. 

The subsequent growing season initially had low rainfall, which depleted the stored moisture 

that had accumulated under Serradella and Sub-clover thereby ensuring that winter rainfall 

events could be stored within the root zone.  This highlights the need to maintain active growth 

throughout the summer period when climatic evaporative demand is at a maximum.  It also, 

however, highlights the risks taken when selecting cropping and grazing systems.  In this 

particular case the soil moisture storage was depleted prior to the traditional winter growing 

season.   
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8.2 Field site assessment for physical and chemical constraints 
potentially limited plant root growth and consequently plant water 
uptake.  In this case the evapotranspiration term of the water 
balance equation. 

Approximately 60% of the cropping region of Western Australia is made up of duplex soils 

exhibiting chemical and mechanical constraints to root growth (Dracup et al. 1992).  The extent to 

which soil constraints are limiting the ability of deep rooted perennials in the fight to minimize deep 

drainage and the associated consequences of dryland salinity has been addressed.   

The Gabby Quoi Quoi field site was assessed for soil strength and shown to have penetration 

resistances that would produce significant constraints to root growth.  Published data on the pH of 

the site (Whitten et al. 2000) also indicated that there would be significant chemical constraints to 

root growth.  The direct impact of these constraints was assessed through glasshouse and 

lysimeters trials of root growth, and by root growth modelling.   

Four plant types were investigated, each responding in different ways to the applied constraint of 

low pH(CaCl2).  This study has illustrated the constraint to growth that is imposed by an acidic soil, 

on the root extension and exploration of tolerant and sensitive plant species.  The patterns of 

observed response indicated that genotypic variations exist in terms of acid tolerance.  When 

considering further use of this information as a basis for modelling plant growth and or water 

balance, it is imperative to know the pH(CaCl2) status of the species and soil under investigation.  

The investigation has, however, provided a reference point by which the root growth model could 

be initialised and parameterised to provide an estimate of rooting depth.   

Prior to applying the root growth function it was thoroughly assessed for sensitivity to all the input 

parameters.  The magnitude by which each parameter could be sensibly varied was also 

assessed.  There were many combinations of parameters and a correlation between parameters 

further complicated any sensitivity analysis.  However, the exercise proved valuable in 

demonstrating the function of each parameter.  It also provided an understanding of the 

parameters of highest significance in terms of subsequent total root length and maximum rooting 

depth.  The environmental factors were then used to demonstrate the effects of soil conditions 

upon root growth. 

The root growth model presented here incorporated an allowance for constraints based on soil 

strength and temperature.  The non-linearity of the temperature constraint provided an opportunity 
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to utilise this function to impose a constraint to root growth based on pH or aluminium toxicity, so 

that the impact of chemically hostile subsoils could be assessed.  This approach was successfully 

applied such that root growth modelling provided an insight into the pattern of response likely to 

occur under each soil constraint.  Due to the variable nature of the response to pH by the variety 

of species included in this study, the use of such a constraint within the root growth model would 

require significant knowledge of the physiology of the species and cultivar under consideration and 

the likely response to high or low pH. 

8.3 Determination of the extent to which these limitations were 
affecting the water balance.  In this case the source sink term of 
Richards equation was examined. 

A water balance model with simplified vegetation parameters provided useful insights into 

the impact that subsoil constraints have on the plants ability to extract water from the soil 

profile.  Water balance modelling can therefore provided a guide as to whether the water 

extraction patterns observed were a result of soil constraints impacting on root development. 

For the purpose of water balance modelling using SWIM, the shape of the root growth curve is 

less important than the maximum depth achieved by growing roots.  The greater the depth 

achieved the greater stores of water can be accessed.   The root growth functions written into 

SWIM provide an adequate description of plant growth with only a small amount of user 

knowledge for the root system under consideration.   

At the Gabby Quoi Quoi site there were significant soil constraints to root growth for some of the 

species investigated, which have had a consequence on the amount of water that could be 

extracted from the soil profile during a 12 month period.  The extent to which lucerne extracted 

water from the profile was limited by reduced root growth which occurred as a result of soil 

constraints, such as pH and soil strength.  The root growth functions written into SWIM provided 

an adequate description of annual plant growth allowing the model to simulate water extraction.  

Soil constraints to root growth were emulated in SWIM by inputting vegetation parameters which 

were altered using linear reduction functions based on pH and soil strength.  Reduction functions 

were a multiplication factor ranging from 0 to 1.  The reduction function was set to 0 (maximum 

reduction equating to no growth) at a pH of 3 and 1 (no reduction) at a pH of 5.5, similarly the 

reduction function for hardness was set at 1 for a penetration resistance of 3 MPa and 0 for a 

penetration resistance of 10 MPa.   
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A situation was identified in which the use of depth / time root length density tables was of value.  

The pattern of water extraction after incorporation of a grazing period was better achieved through 

entering root length density directly into tables provided in SWIM.  The data for these tables was 

supplied as output from root growth modelling.  This technique would also be of value in 

representing perennial systems whose root systems are well established prior to rainfall events 

producing a flush of above ground growth.  Whilst it is recognised that the magnitude of moisture 

contents simulated under these conditions did not directly match measured data from the field site, 

the pattern of moisture content changes was of the same shape.   

