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Abstract
Annual and perennial crop production systems can be enhanced by the incorporation of
spatial information to improve decision making. In broad terms, this is referred to as
precision agriculture. Examples of specific applications include the application of
variable fertiliser rates in an annual cropping system and the site selection of perennial
plants for establishing a perennial cropping system. These specific applications are
termed "site specific management" within the precision agriculture literature.

Site specific management requires knowledge of the spatial variation in site conditions.
The growth of annual and perennial crops can often be related to intrinsic soil or
landscape properties, such as the capacity of the soil to store moisture and nutrients.
This can be represented by a number of parameters (depending upon the site) such as
soil texture, soil (rooting) depth or a combination of both, in plant-available water
capacity. There are significant difficulties in spatially defining the soil-water holding
and soil-fertility properties at the farm scale. Gamma ray spectrometry (radiometrics) is
a soil sensing technique that has the potential to improve the prediction of these
properties in a cost effective manner. This thesis investigated the use of radiometrics for
improved soil management for dryland wheat and woody crop industries in the
agricultural region of Western Australia.

Soil property mapping incorporating airborne radiometrics was investigated in a deeply
weathered sedimentary terrain, at a resolution suitable for farm management. Clay and
plant-available potassium contents were mapped using multivariate linear regression
and tree-based models with airborne radiometric, topographic and location data as
inputs. Greater than 70 % of the variance in clay and plant available K contents was
associated with radiometric data. The mapped predictions were tested against an
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independent dataset, where up to 66 % and 60 % of the variation in clay and plant
available K contents were respectively predicted. The study demonstrated that
radiometrics can map soil properties in the near surface which is of potential value for
the site specific management of dryland wheat production.

Identification of suitable sites for woody crop growth using spatial data was
investigated. Tree-height was modelled against ground radiometric, magnetic,
electromagnetic and topographic data using a multivariate regression tree method. Tree
height was best predicted by parameters from radiometric and topographic data. Two of
the three predicted tree-height classes were associated with different soil depths, a major
factor affecting tree height at the site. With on-site calibration and an understanding of
regolith formation, radiometric and topographic data are likely to be of value in the
selection of suitable sites for woody crops, despite the limitation of depth penetration
from these technologies.

The efficacy of using radiometrics in decision making was assessed in a benefit cost
analysis for fertiliser decisions in a dryland wheat production system. The clay content
map was combined with a pedotransfer function to develop estimates of plant available
water capacity. This was an input to a simple empirical/conceptual model of waterlimited potential yield to determine nitrogen fertiliser rates which optimised the gross
margin. Economic benefits were evaluated in a field using several scenarios, involving
different information sources, rooting depth assumptions and three types of growing
seasons. The greatest benefit for shallow soils was in a medium season at $15/ha,
assessed under perfect information and optimal N-rate management. Alternatively,
when benefits were assessed under conditions estimated from the wheat yield map, the
benefit was $31/ha, under non-optimal N rate conditions. The utility of the radiometric
based information was dependant upon the season and magnitude of plant available
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water capacity. The use of radiometric data to improve N-management decisions has the
potential to increase gross margins and is worth further investigation.

In summary, radiometrics collected at sufficient resolution can reliably depict some of
the soil factors related to plant growth for grain and woody crops at the scale suitable
for precision agriculture. For deep rooted crops, radiometrics is useful when the near
surface properties mapped are correlated with critical soil properties within the root
zone. However, the successful calibration of soil or plant properties with radiometric
data is dependant upon the regolith properties of the surveyed area. Where suitable,
radiometrics can improve crop production through more efficiently identifying, sites for
woody crop establishment and N fertiliser rates for wheat management. To fully
evaluate the utility of radiometric data to dryland agriculture, an evaluation that covers
other site conditions is recommended. Other recommendations include further testing of
bio-economic farm models to assess the sensitivity of site specific management and a
probabilistic, value of information analysis.
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Chapter 1
Improving agricultural productivity by site-specific
management
1.1 Introduction
The real price of agricultural commodities such as wheat, has declined over the past
three decades (Alexander and Kokic, 2005; Kingwell and Pannell, 2005). During this
period, farms in Australia have remained mostly profitable as advances in cultivars and
crop management have increased productivity (Kingwell and Pannell, 2005; Passioura,
2002). However, the price of agricultural commodities is expected to continue to
decline (Kingwell and Pannell, 2005). Under falling commodity prices, pressure to
maintain profitable businesses continues to result in research into economically efficient
farming systems.

An area of future improvement is the adoption of information technology in the
management of crops (Passioura, 2002). Precision agricult_ure utilises information
technology tools such as global positioning systems, geographic information systems
and remote sensing imagery. The aim of precision agriculture is to improve decision
making by reducing the uncertainty introduced by spatial and temporal variation (Cook
and Bramley, 1998; McBratney et al., 2005). One methodological approach is sitespecific management. This involves the collection of spatially intense measurements of
the soil-plant system to improve understanding and management within a field (Cook
and Bramley, 1998). Such an approach may also be relevant where the farm operator
has a low base level of knowledge, for example, in a newly purchased farm.
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The average size of a grain-based farm in the late 1990’s in Australia was 1653 ha and
in Western Australia was 2352 ha (ABARE, 2000). From the mid 1970’s, an increase in
grain farm sizes with a consequent reduction in the number of farms has occurred
largely as a result of a change from livestock to crop production (Alexander and Kokic,
2005). Moreover, the trend of increasing farm size is expected to continue in Western
Australia with more farmers leaving inland rural areas (Kingwell and Pannell, 2005). In
such situations, newly purchased farms are being managed without the background
knowledge passed on through generations apparent in the traditional farming family. In
addition, the expectation of on-farm skilled personnel is expected to decrease so that
precision agriculture may increase as a result of automation of tasks rather than
improved crop management (Kingwell and Pannell, 2005). There is therefore a need to
investigate precision agriculture as one possible method of improving farm
productivity.

Apart from improving productivity, agriculture may face other new challenges such as
accounting for or managing environmental impacts (Kingwell and Pannell, 2005;
McBratney et al., 2005). For example, the impact of dryland salinity across Australia is
large, with over 5.7 million hectares estimated to be at risk and 17 million hectares at
future risk (National Land and Water Resources Audit, 2001). Areas at risk of dryland
salinity are those with a shallow groundwater table resulting from excess water leaking
through a farming system based on rain-fed annual plants (George et al., 1997). New
plant-based options are being developed to increase water usage and reduce
environmental impacts (Pannell and Ewing, 2006). One specific example is the
incorporation of woody crops. Woody crops, such as the Eucalyptus mallee species,
have the potential to produce commercially viable yields as feedstock for multiple
products, such as bioenergy and oils (Bartle and Shea, 2002).
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A significant area of land use change is required to manage dryland salinity with plantbased options, with estimates as high as 80 % of the managed landscape (George et al.,
1999). The large extent of change required to address environmental issues compared to
the public funds allocated indicates that other sources of funding will be required
(Kingwell and Pannell, 2005). The capacity of farmers to provide this may be limited
and off-farm investments may be necessary as has occurred with other plantations on
farmland in Australia (Stephens et al., 2001). In order to guide such a large land-use
change in the management of dryland salinity, mapping tools are required to give
farmers and investors the confidence that the woody crops are planted in the right place.

This thesis examines the use of radiometrics, a novel soil mapping technology, to
improve decision making in precision agriculture, by reducing the uncertainty in spatial
property mapping. The crop production systems studied were the current dominant
grain crop wheat (Triticum aestivum) and a future woody crop (Eucalyptus
polybractea).

1.2 Thesis topic development
Farm management can be improved by fine tuning management on the basis of
differences within site conditions which relate to plant growth. Conditions which vary
across a site are reflected in harvested yields of annual plants (Adams et al., 1998) and
survival rates of perennial plants (Ryan et al., 2002). Such site conditions translate
directly to gross margins. For example the gross margins of a wheat crop within a field
varied from 0 to greater than $100/ha in Wyalkatchem, Western Australia (Cook and
Bramley, 1998). Similarly, a range of $100 to $250/ha reflected site productivity
differences in offers by tree plantation companies to landholders for leased land in the
Bridgetown-Greenbushes region, Western Australia (Tonts et al., 2001). By observing
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site variation, the opportunity to fine tune management decisions within fields and
farms has developed through precision agriculture studies, mostly in annual based
agriculture (Cook and Bramley, 1998; McBratney et al., 2005).

The spatial variation evident in annual and perennial crops can be managed by adjusting
management options to suit site conditions. An example of fine tuned management in
annual based agriculture, is a more a precise application of fertiliser rates to maximise
the gross margin, as determined by different fertiliser responses across a field (Bullock
et al., 2002). Site specific strategies can also be applied in perennial based agricultural
systems, such as selecting suitable locations to plant a particular species to maximise
survival rates and minimise environmental impacts.

In order to fine tune plant management, knowledge of the source of the variation is
required. Annual and perennial crop growth can be related to underlying soil or
landscape properties, such as the capacity of the soil to store moisture and nutrients
(Cooper et al., 2005; Moore and Tyndale-Biscoe, 1999). The plant-available water
capacity (PAWc) was identified as an important parameter related to the productivity
and evaluation of trees across sites (Ryan et al., 2002). Likewise, available water was
viewed as a likely source of variation in annual crop yields that should be adequately
represented in soil tests to improve the interpretation of crop yield patterns (Cook and
Bramley, 2000). The PAWc, is influenced by soil depth, soil texture, coarse fragments,
bulk density, macroporosity and aggregate stability (Ryan et al., 2002). Soil properties
related to PAWc can explain some of the variation in plant growth at the farm and field
scale. The ability of a soil profile to store moisture is particularly relevant in dryland
agriculture with water limited, arid or semi arid climates.
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Costs preclude the widespread collection of field observations or laboratory analyses at
the intensity recommended for the application of precision agriculture (Viscarra Rossel
and McBratney, 1998). Thus many have recognized the need for an improvement in soil
testing and sensing techniques that take into account short range variation of soil
properties (Cook and Bramley, 2000; Kitchen et al., 1999; Viscarra Rossel and
McBratney, 1998). Soil sensing techniques can characterise site variation through more
easily-obtained indirect mapping methods. This can provide a cost effective alternative
to directly measuring the soil property of interest (McKenzie and Ryan, 1999). One
particularly promising low cost acquisition method, if acquired at sufficient resolution,
is airborne gamma ray spectrometry (radiometrics).

Concentrations of potassium, thorium and uranium elements are estimated in a
radiometric survey (IAEA, 1991). The abundance and distribution of these elements
reflect geomorphic and weathering processes (Dickson and Scott, 1997; Wilford et al.,
1997). Landform and regolith features in the near surface can be readily mapped. For
example, potassium feldspars occur in granites, and therefore freshly weathered granite
with a shallow soil profile has a high potassium signal (Cook et al., 1996). Lateritic
(ferruginous) caps or gravels from a deeply weathered profile are enriched with thorium
and uranium (Cook et al., 1996; Dickson and Scott, 1997). Sandy soils of a leached
profile are readily recognised by a low signal in all elements measured or a low total
count (Cook et al., 1996). Thorium can also become adsorbed onto clays (Wedepohl,
1978) and clay content can be mapped (Taylor et al., 2002). Radiometric data may in
some cases be associated with soil texture, a soil property indicative of PAWc, or
aspects of soil fertility such as potassium (Corner and Wong, 1999; Wong and Harper,
1999). Radiometrics is therefore of potential value in plant growth studies and as a
management tool in dryland agricultural systems.
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The focus of past radiometric based studies has been to evaluate the technology in a soil
mapping framework. Such studies have demonstrated the ability of radiometrics to
accurately map soils at the regional or catchment scale (Bierwirth, 1996; Cook et al.,
1996; Ryan et al., 2000). To be useful management tools, this research needs to move to
the farm scale, the scale at which plants are managed by landholders. Mapping soil
properties at the farm scale with radiometrics is expected to enhance the spatial
resolution of soil information (Figure 1.1a).

It is expected that the benefit in using radiometrics will generally be greater for shallow
rooted crops or pastures like annual plants, because the technique is limited to detecting
gamma radiometric sources in the near surface. Fifty percent of the observed gamma
rays originate from the top 0.10 m of dry soil and 90 % from the top 0.30 m (Duval et
al., 1971; Taylor et al., 2002). Despite this technological limitation, radiometrics is of
potential value to industries engaged in planting deep rooted perennial vegetation, under
a certain set of circumstances. For example, where subsurface properties are correlated
to both deep rooted plant growth and surface soil properties (Figure 1.1b).

Radiometric information can also be used to estimate soil parameters in a crop model to
calculate appropriate N management (Figure 1.1c). A benefit cost analysis (BCA) of the
low cost radiometric information is expected to produce positive economic benefits in
fertiliser decision making of cropping systems sensitive to soil variability.

1.2.1 Unifying thesis topic
The management of agricultural production through site-specific management is a
major area of research. Finding a mapping technology that is cost effective in measuring
the short range variation in soil properties and that ultimately improves the management

Chapter 1. General introduction

7

of farms, was a considerable challenge identified in the literature. The unifying research
topic of this thesis explored the utility of radiometrics collected at the farm scale, as a
suitable basis for the site specific management of dryland annual wheat and perennial
woody crops, in sites with a water-limited semi-arid climate.

The conceptual models in Figure 1 outline three possible uses of radiometric data with
application to farm scale agriculture. This thesis investigated: the reliability of farm
scale soil property maps derived from radiometric data (Figure 1.1a), the ability of
radiometric data to account for the regolith properties that affect the growth of perennial
plants (Figure 1.1b), and the Benefit Cost Analysis (BCA) of a radiometric derived soil
parameter in a N-management crop model (Figure 1.1c).

Figure 1.1: Conceptual models of radiometrics related to a) soil properties, b)
perennial plants and c) the N management of annual crops.
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1.3 Thesis structure
A summary of the research topics in each research chapter was given below. Chapter 3
evaluated the mapping of clay and plant available potassium contents at the farm scale
using radiometric and topographic parameters (Figure 1.1a). The prediction errors from
linear regression and regression tree models were assessed with application to the
management of annual plants. Chapter 4 focused on perennial plants, where the nature
of the regolith and woody crop growth were initially investigated (Figure 1.1b).
Radiometric and other spatial data were used to predict woody crop growth in an
evaluation of mapping technologies for site assessment. Chapter 5 outlined a process to
improve decisions using radiometric data, which was evaluated in a benefit-cost
analysis (Figure 1.1c). The focus was based on a paddock within the farm intensely
studied in Chapter 3.

The thesis was structured with a general introduction (Chapter 1), background (Chapter
2), three specific research topics (Chapter 3 to 5), general discussion (Chapter 6) and
appendices. This general introduction (Chapter 1) presented the motivation of the
research and outlined the unifying thesis topic. A review of radiometrics and specific
knowledge gaps for agricultural applications were identified in the background chapter
(Chapter 2). The knowledge gaps were specifically addressed in the three research
chapters as a series of complete stand alone articles for journal publication. This
approach resulted in some repetition throughout the thesis, particularly in the
introduction, background, methodology and reference list sections. In addition,
keywords and abbreviations were included in each research chapter, as published or
submitted to journals. The general discussion (Chapter 6) highlighted the new
knowledge gained from the research and discussed the research chapters under the
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unifying thesis topic. Conference papers written during the candidature period were
presented in Appendices 1 to 4 in chronological order.
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Chapter 2
Theory of gamma ray spectrometry and application to
agriculture.
2.1 Introduction
Measurements of natural gamma radiation emitted from soils were used in soil science
for agricultural applications in the 1930’s (Talibudeen, 1964). Examples include
assessing the degree of weathering in soils, evaluating soils for crop production, and
assessing the ‘fall-out’ contamination from nuclear explosions (Talibudeen, 1964).
However, the application of gamma ray spectrometry (or radiometrics) to agriculture
has been minimal over the past half a century.

During this time radiometrics has developed into a mapping tool in the mineral
exploration industry, predominantly used for uranium anomaly prospecting (Tipper,
1969) and geological mapping (Bullock and Isles, 1994). This industry encouraged
technological improvements in data capture, processing and resolution (Jaques et al.,
1997) resulting in the resurgence of the improved radiometric technology to soil science
in the 1990’s (Cook et al., 1996). The technological improvements appear to have
stabilised with the current challenge to maximize knowledge gained from the data. The
expectation is that airborne geophysics, in general, will improve decision making
particularly as new applications arise (George et al., 1998; George et al., 2000;
Wellman, 1999). Improving precision in agriculture is a new application where
radiometrics can now provide a soil mapping basis to improve crop production and
sustainable land management.
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This chapter provides the theoretical background of radiometrics, with a summary of
implications for applications to agriculture. From this, the importance of geochemical
factors in interpreting the data were identified and further reviewed. The existing
application of radiometrics for agricultural applications was also reviewed with
knowledge gaps identified. Some of these knowledge gaps were investigated in this
thesis.

2.2 Theory of gamma ray spectrometry
2.2.1 Gamma ray spectrum
Gamma rays are emitted from some naturally occurring isotopes as high-energy shortwavelength electromagnetic radiation, as quanta of energy or photons (Ward, 1981).
This comprises part of the radioactive decay process in which alpha and beta particles,
and gamma rays are emitted. Unlike alpha and beta particles, gamma rays are detectable
to remote airborne sensors due to the large penetration range, passing through hundreds
of meters of air (IAEA, 2003; Ward, 1981).

An energy spectrum is measured by gamma-ray spectrometers (see Figure 2.1) (Ward,
1981). Modern spectrometers record 256 or 512 channels between 0 and 3.0 MeV (4.13
x 10-4 nanometres) (IAEA, 2003). Total count is the integrated count over the whole
spectrum measured. Potassium (K), uranium (U), and thorium (Th) are the three major
elements derived from unique (photoelectric) peaks, measured over energy windows.
Potassium 40K decays due to electron capture (Ward, 1981) at the 1.46 MeV energy
peak, measured over the 1.37 to 1.57 MeV window (Figure 2.1) (IAEA, 1991).
Uranium and thorium do not emit gamma rays and are therefore measured indirectly
from daughter products 214Bi and 208Tl, respectively (IAEA, 1991). The decay series
represents an atom that disintegrates from a parent to its daughter products. These two
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isotopes emit the most energetic or detectable gamma rays of the decay series (Ward,
1981), peaking at 1.76 and 2.61 MeV respectively, and are measured over energy
windows as represented in Figure 2.1 (IAEA, 1991). In this thesis, the γ prefix was used
to indicate K, Th and U concentration derived from gamma ray spectrometry.

Figure 2.1: Gamma-ray energy spectrum recorded at 100 m altitude, showing
photopeaks as measured by the energy windows (Minty and Kennett, 1995).

2.2.2 Disequilibrium, radon and radium
Equilibrium occurs when each member of the decay series is decaying at the same rate,
this is assumed when estimating γU and γTh from daughter products (Ward, 1981).
However, a state of equilibrium is not always the case particularly for U. Greater than
1.5 million years is required for the U decay series to be undisturbed, for equilibrium to
be reached (Dickson and Scott, 1997). The decay and geochemistry of intermediate
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daughter products is important in determining when the series is likely to become
disturbed. Daughter products of U include 226radium and 222radon and occur prior to
214

Bi in the decay series chain (Dickson and Scott, 1997). Radon is gaseous and not

necessarily retained in the soil profile, so that the measured 214Bi may be spatially
separated from U and in a state of disequilibrium (Ward, 1981). Such conditions occur
with radon gas concentrating in valleys overnight with an inversion layer restricting the
outflow of radon. Radon is a major source of error in estimating γU. Using a
hypothetical example under a ‘high radon’ condition, such errors were calculated to
account for 45% of the observed γU measurement (Minty, 1996). Radon has the effect
of increasing γU and γ total count (Groves and Campbell, 1995). Developments in
processing have shown that some of the atmospheric radon contributions can be
corrected through methods described by Minty (1996).

2.2.3 Attenuation
The absorption of gamma rays is dependent upon the linear or mass attenuation
coefficient of the material (IAEA, 2003). The interaction of terrestrial gamma rays with
rock, air or soils is mostly through the Compton scattering of electrons (IAEA, 2003).
On a per gram basis, water has 1.11 more electrons than soil and is therefore 1.11 times
more effective at attenuating gamma rays (Grasty, 1997). Soil density increases as soils
are moistened, as the air in the pore space is replaced by water, which is much denser
than air (Duval et al., 1971). This in turn increases the mass attenuation coefficient and
reduces the gamma ray counts detected (Carroll, 1981). A 10% increase in soil moisture
will result in a similar decrease in radiometric γK and γTh emissions (Grasty and Minty,
1995). In contrast, for γU in clay soils an increase in γU counts is expected due to less
radon diffusing to the atmosphere, instead being held close to the surface (Grasty,
1997). The emanation or escape of radon from soil particles to the pore space in moist
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conditions is expected in clay but not sandy soils, as clay has a higher emanation
constant (Grasty, 1997).

The proportion of gamma ray signal detected was expressed by Duval et al., (1971) as
an exponential product of soil thickness and soil density. Rocks are generally denser
than soils, so the detected gamma rays from rocks are sourced closer to the surface.
Ninety percent of the gamma radiation measured from rock outcrop with a density of
2.7 g/cm3 are emitted from the top 15 to 25 cm whereas a similar proportion of radiation
from dry overburden with a density of 1.5 g/cm3 is derived from the top 30 to 45 cm
(with correction for mislabelled units in original publication) (Ward, 1981).

The proportion of gamma ray signal detected decreases with increasing soil thickness
(Figure 2.2) (Grasty, 1997). For example approximately 65 % of the modeled γ U
radiation from a soil was sourced from the top 10 cm of the soil, whilst an additional 20
% was sourced to 10 to 20 cm (Figure 2.2). Similarly, experimental results of the
correlation between radiometric data and soil properties at 10 cm intervals to 30 cm,
showed that the correlation decreased with increasing soil depth (Taylor et al., 2002). A
very thin layer of the earth’s crust is therefore represented by radiometric data (IAEA,
2003).

Although vegetation contains moisture, the effect of vegetation attenuating the signal is
considered minimal over the majority of Australian vegetation systems due to low
densities and dry canopies (Wilford et al., 1997). Attenuation may however occur in
dense rainforests or pine forests (Wilford et al., 1997).
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Figure 2.2: Response of an airborne gamma radiometric spectrometer to
soil/source thickness, for Uranium radiation with a soil density of 1.5 g/cm3
(Grasty, 1997).