The root growth model provided detailed insight into how roots develop.  However significantly 

more “model” development and user understanding is required for its reliable use in predicting root 

growth parameters for inclusion as input into water balance models.  Limitations in terms of the 

maximum number of root segments, maximum axis emergence and memory allocation were 

included in the original coding as a requirement under available computer capabilities.   

8.4 Conclusion 

To what extent are hostile soils limiting the uptake of water and subsequently maintaining 

a higher drainage term? 

The answer to the above question cannot be categorically given in quantified terms due to the 

highly variable responses observed at the field site.   In fact the question could be answered with a 

single word: “variably”.  Hostile subsoil is a term encompassing a huge array of soil properties.  

Each individual soil property produces a response in terms of plant growth which is both 

genotypically and phenotypically variable.  In consideration of this statement there can be many 

answers to the question ‘To what extent are hostile soils limiting the uptake of water and 

subsequently maintaining a higher drainage term?’.  This thesis has shown that the answer is site 

specific as well as species or cultivar specific.   

This thesis has successfully provided a basis by which future research can incorporate constraints 

to root growth into water balance models provided a specific soil constraint has been identified at a 

particular field site and the plant type in question has a known sensitivity or tolerance to that 

constraint.   The proposed methodology is the adoption of root growth modelling. 

Modelling of root growth provides an estimate of functional root lengths within a defined spatial 

domain.  Presently soil water balance models incorporate root length density functions that are 
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also estimated from user’s knowledge of the root system in question and may incorporate 

available data either from literature or direct measurement.  This thesis has addressed the issue of 

reliably estimating the presence or absence of functional roots within a defined spatial domain, so 

that water balance modelling can better define real conditions.   

Two soil constraints to root growth have been identified and examined at the Gabby Quoi Quoi 

field site.  Soil with low pH has been shown to produce a significant reduction in root growth of 

sensitive species.  Soils with high soil strength have a profound effect on the growth and 

penetration of plant roots.  The impact of these constraints on the water balance has been clearly 

defined.   

The introduction of deep-rooted perennial species as a plant-based solution to the problems of 

increased deep drainage under annual agricultural systems; rising groundwater levels with a 

consequent increase in the incidence of secondary salinity; enhanced nitrate leaching, and; 

accelerated acidification under leguminous crops has been shown to be limited by soil constraints 

to root growth.  The extent to which the hydrological imbalance that existed under annual pasture 

and cropping systems could be redressed by plant based solution was limited at the Gabby Quoi 

Quoi site by lucerne’s intolerance of acid soil conditions.   
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Appendices 
Appendix A: Soil analysis data 

A.1 Field measured bulk density and laboratory measured residual water 
content for all samples.  

Plot  location Depth  
Residual water content (v/v) 
(1500Kpa) 

Bulk 
density 

4 South 1-4 0.04 1.47 

4 North 1-4 0.04 1.43 

4 South 1-4 0.04 1.55 

4 South 32-35 0.07 1.67 

4 South 32-35 0.18 1.58 

10 North 1-4 0.04 1.51 

10 North 1-4 0.04 1.48 

10 South 1-3 0.05 1.53 

10 South 20-23 0.07 1.66 

10 South 21-24 0.07 1.68 

10 North 21-24 0.08 1.71 

10 North 21-24 0.08 1.71 

17 North 0-3 0.04 1.52 

17 North 32-35 0.06 1.69 

17 North 32-35 0.06 1.77 

24 North 1-4 0.03 1.47 

24 North 1-4 0.04 1.53 

24 South 3-6 0.04 1.42 

24 North 20-23 0.04 1.72 

24 South 0-3 0.04 1.43 

24 South 3-6 0.04 1.51 

24 South 0-3 0.04 1.40 

24 North 20-23 0.04 1.73 

24 South 23-26 0.04 1.62 

24 South 20-23 0.04 1.47 

24 South 20-23 0.05 1.68 

24 South 23-26 0.05 1.69 
 
 

A.2 Particle size analysis for all field samples 

 
Plot Depth %sand %silt %clay 

4 5 90.7 6.9 2.4 

4 5 90.1 5.3 4.6 

4 5 86.7 8.5 4.8 

4 5 88.0 5.4 6.5 

4 5 88.9 4.4 6.7 

4 5 90.7 2.3 7.0 

4 5 89.3 3.5 7.2 

4 5 88.7 3.4 7.9 

4 5 90.7 1.2 8.1 

4 5 89.5 1.2 9.3 

4 35 84.8 4.4 10.8 

4 35 85.0 4.1 10.8 

Plot Depth %sand %silt %clay 

4 35 84.7 4.4 10.9 

4 35 82.9 5.8 11.4 

4 35 84.1 4.4 11.5 

4 35 85.0 2.5 12.5 

4 35 83.1 4.2 12.7 

4 35 84.4 2.3 13.3 

4 35 80.6 5.6 13.7 

4 35 82.2 2.1 15.8 

4 75 86.5 5.6 7.9 

4 75 86.9 4.4 8.7 

4 75 86.7 3.3 10.0 

4 75 85.1 4.6 10.3 
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Plot Depth %sand %silt %clay 