2.2.4 Field of View
The radiometric response from airborne systems has been described as a complex
average over a large region, with the land surface closer to the aircraft contributing
more than that at a greater distance (Billings and Hovgaard, 1999). This complex
average is the field of view (Grasty et al., 1979; Minty, 1997; Ward, 1981). The field of
view is defined as the area beneath the detector that contributes a proportion of the total
detected radiation (Grasty et al., 1979). The dominant factor in the field of view is
flying height, with higher altitudes increasing the field of view (Duval et al., 1971). The
radius of the circle contributing to 90% of the field of view area detected against flying
height is given in Figure 2.3. For ground acquisition systems, the field of view is
significantly smaller due to the closeness of the ground source. With a ground-based
system measuring radiation at ground level, 95% of the source detected is estimated to
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be from a radius of 2 m, but this value is dependent on calibration (P.Wilkes, pers.
comm.).

Figure 2.3: Radius of circle contributing 90% of the field of view area detected.
Modified from Billings (1998).

The more complex field of view models can take into account a moving aircraft and the
detector shape, both of which act to reduce the modelled field of view (Grasty et al.,
1979). The field of view modelled as a strip, rather than a circle, represents
measurements collected while the aircraft is moving. The strip is a circular field of view
integrated along the flight line. The majority of a radiometric signal (90 % of field of
view) below an aircraft at 25 m altitude was estimated from a strip model as being 149
m wide, compared to 218 m for a circular field of view (Grasty et al., 1979). This
represents a 30% reduction. Ward (1981) summarised the results of Grasty (1979),
where the reduction in width of 1/3 to 2/3 was evident, using 1/2 to illustrate the
concept in Figure 2.4 (Ward, 1981). The reduction by at least half of the simple field of
view calculations may be realistic given subsequent confirmation from other findings
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on the influence of detector geometry. For example Billings and Hovgaard (1999) found
that when detector geometries are incorporated, the amount of signal that contributes to
90 % of the field of view for Thorium (acquired at 60 m elevation) was 30 % smaller
than the uniform detector modelled.

Figure 2.4: Field of view of A, stationary and B, dynamic/moving detector (Ward,
1981)

Examples of typical flying/sensor heights include 20 to 40 m for agricultural aircraft, 60
to 100 m for other fixed wing aircraft and 60 m for helicopters (George et al., 1998;
Minty, 1997; UTS, 1999). Although helicopters can fly lower and have the advantage of
manoeuvring in steep landscapes and maintaining constant flying height, compared to
airplanes they are more expensive (George et al., 1998). In addition, safety and the
presence of livestock in agricultural lands need to be considered when choosing
appropriate flying heights (Minty, 1997).
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2.2.5 Sample distance and survey size
The sample distance along flight lines is dependent upon the sampling rate and aircraft
speed. Samples are typically taken at 1 second intervals, and over this time the aircraft
has travelled about 60 m (Minty, 1997). The sample distance is much shorter than the
field of view width (Minty, 1997). Sampling distance along a line for a ground based
quad-bike system is approximately 3 to 5 m, also sampled every second (A.White, pers.
comm.). An advantage of airborne surveys is the speed of data acquisition. Assuming
time is proportional to the cost of a survey, over the same acquisition period, a much
larger area can be covered by airborne surveys, effectively reducing the cost per
surveyed area.

The distance between flight lines are generally 400 m for regional geological mapping
(Minty, 1997) and 100 to 200 m for catchment management studies (George et al.,
1998). Tie-lines (perpendicular to the flight lines), are spaced about 10 times the flight
line spacing, required when levelling the data due to environmental conditions that
change during the survey period (Minty et al., 1997). Ground based data for land
management studies have been acquired at 15 to 100 m line spacing (D. Bennett, pers.
comm).

2.2.6 Detector precision/efficiency
Gamma rays are detected by the scintillation rate of a thallium activated sodium iodide
crystal (IAEA, 1991). The gamma ray is scattered and absorbed onto the crystal
producing highly energetic electrons and converting these into flashes of light (Minty,
1997). The detector measures the resultant florescence (IAEA, 1991). The radiation
frequency is related to the decompositional energy of the isotope by Planck’s equation
(Cook et al., 1996). Planck’s constant and the speed of light (also a constant), allows for
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the frequency and wavelengths of energy to be described as energy spectrum, an
example is presented in Figure 2.1.

The detector efficiency was partially described as the probability that the photon will
interact with the crystal over the source (Minty, 1997). The sensitivity of the
measurement is dependent on the crystal volume and the sample period (Cook et al.,
1996). The photo peak efficiency is reduced in smaller crystal sizes (Talibudeen, 1964)
so that longer time periods over the source are required to maintain detector efficiency
(Cook et al., 1996). Measurements taken for hand held instruments using 1.85 L crystals
are typically measured over 100 seconds and aircraft detectors ranging from 17 to 48 L
sample every second (Cook et al., 1996; Minty, 1997; UTS, 1999). The measurement
precision can be represented by the standard deviation of the sum of counts over a
specified time interval (Hansen, 1992).

2.2.7 Spatial resolution
The spatial resolution of a survey is dependant upon distance to source (eg. flying
height), sample density (line spacing and sample period), speed of acquisition and
crystal volume (described above). Increasing crystal volume, decreasing detector height
or taking a longer period to count pulses increases the number of counts and therefore
measurement certainty. The interaction of distance to source and sample density on the
spatial resolution of a survey to deconvolve or de-blur images was investigated by
Billings et al. (2003).

Deconvolution attempts to sharpen images and remove the blur associated with
anomalies of high radiometric cont, where the extent of the measured anomaly is often
larger than the actual (Minty, pers. comm.). Deconvolution reconstructs the signal over
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the noise, in the frequency domain (Billings et al., 2003). White noise occurs at
approximately the same amplitude regardless of the density of samples. There is
therefore a spatial density where the signal can no longer be reconstructed over the
noise. The critical sample density was determined as the density high enough to
reconstruct signal by de-convolution without over sampling. The analysis based on the
Elashgin survey over a landscape typical of the deeply weathered regolith and granitic
outcrops of the Western Australia wheatbelt, showed that at 20 m flying height and 0.5
second sampling rate, the critical sampling distance was 99, 79 and 26 m, for γK, γU
and γTh, respectively. From these results an acceptable flight line spacing to resolve
anomalies for Th would be 25 m. However, for K this line spacing would result in a
large degree of over sampling. The results also suggest that at close line spacing, much
smaller Th anomalies could be resolved compared to K or U anomalies. Based on the
assumptions outlined above and others used in the analysis, these results were viewed as
a guide to deconvolution studies rather than specific survey specifications (Billings et
al., 2003).

The deconvolution results for the γU and γK results were poor for the Elashgin survey
(Billings et al., 2003). This was described to be a result of the noise in γU and γK
attributed to the high γTh scattering the gamma-rays. The Elashgin survey did not
represent typical K or Th crustal concentrations (Billings et al., 2003). However it does
represent a typical wheatbelt landscape in Western Australia where under current
processing techniques, the noise levels in γU and γK are characteristic of this
environment.

The interaction between sample distance and spatial resolution was also investigated by
Billings et al. (2003). Longer count periods improve measurement certainty, but at the
same acquisition speed, compromises the sample distance and thus spatial resolution
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(Hansen, 1992). At a flying height of 20 m, the experimental survey sampling of 0.5 s
was compared to the traditional survey period of 1 s, with the aim of improving the
deconvolution results of γU and γK. At the low flying height (20 m) and 1 s sample
period, the blurring effects from anomalies in the direction of the flight line outweighed
the reduced noise level evident perpendicular to the flight. The 1s sample time did not
improve the ability of the noisy γU and γK data to be deconvolved in the Elashgin
survey (Billings et al., 2003). The study demonstrated the trade off between spatial
resolution and precision of measurement. To maintain the spatial resolution with a
longer sample period, lower speeds would be required (Hansen, 1992).

2.2.8 Processing
A number of processing steps are involved for airborne gamma ray data to be useful,
these include dead time correction, energy calibration, aircraft and cosmic background
correction, radon background correction, stripping, height correction, reduction of raw
data to concentrations and levelling (IAEA, 1991; 2003; Minty et al., 1997). The
collection of 256 or 512 channel data allows for processing to improve the signal-tonoise ratio of the surveyed results. Recent advances include multi-channel processing,
noise adjusted singular value decomposition (NASVD) and maximum noise fraction
(MNF) processing (Dickson, 2004; Dickson and Taylor, 1998; Minty, 1998; Minty et
al., 1998).

2.2.9 Theoretical implications for precision agriculture
Radiometric data estimates the ground concentrations of K, Th and U. The
geochemistry and distribution of these elements within the landscape is therefore
important in assessing whether the soils in a survey area can be adequately mapped by
radiometrics for site specific decisions. The disequilibrium associated with U daughter
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products are a source of noise in surveys particularly for those conducted in the early
morning over valleys. In a landscape of deeply weathered regolith, typical of the
Western Australian wheatbelt, the γK and γU can also be noisy due to the high γTh.

As described previously, radiometric signals are attenuated by moisture and by dense
vegetation. Wet soils attenuate the signal and this is particularly relevant to estimation
of Th and K concentrations. It is therefore recommended that radiometric surveys are
conducted during dry conditions. Dryland agricultural systems commonly comprise of
shallow rooted annual cereals and pastures; these will be dry during the annual summer
drought in a Mediterranean type climate and are thus unlikely to have any affect on the
radiometric signal.

The utility of radiometrics to agriculture is dependant upon the soil properties over the
rooting depth of the plant because the rooting depth of perennial crops generally
exceeds the depth of the signal detected by radiometrics. The applicability will be
determined be whether the near surface properties mapped by radiometrics are
representative or indicative of critical sub-surface properties relevant to plant growth.

Decisions about sampling are based on resolution requirements and budget constraints.
Ground based acquisition is recommended for small management operations, such as
fields under research, vineyards or where point based management decisions are
required. Larger areas can be covered by aircraft over a relatively small amount of time,
reducing the $/ha costs over a farm. Airborne acquisition is recommended for broadacre farm management, particularly where farm sizes are typically 15 to 30 km2.

For airborne acquisition, a number of decisions based on resolution are recommended.
To maintain a high count rate per sample period, crystal sizes > 32 L and flying heights

Chapter 2. Literature review

24

between 20 to 40 m are recommended. A low flying height is also recommended to
reduce the field of view or sample area. The majority of a radiometric signal (90 %
contributing area) below an aircraft at 25 m altitude is sourced from a strip
approximately 150 m wide (Grasty et al., 1979). The industry standard sample period of
1 second, produces a sample every 40 to 60 m depending on the flight speed. The above
configuration produces an approximate density of 200 samples per km2. This compares
to 100 to 400 ground observations per km2 for soil mapping at a scale of 1:5000
recommended for traditional soil surveys (Gunn, 1988). The recommended sampling
configuration is therefore suitable for within farm management.

2.3 Geochemical sources
The geochemistry and distribution of K, Th and U within the landscape determines if
radiometrics can capture the variation of soil properties required for site specific
management. Distribution of soil radioactivity, has been described as a function of
geochemical and pedological processes through the degree of weathering and mobility
under certain conditions (Talibudeen, 1964). The natural and anthropogenic (fertiliser)
sources of each of these were reviewed. For a more extensive list of geochemical
sources see Wedepohl (1978).

2.3.1 Potassium (K)
Potassium (K) is a major constituent of the earth’s crust with a concentration of 2.35 %
(Dickson and Scott, 1997). The largest source of K is alkali feldspar (Wedepohl, 1978).
Other sources include micas such as biotite and muscovite, and clay minerals. During
crystallisation, K is easily adsorbed onto colloids such as silicates, so felsic rocks such
as granite have high potassium contents (Wedepohl, 1978). A review of typical
potassium concentrations in igneous rocks showed that the K contents of mafic rocks
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was around 1% K, with this rising to 3.5% K in felsic rocks (Gailbraith and Saunders,
1983).

During granitic weathering, K minerals are weathered first by plagioclase feldspar,
biotite, K-feldspar, then quartz, regardless of climatic or local physiochemical
variations (Dickson and Scott, 1997; Harriss and Adams, 1966). The K from the
weathering process can produce K minerals such as illite clay, be adsorbed onto other
clays due to preferential fixation in cation exchange reaction or be transported by fluid
migration (Wedepohl, 1978).

Anthropogenic sources of K, include K fertilisers. The monitoring of fertiliser K over
time using gamma ray spectrometry was investigated in Harpenden, United Kingdom,
using laboratory based γ K measurements (Smith and Talibudeen, 1981). These were
used to identify changes in soil K with time, with the difference between a long term (~
100 years) K-fertilised treatment and a nearby long term nil treatment plot being +2.05
g γ K kg-1 (Smith and Talibudeen, 1981). The increase represents 9 % of the average
crustal K concentration. This experiment did not specify whether the natural K contents
were comparable over the treatment and nil plots.

In the application of K fertilisers in Western Australia, a typical KCl application rate is
100 kg/ha and represents 50 % K (Wong, 2001). Hypothetically this would result in an
increase of 36 mg K /kg soil in the top 10 cm of soil (with a bulk density of 1.4 g/cm3).
This represents 0.1 % of the average crustal K concentration in one year of application
or 10 % over 100 years, corresponding to the experimental results at Rothamsted.
However such an accumulation rate is not expected for the surveyed sites in this thesis,
since the fertiliser is likely to be applied in soils deficient in K and therefore used by the
wheat crop and removed during harvest (Wong, 2001). In addition, particularly in sandy
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soils, soil K can be leached by deep drainage down the profile (Pracilio et al., 2003). In
such instances, K fertiliser additions in K deficient soils at currently recommended rates
are not likely to make a large difference to Total K estimates measured by radiometrics.

2.3.2 Uranium (U)
Crustal abundance of U is low and estimated at 3 mg/kg (Wilford et al., 1997). The U
and Th contents of rocks tend to increase with silica content so like K, these minerals
are more common in granites than in mafic rocks such as basalt (Faure, 1977). Uraninite
is the most dominant U mineral (Wedepohl, 1978).

Under oxidizing conditions, uranium becomes mobile as soluble uranyl, particularly in
the presence of carbonates (Wedepohl, 1978). As the uranyl ion co-precipitates with
calcium carbonates, it is present in oceans as coral and is enriched in carbonate rocks
(Faure, 1977). In the Western Australia wheatbelt, uranium carbonate (carnotite) has
precipitated from groundwaters in Tertiary paleochannels (Smith and Pridmore, 1989).
In a study of weathering granite in the U.S.A, U was postulated to be leached during the
early stages of weathering (Harriss and Adams, 1966). Mobility calculations indicated
that K and U had intermediate mobility, with calcium and sodium the most mobile and
aluminium and copper the least (Harriss and Adams, 1966). In reducing conditions,
uranyl has a strong tendency to precipitate and become immobile. Concentration of U is
enhanced by reducing environments such as associated with organic matter (Lahermo
and Juntunen, 1991), shale and coal (Cowart and Burnett, 1994).

Uranium also readily complexes with phosphate and sulphate ions (Cowart and Burnett,
1994). Anthropogenic sources of U include superphosphate (Smith and Talibudeen,
1981), which is manufactured from rock phosphate with uranium as an impurity
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(Wedepohl, 1978). Smith and Talibudeen (1981) inferred this by showing that fields
treated with phosphate for 100 years had higher γU contents, 6 to 25 % higher than
untreated fields. Limitations in the procedure prevented quantifying these differences as
concentrations. This study had the same limitation as previously discussed in Section
2.3.1, where the comparison of soils between fertilised and nil plots was not outlined.
For example, a study on naturally weathered phosphate rocks showed that U activity
was higher in particles of a finer size (Cowart and Burnett, 1994). Uranium can be
adsorbed into clays (Cowart and Burnett, 1994) in proportion to the cation exchange
capacity. For example, smectitic clays are likely to adsorb more U than kaolinitic clays
(Wedepohl, 1978).

2.3.3 Thorium (Th)
The average Th crustal concentration is low at 12 mg/kg (Wilford et al., 1997).
Uranium and Th have similar ionic radii, and both occur in the tetravalent state
(Talibudeen, 1964). Similar electron properties allow Th and U to often substitute for
each other. Both primarily occur in accessory minerals, as monazite, apatite and
xenotite, sphene, zircon, thorite and allanite, either as major constitutes or replacing
other elements (Faure, 1977). The Th/U ratio has been used as an indicator of the ability
of crystal lattices to discriminate between Th and U (Wedepohl, 1978). For example,
monazite [(Ce, Y, La, Th) PO4] is primarily a Th mineral with a high Th/U ratio
(Wedepohl, 1978). The small content of U may indicate that in some cases U can
substitute for Th.

A major difference between U and Th is solubility. As discussed above, in oxidising
conditions the uranyl ion is soluble, whereas Th is relatively insoluble (Faure, 1977).
During sedimentation and leaching U is redistributed both horizontally and vertically
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through the landscape. The Th/U ratio has also been termed a sensitive indicator of
leaching processes (Talibudeen, 1964). For example, a larger ratio in sedimentary
versus igneous rocks is evident, due to preferential leaching in the former environment
(Talibudeen, 1964). A study within a small catchment found there to be no difference
between the Th/U ratio of A and B-horizons when leaching was expected (Martz and de
Jong, 1990). Solubility therefore depends on the environment, for example Th was
described as highly mobile when combined with organic complexes (Wilford et al.,
1997). Thorium can also be transported in sediments in streams. This was postulated in
Willaura, Victoria where the more soluble K was evenly distributed across a large lake
but γTh decreased with distance from the stream inlet (Street et al., 1998).

An increase in Th concentration during the final stages of granite weathering was
evident in some profiles and attributed to the occurrence of Th bearing weathering
resistate minerals (e.g. monazite, zircon) during the final stages of weathering (Harriss
and Adams, 1966). Such high Th concentrations are evident in ferricrete and iron rich
pisoliths (Dickson and Scott, 1997). The concentration of Th in these have also been
described as scavenging by iron-oxides (Cook et al., 1996; Wilford et al., 1997). Iron
and aluminium oxides are relatively immobile and accumulate during extensive
weathering (Dickson and Scott, 1997; Wilford et al., 1997). Another explanation for U
and Th enrichment in the soil was recently postulated through microbial activity (Pate et
al., 2001). It was hypothesised that bacteria causally related to iron in the soil, could
remove metals such as Th and U to form citrate complexes and precipitate them to form
stable complexes, with oxygen bearing ligands eg carboxylates (Pate et al., 2001). In
summary, during weathering Th can be retained or co-precipitated by iron or aluminium
oxides-hydroxides, concentrated in heavy minerals such as monazite, zircon, sphene or
adsorbed onto clays (Dickson and Scott, 1997; Wedepohl, 1978).
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2.3.4 Landscape context
Soil or regolith mapping in the 1990’s included radiometrics as a primary data source
(Bierwirth, 1996; Cook et al., 1996; Dickson and Scott, 1997; Wilford et al., 1997).
Wilford et al. (1997) used three surveys in Australia to demonstrate the geochemical
factors affecting radiometric response in a landscape context (see Figure 2.5). Gamma
rays were shown to relate to primary rock minerals where outcrop dominated,
secondary minerals and soil forming processes where weathering dominated and
differences in the mineralogy and geochemistry of sediments in depositional
environments. For example, the degree of weathering and surface reworking by aeolian
or fluvial processes was related to γK and K-feldspar content. Within colluvial material,
the degree of leaching was inversely related to K concentration so that γK contents were
lower in leached areas. In a depositional environment, the sources of sediments were a
mixture of granitic and metamorphic rocks. The chemistry of the bedrock with high γK,
γTh and γU, was to some degree reflected in the downstream sediments, indicating little
time allowed for weathering to modify the radio-element composition (Wilford et al.,
1997).

Figure 2.5: Geochemical factors for interpreting radiometrics (Wilford et al., 1997)
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Geochemical interpretations at the catchment scale in Yornanning, south western
Australia indicated the distributions of radio-elements applicable to many areas with
deeply weathered profiles overlying a granitic basement (Cook et al., 1996). In that
study the following four units were mapped.
•

Granite outcrop, high in all counts particularly γK and γU, with K-feldspars a likely
source of γK.

•

Eroded material from granite, moderately high γK contents reflecting the origin of
granitic material.

•

Ferricrete breakaways and other lateritic material, enriched in γTh due to
scavenging by iron oxides while the high γU values possibly support the concept of
a depositional origin of laterites.

•

Residual sands, low in all counts, due to extensive leaching of minerals (Cook et al.,
1996).

A typical geochemical key for a deeply weathered profile of granitic basement was
summarised in Table 2.1. The soil mapping results in the deeply weathered terrain
(Cook et al., 1996; Taylor et al., 2002) along with the geochemical review of
radioelements (Megumi and Mamuro, 1977; Wedepohl, 1978) were incorporated in the
interpretation key.
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Table 2.1: A typical geochemical interpretation of radiometric data from a deeply
weathered profile with granitic basement.
Radiometric data

Mineral

Landscape formation

Potassium (γK)

K-feldspar

Granite

Thorium (γTh)
Uranium (γU)

Iron oxide adsorption

Ferruginous cap or
gravels

Low γ total count

Leached

Sand

Mod γ total count

Clay adsorption

Clay

Source of information: Cook et al., (1996), Wedepohl (1978) Megumi and Mamuro,
(1977) and Taylor et al., (2002).

2.4 Analysis for agricultural applications
A classification (manual or automated) of radiometric data for soil or regolith mapping
is an approach that reduces multivariate data to a univariate unit (Cook and Coles,
1997). Within mapped polygons, there are variation in radiometric data (Slater, 1997).
A mapped polygon removes this soil variation by forcing boundaries. An alternative to
traditional soil mapping is to map continuous single variates of soil properties, such as
through mapping soil properties using radiometrics.

Research studies establishing relationships of single variates of soil or vegetation
properties with radiometric data were tabulated (Table 2.2) (Adams et al., 1998;
Bierwirth, 1996; Bierwirth et al., 1996; Corner and Wong, 1999; Kogan et al., 1971;
Martz and de Jong, 1990; McKenzie and Ryan, 1999; Minasny et al., 2006; Ryan et al.,
2000; Sutinen et al., 1998; Taylor et al., 2002; Tyler, 1999; Wong and Harper, 1999).
The properties of interest to agriculture or forestry applications were soil water retention
(soil texture, carbon, hydraulic conductivity, bulk density), soil fertility (plant available
potassium and phosphorus), additional soil constraints (pH) and direct relationships to

Chapter 2. Literature review

32

yield. These studies either use radiometrics solely or with other data sets in a
multivariate analysis.