4 75 82.6 5.7 11.7 

4 75 84.5 3.6 12.0 

4 75 85.2 2.3 12.5 

4 75 85.7 1.2 13.1 

4 75 82.0 3.3 14.6 

4 75 80.2 4.7 15.2 

24 5 93.4 2.2 4.4 

24 5 92.1 3.4 4.6 

24 5 94.1 1.2 4.7 

24 5 91.7 3.5 4.8 

24 5 91.1 3.4 5.5 

24 5 92.2 2.2 5.5 

24 5 92.2 2.2 5.6 

24 5 90.7 3.4 5.9 

24 5 92.0 1.2 6.8 

24 5 90.5 2.4 7.2 

24 35 91.1 2.0 6.9 

24 35 90.1 2.2 7.7 

24 35 86.1 2.4 11.5 

Plot Depth %sand %silt %clay 

24 35 86.8 1.1 12.1 

24 35 84.7 2.4 12.9 

24 35 85.9 1.2 12.9 

24 35 84.7 1.1 14.1 

24 35 81.5 4.3 14.3 

24 35 81.4 3.3 15.4 

24 55 87.7 2.2 10.1 

24 65 86.6 2.4 11.0 

24 65 84.7 2.3 13.0 

24 65 82.0 3.5 14.5 

24 75 84.9 4.1 10.9 

24 75 84.8 3.5 11.7 

24 75 83.4 4.4 12.3 

24 75 85.2 2.5 12.3 

24 75 83.8 3.4 12.8 

24 75 83.7 3.5 12.8 

24 75 81.8 4.6 13.6 

24 75 85.2 1.1 13.7 

24 95 83.7 2.3 14.0 

 
 
 

A.3 Gravel content of samples collected on laterite ridge 

 
Depth % gravel 

0-10 20 

0-10 0 

0-10 28 

0-10 0 

0-10 12 

10-20 0 

10-20 48 

10-20 43 

10-20 60 

10-20 0 

Depth % gravel 

20-30 20 

20-30 46 

20-30 62 

20-30 40 

20-30 50 

30-40 36 

30-40 50 

30-40 53 

30-40 32 

30-40 33 
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A.4 Bulk density, water content and neutron counts for samples taken for 
calibration of neutron probe 

Upper tube: 
Depth 11-19      

Counts 4864 
wet soil + 
tin + lid 

O.D. soil + 
tin + lid tin + lid Bulk density 

vol water 
content 

Tin 1 PI 26 541.48 518.07 138.71 1.7 0.10 

Tin 2  PI 41 571.91 546.96 140.22 1.8 0.11 

Tin 3  PI 37 561.42 531.22 140.93 1.7 0.13 

Tin 4 PI 43 558.31 531.53 139.96 1.7 0.12 

    Averages: 1.7 0.12 

Depth 51-59      

Counts 5124      

Tin 1 PI 8 522.73 500.59 144.01 1.6 0.10 

Tin 2  PI 38 516.33 494.51 138.19 1.6 0.10 

Tin 3  74 528.01 504.74 143.15 1.6 0.10 

Tin 4 PI 27 532.13 503.03 132.88 1.6 0.13 

    Averages: 1.6 0.11 

Depth 96-104      

Counts 5570      

Tin 1 PI 49 540.55 514.58 139.29 1.7 0.11 

Tin 2  73 535.69 510.58 146 1.6 0.11 

Tin 3  PI 29 529.86 504.3 140.74 1.6 0.11 

Tin 4 PI 5 518.34 493.69 136.62 1.6 0.11 

    Averages: 1.6 0.11 

Depth 146-154      

Counts 6128      

Tin 1 PI 33 520.86 495.71 140.38 1.570901214 0.111187 

Tin 2  PI 48 560.33 532.98 143.36 1.722496076 0.120913 

Tin 3  PI 25 543.52 515.15 140.55 1.656093194 0.125423 

Tin 4 68 533.71 508.41 140.95 1.624527509 0.11185 

    Averages: 1.643504498 0.117343 

Depth 196-204      

Counts 6331      

Tin 1 PI 1 514.09 489.9 139.88 1.547425894 0.106943 

Tin 2  PI 45 535.38 510.04 138.07 1.644466058 0.112027 

Tin 3  PI 9 539.6 514.46 144.34 1.636287274 0.111143 

Tin 4       

    Averages: 1.609393075 0.110038 
       



184 

Lower tube:       
Depth 11-19      
Counts 3544      
Tin 1 pi 30 521.04 509.61 138.94 1.638718805 0.050532 
Tin 2  pi 15 540.41 528.73 144.07 1.700568094 0.051637 
Tin 3  32 520.81 511.02 145.89 1.614226663 0.043281 
Tin 4 pi 17 527.23 512.76 136.91 1.661619399 0.063971 
     1.65378324 0.052355 
Depth 31-39      
Counts 4868      
Tin 1 pi 7 531.26 515.8 140.49 1.659232079 0.068348 
Tin 2  pi 47 513.85 498.83 137.81 1.5960565 0.066403 
Tin 3  pi 39 544.72 528.63 142.85 1.705519574 0.071133 
Tin 4 pi 11 538.07 522.64 144.69 1.670903424 0.068215 
     1.657927894 0.068525 
Depth 51-59      
Counts 7411      
Tin 1 pi 44 554.31 527.29 139.08 1.716262517 0.119454 
Tin 2  pi 24 534.5 510.26 140.12 1.636375694 0.107164 
Tin 3        
Tin 4       
     1.676319105 0.113309 
Depth 96-104      
Counts 9043      
Tin 1 pi 2  545.98 515.68 144.53 1.640840867 0.133955 
       
     1.640840867 0.133955 
       

 

Appendix B: Rainfall and Evaporation data 

B.1 Daily rainfall and evaporation from the year 2000.  

Table B.1.1 Daily evaporation used in calculation of the actual water balance (chapter 3) and used as input 

into SWIM for modeling scenarios (Chapter 7)

 
Date Day  Rainfall 

(mm) 
70% 
evaporation 

01-Jan-00 0 0 10.3 

02-Jan-00 1 0 11.4 

03-Jan-00 2 0 8.5 

04-Jan-00 3 1.8 6.2 

05-Jan-00 4 0 11.0 

06-Jan-00 5 4.8 6.0 

07-Jan-00 6 0 10.5 

08-Jan-00 7 0 10.2 

09-Jan-00 8 0 10.3 

10-Jan-00 9 0 10.7 

11-Jan-00 10 0 9.9 

12-Jan-00 11 0 7.9 

13-Jan-00 12 0 9.2 

14-Jan-00 13 8.8 5.1 

15-Jan-00 14 0.2 4.6 

Date Day  Rainfall 
(mm) 

70% 
evaporation 

16-Jan-00 15 18.4 8.8 

17-Jan-00 16 0 6.8 

18-Jan-00 17 0 10.7 

19-Jan-00 18 0 10.6 

20-Jan-00 19 0 10.6 

21-Jan-00 20 4.8 3.2 

22-Jan-00 21 43.2 0.9 

23-Jan-00 22 8 3.1 

24-Jan-00 23 0 5.1 

25-Jan-00 24 0 8.6 

26-Jan-00 25 0 10.0 

27-Jan-00 26 0 10.3 

28-Jan-00 27 0 10.4 

29-Jan-00 28 0 10.6 

30-Jan-00 29 0 9.4 
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Date Day  Rainfall 
(mm) 

70% 
evaporation 

31-Jan-00 30 0 9.6 

01-Feb-00 31 0 10.0 

02-Feb-00 32 0 10.0 

03-Feb-00 33 0 10.3 

04-Feb-00 34 0 9.5 

05-Feb-00 35 0 9.9 

06-Feb-00 36 0 10.5 

07-Feb-00 37 0 10.7 

08-Feb-00 38 0 10.1 

09-Feb-00 39 0 9.7 

10-Feb-00 40 0 9.5 

11-Feb-00 41 0 9.9 

12-Feb-00 42 0 10.0 

13-Feb-00 43 0 10.2 

14-Feb-00 44 0 10.5 

15-Feb-00 45 0 9.6 

16-Feb-00 46 0 9.6 

17-Feb-00 47 0 10.0 

18-Feb-00 48 0 9.3 

19-Feb-00 49 0 9.3 

20-Feb-00 50 0 9.4 

21-Feb-00 51 0 8.3 

22-Feb-00 52 0 8.6 

23-Feb-00 53 0 9.6 

24-Feb-00 54 0 9.9 

25-Feb-00 55 0 9.0 

26-Feb-00 56 0 9.0 

27-Feb-00 57 0 8.2 

28-Feb-00 58 0 7.1 

29-Feb-00 59 5.8 6.5 

01-Mar-00 60 5.8 7.7 

02-Mar-00 61 0 7.3 

03-Mar-00 62 0 7.3 

04-Mar-00 63 0 8.6 

05-Mar-00 64 0 8.7 

06-Mar-00 65 0 9.0 

07-Mar-00 66 0 7.5 

08-Mar-00 67 0 8.5 

09-Mar-00 68 0 5.8 

10-Mar-00 69 2.6 2.0 

11-Mar-00 70 0 3.4 

12-Mar-00 71 0 4.3 

13-Mar-00 72 0 8.1 

14-Mar-00 73 0 8.3 

15-Mar-00 74 0 8.5 

16-Mar-00 75 0 8.3 

17-Mar-00 76 0 7.7 

18-Mar-00 77 0 7.9 

19-Mar-00 78 0 3.9 

20-Mar-00 79 0 5.5 

21-Mar-00 80 7.4 4.8 

22-Mar-00 81 0 6.7 

Date Day  Rainfall 
(mm) 