The following review was limited to three properties; soil texture, plant available
potassium and crop yield. Of the soil parameters listed in Table 2.2, soil texture is more
likely to directly contribute to the radiometric signature than others such as organic
carbon or pH. The relationship between particle size and radiometrics is based on the
adsorption of radioelements onto clay particles (Megumi and Mamuro, 1977). Once a
relationship is established with soil texture, many other indirect relationships between
soil properties and radiometric data are apparent (Wong and Harper, 1999). For
example the relationship between organic carbon and radiometrics was considered
indirect, as clay content was related to organic carbon (Martz and de Jong, 1990; Wong
and Harper, 1999). In addition, an exploratory data analysis of relationships between
soil/vegetation properties with radiometric data in the sites under investigation in this
thesis showed that relationships were likely with these three properties (Appendix 2).

2.4.1 Particle size
Previous studies have indicated that particle size was the factor being mapped by
gamma radiometric data although relationships were not always quantified (Cowart and
Burnett, 1994). For example, from a study of regional results across 15M km2 within
humid and temperate climates mostly based in Russia, an increase in clay content by
soil type was related to γTh and γU contents, although this was not the case for γK
(Kogan et al., 1971).
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Table 2.2: Research studies establishing relationships between soil/vegetation
properties and radiometrics, suitable for agriculture or forestry applications.
Soil or vegetation property Specific property

References

Soil water retention

Soil texture

Kogan et al., (1971)
Martz and de Jong (1990)
Bierwirth (1996)
Wong and Harper (1999)
Taylor et al., (2002)

Soil carbon

McKenzie and Ryan (1999)
Wong and Harper (1999)
Ryan et. al., (2000)
Minasny et al., (2006)

Hydraulic conductivity

Sutinen et al., (1998)

Bulk density

Tyler (1999)

Plant-available potassium

Wong and Harper (1999)
Corner and Wong (1999)

Phosphorous

McKenzie and Ryan (1999)
Ryan et. al., (2000)

Other soil limiting factors

pH

Kogan et al., (1971)
Bierwirth (1996)
Wong and Harper (1999)

Vegetation

Wheat yield

Adams et al., (1998)

Soil fertility

In Western Australia a linear relationship between clay content and ground based γ K
was found for sediments of lacustrine origin near Jerramungup, Western Australia (r2=
0.92, n = 32) (Wong and Harper, 1999). A positive and significant relationship between
soil texture and laboratory sampled gamma rays was also evident from samples of a
Canadian prairie catchment (Martz and de Jong, 1990). The γTh was the most
correlated. In a deeply weathered landscape, particle size was related to airborne γ total
count (r2 = 0.71, n = 18) more so than ground based measurements in Wyalkatchem,
Western Australia (r2 = 0.65, n = 18) (Taylor et al., 2002).
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Despite the good correlations above, relationships with particle size are not always
evident. A lack of a relationship was expected in areas dominated by source parent
material, where there is a smaller contribution of radioelements adsorbed by clay
particles (Kogan et al., 1971). Another example was the lack of correlation with clay
content in a study near Wagga Wagga, New South Wales, Australia (Bierwirth et al.,
1996). However, in this case a positive relationship with clay dispersion and silt content
was evident (Bierwirth et al., 1996).

2.4.2 Plant available potassium
Plant available potassium (Bic-K) in the Jerramungup region was correlated with Total
K (Wong and Harper, 1999). This condition enabled ground based γ K relationships to
represent plant available K (r2 = 0.93, n = 32). Despite this, the technique was
considered limited for replacing soil K tests as results were less reliable at Bic-K
contents of < 100 mg/kg where a crop response is expected (Wong and Harper, 1999).
Gamma K measurements represent Total K and do not necessarily discriminate between
plant available (Cook et al., 1996) and other sources of K such as K-feldspar held
within the mineral lattice (Wong and Harper, 1999). At another site, airborne based γK
acquired at the farm scale was used as a validation data set for a mapped prediction of
plant-available K using probability-based mapping (Corner and Wong, 1999). The
results suggested that the γ K was a good indicator of the un-depleted state of potassium
rather than defining areas requiring fertilisation as a result of agricultural land use.
However, to fully evaluate this suggestion additional validation of data were required
(Corner and Wong, 1999). Radiometrics may be useful in identifying areas which are
susceptible to the depletion of K to more efficiently target sites for soil K testing.
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2.4.3 Crop yield
Gamma radiometric data sets contributed to the explanation of wheat yield variance in a
Western Australian wheatbelt paddock. Gamma K, γTh, γU and γ total count and
another 10 variables were used to predict the 1996 yield with two models, a regression
tree and a Bayesian network (Adams et al., 1998). Using the regression tree model, the
following parameters in decreasing order of importance were pH, organic carbon and K
(equivalent); soil map and γTh (equivalent), γ total count and soil reactive iron. Using
the alternative Bayesian network model, in decreasing order of importance were the soil
map, γTh and pH. The focus of this work was to evaluate the two models used (Adams
et al., 1998). The relationships between yield and radiometric data were not explored.

2.4.4 Specific knowledge gaps and general methodological
recommendations
A common form of analysis between radiometric and soil properties has been through
exploratory bivariate analysis based on linear correlation (Kiss et al., 1988; Sutinen et
al., 1998; Wong and Harper, 1999). The emphasis in these studies was to develop
relationships but not necessarily predict and evaluate the soil properties spatially. More
recently, relationships were developed with the specific purpose of mapping soil
properties in forestry and agriculture industries which included radiometric data as
parameters (McKenzie and Ryan, 1999; Minasny et al., 2006; Ryan et al., 2000; Taylor
et al., 2002). Again, these studies did not specifically evaluate radiometrics for soil
property mapping and the resolution of radiometric data acquisition was too coarse for
site specific management of farms, being either at 200 m line spacing or not specified
(McKenzie and Ryan, 1999; Minasny et al., 2006; Ryan et al., 2000). These limitations
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were partly covered by Taylor et al., (2002). However, the data set used to establish the
calibration was limiting with only 18 cases and the mapped predictions were not tested.

Relationships differ across geographic regions, for example, soil texture predicted from
γK (Kogan et al., 1971; Wong and Harper, 1999). This suggests that relationships are
site-specific and are likely to depend upon the geochemistry of the site. There may also
be a tendency by agricultural scientists to only use γ K presumably because the plant
available form of K is commonly analysed in agriculture (Minasny et al., 2006; Wong
and Harper, 1999). However there is evidence that other radiometric parameters are
worth investigating (Martz and de Jong, 1990; McKenzie and Ryan, 1999; Taylor et al.,
2002). An exploratory data analysis phase should investigate all radiometric data and
agricultural parameters of interest, in order to evaluate the capability of the technology.

It is reasonable to expect that within a study area, relationships may vary according to
different geochemistry; simple linear regression may not always be the best method to
use in predicting soil properties. This is supported by the methodology implemented by
Bierwirth (1996), where knowledge of the geochemical environment was used to
partition databases for analysis. Regression trees present a data driven approach of
splitting datasets (Breiman et al., 1984). The regression tree method is a multivariate
data analysis that is non-parametric and non-linear. Non-linear methods are particularly
useful for predicting soil properties, where soils are formed conditional to a number of
factors (McKenzie and Ryan, 1999). Regression trees were also recommended due to
the simple graphical output for understanding relationships. In addition, the analysis of
radiometric data should also include topographic data collected during an airborne
acquisition survey, as the understanding of radiometric data were much improved
following the use of topographic models (Cook et al., 1996; Street et al., 1998).
Regression trees and the use of topographic parameters were previously used in the
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multivariate analysis of soil properties which included radiometric data (McKenzie and
Ryan, 1999; Ryan et al., 2000).

A number of soil-based radiometric studies have aimed to improve site specific
management. For example, hydraulic conductivity results were identified as useful for
determining potential tree selection sites for Scots pine and Norway spruce (Sutinen et
al., 1998) and the collection of γ K was used for the purpose of improving the fertiliser
management of soil K (Corner and Wong, 1999; Wong and Harper, 1999). However,
there is a lack of refereed studies showing a correlation between radiometrics and crop
yield, for annual or perennial plants. The one example identified in the literature did not
specifically evaluate radiometrics (Adams et al., 1998). Presumably, if radiometric data
are not related to the harvested product or the response of plants to management inputs,
then the data are not valuable for agricultural purposes. It is therefore recommended that
data analysis include plant response variables, such as biomass, harvested yield or crop
response to fertiliser input.

Since there is a lack of research investigating relationships between plant performance
and radiometrics, there is also a lack of research investigating the cost-effectiveness of
using radiometric data in decision making. One documented assessment was carried out
by the National Airborne Geophysics Project using a benefit cost analysis (BCA)
approach (George et al., 2000). A soil map produced from radiometric data had the
highest perceived benefit for agricultural land management purposes (George et al.,
2000). The National Airborne Geophysics Project was limited to catchment and
regional scale appraisals. Assessment of decisions using radiometrics at the field
(paddock) scale has been limited and requires further evaluation.
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2.4.5 Summary of knowledge gaps addressed in research chapters
The limitations and the major knowledge gaps addressed in the research papers in this
thesis are summarised in Table 2.3. Chapter 3 assessed soil property mapping with
airborne radiometric data acquired at a suitable resolution for the site specific
management of farms (Section 2.2.9). The traditional approach of linear regression
analysis was used along with regression tree analysis with prediction errors assessed.
Because depth penetration (resolution) is less likely to limit the application of the
technology to annual plant production, the paper was applied to the precision
agriculture of annual crops.

Table 2.3: Summary of knowledge gaps addressed in thesis for agriculture.
Gaps in knowledge or technology

Agricultural application
Annual

Perennial

Soil mapping- appropriate spatial resolution Chapter 3
Soil mapping- prediction errors

Chapter 3

Depth resolution

Chapter 4

Plant growth- relationship with radiometric

Chapter 5

Farm scale decision making

Chapter 5

Chapter 4

Chapter 4 took into account the technological limitation of depth resolution by using
other commonly available geophysical techniques measuring features at depth and with
the expectation that surface features are in some cases indicative of subsurface features.
This analysis was augmented by a drilling study to develop an understanding of plant
growth and subsurface regolith features. The relationship between an indicator of
biomass (tree height) with geophysical data were assessed across a hill slope using the
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regression tree methodology. This addressed the knowledge gap of direct relationships
between radiometric data and plant growth (Table 2.3).

Chapter 5 assessed the last knowledge gap identified in Table 2.3 with an analysis of
cost effective decision making using radiometric data. A field within the farm studied in
Chapter 3 was further studied. The chapter first outlined a process to transform
radiometric based information from Chapter 3 to potential yield, a parameter useful for
determining nitrogen (N) fertiliser rates. Scenarios of N rates which optimized the gross
margin were then evaluated in a BCA. The scenario modelling investigated conditions
of when the data were most useful in making N fertiliser decisions at the field scale.
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Chapter 3
Determination of spatial distribution patterns of clay and plant
available potassium contents in surface soils at the farm scale
using high resolution gamma ray spectrometry
The original publication is available at www.springerlink.com in Plant and Soil 282, 67-82 (DOI 10.1007/s11104-005-5229-1).

Key words: radiometrics, regression tree, soil fertility, soil map, soil survey, soil texture

3.1 Abstract
Variation in dryland crop yield is often related to underlying soil properties such as
water availability and soil fertility. There are often significant difficulties in adequately
defining the spatial distribution of such properties at the farm scale. Gamma ray
spectrometry (radiometrics) is a relatively new soil sensing technique that can
potentially address this by improving the mapping of soil texture and plant available
potassium (bic-K). Three sites North Nolba, South Nolba and Summerset were
investigated using exploratory linear correlation analysis. Mapping analysis was
focused on the Summerset site. In contrast to the two Nolba sites, the soils from
Summerset had sufficient soil texture range and parent material conditions that allowed
for calibrations to be developed. Soil properties were mapped at Summerset using
multivariate linear regression and tree-based models with radiometric, topographic and
location data as the inputs. A multivariate linear regression analysis using radiometric
data was associated with greater than 70% of the variance in bic-K and soil texture at
Summerset. Field checked maps indicated that up to 66% and 60% of the variation in
clay and bic-K contents respectively, could be predicted. The overall lowest map errors
in root mean square error (RMSE) were 2.4 dag/kg clay and 103 mg/kg bic-K contents.
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This study concludes that for a site with weathered soils of sufficient soil texture range,
radiometrics can reliably predict clay and plant available potassium contents.
Radiometrics has practical farm scale applications at a precision that is useful for
understanding potential yield variation across a farm.

Abbreviations: γ- gamma, referring to data derived from gamma ray spectrometry; bicK - plant available potassium determined by a sodium bicarbonate (NaHCO3) extraction
method; RMSE - root mean square error; VIF - variance inflation factor;

3.2 Introduction
In annual dryland farming systems, potential crop yield is strongly associated with
water availability, which is largely driven by rainfall (French and Schultz, 1984).
Underlying soil properties can often explain yield variance, due to the differences in the
capacity of the soil to hold moisture and nutrients (Adams et al., 2000; Cook and
Bramley, 2000). Defining such soil properties is important for determining the potential
yield at a site in order to improve site management within paddocks.

There are significant difficulties in adequately defining soil properties within a paddock
in broad acre farming areas, as existing soil survey data in Australia are mostly
available at regional scales (1:100, 000) or coarser. In addition, cost precludes the
widespread use of field observations or laboratory analyses at the intensity
recommended for precision agriculture studies. Improved spatial soil sensing techniques
may offer a solution to this problem (Cook and Bramley, 2000; Viscarra Rossel and
McBratney, 1998). The challenge is to find a technology to measure appropriate shortrange soil variation that improves management of yield variation and is cost effective to
acquire. One particularly promising low cost acquisition method, if acquired at
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sufficient line spacing (~100 m) and sensor height (20 to 40 m), is gamma ray
spectrometry (i.e. radiometrics or gamma radiometrics).

Radiometrics is an efficient land resource assessment tool for regional soil landscape
mapping (Cook et al., 1996). It reflects geochemical properties so that geomorphic and
weathering processes can be qualitatively interpreted (Dickson and Scott, 1997; Wilford
et al., 1997). Wong and Harper (1999) and Taylor et al. (2002) have also quantified
linear relationships between radiometric data and soil properties such as clay content
and plant available potassium, predicting greater than 70% of the variance. The spatial
distribution of clay content is valuable information for precision agriculture as it
determines the ability of soil to hold moisture and nutrients. Determining potassium (K)
supply can lead to improved recommendations for site specific K fertiliser use (Wong et
al., 2001).

Radiometrics is a relatively new soil sensing technique for practical farm scale
applications. To date, mapping soil properties with airborne radiometrics has mostly
been limited to regional scale studies (Corner and Wong, 1999; McKenzie and Ryan,
1999; Ryan et al., 2000). In this study, we extend and evaluate the technique to map
clay content and plant available potassium content at the farm scale.

3.3 Materials and methods
3.3.1 Site description
Three study areas were investigated: North Nolba (160 km2), South Nolba (120 km2)
and Summerset (430 km2). The Summerset (-28º 20’ 33” N, 115º 03’ 11” E) and Nolba
(-28º 21’ 24” N, 114º 52’ 17” E) farms are located near Yuna, north east of Geraldton in
Western Australia. The long term average annual rainfall at Yuna is 350 mm, with the
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majority (on average 268 mm) falling between May to October, the winter growing
season. A typical rotation for the Nolba farm is wheat (Triticum aestivum), lupin
(Lupinus angustifolius) or wheat, barley (Hordeum vulgare) and lupin. For the
Summerset farm, continuous wheat or wheat/pasture is common but canola (Brassica
napus), wheat and lupin have been planted in the past.

The Nolba farm was split into two for the purposes of this study, due to a major
geological boundary. South Nolba occurs within the granite and migmatite terrain of the
Northampton Block (Playford et al., 1970) with shallow depths to bedrock and rocky
fragments in some fields/paddocks. The North Nolba and Summerset sites occur within
the sedimentary terrain (sandstone and shale regional bedrock geology) of the Victoria
Plateau (Playford et al., 1970). Summerset is characterised by plains to long slopes with
soils of Red Brown Loam and Yellow Deep Siliceous Sand over ferruginous gravel.
The Red Brown Loam is often associated with a hardpan of a relic drainage unit,
classified as the Dartmoor soil system (Rogers, 1996) or Red Kandosol (Isbell, 1996).
The Yellow Deep Sand was classified as the Eradu soil system (Rogers, 1996) or
Regolithic Orthic Tenosol (Isbell, 1996).

3.3.2 Gamma ray spectrometry survey
Gamma rays are emitted from some naturally occurring isotopes as quanta or photons,
with high-energy short-wavelength electromagnetic radiation (IAEA, 2003). Fifty
percent of the observed gamma rays originate from the top 0.10 m of dry soil and 90%
from the top 0.30 m (Taylor et al., 2002). An energy spectrum is typically measured by
gamma-ray spectrometers over the 0.4 to 2.82 MeV range (wavelengths from 8.50 x 104

to 4.74 x10-4 nanometres). The γ total count is the integrated count over the whole

spectrum measured. Potassium (γ K), uranium (γ U), and thorium (γ Th) are the three
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major gamma emitting elements in soils and rocks. The gamma emissions are indicated
by unique energies that are measured by detectors over appropriate energy windows.
The counts per second (count/s) data of these elements are converted to ground
concentrations (mg/kg), using sensitivity constants from measurements of the gamma
ray detector over calibration pads (IAEA, 2003). The respective sensitivity coefficients
for γK, γU, γTh were 0.01929, 16.5 and 10.2 mg/kg per count/s. Total count, γK, γU,
γTh and ratios γ Th:U and γ K:Th were used in this analysis.

Gamma radiometric data were acquired in February 2002, under dry soil conditions by
Universal Tracking Systems Pty Ltd (UTS). Acquisition details include 100 m line
spacing, a sensor height of 20 m, 1 second sampling (40 - 50 m along the sample line)
and a crystal size detector of 32 L. From “field of view” calculations, the majority of the
radiometric signal (90 % contributing area) below an aircraft at 25 m altitude was
estimated to be from a width of 150 m (Grasty et al., 1979). This gives an approximate
field of view of 17700 m2. Grids of the data at 25 m pixel size (industry standard of 1/4
of flight line spacing using minimum curvature interpolation) were provided by the
contractor.

3.3.3 Topographic and location data
A digital elevation model (DEM) was available at 10 m pixel size, from which 2 m
contours can be generated (Alan and Beetson, 1999). Slope, compound topographic
index (or wetness index) (Gessler et al., 1995), easting, northing and diagonal direction
(EN) were used in the analysis. The diagonal direction grid represents trends in NE to
SW and NW to SE. A diagonal direction (EN) grid was calculated by multiplying
scaled easting and scaled northing (scaled with centre = 0).
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3.3.4 Field sampling and laboratory analysis
The phase 1 soil sampling was conducted in April 2002 to include the ranges of
radiometric and soil texture at the sites. A total of 64, 37 and 50 surface (0-5 or 0-10
cm) samples were collected from the North Nolba, South Nolba and Summerset sites,
respectively. At each location 3-6 samples were taken within a 2 m2 area and combined
into one sample.

The samples were sieved for gravel at > 2 mm. The clay (<0.002 mm) and silt (0.0020.02 mm) contents were determined using laboratory particle size analysis on a gravel
free sample (Gee and Bauder, 1986) and presented in units of dag/kg, the SI unit
equivalent of %. Plant available potassium was determined by a bicarbonate (NaHCO3)
extraction method (Colwell, 1963) and is referred to as bic-K (mg/kg). Phase 1
sampling was used in the exploratory data analysis and calibration of soil property
models.

Phase 2 soil sampling occurred within Summerset, the focus mapping site, in April
2004 to ground truth the soil property maps (n = 91). The sample points were chosen
based on the range of soil properties evident at the site and differences between
preliminary maps generated. Duplicates (22 samples for bic-K and 35 samples for
particle size) were randomly selected to assess laboratory error. In addition, samples
from 8 sites were chosen for random powder X-ray diffraction (XRD) analysis to
determine the typical mineralogy of the soils.

Following phase 1 sampling, management by the landholder included K fertiliser (KCl)
applied over sandy areas at rates of 80 and 50 kg/ha, in 2003 and 2004, respectively.
The largest perceived risk from this on phase 2 bic- K results was the effect of fertiliser
applied in February 2004, 2 months prior to phase 2 sampling. To minimise this risk,
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the samples in the fertilised areas were cored and sampled at 0-3, 3-6, 6-9 cm intervals.
The average bic-K value across the sample interval was used to average any fertiliser
effects.

To quantify errors such as laboratory, positional and temporal changes in the field, a
selection of 26 of the phase 1 sampling sites, representative of the data range were resampled in 2004. These were not included in the phase 2 data set used to test the soil
property maps.

3.3.5 Soil mapping
Exploratory data analysis of phase 1 soil samples, involved generating scatter plots and
Pearson correlation coefficients to identify linear relationships between the dependent
(clay and bic-K contents) and independent (radiometric, location and topographic)
variables across the three sites. Summerset, the site with the largest spread of soil
texture and bic-K values was chosen for mapping.

The dependent variables bic-K and clay content showed positively skewed distributions
which were significant enough (P ≤ 0.002) to reject the null hypothesis of normal
distribution using the Shapiro-Wilk normality test. The dependent variables were log10
transformed and this generally produced more linear results in the scatter plots. Linear
regression and tree-based methods were used to predict log10 (clay) and log10 (bic-K)
contents from the radiometric, topographic and location data.

3.3.6 Multiple linear regression
A selection of multiple linear regression models were chosen from best subsets
regression using the leaps algorithm (Miller, 1990) as implemented in S-PLUS
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(Insightful Corporation, Seattle, Washington, USA) (Selvin, 1998). The Mallows’ Cp
statistic was used as the criterion to choose models with low bias (Tamhane and
Dunlop, 2000). To avoid the inflation of variance from collinear variables, where
coefficients may become statistically insignificant, the variance inflation factor (VIF)
was calculated on selected models. The VIF function was implemented using the “car”
library loaded into S-PLUS (Fox, 2002). Variables with the greatest VIF above 10 were
individually removed and best subsets regression repeated. Final models were chosen
with statistically significant coefficients and after plots of residuals were investigated. A
satisfactory residual analysis included residuals that were normally distributed, with a
constant variance and with a spread less than the fitted data.

3.3.7 Tree-based methods
To compare alternative tree-based models, 3 trees were generated. These were trees
with: (1) mean produced at the terminal node (regression tree); (2) linear regression
produced at the terminal node of the regression tree (linear tree); and (3) linear
regression evaluated on all nodes and produced at the terminal node (model tree).