70% 
evaporation 

23-Mar-00 82 0 7.4 

24-Mar-00 83 0 7.0 

25-Mar-00 84 30.8 6.0 

26-Mar-00 85 16.8 4.2 

27-Mar-00 86 0 5.5 

28-Mar-00 87 0 7.0 

29-Mar-00 88 0 6.8 

30-Mar-00 89 0 7.2 

31-Mar-00 90 0 7.0 

01-Apr-00 91 0 7.1 

02-Apr-00 92 0 6.4 

03-Apr-00 93 0 5.3 

04-Apr-00 94 0 5.2 

05-Apr-00 95 0 4.5 

06-Apr-00 96 0 6.7 

07-Apr-00 97 0 5.7 

08-Apr-00 98 0 6.5 

09-Apr-00 99 0 6.1 

10-Apr-00 100 0 5.3 

11-Apr-00 101 0 6.0 

12-Apr-00 102 0 5.4 

13-Apr-00 103 0 3.5 

14-Apr-00 104 0 5.7 

15-Apr-00 105 0 5.8 

16-Apr-00 106 0 5.7 

17-Apr-00 107 0 5.5 

18-Apr-00 108 0 5.8 

19-Apr-00 109 0 5.1 

20-Apr-00 110 0 3.3 

21-Apr-00 111 0 5.8 

22-Apr-00 112 0 5.4 

23-Apr-00 113 0 5.9 

24-Apr-00 114 0 5.9 

25-Apr-00 115 0 4.0 

26-Apr-00 116 13.8 5.0 

27-Apr-00 117 0.4 4.1 

28-Apr-00 118 11 3.3 

29-Apr-00 119 0 4.5 

30-Apr-00 120 0 4.3 

01-May-00 121 0 4.0 

02-May-00 122 0 5.1 

03-May-00 123 0 5.0 

04-May-00 124 0 5.0 

05-May-00 125 0 5.1 

06-May-00 126 0 5.1 

07-May-00 127 0 5.2 

08-May-00 128 0 5.0 

09-May-00 129 0 5.1 

10-May-00 130 1.4 3.4 

11-May-00 131 7.4 2.7 

12-May-00 132 0.2 3.6 

13-May-00 133 0 3.0 
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Date Day  Rainfall 
(mm) 

70% 
evaporation 

14-May-00 134 0.2 4.3 

15-May-00 135 0 4.4 

16-May-00 136 0 4.5 

17-May-00 137 0 4.5 

18-May-00 138 0 4.5 

19-May-00 139 0 4.4 

20-May-00 140 0 4.3 

21-May-00 141 0 4.3 

22-May-00 142 0 4.3 

23-May-00 143 0 4.3 

24-May-00 144 0 4.1 

25-May-00 145 0 3.9 

26-May-00 146 0 3.7 

27-May-00 147 0 3.6 

28-May-00 148 0 3.3 

29-May-00 149 0 3.9 

30-May-00 150 0 3.9 

31-May-00 151 0.2 3.4 

01-Jun-00 152 0.2 3.9 

02-Jun-00 153 0 3.7 

03-Jun-00 154 0 4.1 

04-Jun-00 155 0 3.6 

05-Jun-00 156 0 3.9 

06-Jun-00 157 0 3.9 

07-Jun-00 158 0 3.0 

08-Jun-00 159 0 3.9 

09-Jun-00 160 0 2.9 

10-Jun-00 161 4 1.5 

11-Jun-00 162 0 3.8 

12-Jun-00 163 0 3.6 

13-Jun-00 164 0 3.5 

14-Jun-00 165 11.2 0.8 

15-Jun-00 166 0.2 3.5 

16-Jun-00 167 0 3.6 

17-Jun-00 168 0 3.4 

18-Jun-00 169 1.2 3.3 

19-Jun-00 170 3.4 2.7 

20-Jun-00 171 0.6 2.5 

21-Jun-00 172 0 2.8 

22-Jun-00 173 0 2.3 

23-Jun-00 174 1.6 2.4 

24-Jun-00 175 0.2 1.6 

25-Jun-00 176 2.8 2.2 

26-Jun-00 177 0 3.4 

27-Jun-00 178 0.2 2.2 

28-Jun-00 179 0.2 3.3 

29-Jun-00 180 0 3.5 

30-Jun-00 181 0 3.7 

01-Jul-00 182 7.6 2.3 

02-Jul-00 183 0.4 2.8 

03-Jul-00 184 0.8 1.9 

04-Jul-00 185 4.4 0.9 

Date Day  Rainfall 
(mm) 

70% 
evaporation 

05-Jul-00 186 1.6 2.6 

06-Jul-00 187 1.4 2.8 

07-Jul-00 188 0.8 3.0 

08-Jul-00 189 0 3.0 

09-Jul-00 190 0.2 3.6 

10-Jul-00 191 9.2 2.1 

11-Jul-00 192 2 3.0 

12-Jul-00 193 0 3.0 

13-Jul-00 194 10.8 2.7 

14-Jul-00 195 6.6 2.5 

15-Jul-00 196 1 2.8 

16-Jul-00 197 7 1.8 

17-Jul-00 198 4.8 2.4 

18-Jul-00 199 1.2 2.8 

19-Jul-00 200 0.4 2.7 

20-Jul-00 201 1.8 2.2 

21-Jul-00 202 1.6 2.5 

22-Jul-00 203 0 3.1 

23-Jul-00 204 1.4 2.6 

24-Jul-00 205 0 2.8 

25-Jul-00 206 0 3.8 

26-Jul-00 207 0 3.9 

27-Jul-00 208 0 4.0 

28-Jul-00 209 1 2.0 

29-Jul-00 210 0.6 2.5 

30-Jul-00 211 0.2 2.5 

31-Jul-00 212 0.2 3.2 

01-Aug-00 213 0 2.1 

02-Aug-00 214 4.2 2.4 

03-Aug-00 215 0 3.9 

04-Aug-00 216 0.2 4.5 

05-Aug-00 217 3.8 2.5 

06-Aug-00 218 2.4 3.3 

07-Aug-00 219 1 3.2 

08-Aug-00 220 0.2 3.2 

09-Aug-00 221 0.8 3.6 

10-Aug-00 222 0 4.3 

11-Aug-00 223 0 4.6 

12-Aug-00 224 0 4.8 

13-Aug-00 225 0 4.2 

14-Aug-00 226 0 4.2 

15-Aug-00 227 0.6 2.2 

16-Aug-00 228 9.2 3.6 

17-Aug-00 229 0.2 3.7 

18-Aug-00 230 0 2.2 

19-Aug-00 231 0 5.2 

20-Aug-00 232 0 3.8 

21-Aug-00 233 0 4.8 

22-Aug-00 234 0 5.0 

23-Aug-00 235 0 5.5 

24-Aug-00 236 1.8 3.7 

25-Aug-00 237 0 3.7 
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Date Day  Rainfall 
(mm) 

70% 
evaporation 

26-Aug-00 238 2.6 3.9 

27-Aug-00 239 0 3.7 

28-Aug-00 240 7.8 3.9 

29-Aug-00 241 0.2 4.1 

30-Aug-00 242 0.2 4.9 

31-Aug-00 243 9.6 2.7 

01-Sep-00 244 0.8 4.2 

02-Sep-00 245 0.4 3.8 

03-Sep-00 246 0.4 3.9 

04-Sep-00 247 0 5.8 

05-Sep-00 248 3.2 5.6 

06-Sep-00 249 5.6 4.8 

07-Sep-00 250 0.6 4.3 

08-Sep-00 251 0.4 5.8 

09-Sep-00 252 0 6.2 

10-Sep-00 253 0 6.5 

11-Sep-00 254 0.2 7.1 

12-Sep-00 255 0 6.1 

13-Sep-00 256 0 5.7 

14-Sep-00 257 0.2 3.2 

15-Sep-00 258 1.4 5.5 

16-Sep-00 259 0 6.2 

17-Sep-00 260 0 6.6 

18-Sep-00 261 0.2 6.5 

19-Sep-00 262 0 5.9 

20-Sep-00 263 0.2 6.9 

21-Sep-00 264 0 6.4 

22-Sep-00 265 0 7.1 

23-Sep-00 266 0 5.0 

24-Sep-00 267 0 6.9 

25-Sep-00 268 0 7.4 

26-Sep-00 269 0 7.3 

27-Sep-00 270 0.6 5.7 

28-Sep-00 271 1 6.4 

29-Sep-00 272 0 4.1 

30-Sep-00 273 0 5.4 

01-Oct-00 274 0 8.2 

02-Oct-00 275 0 8.7 

03-Oct-00 276 0 8.6 

04-Oct-00 277 0 6.5 

05-Oct-00 278 0 5.5 

06-Oct-00 279 0.2 5.6 

07-Oct-00 280 0 6.4 

08-Oct-00 281 0 7.8 

09-Oct-00 282 0 8.1 

10-Oct-00 283 0 8.9 

11-Oct-00 284 0 7.6 

12-Oct-00 285 0 7.9 

13-Oct-00 286 0 8.2 

14-Oct-00 287 0 8.9 

15-Oct-00 288 0 3.3 

16-Oct-00 289 0 8.3 

Date Day  Rainfall 
(mm) 