The regression tree method is a non-parametric and non-linear multivariate data
analysis method (Breiman et al., 1984). The conditions in the regression tree are
reflected as “if” then “else” statements in the output and can be graphically viewed as a
decision tree. Datasets are successively split into increasing homogenous binary subsets
(nodes). All possible splits are investigated until a goodness of fit criteria is fulfilled.
The regression tree criteria was based on maximising the change in deviance (Venables
and Ripley, 1999).
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Regression trees with the mean produced at the terminal node, were generated using the
RPART module of S-PLUS (Therneau and Atkinson, 1997). This output produced from
this method was referred to as regression tree throughout this paper. Pruning is the
process of simplifying the tree in order to avoid over-fitting the calibration data. A tree
was grown to fit the whole dataset and pruned using a ten-fold cross-validation. The
cost complexity parameter of the smallest tree with the lowest average error plus 1standard error was chosen to generate the final tree.

A regression tree with a linear regression model produced at each terminal node was
also generated. This tree-based method was referred to as linear tree throughout this
paper. It uses the pruned regression tree described above and fits a multi-linear
regression model over the data within each terminal node. All predictor variables were
investigated in the multi-variate model. For terminal nodes greater than 20 observations,
best subsets multiple linear regression method was used. In cases of 3 to 20
observations, simple models of one or two independent variables were chosen based on
a correlation matrix. At terminal nodes with less than 3 data points the average value
was returned.

An alternative tree-based model which produces multi-linear equations as the output is
the algorithm implemented in Cubist (www.rulequest.com). M5’ is a predecessor of the
proprietary software Cubist which both produces linear regressions at terminal nodes.
Like the regression tree, all possible splits are investigated until a goodness of fit
criteria is fulfilled, in M5’ the test is based on reducing the error (standard deviation)
(Quinlan, 1992). The M5’ model is not just a regression tree with linear regression at
the terminal node as a linear regression model is evaluated at each node from root to
end (Quinlan, 1992; Uysal and Güevenir, 1999). Such “model trees” can produce
smaller trees with better prediction. The proprietary algorithm implemented in Cubist,
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was referred to as a model tree throughout this paper (Henderson et al., 2005; Quinlan,
1992).

The overall accuracy of the regression tree model does not change in the presence of
collinear variables (Breiman et al., 1984). The full data set was used in the regression
tree analysis without removing collinear variables. Redundant (collinear) variables
identified by VIF analysis were removed when evident in a final model tree and
multiple linear regression equations of the linear tree, since multivariate regression
methods are affected by collinear variables.

3.3.8 Prediction quality
Soil property maps were produced from the models of the log10 (clay) and log10 (bic-K)
as described above. To assess validity for management purposes, the maps were backtransformed and presented as clay (dag/kg) and bic-K (mg/kg) contents. Data from the
phase 2 sampling (n = 91) in April 2004 were used to assess the quality of the back
transformed soil property maps. To estimate the error, the difference between the actual
laboratory based value and the predicted map value was calculated. The magnitude of
the error was estimated by mean absolute error and an estimate of the spread of the
errors was estimated by the root mean square error (RMSE).

3.4 Results
3.4.1 Exploratory data analysis
The summary statistics for clay content and bic-K for the three sites are given in Figures
3.1 and 3.2. The mean, standard error and 10th to 90th percentile are presented. The
mean clay contents for the respective sites North Nolba, South Nolba and Summerset
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were 3.0 ± 0.2, 3.8 ± 0.3 and 7.0 ± 0.5 dag/kg, respectively. The largest spread of clay
content data was for Summerset with 80 % of the samples located between 4 and 12
dag/kg. The mean bic-K content for North Nolba, South Nolba and Summerset were 45
± 3, 202 ± 14 and 226 ± 21 mg/kg, respectively. The largest spread of data was again
for the Summerset site, with 80 % of the bic-K data located between 75 to 350 mg/kg.

Figure 3.1: Soil texture triangle for three field sites, Summerset, North Nolba and
South Nolba, Yuna, Western Australia. Mean ± standard error and 10th- 90th
percentile statistics in clay contents for Summerset: 7.0 ± 0.5, 4-12 dag/kg; North
Nolba: 3.0 ± 0.2, 1-5 dag/kg; and South Nolba: 3.8 ± 0.3, 1-5 dag/kg.

Cross correlation results between the dependant variables (clay and bic-K) and the
predictors (location, radiometric and topographic) for the three sites are summarised in
Table 3.1. The cross correlation results indicate that linear relationships were stronger
for Summerset, than the North Nolba and South Nolba sites. The highest correlation
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coefficients were between clay and γ Th:U ratio (r = 0.75, P <0.001); and bic-K and γK
(r = 0.74, P<0.001), in soil samples from Summerset. Figure 3.3 shows the linear
relationship between the transformed log10 (clay) and the γ Th:U ratio at Summerset (r =
0.82).

Table 3.1: Cross correlation (r) results of the clay (dag/kg) and bic-K (mg/kg)
contents against the spatial predictors, in soils from the three Yuna field sites,
Western Australia.
Field Site

North Nolba

South Nolba

Summerset

Clay
(dag/kg)

Bic-K
(mg/kg)

Clay
(dag/kg)

Bic-K
(mg/kg)

Clay
(dag/kg)

Bic-K
(mg/kg)

Clay (dag/kg)

1.00

0.20

1.00

*0.58

1.00

*0.68

Easting (m)

0.13

0.24

*-0.57

-0.20

-0.32

-0.20

Northing (m)

0.05

-0.36

0.16

-0.17

0.25

0.21

EN1

-0.15

-0.33

*0.49

0.30

-0.32

-0.26

γ Potassium (mg/kg)

-0.24

*0.44

-0.03

0.29

*0.50

*0.74

γ Thorium (mg/kg)

-0.10

*0.41

0.05

0.21

*0.73

*0.62

γ Uranium (mg/kg)

-0.15

*0.40

0.08

0.28

*0.53

*0.41

γ Total Count (count/s)

-0.13

*0.45

0.04

0.23

*0.74

*0.65

γ K:Th

-0.23

*0.49

-0.10

-0.02

-0.01

0.21

γ Th:U

0.06

0.36

0.02

0.12

*0.75

*0.65

Elevation (m)

0.29

-0.19

0.29

-0.14

-0.16

0.06

Slope (º)

-0.20

-0.08

0.18

-0.00

-0.37

-0.17

Wetness Index

-0.12

0.13

-0.13

-0.02

-0.02

-0.12

N
1

64

37

Scaled easting multiplied by scaled northing to give diagonal direction

* P < 0.001
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Clay content was not correlated with any of the predictors for the North Nolba site
(Table 3.1). The poor linear relationship can be explained by comparing clay content for
the three field sites (Figure 3.1). From the soil texture triangle (Figure 3.1) the
Summerset site has the largest soil texture range. The range of soil textures sampled for
the respective field sites were: Summerset, sand to loam; South Nolba, sand to loamy
sand; and North Nolba sands only. The North Nolba and South Nolba sites sampled had
insufficient data ranges for calibration curves of clay content to be derived from any of
the radiometric or topographic data.

Figure 3.2: Semi-log plot of the plant available potassium (bic-K) and gamma
radiometric potassium for Summerset, North Nolba and South Nolba soils, Yuna,
Western Australia. Wong and Harper (1999) relationship based on directly
measured Total K. Bic-K mean ± standard error and 10th- 90th percentile
statistics: Summerset 226 ± 21, 75-350 mg/kg; North Nolba: 45 ± 3, 30-80 mg/kg;
and South Nolba: 202 ± 14, 130-270 mg/kg.
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Figure 3.3: Semi-log plot of clay content (dag/kg) and γTh:U in soils from the
Summerset farm, Yuna, Western Australia.

The scatter plot of bic-K versus γK for the three sites was shown in Figure 3.2. The bicK means of soil samples from Summerset and South Nolba are similar (226 ± 21 and
202 ± 14 mg/kg, respectively); however the γ K mean from the sampled locations, was
more than one magnitude different (1355 ± 159 and 21490 ± 1439 mg/kg, respectively).
Of the three sites, South Nolba is the only site that does not exhibit a significant
relationship between radiometric data and bic-K.

When the γ K means ± standard error statistics are converted back to counts/s, the
values were 5 ± 4; 415 ± 28; and 26 ± 3 for the North Nolba, South Nolba and
Summerset sites respectively. At the very sandy North Nolba site, very few counts
were recorded per sample.

Outlier samples at greater than γ K of 1000 mg/kg were evident at North Nolba. These
are located near the fault zone, at the edge of the two geological terrains. An outlier
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from the Summerest site, located near the North Nolba outliers, bic-K ~ 100 mg/kg and
γK ~ 3000 mg/kg, was also identified. The outlier from Summerset, was taken from a
linear γK feature and is due to soils containing K-feldspar (XRD analysis).

A positive linear relationship was plotted between the bic-K and γK over the
sedimentary sites (North Nolba and Summerset) using all data of γK < 5000 mg/kg
(Figure 3.2). There is a large degree of scatter in the North Nolba data particularly at
data less than 70 mg/kg of bic K. From the linear regression analysis, γK accounted for
50% of the variation observed in the bic-K across the two sedimentary sites. This
compares to 55% of the variation observed in bic-K for the Summerset only data (Table
3.1).

A published relationship between Total K and bic-K by Wong & Harper (1999) was
also shown in Figure 3.2 for a comparison. The major difference between the
relationships is the y-intercept. For the Wong and Harper (1999) relationship, it was
close to 0 and for the model from this study, it was 68 due to negative γK values.

Another linear relationship was mapped using all data points across the Nolba farm.
From this relationship γK accounted for 64 % of the variation observed in bic-K.
However there is a large gap between the North Nolba and South Nolba data, indicating
two separate distributions in γK. The outliers identified in the North Nolba dataset, plot
between the two major distributions. This linear regression would therefore be limited
to the boundary of granite gneiss and sand dominated sediments.

The Summerset site was chosen as the focus site for mapping, given the largest data
range in the clay and bic-K contents, the minimal number of outliers, the homogeneous
geology and the strong correlation between soil properties and predictors (Figure 3.1-
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3.3 and Table 3.1). The location of the calibration sample sites across the Summerset
site are given in Figure 3.4. The sampling covers the range of radiometric data and is
mostly aligned in the north-west to south-east direction, in line with the two major soil
type units that reflect the relict drainage and surrounding sand.

Figure 3.4: Soil sampling sites for calibration (phase 1 sampling in 2002) and
testing of predicted soil property maps (phase 2 sampling in 2004), in the
Summerset farm, Yuna, Western Australia.

Soil mineralogy for a selection of soils from the Summerset site was dominated by
quartz with clay from the kaolin group (such as kaolinite or halloysite) (Figure 3.5).
Illite, which is the K-bearing clay mineral, was not evident. Minor quantities of
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feldspars are present at the site. Soil mineralogy included samples with high bic-K to
determine the basis of the high K content. In addition to the minerals listed above,
haematite occurred in the sample from the red loam soil with the highest bic-K.

Figure 3.5: XRD pattern of finely ground whole soil for a site located in the relict
alluvium unit in the Summerset farm, Yuna, Western Australia.

3.4.2 Multiple linear regressions
The two multiple linear regression equations chosen for mapping from the best subset
regression at the Summerset site were:

Log10 (clay, dag/kg) =
0.114 γU + 0.0634 γTh:U + 9.09 x 10-05 γK - 4.43 x 10 -04 γK:Th + 0.181
Adjusted R2= 0.70

(3.1)

Log10 (bic-K, mg/kg) =
1.50 x 10 -04 γK + 0.150 γU + 0.0469 γTh:U+ 1.54
Adjusted R2 = 0.75

(3.2)
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Log10 transformations were applied to the dependent variables clay content and bic-K.
The equations (Eq. 3.1 & 3.2) are suitable for evaluation since the Cp statistic was less
than or equal to the number of parameters + 1, the adjusted R2 is greater or equal to 0.70
and all terms are statistically significant at P < 0.05.

The topographic and location predictors were not as statistically significant when
investigated (Eq. 3.1 & 3.2). In the model of log10 (clay), the γ Th:U and γU parameters
were of equal significance (P = 0.004) followed by γK and γ K:Th ratio, the next most
significant terms (Eq. 3.1). In the model of log10 (bic-K), γK was highly significant at P
<0.0001, followed by γU and γ Th:U (Eq. 3.2).

The parameters listed in the multiple linear regression equations (Eq. 3.1 & 3.2) differ
to the order suggested in the cross correlation table (Table 3.1). For example the γTh
and γ total count are not evident in the log10 (clay) equation, where these are highly
related to clay content (r > 0.72, Table 3.1). This is due to the VIF analysis which
showed that these are highly correlated with each other and other radiometric variables
and so were removed from the multi linear regression analysis.

3.4.3 Tree-based models
The tree based models: regression tree (Figure 3.6a and b), linear tree (Figure 3.6c and
d) and model tree (Figure 3.6e and f) for the response variables log10 (bic-K) and log10
(clay) are displayed in Figure 3.6.

The tree topology of the log10 (clay) regression and model trees are similar, for example
both methods produced simple models (Figure 3.6a and e). The regression tree is
simple with one split and the model tree is simple with one multiple linear regression
equation (Figure 3.6e). The independent variables of the clay model tree were γ Th:U
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and γU. The clay regression tree was based on γ total count (Figure 3.6a). The γ total
count was removed from the model tree for the same reason of collinearity as in the
mutli-linear regression. The clay regression tree and model tree, therefore, contain
similar information.

The pruned regression trees are displayed with non-uniform spacing to graphically
represent the error in the fit i.e., the more important the split the longer the vertical
branch (Figure 3.6 a and b). For log10 (bic-K), the first split with γTh:U, substantially
reduces the overall error, with γK at all other subsequent splits (Figure 3.6b). The first
split in the data separates the sand from the relict drainage. Within the sand unit, is the
geological outlier unit identified in the exploratory data analysis. Within the relict
drainage a very high γK and a gravel unit were mapped.

The log10 (bic-K) model tree, is represented by one split at γ total count of 246 count/s
(Figure 3.6f). The bic-K regression tree, has the first split at γ Th:U ratio of 4.6 (Figure
3.6b). The resultant maps for the first split/rule in the models of bic-K are similar,
identifying a sand class, with low γ total count and γ Th:U ratio. In contrast, the model
for log10 (clay) regression tree differs spatially to the bic-K models, where a larger sand
unit is mapped, including sandy patches within the relict drainage unit.
In many of the terminal nodes with linear regression equations (linear tree), high r2
were evident (Figure 3.6d). These often occur with a very small sample size, so the high
r2 values are not likely to be reliable (eg. n=3, r2 = 0.99). Where the sample size is
larger, at greater than 20, a large degree of scatter is evident in linear relationships
modelled (eg. n=23, R2= 0.21) (Figure 3.6c).
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Figure 3.6: Tree-based models of log10 (clay, dag/kg) and log10 (bic-K, mg/kg) using
radiometric, topographic and location data as inputs. Regression trees (a & b)
generated using non-uniform spacing.
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3.4.4 Prediction quality
The prediction quality of the back transformed soil property maps was based on 91 sites
sampled within the Summerset farm (Figure 3.4 and Table 3.2). Of the clay content
models, the linear regression model performed the best, with 66% of the variance
predicted, a mean absolute error of 1.6 dag/kg and a RMSE of 2.4 dag/kg. However the
other models of clay content were quite comparable, for example the highest error rate
was the regression tree, with a mean absolute error of 2.1 dag/kg and RMSE of 3.3
dag/kg (Table 3.2).

The error between the models of bic-K were comparable, with the lowest mean absolute
error in the model tree at 63 mg/kg and the highest mean absolute error by the
regression tree at 75 mg/kg (Table 3.2). The average RMSE error between the four
models was 116 mg/kg. Error statistics in the bic-K and clay content regression tree
models were reduced when linear regression equations were modelled at the terminal
nodes (linear tree) (Table 3.2).

The combined errors of laboratory, field positioning and temporal changes were
assessed from a selection of 26 resampled calibration sites (Figure 3.4). The mean
absolute errors for the clay and bic-K contents were 1 dag/kg and 45 mg/kg,
respectively. These represent approximately 50% and 65% of the error in the mapping
of clay and bic-K contents, respectively. In addition, there was an average decrease in
the bic-K of 33 mg/kg from 2002 to 2004. This decrease in the bic-K over time was also
represented in the bic-K mapping, where the maps (based on 2002 data) overestimated
the 2004 samples by 15 mg/kg (averaged across the four models).
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Table 3.2: Summary of the error analysis for the models of clay (dag/kg) and bic-K
(mg/kg) contents using test data (n = 91), in the Summerset Farm.
RMSE2

0.68

1.6

± 0.2

2.4

Regression tree

0.53

2.1

± 0.3

3.3

Linear tree

0.61

2.0

± 0.2

3.0

Model tree

0.57

2.0

± 0.3

3.1

Linear regression

0.56

69

± 13

145

Regression tree

0.47

75

±8

109

Linear tree

0.49

69

±8

103

Model tree

0.60

63

±9

109

Mapping method

r

Clay (dag/kg)

Linear regression

Bic-K (mg/kg)

2

Mean absolute error1

Soil property

1

Mean absolute error ± standard error.

2

RMSE: Root Mean Square Error

Of the models investigated, the log10 (clay) linear regression and the log10 (bic-K)
model tree had the highest r2 and the lowest mean absolute errors (Table 3.2). These
were mapped, back transformed and presented in Figure 3.7. The 1:250,000 soillandscape system map shows two soil systems mapped over Summerset, which are
clearly evident in both soil property maps (Figure 3.7). For example the Dartmoor unit,
was characterised by clay content predictions of >5 dag/kg and bic-K predictions of >
100 mg/kg. Based on the predicted mapped results the average for the Summerset farm
was 4 dag/kg clay content and 123 mg/kg bic-K content (Figure 3.7b and c). The spread
of data, indicated by the 10th to 90th percentile, shows that 80 % of the map is within 3
to 8 dag/kg clay content and 67 to 255 mg/kg bic-K (Figure 3.7b and c).
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Figure 3.7: a) Soil-landscape (Rogers, 1996), b) clay content (dag/kg) and c) plant
available potassium (bic-K, mg/kg) maps of the Summerset Farm, Yuna, Western
Australia (multivariate linear regression and model tree used, respectively).
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3.5 Discussion
3.5.1 Existing soil maps
Soil properties can be continuously distributed across farms using calibrated radiometric
data which more closely represents the spatially varying nature of soils than traditional
soils maps (Burrough et al., 1997). Based on 91 samples within the Summerset farm,
the results indicate that up to 66% and 60% of the variation in clay and bic-K contents
respectively could be predicted from the maps presented (Figure 3.7). The maps were
based on models from a relatively small amount of calibration data (n = 50) over an
extensively surveyed area (430 km2), potentially reducing the field and laboratory
sampling component for precision agriculture studies.

The two soil landscape system units, Eradu and Dartmoor, mapped in the Summerset
site corresponded well with the mapped soil property results (Figure 3.7). These units
tend to be adjacent to each other and together occupy a total of 307,300 ha across the
Geraldton region (Rogers, 1996). The Binnu system, which occupies 311,300 ha, is
very similar to the Eradu unit and also tends to be located beside the Dartmoor system.
The models developed in this paper are thus potentially applicable to an area of 618,600
ha. For the models to be applicable, similar site conditions to Summerset would be
required. A discussion of such site conditions are outlined below. Extension and testing
of the models is recommended to assess such broad scale applications.

3.5.2 Mapping clay content
The majority (80%) of the predicted mapped clay content, ranged from 3 to 8 dag/kg
across the Summerset farm. These relatively small amounts of clay are consistent with
the siliceous sands that dominate the lateritic sandplain areas that overlie Jurassic
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sandstone and shales in the Geraldton region and other lateritic sandplains in southwestern Australia (McArthur, 1991). Only small areas containing > 20 dag/kg clay
content were predicted at Summerset, these are also outside of the calibration data range
with the highest at 18 dag/kg clay content (Figure 3.1 & 3.7). The presented models are
limited to the lower clay contents.

Of the predictors analysed for the Summerset site, γ Th:U, γ Total Count, γTh and γU
were the four most closely related to the clay content (Table 3.1). The VIF analysis
indicates that γ Th:U, γ Th and γ total count essentially contained similar information as
they were highly correlated with each other at Summerset. Taylor et al. (2002) found a
similar positive linear relationship between clay content and γ total count (r2=0.71) for
soils from south western Western Australia. Increasing γTh and γU with increasing
clay content occurs in other diverse terrains such as loamy till and clay glacio-lacustrine
deposits in Canada (Kiss et al., 1988; Martz and de Jong, 1990) and in sod-podzolic
soils of humid and temperate regions of Russia (Kogan et al., 1971). The positive
relationship between clay content and gamma data was postulated by (Megumi and
Mamuro, 1977), where cations ( K, Th and U) from the soil solution can be adsorbed
onto the negative surface of clays as a cation exchange reaction.

From the results by Martz and de Jong (1990), Megumi and Mamuro (1977), and Kogan
et al (1971), γTh and γU were more closely related to particle size than was γK. This
trend was also observed at Summerset (Table 3.1). A possible reason for this is the
difference in the preference of ions to adsorption (ions with larger valence will be
preferred in ion exchange and between ions of the same valence, the smaller hydrated
radius will be preferred). Since ionic radius tends to be negatively related to hydrated
radius (Israelachvili, 1985), Th4+ is likely to be preferred over U4+ (coordination number
= 6, ionic radius Ǻ= 0.94 and 0.89, respectively, (Lide, 2003)). The selectivity of ions in
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ion exchange, would be U6+ >> Th4+ > U4+ >> K+. However cation adsorption can be
inconsistent with these trends due to other specific forces between the ions and soil
constituents (Yu, 1997).

There may be different relationships between clay content and K, Th, U for clays of
different mineralogy. For example, U sorption is up to two orders of magnitude higher
for montmorillonite and illite compared to kaolinite (Chabaux et al., 2003). The XRD
pattern for Summerset indicates the clay at the site is dominated by the kaolin group
(for example kaolinite or halloysite) (Figure 3.5). Kaolinite is typical of the highly
weathered soils of south western of Western Australia (Anand and Paine, 2002; Singh
and Gilkes, 1992).

Clay content is not always positively related to gamma radiometric intensity, where
different primary minerals occur (Kogan et al., 1971) and lateritic gravel (iron-oxides)
exist. For example, in lateritic gravel areas, iron oxides can specifically adsorb cations
in preference to sorption by clay minerals (Chabaux et al., 2003; Yu, 1997). In such
areas, lateritic gravel content could be mapped. Likewise, linear models of Total γK
versus bic-K over freshly weathered granitic terrain did not exist at South Nolba (Figure
3.2), K feldspars would be the primary source of total K at that site. Despite the lack of
universal linear relationships with soil properties, information relevant to soil mapping
such as parent material can still be found.