70% 
evaporation 

17-Oct-00 290 0 8.6 

18-Oct-00 291 0 8.8 

19-Oct-00 292 0 9.7 

20-Oct-00 293 0 8.8 

21-Oct-00 294 0 5.6 

22-Oct-00 295 0 8.5 

23-Oct-00 296 0 8.6 

24-Oct-00 297 0 8.5 

25-Oct-00 298 0 9.0 

26-Oct-00 299 0 9.2 

27-Oct-00 300 0 9.5 

28-Oct-00 301 0 10.0 

29-Oct-00 302 0 9.5 

30-Oct-00 303 0 8.4 

31-Oct-00 304 0 8.9 

01-Nov-00 305 0 9.8 

02-Nov-00 306 0 8.7 

03-Nov-00 307 0 9.3 

04-Nov-00 308 0 9.9 

05-Nov-00 309 0 9.8 

06-Nov-00 310 0 8.5 

07-Nov-00 311 1 6.7 

08-Nov-00 312 0.2 5.1 

09-Nov-00 313 0 6.3 

10-Nov-00 314 0 9.5 

11-Nov-00 315 0 10.3 

12-Nov-00 316 0 8.9 

13-Nov-00 317 0 10.4 

14-Nov-00 318 0 8.5 

15-Nov-00 319 0 10.1 

16-Nov-00 320 0 10.1 

17-Nov-00 321 0 8.5 

18-Nov-00 322 0 10.3 

19-Nov-00 323 0 10.1 

20-Nov-00 324 0 6.2 

21-Nov-00 325 0 9.3 

22-Nov-00 326 0 10.4 

23-Nov-00 327 0 11.0 

24-Nov-00 328 0 10.1 

25-Nov-00 329 0 10.7 

26-Nov-00 330 0 10.0 

27-Nov-00 331 1.2 8.9 

28-Nov-00 332 0 9.6 

29-Nov-00 333 0 10.2 

30-Nov-00 334 0 10.7 

01-Dec-00 335 0 11.3 

02-Dec-00 336 0 10.4 

03-Dec-00 337 0 11.2 

04-Dec-00 338 0 10.8 

05-Dec-00 339 0 10.0 

06-Dec-00 340 0 10.2 

07-Dec-00 341 0 10.5 
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Date Day  Rainfall 
(mm) 

70% 
evaporation 

08-Dec-00 342 0 10.8 

09-Dec-00 343 0 10.8 

10-Dec-00 344 0 11.1 

11-Dec-00 345 0 11.3 

12-Dec-00 346 0 9.5 

13-Dec-00 347 0 10.6 

14-Dec-00 348 0 11.3 

15-Dec-00 349 0 10.7 

16-Dec-00 350 0 10.5 

17-Dec-00 351 0 11.0 

18-Dec-00 352 0 11.5 

19-Dec-00 353 0 6.7 

20-Dec-00 354 0 9.3 

21-Dec-00 355 0 9.7 

22-Dec-00 356 0 10.0 

23-Dec-00 357 0 10.8 

24-Dec-00 358 0 10.9 

25-Dec-00 359 0 10.9 

26-Dec-00 360 1.6 9.0 

27-Dec-00 361 0 9.9 

28-Dec-00 362 0 10.9 

29-Dec-00 363 0.2 9.2 

30-Dec-00 364 0 10.7 

31-Dec-00 365 0 11.1 
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Figure B.1 Graphical representation of Gabby Quoi Quoi rainfall: [a) daily; b) cumulative] and 

evaporation [c) daily d) cumulative] for the year 2000 

 

B.2 Irrigation applied to lysimeter trial equating to 1996 Moora rainfall data 

Table B 2 Daily irrigation (mm) applied to lysimeter trial 

Day  Irrigation (mm) 

1 0 

2 9.6 

3 12.4 

4 0.6 

5 0.2 

6 0.2 

7 0.2 

8 3.2 

9 0.2 

10 0 

11 0 

12 7.4 

13 0 

14 0.4 

15 6.8 

16 3.6 

17 13.4 

18 1.6 

19 0 

20 0 

21 3.2 

22 7 

23 0.2 

24 19.6 

25 0 

Day  Irrigation (mm) 

26 0 

27 14.2 

28 0.4 

29 0.8 

30 16 

31 8.2 

32 6 

33 6.8 

34 0 

35 12 

36 0 

37 0 

38 0 

39 4.8 

40 0 

41 0 

42 8.2 

43 9.8 

44 0 

45 0 

46 9.6 

47 12.4 

48 0 

49 0 

50 0 

Day  Irrigation (mm) 

51 0 

52 4.4 

53 0 

54 0 

55 0 

56 7.4 

57 0 

58 0 

59 7.2 

60 3.6 

61 15 

62 0 

63 0 

64 0 

65 3.2 

66 7.2 

67 0 

68 19.6 

69 0 

70 0 

71 15.6 

72 0 

73 0 

74 16 

75 9 

76 0 
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Day  Irrigation (mm) 

77 4 

78 5 

79 0 

80 8.2 

81 0 

82 0 

83 0 

84 0 

85 7 

86 0 

87 6.4 

88 9.6 

89 0 

90 0 

91 3.6 

92 0 

93 0 

94 0 

95 13 

96 0 

97 0 

98 0 

99 9.6 

100 0 

101 0 

Day  Irrigation (mm) 

102 3.8 

103 0 

104 0 

105 0 

106 4.4 

107 0 

108 0 

109 0 

110 0 

111 0 

112 3 

113 2.8 

114 0 

115 3 

116 22 

117 0 

118 0 
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120 2.4 

121 8.2 
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Figure B.2  Graphical representation of a) daily; b) cumulative irrigation applied to lysimeters over the 150 

day trial.  This data equates to archived rainfall from a site in Moora collected during 1996 with day 1 being 

the 3rd of July. 
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Appendix C:  “Rootmodel” input files 

C.1 “BC.in” used in all sensitivity analysis 

***** BC INFORMATION ***** 

* Water flux B.C.'s * 

          Number of Q-Boundary Nodes: 

          5  

            List of Q-Boundary Nodes: 

            50 60 61 62 72 

          Number of (Time;Q)-points  (prescribed water flux): 

          10 

            List of (Time;Q)-points [T]; [L3/T]: 

            .0 25.0   50. 25.0  100. 15.0   150. 15.0  400. 10.0  800. 10.0 

            1600. 10.0  3200. 10.0  3400 10.0  3500 10.0 

* Head B.C.'s * 

          Number of h-Boundary Nodes: 

          0 

            List of h-Boundary Nodes: 

            --- 

          Number of (Time;h)-points (prescribed pressure head): 

          0 

            List of (Time;h)-points [T]; [L]: 

            --- 

* Free drainage nodes: 

          Number of free drainage nodes: 

          0 

            List of free drainage nodes: 

            --- 

* Nodal solute transport B.C.'s assignment code: 

          -1 -1 -1 -1 -1 

          Number of (Time;c)-points (first time dependent B.C.): 

          1 

            List of (Time;c)-points [T]; [microMole/L3]: 

            0.0 1. 