3.5.3 Mapping potassium
The majority (80%) of the predicted bic-K values from the Summerset farm were
between 67 and 255 mg K/ kg (Figure 3.7). Compared with soils of the agricultural
region of Western Australia, few low values were encountered (Bolland and Allen,
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1998; McArthur, 1991; Pal et al., 1999). For example 51% of the reference soils of
south-western Australia contained less than 60 mg K/ kg of bic-K (McArthur, 1991).
The models of bic-K developed over the Summerset calibration range are limited to the
upper range of bic-K values for deeply weathered soils.

The high bic-K from the soil sampling at Summerset at > 500 mg/kg are generally
associated with soils that contain illite (Mengel et al., 1998; Pal et al., 1999). However,
our XRD analysis found that illite was not evident in the bulk soil. Trace amounts of
illite may be possible given that the whole soil was sampled in the analysis, rather than
the clay or silt fraction. The feldspars evident in the mineralogy may be one source of
K with a slow supply through weathering.

Soil texture was an important determinant of bic-K across the Summerset farm. The
tree-based models of bic-K partitioned the data space into texture differences based on γ
total count and γ Th:U (Figure 3.6). A low γ total count is a good indicator of quartz
(sand) content (Taylor et al., 2002). The γ Th:U was associated with clay content at
Summerset. Others have shown that soil texture, particularly silt and coarse sand
content, are related to forms of K in Western Australian soils and plants (Pal et al.,
2001; Pal et al., 1999).

Gamma K was a significant variable in predicting bic-K from the multi-linear
regression and tree-based models (Eq. 3.2, Figure 3.6). The γK was associated with
55% of the variance in the bic-K at the Summerset site (Table 3.1). A stronger linear
relationship was evident where ground based γ K accounted for 93% of the variance in
bic-K (Wong and Harper, 1999). The dominant clay minerals in that study area were
illite and kaolinite (Wong and Harper, 1999). In illitic soils, the relationship between γK
and bic-K are likely to be stronger, since illite, is a 2:1 clay (higher CEC) and K+ is
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present as the predominant interlayer ion. In addition, soil sampling in Wong and
Harper (1999) also matched the ground based instrument support size. A degree of the
scatter observed in our results is due to short range variations evident in soil properties
versus the averaged values from the airborne radiometric survey (Bolland and Allen,
1998).

A limitation of the gamma radiometrics in detecting deficient levels of plant available K
is the lack of sensitivity of the instrument and processing errors at very low contents of
γ K. From the sensitivity coefficient of the surveys at Yuna, a ground Total K content
of 200 mg/kg of a sandy soil should only register 4 counts/s. For example the sandy
North Nolba site had a mean of 5 ± 4 counts/s. In order for the detector to be more
sensitive to gamma rays, a longer sampling period or a larger crystal are required (Cook
et al., 1996). Decreasing the flight speed by using a helicopter or increasing the crystal
volume to 56 L are ways of improving the survey precision but increase the cost of the
survey. In addition, post processed data introduced unrealistic negative results in the
low Total K environments (Figure 3.2).

From the bic-K calibration data collected at the sedimentary sites, there is a large noise
component at a bic-K of less than 70 mg/kg (Figure 3.2). This is unfortunate because
the difference between responsive and non responsive sites to K fertilisation for wheat
(at 85% of potential yield) is given at a plant available K of 35 mg/kg (Wong et al.,
2000). The large degree of scatter at low bic-K values and gamma ray spectrometry
was also noted by Wong and Harper (1999) when a hand held instrument was used. In
addition, the overall bic-K map errors are ~100 mg/kg, this results in a large degree of
error when using the maps presented in this paper for identifying areas deficient in plant
available K. With the current configuration of airborne radiometric surveys commonly
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used, the system is limited in detecting areas deficient in K to make reliable K fertiliser
decisions.

3.5.4 Model performance
All of the statistical models investigated produced similar mapping results (Table 3.2).
The linear regression model of log clay content performed the best, with lowest absolute
and RMSE errors. The model tree performed the best for the model of potassium. An
advantage of the model tree method is that a threshold exists within the program to
decide whether a simple multiple linear regression is generated over a more complex
condition (tree) based output. However, there is no inbuilt collinear variable analysis in
Cubist and such variables need to be removed.

The regional geology and soil maps suggest that Summerset was not a complex site
with only two units mapped (Playford et al., 1970; Rogers, 1996). Tree-based models
are likely to be better suited where site conditions important to gamma ray signal vary,
for example where there is a mixture of clay type, primary minerals and lateritic
gravels. The regression tree method is comparable with the method used by Bierwirth
(1996) to partition the radiometric data by landscape category, however the tree-based
method is a data driven approach.

Generally, the regression tree output of average values at terminal nodes have been
viewed as a disadvantage, producing abrupt classes when mapped and not representing
the more continuous nature of soil variation (McBratney et al., 2002). An improvement
was to produce multi-linear regression equations instead of a predicted average value at
the terminal leaves, similar to piecewise linear models (Quinlan, 1992). This
improvement is also in agreement with our results, which show that the regression trees
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without linear regression at the leaves were poorer performing when compared to the
trees with linear regression at the leaves (Table 3.2).

3.5.5 Alternative spatial data inputs
Some alternatives to the radiometric approach of representing soil variation, particularly
clay content, includes using ground electromagnetic (Lesch et al., 2005), multi-spectral
(Barnes and Baker, 2000) or digital elevation model (DEM) data (Gobin et al., 2001)
and kriging intensely surveyed field data (Frogbrook et al., 2002). Topography did not
feature as a major factor influencing the clay content or bic-K contents in the analysis
for the Summerset site. The area of higher clay and bic-K contents within the relic
drainage Dartmoor unit is not representative of present day topography. In addition,
tiling effects were evident in the DEM and either filtering or a DEM generated from
more sophisticated GPS units may indicate topography more important in predicting
soil properties.

3.5.6 Application to predicting potential yield
The observations of high biomass in areas of high bic-K and clay contents on site may
indicate the technique’s usefulness for defining potential yield zones. Pracilio et al.,
(2003) showed that up to 74% of biomass variability estimated from 1994 Normalised
Difference Vegetation Index (NDVI) was predicted in these areas (Appendix 2).
Defining potential yield based on the clay and bic-K content maps generated at the farm
scale is worth further investigation. Once potential yield zones have been identified, soil
sampling and farm management can be tailored accordingly for each potential yield
zone. However, further research is required, since predicting yield variation or potential
yield from radiometric data will differ according to the nature and variability of the site
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such as responsiveness to management inputs, the influence of other limiting factors to
growth, the crop type and seasonal nature of rainfall.

3.6 Conclusion
This study has demonstrated the use of radiometric mapping of clay and plant available
potassium contents at the farm scale. If high resolution radiometrics were to be
available for the region, the models developed in this paper may increase the resolution
of the soil mapping and be applicable to an area of 618,600 ha. This study concludes
that radiometric data for a nearly flat weathered sedimentary terrain with an appreciable
range of clay content in topsoils, can reliably predict clay and plant available K
contents. The output will be useful for developing farm management tools and
determining potential yield across a farm.
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Chapter 4
Site assessment of a woody crop where a shallow hardpan soil
layer constrained plant growth
The original publication is available at www.springerlink.com in Plant and Soil 288, 113-125 (DOI 10.1007/s11104-006-9098-z).

Key words: soil survey, agroforestry, salinity management, radiometrics, topography,
silcrete.

4.1 Abstract
The establishment of a woody crop component within dryland agricultural systems in
Australia is gaining momentum. Perennial woody crops are assumed to prevent
recharge to groundwater and thus control landscape-scale salinization. To optimise the
design of these new farming systems it is important to (1) understand the factors
limiting woody crop growth and (2) be able to predict survival and growth. On a hill
slope, in a water limited site in south-western Australia, tree-height was measured
across several established belts of a woody crop (Eucalyptus polybractea). The major
factor limiting growth was soil depth, with tree-height limited by depths at < 4 m. The
tallest trees were associated with a soil depth of 4 to 6 m in the mid slope position of the
sandplain landform. To model growth across the field site, tree-height was regressed
against geophysical (magnetic, radiometric, electromagnetic) and topographic data
using a multivariate regression tree method. Radiometric and topographic data
distinguished two tree-height units which were associated with different soil depths.
Radiometric data identified the sandplain landform which included the best growth
evident at the field site. Within the sandplain landform, shorter trees were associated
with lower elevations. This paper demonstrates the utility of radiometric and
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topographic data as tools for identifying suitable sites for the establishment of woody
crops.

Abbreviations: γ- gamma, referring to data derived from gamma ray spectrometry;
AHD- Australian Height Datum; DEM – digital elevation model; EM –
electromagnetics; EC – electrical conductivity; RAB – rotary air blast

4.2 Introduction
The incorporation of woody crops within existing dryland agricultural systems is
gaining momentum in Australia as they are assumed to prevent recharge to groundwater
and thus control landscape-scale salinization (George et al., 1999). As a result, farming
systems using perennial woody crops in belt planting arrangements are under
development in the arid to semi-arid climates of the 300 to 600 mm rainfall zone. These
woody crops include short tree species such as the Eucalyptus mallee, which has the
ability to coppice (regenerate from the stump). Such woody crops can be harvested on a
short cycle (3 to 5 years), with the potential to produce commercially viable yields as
feedstock for multiple products, such as bioenergy and oils (Bartle and Shea, 2002).

Understanding the factors affecting the survival and growth of woody crops is crucial to
the successful design of these new farming systems. Within a property, the capacity of
soils to store water is a critical factor limiting the viability of woody crop industries
(Cooper et al., 2005). The amount of water available to plants within the depth of the
rooting zone is therefore important. Much of semi-arid Australia is characterized by
regolith of deeply weathered or sedimentary profiles (Churchward and Gunn, 1983).
Rooting depth of plants can be restricted by root impeding layers such as pedogenic
hardpans (Hingston et al., 1998). A typical feature of the regolith in regions with arid or
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semi-arid climates are siliceous (silcrete) or calcareous (calcrete) hardpans that have
formed under previous climatic conditions (Butt, 1983; Stephens, 1971). Knowledge of
the depth to such hardpans, and subsequent impact on woody crop productivity, is
required to successfully plan for the new farming systems (Bennett et al., 2005a).

There are significant problems in accurately predicting tree growth and survival rates
based on existing soil data. Soil surveys over broad-acre agricultural areas have been
developed from shallow (<1 m) observations, which may be of limited value in
evaluating soil at depths relevant to perennial plant growth. Furthermore, soil surveys
are generally available at regional scales (≥ 1:100, 000), which are too coarse for farm
planning. More recently, tools that overcome these shortcomings such as digital
topography and ground geophysical techniques have become more accessible to
agricultural industries. The geophysical tools more commonly available are gamma ray
spectrometry (radiometrics), magnetics and electromagnetics (EM).

It is unlikely that these tools can be used to directly map depth to hardpans. However,
they are expected to increase the spatial resolution of the surface and the regolith, to aid
in detecting indicators that may be important to woody crop growth. For example,
radiometrics is expected to increase the mapping resolution of near surface soils to
detect sandplain and ferricrete gravels (Cook et al., 1996). These are generally expected
to have deeper and shallower depths to hardpans, respectively (Bennett et al., 2005b).
Topographic data are useful in determining areas of surface water accumulation if
surface lateral flow is important. EM provides information about salinity in the root
zone and has been successfully used to assess the survival and growth rates of
Eucalyptus globulus (Bennett and George, 1995).
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The objectives of this study were to (1) investigate the variability of E. polybractea
tree-height with hardpan depth and (2) model tree-height using topographic and
geophysical data. The outcomes will contribute to the site selection for deep rooted
plants in arid to semi-arid environments.

4.3 Materials and methods
4.3.1 Site description
The Goodlands field site (3.5 km2) is located 30 km north-east of the Kalannie townsite, north-east of Perth, Western Australia, Australia (-30º 9’ 30” N, 117º 21’ 25” E).
The woody crops consist of mallee (Eucalyptus polybractea and E. plenissima) belts
spaced 100 m apart, running along the catena (Figure 4.1). E. polybractea became the
focus of this study because of its greater production potential compared to E. plenissima
at the field site. The E. polybractea was planted in 1995. Wheat (Triticum aestivum) is
planted between the woody crop belts in rotation with volunteer pasture.

The long term annual mean rainfall at the Kalannie town-site from 1930 to 2004 was
307 mm. The annual mean evaporation rate was 2620 mm from 1975 to 2004 at the
Wongan Hills Research Station. The area has a Mediterranean climate, with a mean
summer rainfall (October to April) of 85 mm (standard deviation of 91 mm) and mean
winter rainfall of 221 mm (standard deviation of 75 mm). The mean annual rainfall
during the woody crop growing period was 319 mm (standard deviation of 130 mm)
ranging from 180 mm in 2002 to 600 mm in 1999.
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Figure 4.1: Location of soil depth samples, tree belts and survey data, Goodlands,
Western Australia.
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The field site is located on the Archaean Yilgarn Craton, a geological terrane with
basement geology of granite, biotite gneiss, or adamellite overlain by deeply weathered
regolith. What is locally termed “sandplain” is located on sloping terrain. It consists of
sandy materials of at least 1 m deep, with ferricrete gravel and ferricrete hardpan over
silcrete hardpan at depth. Such soils are classified as Ferric-Silpanic Orthic Tenosols
(Bennett et al., 2005b; Isbell, 1996). Ferricrete gravel or ferricrete hardpan was also
exposed in parts of the upper landscape.

4.3.2 Soil depth
The soil depth was estimated from published data and additional drilling (Figure 4.1).
The soil depth from published data was based on depth to silcrete obtained from
geological logs and four deep pits (Bennett et al., 2005a; Bennett et al., 2005b). The
geological logs were from six piezometers installed to bedrock or silcrete. A rotary air
blast rig, using a ‘rock roller’ in some instances was used to drill through the silcrete.
The 4 pits were dug to below the surface of a hard silcrete layer using a 20-tonne
excavator with a rock breaker attachment.

The soil depth estimated from additional drilling was based on the depth to a hard
subsurface layer. The additional drilling was conducted in August 2005 at 15 locations,
with a drill rig using augers 1.8 m long. A hard subsurface layer was recorded in two
categories evident at the field site. A layer was classified as a hardpan when the regolith
was impenetrable by the auger drill. A layer was classified as moderately resistant if
initial resistance to drilling was encountered, but this could be overcome. The layer
depth was recorded. In addition, general observations of soil profile and roots were
made from pits that were excavated to a soft gravel layer; these were not included in
soil depth measurements.
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4.3.3 Laboratory analysis of soil samples
Soil samples from the auger drilling were collected at each auger interval. The samples
were sieved to remove gravel (≥ 2 mm) and analysed for pH and electrical conductivity
(EC) in a 1:5 suspension of soil to water (pHH20 and EC1:5, respectively). Unless
otherwise specified, the pH reported was from a sample taken at a depth of 1.5 m. This
depth was chosen to assess limitation to plant growth because it was observed to contain
the most acidic samples. The EC1:5 presented is the average taken from the surface to
the hard layer, unless otherwise stated. Previously published data by Bennett et al.,
(2005b) were combined with the EC1:5 and pHH20 collected for this study. Samples with
pH greater than 7 were tested for the presence of carbonate with droplets of 1 M HCl.
Clay content was analysed using the particle size analysis method (Day, 1965; Gee and
Bauder, 1986) and presented in units of dag/kg, the SI unit equivalent of %.

4.3.4 Geophysical survey data
The ground geophysical survey of radiometric, magnetic and EM measurements were
conducted using a quad bike with differential Global Positioning System (GPS). These
data were collected by Geoforce Pty Ltd from 11 to 13 December 2003 in dry soil
conditions. The geophysical measurements were made along traverses spaced 50 m
apart. Data processing was carried out by Geoforce Pty Ltd. The data were interpolated
to a 10 m grid cell size using minimum curvature algorithm and a low pass mean filter
with a 50 x 50 m window size applied.

The radiometric instrument used was an Exploranium GRS-320 with a GPX-512 8 litre
NaI detector. The acquisition height was 0.80 m with 1 second sampling (~5 m along
the sample line). Half of the observed gamma rays originate from the top 0.10 m of dry
soil and 90% from the top 0.30 m (Duval et al., 1971; Taylor et al., 2002). Potassium
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(γK), uranium (γU), and thorium (γTh) are the three major gamma emitting elements in
soils and rocks. These are converted to ground concentrations from sensitivity constants
over calibrations pads. The γ total count is the integrated count over the whole spectrum
measured (IAEA, 2003). Total count, γK, γU, γTh and ratios γ Th:U and γ K:Th were
used in this analysis.

The magnetic intensity was measured using the Geometrics Magnetometer, which
records the total magnetic field of the earth. The acquisition height was 0.80 m, with
sampling every 0.2 seconds (1 m along the sample line). The Total Magnetic Intensity
(TMI) image along with an interpretation and data of a high pass filtered TMI images
were used in this analysis. The interpretation of the high pass filtered image was based
on patterns related to field observations of ferricrete gravel and Red Chromosol soils.

The Geonics EM31 and EM38 instruments were used to measure apparent EC, with 1
second sampling (~5 m along the sample line). The acquisition height was 0.80 m for
the EM31 and 0.03 m for the EM 38. The EM31 was taken in the vertical position
(EM31v) with a potential penetration depth of 6.0 m and the EM38 was taken in the
horizontal (EM38h) with a potential penetration of 0.75 m (McNeill, 1992).

4.3.5 Topographic data
A digital elevation model (DEM) originally at 10 m pixel size (Alan and Beetson, 1999)
was resampled to 50 m (using bilinear interpolation) and filled. This was used to
generate topographic variables, including slope, aspect and curvature (plan, profile,
tangential). Compound topographic index (or wetness index) (Gessler et al., 1995) and
upslope area were generated using the FD8 flow routing algorithm (Quinn et al., 1991).
Slope position and landform classification were calculated and based on the topographic
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position index. This was implemented in the algorithm created by Jenness (2005) using
a standardised elevation grid and a circular moving window of 1500 m radius. A 2°
slope was used as the cut off for flat and middle slope. The landform classification was
based on search neighbourhoods of 500 and 1500 m.

4.3.6 Location data
Easting, northing and diagonal direction were used in this analysis to identify spatial
trends (gradients). The diagonal direction grid represents trends in north-east to southwest and north-west to south-east. A diagonal direction grid was calculated by
multiplying scaled easting and scaled northing.

4.3.7 Tree-height sampling
Tree-height (maximum stem height) was used as an indicator for biomass allowing for a
large area to be surveyed relatively quickly in the field. Tree-height measurements were
taken in July 2005, using photographs and a 5 m staff as a reference scale. Photographs
were taken every 100 m. Each photograph covered an approximate row length of 60 m.
Tree-height was measured from enlarged (A3) printed photographs. In areas with crown
death without coppice the tree-height was recorded as 0 m. Where the mallee had
regrown (natural coppice) the maximum height of the regrowth was included. An
average tree-height value was calculated for each photograph and used in subsequent
regression analysis.

Destructively sampled trees were used to establish two on-site allometric regressions,
one with tree height and the other with stem based area. The allometric regression of
biomass on height is given in Equation 4.1. Destructively sampled above-ground green
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biomass values (kg/tree), y, were correlated to maximum stem heights (m), x by the
following relationship:
y = 0.29x3.1 (n=115, r = 0.91)

(4.1)

(unpublished data, Daniel Huxtable, pers. comm.).

By incorporating tree density and survival rates, Equation 4.1 was used to estimate
biomass from the tree heights derived from the photographic method. The distance
between rows was 2.1 m and along rows was 1.6 m. A 1.5 m wide canopy zone on
either side of the row was assumed and biomass plots averaged 85% survival.

In August 2004, 7 biomass plots based on stem basal diameter measurements were
established within the gradient of tree growth in the sandplain (unpublished data, Daniel
Huxtable, pers. comm.) (Figure 4.1). Each plot consisted of 60 planting positions (2
rows of 30 planting positions). Biomass was predicted from the on-site allometric
regression with stem basal area. These plots were also sampled using the photographic
method used in this study in 2005. The calculated biomass (t/ha) based on stem basal
area was used to validate the tree-height results from the photographic method.

4.3.8 Tree-height and soil data
To assess relationships between tree-height and soil data, linear correlation and
scattergrams were used. A piecewise linear function was evident between soil depth and
tree-height, with two linear regression equations subsequently generated. A transect
including tree-height, surface elevation and soil depth measurements was used to
represent a 2-D slice through the hill-slope. The transect data were interpolated every 20
m using a linear trend.
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4.3.9 Regression tree analysis
Tree-height was modelled with geophysical, topographic and location data using the
regression tree method described below. Geophysical and topographic grids were
resampled with a 50 m cell size. These closely represent the sample width of the treeheight measurements of approximately 60 m.

The regression tree method is a non-parametric and non-linear multivariate data
analysis method (Breiman et al., 1984). A dataset is successively split into increasing
homogenous binary subsets (nodes). All possible splits are investigated until a goodness
of fit criterion is fulfilled. Regression trees with the mean produced at the terminal node
were generated using the RPART module of S-PLUS (Therneau and Atkinson, 1997). A
regression tree was grown to fit the whole dataset and pruned using ten-fold crossvalidation. The cost complexity parameter of the smallest tree with the lowest average
error plus 1-standard error was chosen to generate the final pruned regression tree. The
final regression tree was selected after a process of variable elimination until
transferable variables were obtained. The top four primary splits for each node were
then investigated and alternative regression trees generated with these alternative
variables. The correlation coefficient, r, for the regression tree was determined from the
relative error from ten-fold cross-validated data (Breiman et al., 1984). The regression
tree rules of “if then else” statements were mapped in a Geographic Information System
(GIS).

4.3.10

Modelled tree-height classes versus soil depth

Statistics of soil depth were summarized for each of the mapped regression tree classes.
An analysis of variance (ANOVA) was performed with the treatments as the regression
tree classes and the replicates as the soil depth within each mapped class. This was used
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to assess whether the classes as determined by the regression tree analysis were
differentiated by soil depth. The tree-height classes were further divided into landform
for interpretation of results. The average tree-height for each class was converted to
above-ground green biomass using Equation 4.1, tree density and survival rate.

4.4 Results
4.4.1 The hardpan layer and tree-height
A hardpan was encountered in 23 of 25 soil depth sites: these included 13 of 15 drilled
with an auger. The average soil depth was 4.2 m (Table 4.1). Roots of E. polybractea
and E. plenissima were observed at depths where hardpan layers were evident. For
example in productive locations of the sandplain, roots were observed in the profile of
pits dug to 4.6 m and 5.7 m (see Figure 4.1 for pit locations). There was no evidence of
saturation and therefore no evidence of a perched water table above the hardpan layer in
any of the drill spoils at the time of drilling in August 2005, in below average rainfall
conditions.

Of the augered sites located in the upper landscape, ferricrete gravel was evident above
or at a hardpan layer. At augered sites in the lower landscape, pale powder was
observed during drilling in the final sample at 2 sites. Carbonates were not present in
any of the samples tested. A moderately resistant layer was noted at two augered sites
located in the upper slope. One of these sites was drilled into a partially cemented sand
and ferricrete gravel layer overlying in situ weathered pallid zone material. The other
was drilled into weathered material interpreted from angular cemented particles.

A summary of EC1:5, pH H20 and clay content across the field site is given in Table 4.1.
The average soil EC1:5 was low at 9.6 mS/m, with a high standard deviation relative to
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the mean (Table 4.1). All EC1:5 samples analysed in the laboratory were less than 25
mS/m except for one location in the lower landscape with an average EC1:5 of 80 mS/m.
This was located within an area of high (100 mS/m) EM38 values. The profiles were
generally sandy, with an average clay content of soil samples of 10 dag/kg, with an
average surface clay content of 7 dag/kg (Table 4.1).

Neutral to acidic soils were evident at the field site, for example, the site average pHH20
at 1.5 m was 5.5, ranging from 4.1 to 7.1 (Table 4.1). At depths of > 1.5 m pH generally
increased, and with one exception, the pH was less than 8.0. This exception was located
in the upper landscape with a moderately resistant layer. This profile averaged a pH of
8.3 from 3 to 6 m depth. There was a general trend within the sandplain formation of
soil acidity increasing with increasing elevation (r = -0.66, P-value ≤ 0.01). Upslope of
and including Bore 02, the pH of the sandplain samples at 1.5 m depth were all < 5.5.

The site average tree-height for E. polybractea was 4.6 m (Table 4.1). Above ground
green biomass (t/ha) as estimated from stem basal area in 9 year old trees was strongly
correlated to the tree-heights (m) measured the following year (r = 0.89, P<0.01). The
samples were located within the sandplain landform over the biomass range of 57 to
178 t/ha and tree-height range of 4.3 to 7.3 m.

Correlations between tree-height and regolith properties are presented in Table 4.1.
Tree-height was not significantly correlated with EC1:5 and clay content (Table 4.1).
Tree-height was significantly correlated with soil pHH20 (r = -0.49, n=16, P-value ≤
0.05), which indicates that the shorter trees were associated with the more neutral soils.
When only the sandplain soils with acidic profiles were investigated, the trend between
tree-height and pH was reversed, so that shorter tree-heights were associated with more
acidic profiles. However, with a small number of data points this association was less
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statistically significant (r = 0.57, n = 9, P-value ≤ 0.1). Tree-height was most strongly
correlated with soil depth (r = 0.61, P-value ≤ 0.01) (Table 4.1), indicating shorter trees
were associated with shallower soil profiles.

Table 4.1: Tree-height, regolith properties and their correlation to tree-height,
Goodlands, Western Australia.
Treeheight
(m)a

Soil depth
(m)b

pHH20
at 1-2 m

EC1:5
averagec
(mS/m)

Clay
averagec
(dag/kg)

Clay
surface
(dag/kg)

Mean

4.6

4.2

5.5

9.6

10.0

6.7

SD

1.6

2.3

0.7

16.0

4.3

1.5

Range

1.9-7.3

1.0-9.5

4.1-7.1

3.0-80.5

5.7-23.9

4.8-10.6

n

95

25

22

22

16

16

r

-

0.61**

-0.49*

-0.29

-0.32

-0.50

n

95

18

16

16

11

11

a Average tree-height determined by photographic method.
b Hardpan subsurface layer in 23 samples, moderately resistant layer in 2 samples.
c Average measurements from soil profiles taken from surface to resistant subsurface
layer.
* P-value ≤ 0.05.
** P-value ≤ 0.01.

A scattergram of tree-height versus soil depth is presented in Figure 4.2. Within a small
range of soil depth from 3.4 to 4.1 m, there was a corresponding large range of treeheights from 3 to 7 m. This disparity in data ranges can also be viewed in the
topographic profile, where there is a range of tree-heights relative to the soil depth near
Bore 03 (Figure 4.3). A threshold was interpreted at a soil depth near 4 m. When the
dataset was split at a soil depth of 3.9 m, two linear relationships were evident. A
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positive linear relationship at < 3.9 m (r = 0.74, P- ≤0.05) and a negative linear
relationship at ≥ 3.9 m (r = 0.76, P- ≤ 0.05) (Figure 4.2).

Figure 4.2: Scatter plot of tree-height against soil depth with piece-wise linear
regression estimated by splitting the data: soil depth less than 3.9 m (○) and soil
depth greater than or equal to 3.9 m (●), Goodlands, Western Australia.

The data used to develop the negative linear relationship in Figure 4.2, where shorter
tree-heights were associated with increasing soil depth, all originated from a sloping
sandplain unit. These data are generally located in the mid slope and contained the
tallest tree-heights (up to 7 m) across the field site (Figure 4.3). In the upper slopes,
shorter tree-heights (down to 4 m) were associated with the moderately resistant layer
(Figure 4.3).

The data used for the positive linear relationship in Figure 4.2, where shorter trees were
associated with decreasing soil depth, mostly originated from the lower landscape (at 6
of 8 samples). For example, the topographic profile of Figure 4.3 shows that downslope

Chapter 4. Site assessment of woody crops

92

of 320 m AHD, trees were shorter with shallower soil depths. Trees with dead leaves
and stems, and new growth (regeneration) at the stump, were located on a soil depth of
< 3 m, regardless of landscape position.

Figure 4.3: Topographic profile including tree-height, soil depth and average
shallow piezometric level, within a sandplain landform, Goodlands, Western
Australia. Shallow piezometric level only observed in Bore 02, May 2003 to May
2005 from Bennett et al., (2005b).
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4.4.2 Tree-height modeled from geophysical, topographic and
location data
Tree-height was modeled against all the geophysical, topographic and location data
using the regression tree method. The pruned regression tree resulted in diagonal
direction as the only variable in the model (r = 0.84). This showed that SE and NW
parts of a square grid surrounding the data points had shorter trees. From field and
drilling observations this is effectively the exposed ferricrete terrain in the NW and the
alluvial landform in the south. As diagonal direction is not a transferable variable, this
variable was eliminated from the subsequent regression tree analysis.

The resultant pruned regression tree is presented in Figure 4.4a. This shows tree-height
as a function of γ total count and elevation (r = 0.87). On the left side of the regression
tree, short tree-heights were grouped. Samples with γ total count/s ≥ 133 had an average
tree-height of 3.3 m. This was referred to as the shortest tree-height class. On the far
right side of the regression tree, tall tree-heights were grouped. Tree-height samples
with γ total count/s of < 133 were divided by topography, so that, samples with a high
elevation (≥ 320 m) averaged 6.2 m, this was referred to as the tallest tree-height class.
In the middle of the regression tree, short tree-heights were further grouped, where treeheight samples with total counts/s of < 133 and a low elevation of < 320 m, averaged
3.5 m.

An analysis of alternative independent variables in a regression tree model with two
parameters is discussed below. Alternatives for the γ total count split, in decreasing
order were γU < 14.7 mg/kg, EM31 < 20.2 mS/m and γTh < 16.5 mg/kg. The
correlation coefficient for models with these substituted parameters ranged from 0.88 to
0.81. Alternatives for the elevation split, in decreasing order were northing < 6662000,
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average upslope elevation < 324 m and slope position (upper and lower slope). The
correlation coefficient for models with these substituted parameters ranged from 0.87 to
0.84. The pruning process showed that two parameters were sufficient to model treeheight, in six of eight regression trees discussed above.

The soil depth for each tree-height class was summarised as a box-plot (Figure 4.4b).
The shortest tree-height class had the largest spread of soil depths (Figure 4.4b). In
contrast, there was a smaller distribution of soil depth for the other two classes. In these
two classes, with tree-height averages of 3.5 m and 6.2 m, a distinct difference in the
mean soil depth was observed, at 2.1 m and 5.5 m respectively (Figure 4.4b). The
statistically significant difference between the mean of the classes was reflected in the
ANOVA where the F-statistic was 4.3 and the P-value was 0.03.

The mapped regression tree results and topographic contours were combined (Figure
4.5). This shows that the shortest tree-height class was spatially distributed across three
geographic regions and topographic positions in the NE, NW (upper landscapes) and
south (lower landscape). This shortest tree-height class contains multiple regolith units
with distinct radiometric signatures and landforms (Table 4.2). For example, the γ Th
mean (coefficient of variation %) for the NE, NW and south areas was 18 (36%), 36
(45%) and 48 (80%) mg Th /kg, respectively. The low γ Th of the NE group indicates a
sandplain unit consistent with drilling information. In the NW corner, the moderate γ Th
concentration indicated an exposed ferricrete landform. This was confirmed by
observations of ferricrete gravel across the surface and in the near surface from rotary
air blast drilling results. The highest mean γ Th content in the southern group had the
largest coefficient of variation. This unit contains a number of soils within an alluvial
landform. The surface soils include sand (13 mg Th /kg), sandy loam (19 mg Th /kg)
and gravelly sand (127 mg Th /kg).
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Figure 4.4: Regression tree model of tree-height using geophysical and topographic
data as independent variables; a) pruned tree topology generated using nonuniform spacing with average tree-height at the terminal node (r = 0.87); and b)
box-plot of soil depth for each of the predicted tree-height classes.

Within the landforms of the shortest tree-height class, the alluvium and ferricrete have
similar mean soil depths of around 2 m, whilst the upper landscape sandplain has the
deepest soils on site with a mean of 6 m (Table 4.2). The large range in soil depth
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evident in the shortest tree-height class was associated with the variety of regolith units
(Figure 4.4b, Table 4.2).

The sandplain landform classified for the shortest tree-height class, NE in Table 4.2, is
located immediately upslope of the sandplain landform of the tallest tree-height class.
The maximum clay content measured at 1.5 m depth for this NE unit was 16 dag/kg
compared to 13 dag/kg, in the adjacent unit. The average thickness of sands was 6.1 m
compared to 5.5 m, in the NE and tallest class, respectively (Table 4.2). These results
indicate a deep loamy sand profile for both units. A gradational change in properties
was observed within the NE short tree-height class, where γ total count decreased with
elevation. A linear regression was fitted between γ total count and elevation ≥ 348 m to
demonstrate this gradational change (r = 0.81, P-value ≤ 0.001). The soil sampling and
geophysical survey results indicate a transitional or relatively homogenous landform
between these sandplain units.

The mapped regression tree model of tree-height was interpreted into regolith units,
with natural coppice (regrowth after tree crown had died), tree-height, above ground
green biomass and soil depth reported (Table 4.2). The estimated biomass (t/ha) in
increasing order were, exposed ferricrete (15), alluvium (22), sandplain- lower
landscape (29), sandplain- upper landscape (78), and sandplain- mid and upper
landscape (173). The three regolith units with the lowest biomass were associated with
the shallowest soils and had a mean soil depth near 2 m. These low biomass regolith
units were also associated with a greater percentage of natural coppice, particularly
evident in the sandplain of the lower slopes (Table 4.2).
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Figure 4.5: Measured tree-height at year 10 used for, and overlaid on, the
predicted tree-height classes from regression tree model using geophysical and
topographic data as independent variables, Goodlands, Western Australia.
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1

Table 4.2: Estimated above ground green biomass of 10-year old Eucalyptus polybractea (t/ha) and measured soil depth (m) for

2

tree-height classes from regression tree analysis divided into geographical location and landform, Goodlands, Western Australia.
Height class
& location

Slope
position

Landform

Natural
coppice %a

Height (m)

6.2

Mid & Upper

3.2 NE

Biomass
(t/ha) c

Soil depth (m)

Mean

CV%b n

Mean

CV%b n

Sandplain

10

6.2

12%

42

173

5.5

32%

9

Upper

Sandplain

0

4.8

11%

6

78

6.1

25%

6d

3.5

Lower

Sandplain

90

3.5

23%

10

29

2.1

14%

4

3.2 S

Lower

Alluvium

39

3.2

17%

23

22

2.4

54%

4

3.2 NW

Upper

Ferricrete

33

2.8

23%

14

15

2.1

7%

2

3

a

Percentage of photographed locations that natural coppice (resprouted tree after crown death) was observed.

4

b

Coefficient of variation.

5
6

c

Above ground green biomass estimated from tree-height from photographs. Tree-heights converted to biomass using allometric
regression based on direct measurements (with 85% survival) (unpublished data, Daniel Huxtable, pers. comm.).

7

d

8

Includes two samples where a moderately resistant layer was evident.
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4.5 Discussion
4.5.1 Hardpan depth limiting tree growth
Hardpans were evident in 92% of the soil depth measurements investigated (Figure 4.3,
Table 4.1). In the lower landscape the hardpan was most likely silcrete, corresponding
with the interpretation of Bennett et al. (2005b) and the typical location of groundwater
silcretes (Gilkes et al., 2003). Hardpans detected in the upper and mid slopes were
likely to be ferricrete or silicified ferricrete. A silicified layer may also occur below the
ferricrete (Bennett et al., 2005a; Bennett et al., 2005b).

Defining the extent of shallow hardpans or shallow soil depth is important for the site
selection of woody crops in arid zones. The height of ten year old E. polybractea, was
particularly constrained in areas where the depth to hardpan was < 3 m (Figure 4.2).
Similarly, another study in this region showed that topsoil depth and climate (rainfall
and pan evaporation) were important factors associated with biomass across a number
of semi-arid to arid sites (Wildy et al., 2000). In contrast, in areas where water was not
limiting (ratio of rainfall to evaporation > 1), modelling showed that soil depths as
shallow as 0.5 m had no effect on E. globulus growth (Mummery and Battaglia, 2001).
In arid and semi-arid climates, shallow soils are likely to have less stored water
available for the plants to use during dry months, and therefore are likely to be
associated with constrained tree growth.

The tallest trees observed at the field site may have benefited from a perched water
table above the silcrete layer prior to the period when water tables were monitored
(Bennett et al., 2005b). These trees were evident in the sandplain with profile depths of
4 to 6 m in the mid slopes (Figure 4.3). Following below average rainfall conditions,
auger drilling in August 2005 did not reveal any saturated layers above the hardpan and
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only one of the bores monitored since 2003 showed evidence of a perched water table
(Figure 4.3) (Bennett et al., 2005b). At a similar nearby site, with silcrete hardpans,
perched water tables had been monitored in 1999 during above average rainfall events,
when the annual rainfall of 600 mm was approximately double the long term average.
In this nearby site, the transpiration rate of 5 to 7 year old mallees located on sandplain
with a perched water table was 35% higher than over a non perched water table (Wildy
et al., 2004). Perched water tables in this landscape have been shown to be transient
given the variable nature of rainfall (Bennett et al., 2005a). Therefore, to improve our
understanding of the field site, further monitoring of growth response to soil moisture
conditions and perched water table events from above average rainfall events is
recommended.

Constrained tree growth was associated with extremes of soil pH. This supports the
finding that the growth of E. polybractea was limited outside the pH range of 5.5 to 8
(Stirzaker et al., 2002). Soil profiles with extremes of soil pH were located in the upper
landscape of the sandplain landform, where tree growth was not as constrained in
locations with shallower soil depth (Figure 4.3).

Salinity and fertility were unlikely to have been major factors that affected tree growth
at the field site. The E.polybractea species is expected to grow well in a soil with an EC
measured between 400 to 800 mS/m in a saturated paste extract, when converted to
EC1:5 for sandy soils this is approximately 25 to 50 mS/m (Marcar et al., 1995).
Reduced growth is expected above an EC1:5 of 50 mS/m and in 94% of the soil sampled
locations, the salinity was lower than this threshold. Nutrients were not included in the
analysis of the field site. Nutrients are less likely to be limiting when water is the main
limiting factor; for example, there was only a minimal response in the growth of Pinus
radiata to fertiliser additions when water supply was insufficient (Snowden and
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Benson, 1992). In addition, the mallees have been grown on agricultural soils where
nutrients have been applied in the past.

4.5.2 Tree-height modeled with topographic and geophysical data
The integration of soil and tree spatial-data with an understanding of factors limiting
vegetative growth is an approach typically used in precision agriculture studies (Adams
et al., 1998; Cook and Bramley, 1998). In precision agriculture, spatial information of
annual crops and soils is used for more precise control of inputs such as fertiliser (Cook
and Bramley, 1998). In establishing woody crop or forestry industries, it can be used to
improve decisions about where to establish perennial plants in order to maximize
growth and survival rates.

The methodological approach used in this study successfully modeled tree-height as a
function of radiometric and topographic data (Figure 4.4 & 4.5). The tallest mallees
were associated with a soil profile dominated by quartz within the sandplain landform
easily identified by the low radiometric total counts in this field site and in other sites
(Cook et al., 1996; Taylor et al., 2002). The sandplain landform generally included
profiles with sufficient depth above the silcrete layer for good mallee growth (Table
4.2).

There were exceptions within the sandplain landform where mallee growth was
constrained in shallow soil profiles (Table 4.2). Regression tree modelling, using the
elevation parameter, identified this area in the lower slopes on the edge of the sandplain
unit (Figure 4.4b). At other sites in this region, silcrete has been observed, beneath the
sandplain materials, with sand depth shallower in the low slope positions from erosion
processes (George, 1992). The development of silcrete sheets are considered to have
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formed as the groundwater table recessed from low lying areas during the development
of a more arid climate (Gilkes et al., 2003). Thus, in other regions with similar regolith
materials, shallow soils may occur on the lower slope edge of the sandplain unit.

Radiometric and elevation data is related to properties in the top of the soil profile
(Duval et al., 1971; Taylor et al., 2002). In this study, the data were indicative of soil
depth, an important factor in understanding tree growth across the field site (Figure 4.4,
Table 4.1). However, the specific relationships developed in this study may not be
transferable to other field sites and on-site calibration is recommended.

Soil surface features are not always indicative of sub-surface properties, therefore the
underlying regolith is important to consider when assessing sites for the establishment
of deep rooted plants. At the field site, the poorest tree growth was associated with
exposed ferricrete, and this was attributed to shallow depth to hardpan (Table 4.2).
Similarly, low rates of biomass production corresponded to the ferricrete landform at
another site in Kalannie (Wildy et al., 2000). In contrast, high rates of tree survival were
observed with the presence of ferricrete gravel in another study area (Harper et al.,
2002). A major difference in the latter study was the ferricrete occurred as discrete
nodules rather than a continuous hardpan sheet, and the ferricrete material was
indicative of a deeply weathered profile. The ferricrete landform can be readily
identified by the radiometric data in all three environments. However, the nature of the
regolith profile still needs to be investigated for the site selection of trees.

The EM31, which is related to salinity properties at depth, showed similar results to the
γ total count in the regression tree modelling. However, using the EM variable did not
improve the statistical fit of the model. In addition, salinity did not limit tree growth at
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the field site (Table 4.1). In other areas, where salinity limits plant growth, ground EM
data were important in predicting tree performance (Bennett and George, 1995).

4.5.3 Woody crop farming systems
The death of tree crowns and natural coppicing in E. polybractea located in the lower
slopes of the sandplain, may be indicative of water stress (Table 4.2). These trees were
located in shallow soils with low total available water capacity and this is likely to be
inadequate to maintain tree survival through the annual summer drought. The annual
rainfall at this field site was 319 mm, the natural habitat of E. polybractea was reported
as 470 to 540 mm (Marcar et al., 1995). Therefore, E. polybractea may not be well
adapted to low water storages in sites with poor water supply. Physiological studies are
recommended to increase our understanding of the drought response of this species
(White et al., 2003). Any decision to utilize E. polybractea in the shallower sandplain
region should consider this risk of water stress.

4.6 Conclusion
Detailed site evaluation of new farming systems is important to maximize productivity
and survival rates due to the variable nature of vegetative growth across properties and
within landforms. In an arid climate with extensive hardpan coverage, shallow soil
depth constrains the growth of woody crops. An evaluation of measurements made
using a range of spatial tools, showed that radiometric, and elevation data adequately
predicted tree growth. In some cases, the data obtained with these near surface based
measurements were indirectly related to soil depth. Radiometrics and topography are
therefore suitable tools for rapidly identifying landforms that impact on plant growth.
These tools are useful in the site selection for woody crops in new farming systems.
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Chapter 5
The benefit cost analysis of improved fertilisation strategies
utilising gamma ray spectrometry, in a dryland wheat system.
Key words: precision agriculture, radiometrics, plant available water, potential yield,
Nitrogen, economic decisions.

5.1 Abstract
The utilisation of gamma ray spectrometry (radiometrics) in making nitrogen (N)
fertilizer rates decisions in a dryland wheat system was evaluated using a benefit cost
analysis (BCA). Radiometric data obtained at the farm scale across a wheat field in the
northern wheatbelt of Western Australia were converted to plant-available water
capacity (PAWc) by a pedotransfer function. Different assumptions of rooting depth
were investigated in a sensitivity analysis. Potential yield was estimated from PAWc
using a modified French and Schultz model and spatially mapped for three growing
seasons representing dry, medium and wet seasons (15th, 50th and 75th percentiles,
respectively). Seventy three percent of the variance in wheat yield was predicted by the
potential yield spatially distributed by radiometric data. Optimal N fertilisation
scenarios, differentiated by information sources ‘rainfall’, ‘soil map’ and ‘radiometric’,
were then evaluated in a deterministic model of N-response. Grain yield was predicted
in a field with a potential yield based on radiometric data. This enabled maximum
benefit in using ‘radiometric’ based N rates to be assessed in a BCA where the applied
N rate optimized the gross margin using perfect information. The benefit was expressed
as the difference relative to the ‘rainfall’ scenario. The maximum benefit from
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‘radiometric’ information for shallow soils was $15/ha or 10 % of the gross margin in a
medium growing season rainfall. For deeper soils (rooting depth of 150 cm) all benefits
were negative. Alternatively, when benefits were evaluated under field conditions
estimated from the wheat yield map, the benefit in using the ‘radiometric’ (shallow
rooting depth) scenario was $31/ha, under non-optimal N rate conditions. This paper
demonstrated the utility of radiometrics in making N-decisions in areas of low plantavailable water capacity and showed under optimal N rate management, the
‘radiometric’ information was of most value for a medium growing season.