          Number of (Time;c)-points (second time dependent B.C.): 

          0 

            List of (Time;c)-points [T]; [microMole/L3]: 

            --- 

* Pulse duration [T] 

   600. 
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C.2 “Control.in” used in all sensitivity analysis 

***** APPLICATION CONTROL PARAMETERS ***** 

'25 x 25 x 200 Column'                 

Units [L]   [T]      [M]  Concentration: 

      'cm'  'hours'  'g'  'microMole/cm3' 

itMax epslon 

100   500000    

dt   dtMin  dtMax FacInc FacDec dtRoot 

4.  10.    30.     10.1  10.9     12. 

Number of FEM-Outputs: 

 1    

FEM-Output at time: 

3600. 

Number of Root-Outputs: 

 1   

Root-Output at time: 

3600. 
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C.3 BC.in used in simulations with adequate water supply 

***** BC INFORMATION ***** 

* Water flux B.C.'s * 

          Number of Q-Boundary Nodes: 

          5  

            List of Q-Boundary Nodes: 

            50 60 61 62 72 

          Number of (Time;Q)-points  (prescribed water flux): 

          10 

            List of (Time;Q)-points [T]; [L3/T]: 

            .0 50.0   50. 50.0  100. 30.0   150. 30.0  400. 20.0  800. 20.0 

            1600. 20.0  3200. 20.0  3400 20.0  3500 20.0 

* Head B.C.'s * 

          Number of h-Boundary Nodes: 

          0 

            List of h-Boundary Nodes: 

            --- 

          Number of (Time;h)-points (prescribed pressure head): 

          0 

            List of (Time;h)-points [T]; [L]: 

            --- 

* Free drainage nodes: 

          Number of free drainage nodes: 

          0 

            List of free drainage nodes: 

            --- 

* Nodal solute transport B.C.'s assignment code: 

          -1 -1 -1 -1 -1 

          Number of (Time;c)-points (first time dependent B.C.): 

          1 

            List of (Time;c)-points [T]; [microMole/L3]: 

            0.0 1. 

          Number of (Time;c)-points (second time dependent B.C.): 

          0 

            List of (Time;c)-points [T]; [microMole/L3]: 

            --- 

* Pulse duration [T] 

   600. 
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C.4  “BC.in” used in all simulations with limited water supply 

***** BC INFORMATION ***** 

* Water flux B.C.'s * 

          Number of Q-Boundary Nodes: 

          5  

            List of Q-Boundary Nodes: 

            50 60 61 62 72 

          Number of (Time;Q)-points  (prescribed water flux): 

          2 

            List of (Time;Q)-points [T]; [L3/T]: 

            .0 .18  3500 .18 

* Head B.C.'s * 

          Number of h-Boundary Nodes: 

          0 

            List of h-Boundary Nodes: 

            --- 

          Number of (Time;h)-points (prescribed pressure head): 

          0 

            List of (Time;h)-points [T]; [L]: 

            --- 

* Free drainage nodes: 

          Number of free drainage nodes: 

          0 

            List of free drainage nodes: 

            --- 

* Nodal solute transport B.C.'s assignment code: 

          -1 -1 -1 -1 -1 

          Number of (Time;c)-points (first time dependent B.C.): 

          1 

            List of (Time;c)-points [T]; [microMole/L3]: 

            0.0 1. 

          Number of (Time;c)-points (second time dependent B.C.): 

          0 

            List of (Time;c)-points [T]; [microMole/L3]: 

            --- 

* Pulse duration [T] 

   600. 
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C 5 Control.in used in applications  

***** APPLICATION CONTROL PARAMETERS ***** 
'25 x 25 x 200 Column'                 
Units [L]   [T]      [M]  Concentration: 
      'cm'  'hours'  'g'  'microMole/cm3' 
itMax epslon 
100   500000    
dt   dtMin  dtMax FacInc FacDec dtRoot 
4.  10.    30.     10.1  10.9     12. 
Number of FEM-Outputs: 
 2    
FEM-Output at time: 
1296.  3600. 
Number of Root-Outputs: 
 2   
Root-Output at time: 

1296. 3600. 
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Appendix D:  Fitted water retention curves 
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Figure D.1 Water retention curves averaged for each sampling location and fitted using RETC (Yates et al. 

1992) with Van Genuchten retention (equation 2.4.7) and the Burdine restriction on the value of m 

(equation 2.4.12). 