Abbreviations: BCA- Benefit Cost Analysis; PAW- plant-available water; PAWc –
plant-available water capacity.

5.2 Introduction
Several studies have demonstrated the ability of airborne gamma ray spectrometry
(radiometrics) to accurately map soil properties, with evaluation focused at the regional
or catchment scale (Bierwirth, 1996; Cook et al., 1996; Corner and Wong, 1999;
McKenzie and Ryan, 1999; Taylor et al., 2002). Acceptable prediction errors of soil
properties at the farm scale has further highlighted the potential of the technology for
site specific management (Chapter 3). To date, the majority of the research has
evaluated the technology in a soil mapping framework, although, some researchers have
examined the technique in a decision making framework. For example, radiometrics
and other geophysical mapping techniques have been used to improve the planning of
dryland salinity management (Street et al., 2002). A soil map produced from
radiometric data had the highest perceived benefit for agricultural land management
when geophysical based information was formally assessed using a benefit cost analysis
(BCA) (George et al., 2000). This study was limited to catchment and regional scale
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appraisals. Assessment of the economic benefits of decisions using radiometrics at the
field (paddock) scale for site specific management has been limited and requires further
evaluation.

Use of radiometric data in agriculture has the potential to improve the understanding of
dryland wheat production. For example, an indirect measure of wheat biomass across a
field (the Normalized Difference Vegetation Index) was strongly associated with
radiometric data acquired at farm scale (Appendix 2). In this field, the clay content of
the topsoil was related to the radiometric data (Chapter 3). Soil texture is the most
commonly used parameter in the prediction of soil water retention properties
(Pachepsky and Rawls, 2004). The maximum amount of plant-available water that can
be retained in the soil over the rooting depth is termed plant-available water capacity
(PAWc). Variance in grain yield has been partly accounted for by PAWc in other
studies, where a small capacity to store water can limit crop yield (Delin and Berglund,
2005; Shukla et al., 2004). Mapping PAWc across a field provides a spatial
representation of this constraint. Mapping of this soil property in the topsoil can be
achieved by converting radiometric data to PAWc using pedotransfer functions
(Smettem et al., 2004).

Growing season rainfall is the main limitation to dryland crop production and is often
used to infer potential yield (French and Schultz, 1984). Potential crop yield is a yield
that is primarily limited by water. It traditionally represents the upper limit of yield for a
given rainfall over the growing season (French and Schultz, 1984). The PAWc
limitation is an additional constraint. By taking into account this soil water limitation,
potential yield can be represented spatially across a field (Adams et al., 2000). Potential
wheat yield in this paper was limited by a) rainfall only and b) rainfall and PAWc.
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Information, such as the identification of areas with low soil water storage, is of value if
it brings about a management change relative to the current practice (Pannell and Glenn,
2000). A common fertiliser practice is a uniform rate application ignoring the plant
response to different soil conditions. One possible improvement is precision agriculture
through the application of fertiliser rates in zones of ‘like’ responses, described as
management zones (Fleming et al., 2000; McBratney et al., 2005; Whelan, 2001). From
potential yield, nitrogen (N) rates can be calculated to maximise gross margins (Adams
et al., 2000; Angus et al., 1993; Bullock et al., 2002). For example, a management zone
with low water storage and hence lower potential yield will have a lower N
requirement.

This study investigated the use of radiometric data, as a surrogate for clay content and
hence PAWc, in making N rate management decisions. This paper outlines a process to
determine optimal N-rates using different soil based information and evaluates the
benefits within a BCA framework. The benefit in using PAWc information was
compared to those based solely on rainfall data.

5.3 Methods
5.3.1 Wheat field location
The field site (0.94 km2) was located within the Summerset farm (-28º 20’ 33” N, 115º
03’ 11” E). The farm is located near Yuna, north east of Geraldton, Western Australia.
The long term average annual rainfall at Yuna is 350 mm, with the majority falling in
the winter growing season between May and October (268 mm). A typical three year
rotation for the studied field was one year lupin (Lupinus angustifolius) and two years
of wheat (Triticum aestivum). More details of the study site are provided in Chapter 3.
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5.3.2 Overview of information sources for ‘rainfall’, ‘soil map’ and
‘radiometric’ Nitrogen (N) management scenarios
To calculate optimal N rates, potential yield was a parameter. Potential yield was
differentiated by two broad sources of information, rainfall and PAWc. The potential
yield predicted from only the rainfall record, was labelled ‘rainfall’. The potential yield
predicted from rainfall and PAWc, were labelled according to the source of PAWc. The
PAWc information from the regional soil-landscape map was labelled ‘soil map’,
whereas the information from the radiometric survey was labelled ‘radiometric’. This
schema is described in Table 5.1.

Table 5.1: Labels used to identify different sources of information as an input to
determine plant-available water (PAW), potential yield and optimal N rates.
Label

Source of inputs

Soil type

No. of Zone Zone
zones Area location

PAW

Potential
yield

‘Rainfall’

-

Rainfall

-

1

0.94

-

‘Soil map’

1:250 000
soil mapa

Rainfall
PAWc

Red brown
loam

2

0.45

North

0.49

South

0.51

North

Gravelly
sand

0.28

Central

Yellow sand

0.15

South

Yellow deep
sand
‘Radiometric’

a

Radiometric
survey

Rainfall
PAWc

Red brown
loamy sand

3

Regional soil landscape map (Rogers, 1996)

The N fertiliser strategy varied according to these information sources. The ‘rainfall’ Nrate was based on a uniform application across the whole field. The ‘soil map’ was
based on two management zones, the two soil series mapped for the field in the
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1:250000 regional soil landscape map (Rogers, 1996). The north zone is the Dartmoor
soil series (Red Brown Loam, Red Kandosol) and the south zone the Eradu soil series
(Yellow Deep Sand, Regolithic Orthic Tenosol) (Isbell, 1996; Rogers, 1996). The
‘radiometric’ zones were based on three areas identified from the radiometric survey on
the basis of clay and gravel content. The uniform N-rate within each of the three zones
was based on an average calculated over each management zone. Figure 5.1 depicts the
location of the management zones based on the different sources of PAWc.

The radiometric data were obtained from a farm scale radiometric survey (Chapter 3).
This was acquired under dry soil conditions in February 2002, by Universal Tracking
Systems Pty Ltd. Acquisition details include 100 m line spacing, sensor height of 20 m,
1 second sampling (40 - 50 m along the sample line) and a crystal size of 32 L. The
survey data were interpolated using minimum curvature, with a pixel size of 25 m. The
data analysis was conducted at a 25 m pixel size.

Figure 5.1: Location of zones for application of nitrogen fertiliser based on a) the
regional soil map of Rogers (1996) and b) three soil classes from the radiometric
survey (Chapter 3).
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The ‘radiometric’ N-rate zones were mapped from the ground-validated clay content
and the radiometric uranium map (γ U) for gravel content (Chapter 3). The north zone
corresponds to a red loamy sand with clay contents ≥ 5 dag/kg and γ U ≤ 2 mg/kg; the
central zone is a gravelly sand with clay contents ≥ 5 dag/kg and γ U > 2 mg/kg; and the
south zone is a deep sand defined by clay contents of < 5 dag/kg. These rules were
applied in a geographic information system. Areas of < 5 ha were incorporated into the
surrounding zone (Figure 5.1).

5.3.3 Plant available water (PAW)
Clay content was used to estimate plant-available water (PAW), from the different
sources of information. PAW generally increases from coarse textured sands to medium
textured loams (Salter and Williams, 1965). A hypothetical representation of PAW for
the studied field was produced from a linear regression function with clay content from
another site located in Corrigin, Western Australia (r = 0.77, n = 205, P-value <0.001,
D. Murphy, unpublished data, Eq. 5.1).

PAW = 0.113x – 0.168

(5.1)

where PAW, plant-available water content (v/v)

x, Log10 (clay, dag/kg)
In applying Equation 5.1, the following values for x was defined. For the ‘soil map’, x,
was the average clay content from 3 field measurements in each soil series (E. Griffin,
pers. comm.). For the ‘radiometric’ map, x was a field validated clay content map
derived from radiometric data (Chapter 3). This latter map was first corrected for an
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overestimation of clay in the gravelly sand. The correction was a regression function
with gravimetric gravel content in samples with > 5 % gravel.

5.3.4 Plant available water capacity (PAWc) and rooting depth
sensitivity analysis
PAWc was estimated from PAW by correcting for gravel content (soil volume) and
multiplying by the wheat rooting depth (see below). The PAW and gravel volume
assumptions for each scenario are given in Table 5.2.

Table 5.2: Plant-available water (PAW) and soil volume for each N management
zone from different sources of information.
Source of
inputs a

Zone
location

PAW
cm3/cm
3

Soil volume
cm3/cm3

‘Rainfall’

-

-

-

‘Soil map’

North

0.101

1.000

South

0.058

0.985

North

0.089b

1.000

Central

0.079b

0.860

South

0.051b

1.000

‘Radiometric’

a

See Table 5.1

b

Average results

The rooting depth and soil volume for the ‘soil map’ were determined from the regional
soil data base (N. Schoknecht, pers. comm.). The rooting depths were 80 cm for the
loam and 150 cm for the deep sand. These values were within the ranges of expected
rooting depths for these soil types, with hardpans expected within the loam soils
(Rogers, 1996). Five percent of the deep sand unit contained a soil with 30 % gravel and
the loamy soils generally do not contain gravel.
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The rooting depth for the ‘radiometric’ data was an unknown parameter. A sensitivity
analysis covered three representations. These were ‘deep’, ‘shallow’ and a
‘combination’. The ‘deep’ field was a uniform 150 cm, across the whole field,
characteristic of deep sands expected in the region and sandy loams from other sites
(Rogers, 1996; Tennant, 1976). The ‘shallow’ field was a uniform 80 cm across the
whole field, such as would be expected as a result of hardpans in the red loamy soils
(Rogers, 1996) and from the monitored wheat yield (see Section 5.3.6 below). The
rooting depth of the ‘combination’ field varied across the three management zones and
was based on the regional soil map (Rogers, 1996). A rooting depth of 80 cm was
assumed for the loamy sands and 150 cm for the sands and gravelly sands. The rooting
depth for ‘combination’ is similar to the ‘soil map’; the small difference was the
boundary between the north loamy soil and the adjacent zone (Figure 5.1).

Throughout this paper ‘shallow, ‘deep’ and ‘combination’ refer to the sensitivity
analysis described above. The PAWc representation was used as an input into the
potential yield calculation, which was an input parameter in determining the optimal Nrate. This rooting depth sensitivity analysis was therefore carried through to the
calculation of optimal N-rates.

5.3.5 Potential yield incorporating rainfall and PAWc
Potential wheat yield was limited by a) rainfall only and b) rainfall and PAWc. The
potential yield was determined by a modified French and Schultz (1984) equation that
incorporates PAWc on a monthly time step (Bowden, 1998). This model was later
termed W-Avail (B. Bowden, pers. comm.). Potential yield was generated for dry,
medium and wet growing seasons (Apr-Oct). These were defined by the 15th, 50th and
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75th percentiles from 1910 to 2002 (Yuna rainfall record), separated by a potential yield
of approximately 1000 kg/ha.

The ‘rainfall’ based potential yield, is a simple model of “effective” rainfall reaching
the crop, multiplied by a conversion factor to convert rainfall to grain yield. Effective
rainfall was determined from January to October, where effective rainfall is split into
pre-season (Jan-Mar) and growing season (Apr-Oct). During the pre-season, soil water
storage was represented as 10, 20 and 40 % of the January, February and March rainfall,
respectively. During the growing season, all the water is retained for crop growth, the
PAWc was not incorporated in the ‘rainfall’ based potential yield. The conversion rate
of 12 kg/ha/mm was used to match the maximum yield observed from the monitored
wheat yield in 1998.

The ‘soil map’ and ‘radiometric’ potential yields were determined on a monthly basis
from January to October. During the pre-season, soil water storage is the same as the
‘rainfall’ potential yield. The growing season is split into non-winter (Apr, May, Sept,
Oct) and winter (Jun-Aug). During the growing season, all the rainfall received in a
month that is less than the PAWc, is retained for crop production. During the non winter
growing period, if rainfall is greater than PAWc for a month, the effective rainfall is
equal to PAWc. During the winter period, the excess rainfall is reduced to less than the
PAWc. In such cases, the excess was multiplied by 0.3 and the effective rainfall from
the PAWc was reduced accordingly. This “penalty” during excess water conditions
represents reduced growth during waterlogged conditions. The effective rainfall to grain
yield conversion rate was 12 kg/ha/mm.

A relationship between potential yield and PAWc was established for the dry, medium
and wet year from the W-Avail modelling. The relationship was determined from
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PAWc increments of 20 mm from 20 to 200 mm. At 0 kg/ha of grain yield it was
assumed that the PAWc was equal to 0 mm. A sigmoidal model was fitted to these data
(Figure 5.2). Potential yield was mapped from these fitted regression models for each
source of PAWc information (‘soil map’ and ‘radiometric’).

5.3.6 Monitored wheat yield compared with PAW, potential yield,
and used to estimate rooting depth.
The monitored wheat yield in 1998 was available with a pixel size of 10 m. The crop
headland was manually removed and excluded from the following analysis. The data
were filtered (mean, 3 x 3 cell) and resampled to 25 m, to smooth and match the cell
size of the radiometric data. A linear relationship was assessed between the resampled
wheat yield with the PAW and potential yield from ‘radiometric’ data.

The 1998 wheat yield was also used to estimate rooting depth across the paddock. From
W-Avail modelling described above for the 1998 rainfall year, a linear model of PAWc
from potential yield was fitted (up to a potential yield of 4401 kg/ha and PAWc of 100
mm, r2 = 0.99). Using the 1998 wheat yield as the potential yield in this model, an
estimate of PAWc was predicted for the crop. This estimates the amount of water used
by the crop in 1998. Rooting depth could then be predicted from the PAWc, assuming
the PAW estimated from ‘radiometric’ based information in Equation 5.1.
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Figure 5.2: Potential yield as modeled from W-Avail, using the dry (15th
percentile), medium (50th) and wet (75th ) rainfall versus the plant-available water
capacity. A 3 parameter sigmoid curve (represented by the line) was then fitted to
the W-Avail model outputs (represented by the symbols).

5.3.7 Grain yield and N model
The grain yield and N model used throughout this paper was based on a function of
potential yield and N uptake from the first case study of models in Angus et al., (1993).
Nitrogen uptake was modeled as a function of available N and maximum N uptake
(Bowden and Burgess, 1993; Burgess et al., 1991). For a summary of the grain yield
and N response models see Adams et al., (2000).
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5.3.8 Optimal N rate by maximising gross margin
Gross margin ($GM) was defined as total revenue minus total cost in Equation 5.2.

$GM = $GY × GY − $ Nfert × Nfert − $VC

(5.2)

The constants were $GY (grain price, $/kg/ha), $Nfert (fertiliser cost, $/kg/ha) and $VC
(variable cost, $/ha). GY is the grain yield (kg/ha) and Nfert is the fertiliser rate (kg/ha)
which both varied spatially across the field (per pixel).

A N-rate was determined for each scenario of potential yield. The N-rate maximising
gross margin was determined and referred to as the optimal N rate. The grain yield and
N response models used in this paper and an assumption of maximum N uptake were
used (Adams et al., 2000; Angus et al., 1993; Bowden and Burgess, 1993; Burgess et
al., 1991). The maximum N uptake was 0.06 times the potential yield, as assumed in
Adams et al., (2000). For a given potential yield, the N rate that maximises the gross
margin (optimal N-rate) was determined by differentiating the gross margin with
respect to the fertiliser rate. This final equation was given by:

d $GM
$ Nfert
= 0 = sech 2u (2 − 3 tan u ) −
dNfert
25kfert$GY

where u =

∑k

RON

× NRON + kSON × NSON + kfert × Nfert
0.06 PY

(5.3)

(5.4)

Equation 5.3 gives the maximum return where kRON, NRON, kSON, NSON, kfert, PY, $Nfert
and $GY were all constants when solved for Nfert. The NRON, NSON and Nfert are the N
available to the crop in their respective pools or sources, residue organic N (RON),
stable organic N (SON) and fertiliser additions (fert) (Bowden and Burgess, 1993). The
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k prefix, represents the relative proportion of these N sources available for crop uptake.
These are expressed in kg/ha, as is PY, the potential yield.

Based on constants in Adams et al., (2000), the following assumptions were made: C:N
ratio of 15, kRON 0.4, kSON 0.02 and kFert 0.7 (Table 5.3). The NRON was determined by
using the average 2003 lupin yield for the field (2283 kg/ha) and assuming grain yield
from the second wheat crop. The NSON was determined by the average soil organic
carbon within the field (0.9 %, n = 8), the C:N ratio and the soil volume. The RON and
SON calculations were based on Bowden and Burgess (1993).

Equation 5.3 can not be directly solved for Nfert. However, there are several ways to
approximate the equation to 0. The Nfert for maximum return was obtained by making
the equation equal to 0 by varying Nfert using a one-variable equation solver to change
the Nfert value until the solution of 0 was approximated. The Goal Seek tool in
Microsoft Excel was used to achieve this approximated solution. Optimal N-rates were
calculated for potential yields from ‘rainfall’, ‘soil map’ and ‘radiometric’ sources.
Table 5.3: Constants used as parameters in grain yield and N response modelsa.

Quantity

Value

kson

0.02

kron

0.4

kfert

0.7

Lupin yield (kg/ha)

2283

Soil Organic Carbon (%)

0.90

Carbon : Nitrogen ratio

15

a

First grain yield model presented in Angus et al., (1993) and N response models in
Burgess et al., (1991) and Bowden and Burgess (1993).
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5.3.9 Maximum benefit of ‘radiometric’ N rate management under
optimal conditions with sensitivity analysis of rooting depth,
evaluated under different seasons
The maximum benefit in utilising radiometric data was assessed in a BCA where the
gross margin (Eq. 5.2) was calculated in $/ha for each pixel. The grain yield was
predicted from the model of N response used through this paper (first model presented
in Angus et. al., (1993)). The grain yield was calculated with a potential yield spatially
distributed by the radiometric data. The application of N per management zone was the
optimal rate previously determined for each of the three different sources of
information: ‘rainfall’, ‘soil map’ and ‘radiometric’ (Table 5.1). The benefit was
assessed relative to the ‘rainfall’ scenario. The BCA was conducted for each of the dry,
medium and wet growing seasons and three rooting depth representations (as part of the
sensitivity analysis). Perfect knowledge of monthly rainfall was assumed in each case.

This analysis represented the maximum economic benefit ($/ha) of incorporating the
‘radiometric’ scenario under optimal N management. When the N-rate and potential
yield was based on the same information, the evaluation represents the upper limit
(maximum) of $/ha benefits, under perfect information. The ‘radiometric’ N rates based
on a different rooting depth assumption to the modelled field, allowed for some
assessment of imperfect information. For example, the implication of a N-rate based on
an ‘incorrect’ rooting depth assumption.

5.3.10

Benefits of N rate scenarios under field conditions

estimated from the wheat yield monitored in 1998
From the 1998 wheat yield map potential yield over each pixel was approximated from
the grain model used through this paper (Angus et al., 1993). In 1998, N was applied
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uniformly across the field at 100 kg/ha of Urea (46 % N) and was used as the N
fertiliser input in the model (Pawelski, pers. comm.). Model constants in Table 5.3 and
a soil volume of 1 cm3/cm3 were assumed. Optimal N rates previously determined from
‘rainfall’, ‘soil map’ and ‘radiometrics’ were used to predict grain yield, assuming the
potential yield was estimated from the 1998 wheat yield map. The N-rates from the
growing season (dry, medium or wet) most representative of the 1998 season were used.
Gross margins were then estimated for each of the scenarios in that season.

5.3.11

Costs assumed in gross margin calculations

The gross margin ($/ha) was calculated from the assumption of prices outlined in Table
5.4. Grain price ($GY) was determined from generalised prices of wheat in the region
from the Australian Wheat Board minus the estimated freight and port costs. The cost of
$Nfert was based on the current price of urea (assuming 46% N in urea) (I. Maling pers.
comm.). The variable cost excluded N but included other fertilizers, seed, spray,
machinery, operating, labour and insurance from approximate regional figures of the
Western Australian Department of Agriculture and Food. The variable cost attributed to
‘radiometric’ zone management included the cost of the radiometric survey and the soil
sampling averaged over the whole farm (43 km2). The ‘rainfall’ and ‘soil map’
information was assumed to have been collected at no cost.

The ‘radiometric’ cost assumed that a farmer commissioned an airborne radiometric and
magnetic survey over the farm and collected the soil samples. All costs were estimated
on a $/ha basis. The price of the radiometric survey was based on commercial quotes
over the last 5 years and current estimates for a 100 m line spaced survey over 4300 ha
(436 line km) (D. Abbott, B. Johnson, K. McKenna, pers. comm.). The price of the
survey included a mobilization cost of $2000. The 50 soil samples were based on the
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calibration of clay content to radiometrics (Chapter 3). These samples were priced at
$30/sample (D. Allen, pers. comm.). A linear depreciation of the survey and clay
information was set over 5 years. The overall cost of the radiometric and soil survey
was $1/ha over the 5 years (Table 5.4).

Table 5.4: Prices used in benefit cost analysis

Quantity

Price

Grain ($/kg)

0.15

N fertiliser ($/kg)

1.20

Variable cost for ‘rainfall’ and ‘soil map’ a ($/ha)

130

Variable cost for ‘radiometric zones’a ($/ha)

131

Radiometric survey b ($/ha)

0.60

Clay analysis b ($/ha)

0.40

a

excluding N

b

cost determined over 5 years and included in the price of ‘Variable cost for
‘radiometric zones’’ ($/ha)”

5.4 Results
5.4.1 PAW and PAWc from ‘soil map’ and ‘radiometric’ data
The average PAW based on ‘radiometric’ data was 0.080 cm3/cm3 (Table 5.2). This
compared well to the PAW using the ‘soil map’ at an area weighted average of 0.079
cm3/cm3. Both sources of soil information showed that PAW was higher in the red
loamy soils. This trend was therefore reflected in the PAWc when a uniform rooting
depth was assumed. In contrast, when the ‘combination’ of rooting depths was used, the
highest value was located in the yellow sand for the ‘soil map’ (85.9 mm) and in the
gravelly sand for the ‘radiometric’ zones (82.3 mm) (Table 5.5).
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The estimated PAW values from ‘radiometric’ data were related to the monitored wheat
yield in 1998. The exception was 1% of data located at a PAW of 0.09 to 0.11 cm3/cm3.
These outliers were all located in the north-western corner of the field with lower wheat
yields than expected from the PAW (< 1500 kg/ha). These low yields were observed by
the grower in an area of prolonged waterlogging in wet years (Pawelski, pers. comm.).
In the remaining 99 % of data the estimated PAW distributed by the radiometric data
represented 69 % of the variance in the 1998 wheat yield map (Figure 5.3a).

The PAWc from similar information sources, the ‘soil map’ and ‘radiometric’ zones
with similar rooting depth compared well with an average difference of 8 mm. The
average PAWc for the ‘radiometric’ field with increasing rooting depth was 61.6 mm,
75.8 mm and 115.4 mm (Table 5.5). The coefficient of variation in PAWc was largest
with uniform rooting depth at 22 % compared to 11 %.

5.4.2 Potential yield from ‘rainfall’, ‘soil map’ and ‘radiometric’ data
The potential yield (for three growing seasons) from ‘rainfall’ was 2517 kg/ha (dry),
3479 kg/ha (medium) and 4603 kg/ha (wet) (Table 5.5). The relationship between
potential yield and PAWc for each season modeled in W-Avail is presented in Figure
5.2. The relationship approximates a non-linear regression function where the potential
yield is proportional to PAWc until a limit is approached at a plateau (or asymptote).
Potential yield is limited by PAWc in the linear relationship part of the regression
function. The positive linear relationships were approximated from 20 mm to 25 mm for
the dry, 20 to 53 mm for the medium, and 20 to 45 mm for the wet growing season. The
linear relationship with the largest range in PAWc was the medium season.
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Table 5.5: Plant-available water capacity (PAWc), rooting depth, potential yield and optimal N rates from different sources of information.
Source of
inputs

a

No.

Zone

Rooting

of

location Depth

zones

PAWc
mm

Dry growing season
%

Potential yield
b

cm

Medium growing season

Optimal N
b

Potential yield
b

Wet growing season

Optimal N
b

Potential yield
b

Optimal N
b

CV

kg/ha

%CV

kg/ha

%CV

kg/ha

%CV

kg/ha

%CV

kg/ha

%CV

kg/ha %CVb

‘Rainfall’

1

-

-

-

-

2517

-

44

-

3479

-

86

-

4603

-

135

-

‘Soil map’

2

North

80

81.2

-

2508

-

44

-

3260

-

76

-

4475

-

130

-

150

85.9

-

2508

-

44

-

3312

-

79

-

4508

-

132

-

80

71.6

13

2507

0

44

0

3069

6

68

12

4327

3

123

5

Central 80

54.4

5

2503

0

53

0

2576

4

53

9

3883

3

110

4

c

80

41.0

11

2442

2

41

4

1900

14

17

66

3056

11

68

22

150

134.2

13

2508

0

44

0

3445

0

85

1

4578

0

134

0

Central 150

102.1

5

2508

0

50

0

3402

0

89

1

4558

0

139

0

150

76.9

12

2508

0

44

0

3174

4

73

7

4411

2

127

3

80

72.1

12

2508

0

44

0

3087

5

69

10

4343

3

124

5

Central 150

82.3

5

2508

0

50

0

3270

1

83

2

4481

1

136

1

c

150

76.3

9

2508

0

44

0

3175

3

73

6

4413

2

127

3

South
‘Radiometric’ 3

North

c
c

South
3

Northc
c

South
3

North

c

c
c

South
‘Radiometric’ N/A

-

80

61.6

22

2495

1

45

7

2734

17

55

36

3990

12

110

19

- field

-

150

115.4

22

2508

0

45

6

3388

3

84

7

4545

2

135

3

statistics c
N/A 80, 150d 75.8
11
2508
0
45
6
3156
See Table 5.1 for an explanation of labels
b
Coefficient of variation
c
Average results reported except for the rooting depth (which is uniform per zone or field)
d
Rooting depths located in the same area as the 3 zone scenario with 80 and 150 cm rooting depths

5

74

11

4395

3

128

5

a

N/A
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Figure 5.3: Wheat yield monitored in a wet year (1998, 79th percentile growing
season) versus parameters distributed by radiometric data: a) plant available
water from pedo-transfer functions b) potential yield determined for a wet year
(75th percentile). Potential yield modeled by W-Avail incorporating rainfall and
plant available water capacity (assuming an 80 cm rooting depth).
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The constant potential yield (at the asymptote) in Figure 5.2 represents the potential
yield where only rainfall is limiting. From the equations in Figure 5.2, the asymptotes
were evident at a potential yield of 2508 kg/ha (dry), 3456 kg/ha (medium) and 4582
kg/ha (wet). These values were slightly lower than the corresponding ‘rainfall’ potential
yields, by 9 kg/ha (dry), 23 kg/ha (medium) and 21 kg/ha (wet) (Table 5.5).

The potential yield for the dry growing season approached the asymptote from a PAWc
of approximately 50 mm (Figure 5.2). The dry season was therefore mostly limited by
rainfall with a constant potential yield over the majority of the PAWc modeled. The
potential yields for the medium and wet growing seasons approached the asymptote
from a PAWc of approximately 100 mm (Figure 5.2). The PAWc for the ‘radiometric’
field assuming the ‘shallow’ rooting depth, ranged from 35 to 106 mm. Potential yield
was therefore limited by PAWc in the ‘shallow’ depth representation. In contrast, the
PAWc assuming the ‘deeper’ rooting depth ranged from 66 to 200 mm, corresponding
to the change in slope and constant potential yield in the non-linear regression model
(Figure 5.2).

The sensitivity of potential yield to low PAWc was evident in the statistics across the
different soil moisture availability scenarios, as represented by the rooting depth
analysis of the radiometric based data (Table 5.5). The largest variation in potential
yield was evident in the ‘radiometric’ field with ‘shallow’ rooting depth. For example,
in the medium growing season, the coefficients of variation for the ‘shallow’ field was
17 % compared to 3 % for the ‘deep’ field. This large variation was subsequently
reflected in the zone statistics. For example, the potential yield difference between the
north and south zones was 1169 kg/ha for the ‘shallow’ compared to 271 kg/ha for the
‘deep’, in the medium season.
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The most variable of the potential yield maps and therefore the most likely to benefit
from variable N application, for each season is presented in Figure 5.4 a-c. This was the
‘radiometric’ field with the ‘shallow’ profile. The medium and wet growing season
showed a high to low potential yield from the north-east to the south-west corner of the
field. The wheat yield map for 1998 shows a very similar trend (Figure 5.4 d). The 1998
year corresponds to the 79th percentile growing season rainfall year, similar to the wet
year modeled in the analysis as the 75th percentile. A scattergram of the 1998 wheat
yield map and potential yield (wet year, 80 cm rooting depth) is presented in Figure
5.3b. The linear relationship showed 73% of the variation in actual yield was
represented in the potential yield estimate (99 % of data, outliers previously mentioned).
The average wheat yield in 1998 was 2361 kg/ha. As a comparison, the potential yields
for the ‘shallow’ fields are higher by 1.1 (dry), 1.2 (medium) and 1.7 (wet) times the
grain yield from 1998 (Figure 5.4).

5.4.3 Rooting depth from monitored wheat yield in 1998
The rooting depth derived from the 1998 wheat yield map was 70 cm (coefficient of
variation, 14 %). The average predicted rooting depth from the 1998 wheat yield map is
therefore 10 cm less than the ‘shallow’ rooting depth for the ‘radiometric’ field. The
average rooting depth per zone was 67 cm (loamy sand), 67 cm (gravelly sand) and 82
cm (deep sand).
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Figure 5.4: Potential yield maps for the a) dry (15th percentile growing season
rainfall), b) medium (50th) and c) wet (75th), compared to d) monitored wheat yield
for 1998 (79th). Headlands in monitored wheat yield removed.
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5.4.4 Optimal N rates for ‘rainfall’, ‘soil map’ and ‘radiometric’
potential yields
The optimal N rate that maximizes gross margin from the different sources of potential
yield information is presented in Table 5.5. For the dry growing season, the range in
optimal N rate across the information sources was 12 kg N /ha. The most common
optimal N rate was 44 kg N/ha. For the medium and wet growing seasons, the range
was approximately 70 kg N/ha. The optimal N ranged from 17 to 89 kg N/ha for the
medium season and 68 to 139 kg N/ha for the wet season.

A comparison between the optimal N rates of ‘rainfall’ and ‘radiometric’ information
sources is described for the medium and wet growing seasons (Table 5.5). For the
medium season, the N rate using ‘rainfall’ was 86 kg N/ha. Compared to the average
rates for ‘radiometric’ fields this represents a respective decrease in N rates of 36 % (80
cm), 14 % (80, 150 cm) and 2 % (150 cm) with increasing rooting depth (in brackets).
For the wet season, the optimal N using ‘rainfall’ was 135 kg N/ha. Compared to the
average rates for ‘radiometric’ fields this represents a respective decrease in N rates of
19 % (80 cm), 5 % (80, 150 cm) and 0 % (150 cm) with increasing rooting depth (in
brackets).

The largest and smallest differences in optimal N rates across all scenarios relative to
the ‘rainfall’ scenario were outlined (Table 5.5). The largest differences were in
‘radiometric’ fields, in descending order these were: ‘shallow’ profile- medium growing
season, ‘shallow’ profile- wet growing season, and ‘combination’ profile- medium
growing season. The smallest differences in descending order were: ‘radiometric’ field
with ‘deep’ profile- wet growing season, followed by every scenario in the dry season,
and ‘radiometric’ field with ‘deep’ profile- medium growing season.
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5.4.5 Maximum benefit of ‘radiometric’ N management under
optimal conditions with sensitivity analysis of rooting depth,
evaluated under different seasons
In the first stage of estimating maximum benefits from ‘radiometric’ scenarios, the
gross margin in ‘rainfall’ N rates were tabulated (Table 5.6). In determining maximum
benefits grain yield was predicted for a field with a ‘radiometric’ potential yield (e.g.
Figure 5.4 a – c) and N-rates applied according to the information source (Table 5.5).
The gross margin for this scenario modelling using the ‘rainfall’ N- rates and a field
with a ‘shallow’ rooting depth was $158/ha (dry), $162/ha (medium) and $275/ha (wet).

Table 5.6. Gross margin for a grain yield predicted from a modelled field and N
rates based on ‘rainfall’ scenarios for three growing seasons. The potential yield of
the modelled field was based on ‘radiometric’ data. This table accompanies Figure
5.5.

Growing
season

Rooting depth
of field (cm)

Gross margin
($/ha)

Dry

80

158

80, 150

159

150

159

80

162

80, 150

212

150

233

80

275

80, 150

318

150

331

Medium

Wet
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Figure 5.5 (a-c), shows the difference in gross margin between the ‘rainfall’ and other
scenarios for the dry (a), the medium (b) and the wet (c) growing seasons. Each column
(on the x- axis) represents a different rooting depth assumption, as part of the sensitivity
analysis. The column is a stacked column comprising of individual differences for each
N-management scenario.

The most positive benefits modeled were evident in a modelled field with ‘shallow’
rooting depth, medium growing season (Figure 5.5b, x axis = 80 cm). The highest
benefit was $15 /ha or 10 % of the gross margin. Using the information in Table 5.6, the
gross margin for this scenario would become $177/ha. This zonal N-rate management
was based on the perfect information of applying an optimal N rate strategy according
to ‘radiometric’ zone management with ‘shallow’ rooting depth. When the zonal N-rate
was based on the ‘radiometric’ zones with the imperfect information of a ‘deep’ rooting
depth, where more N was applied than the optimal, the return was reduced to $4 /ha (3
% of gross margin). All returns were positive for the modeled N-rate scenarios when the
modelled field was ‘shallow’ for the medium and wet seasons (Figure 5.5b, x= 80 cm).

Negative gross margin differences were evident when the field was based on a deeper
rooting depth (Figure 5.5 a-c, x= 150 cm). The highest value was -$1 /ha (< 1% of the
gross margin) under medium growing season, perfect information and optimal Nmanagement. When the N-rate was based on the ‘radiometric’ zones with the imperfect
information of a ‘shallow’ rooting depth, where an underestimation of N was applied,
the gross margin difference increased to -$13/ha (6 % of the gross margin). All returns
were negative for the N-rates based on a field with a ‘deep’ profile (Figure 5.5 a-c, x=
150 cm).
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Figure 5.5: The gross margin difference between N rates based on ‘rainfall’ and
other information sources for a field with different rooting depths for a) dry, b)
medium and c) wet growing seasons. See Table 5.6 for gross margin of ‘rainfall’ N
rates. The difference relative to rainfall was stacked in a column for each field
modelled.
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In the dry growing season, a consistent result of -$1 (< 1% of the gross margin) was
modeled for each ‘radiometric’ zone scenario (Figure 5.5a, all rooting depths). There
was no benefit in using the cost free ‘soil map’ in the dry season, with a stacked column
that was not visible in Figure 5.5a, i.e. the difference was $0/ha.

The trends in the BCA results of the wet and the medium growing seasons were
generally consistent; however the returns and losses were greater in the medium season
(Figure 5.5). For example the most positive benefit was $15/ ha for the medium
compared to $8/ ha for the wet, or 10 % and 3 % of the respective gross margins (Figure
5.5 b & c, x= 80 cm). To further explain these trends these data were represented as
‘payoff’ curves of gross margin versus N-rate.

The ‘payoff’ curves were plotted for scenarios of ‘rainfall’ and ‘radiometric’ (shallow
rooting depth) for the wet and medium growing seasons (Figure 5.6). The distance
between the two ‘payoff’ curves within the same growing season modelled, is largest
for the medium season, a result of the large difference in potential yields estimated
between these information sources (Table 5.5, Figure 5.6). In Figure 5.6, the difference
between P1, N1 and P1, N2 is $15/ha, the same value represented in Figure 5.5 b (x =
80 cm, y= ‘radiometric’, 80 cm). This represents the maximum benefit in using the
‘radiometric’ information to determine N rates using perfect information for the
medium season, relative to ‘rainfall’. This difference was the largest of that modeled (in
Figure 5.5). In addition, as growing season rainfall or potential yield increases, the
curve near the optimal N rate broadens (Figure 5.6). For example within 5 % of the
optimal gross margin for the ‘rainfall’ payoff curves, the corresponding N-rate range
was approximately 70 kg N/ha for the medium and 95 kg N/ha for the wet growing
season. This broadening may also partly contribute to the reduced benefits in wetter
growing seasons.
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Figure 5.6: ‘Payoff’ curve of gross margin ($/ha) versus nitrogen rate (kg N/ ha)
for two information scenarios of ‘rainfall’ and ‘radiometric’ for the wet and
medium growing seasons. A rooting depth assumption of 80 cm was used for the
‘radiometric’ scenario. Optimal Nitrogen rates (N1 to N4) and expected profit (P)
from N rates for the ‘radiometric’ payoff curves (P1 and P3) were shown.
Expected maximum payoff from using ‘radiometric’ N rates, is the difference
between P1, N1 and P1, N2 for the medium season and difference between P3, N3
and P3, N4 for the wet season.
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The gross margin difference for the ‘soil map’ was compared to the ‘radiometric’
scenarios for the medium growing season, as these scenarios had the same ‘combined’
rooting depths over a similar area (Figure 5.1, Table 5.5). The results were therefore
comparable under a near perfect information scenario. The benefits in the medium
growing season were $2/ha (‘soil map’) and $1/ha (‘radiometric’) (Figure 5.5 b, x = 80
& 150 cm). The returns were low relative to the ‘rainfall’ scenario. This represents 1%
and < 1% of the gross margin, respectively. The higher benefit in the ‘soil map’
scenario was due to the zero cost of the information.

5.4.6 Benefits of N rate scenarios under field conditions estimated
from the wheat yield monitored in 1998 (wet growing season)
The potential yield determined from the 1998 grain yield map from a deterministic
model of grain yield was on average 2798 kg/ha (termed field conditions for the
purpose of this paper). As a comparison, the potential yields determined from the WAvail model (information sources in brackets) for a similar wet growing season are
higher by 1.6 (‘rainfall’) and 1.4 (‘radiometric’- shallow) times the potential yield
determined from field conditions. With higher potential yields from the W-Avail
results, the corresponding N-rates will be over fertilizing relative to the optimum
determined from field conditions.

In estimating benefits from N-rate scenarios under field conditions, grain yield was
predicted with a potential yield from the 1998 grain yield map and a N-rate from the
information source assessed in the wet growing season in Table 5.5. The gross margin
using ‘rainfall’ N-rates, showed an estimated return of $112/ha under this field
condition evaluation (Table 5.7). The gross margin of incorporating the PAWc in
‘radiometric’ N-rates with a deep profile showed no additional benefit or loss. Gross
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margins from all other scenarios were higher than the ‘rainfall’ based management. The
use of the ‘soil map’ showed a benefit of $4/ha, which was similar to the ‘radiometric’
scenario with similar ‘combination’ rooting depth at $6/ha. The highest benefit was
where ‘radiometrics’ was used with a ‘shallow’ rooting depth, which more closely
matched the rooting depth previously estimated by the 1998 wheat yield map (Section
5.4.3). In this case, the ‘radiometric’ zonal management scenario gave an additional
benefit of $31/ha. When N was applied continuously across the field (varying per
pixel), there was an additional benefit of only $1/ha, compared to the equivalent
‘radiometric’ zonal management (Table 5.7).

Table 5.7: Gross margin for a grain yield predicted from the 1998 wheat yield and
N-rates from different information sources for the wet growing season. The
potential yield of the field was based on the 1998 wheat yield.

Source of

N

Rooting

Gross

Difference

inputs a

management

Depth

Margin

relative to

cm

$/ha

‘rainfall’ ($/ha)

‘Rainfall’

Uniform

-

112

-

‘Soil map’

2 zones

80, 150

116

4

‘Radiometric’

3 zones

80

143

31

80, 150

118

6

150

112

0

80

145

33

80, 150

119

7

150

112

0

‘Radiometric’

Continuous b

a

See Table 5.1 for an explanation of labels

b

N application varied per pixel
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5.5 Discussion
5.5.1 Radiometric data used for N management
A process to improve N rate decisions by converting a radiometric map to a spatially
variable potential yield was outlined. The process involved defining PAWc from a
pedotransfer function that included clay content determined from radiometric data. The
PAWc maps were transformed to spatially variable potential yield maps using a
modified French and Schultz (1984) model. These were used to determine N-rates that
maximised the gross margin from a deterministic N-response model (Adams et al.,
2000; Angus et al., 1993). This process provided an alternative to more complex
simulation models such as APSIM, similarly used to transform a ground
electromagnetic based PAWc map to simulated grain yield (Wong and Asseng, 2006).
This approach described in this paper could also be used for other emerging soil
mapping technologies to estimate PAWc, such as ground penetrating radar to identify
rooting depth (Freeland et al., 2002) and multi-spectral data to identify clay content
(Barnes and Baker, 2000).

5.5.2 Economic benefits in estimating PAWc for N-management
The BCA evaluation of radiometric data in this paper can also be used to evaluate when
other soil sensing technologies may be useful in acquiring PAWc information for Nmanagement. For example, potential yield was limited by PAWc at approximately less
than 100 mm in the medium and wet years modeled, indicating this may be an
important threshold of when benefits in the management of PAWc are economic
(Figure 5.2). When PAWc was high greater than 100 mm, (as modeled in the ‘deep’
soil), negative returns were evident (Figure 5.5). When PAWc was less than 100 mm, as
modeled in the ‘shallow’ soil (80 cm), the gross margin benefit in using PAWc from
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different information sources (‘soil map’ and ‘radiometrics’) were positive. The
maximum benefit in using PAWc from ‘radiometric’ information was $15/ha (medium
season, 80 cm rooting depth), with an optimal N-rate application and perfect
information analysis (Figure 5.5). The benefit in incorporating the same PAWc
information for a wet year was $31/ha using a non optimal N-rate application, with
conditions approximated from the 1998 wheat yield (Table 5.7). Incorporating PAWc,
when PAWc limits grain yield, reduces the overall potential yield and predicted N
requirements. The improved gross margins were therefore a result of the costs saved by
applying less N.

Benefits in collecting PAWc information to determine N-rates from potential yield were
more likely when the PAWc was low. Examples of such soils may include a farm with
deep yellow earthy sands (26 mm), grey clay (56 mm) and sand over clay (81 mm)
(Tennant, 1976). For sites dominated by deeper soils, such as the deep loamy sands
(201 mm) (Tennant, 1976) and without any sub soil constraints, it may not be worth
collecting PAWc information to assist in estimating potential yield, since the soil’s
capacity to store water is less likely to limit a crop to yield grain (Figure 5.2).

In the dry season, spatial data of PAWc was less likely to be worth collecting due to the
constant potential yield modeled across the field (Figure 5.4). Likewise, during dry
years Wong and Asseng (2006) simulated grain yield with lower variability and
attributed this to a PAWc that was not fully utilized. The payoff function enabled a
better understanding of the benefit cost results across seasons. The gross margin plotted
against the decision variable, N rate in this case, is typically called the ‘payoff’ function
in resource economics (Figure 5.6) (Pannell, 2004). In the wet growing season
compared to the medium, a smaller difference between the gross margin was evident
between ‘rainfall’ and ‘radiometric’ (80 cm rooting depth) scenarios. This was due to a
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smaller difference in potential yields (Table 5.5, Figure 5.6). In addition, the payoff
curves broadened as potential yield or growing season rainfall increased. A flatter
payoff curve indicates a wider margin of error for decision makers (Pannell, 2004). That
is, gross margins are not dramatically reduced if input rates are not too different to the
optimum (Anderson, 1975; Pannell, 2004). For example, a N rate between 90 to 185 kg
N /ha for the wet growing season (‘rainfall’) was still within 5 % of the optimal gross
margin (Table 5.6, Figure 5.6). Broader payoff curves in the wet year are likely to have
partly contributed to the reduced benefits in using radiometric data to determine N rates,
in this type of season. The climate and seasonality of the site will therefore have
important implications on when PAWc information (like that determined by radiometric
data), will be most useful.

5.5.3 Radiometrics and rooting depth assumptions
In addition to low PAWc, radiometric data were of most benefit when soil texture was
the only variant of PAWc, that is, when rooting depth was homogeneous under the
medium or wet years (Figure 5.5). The ‘combination’ rooting depth, counteracted the
degree of variance in PAWc, therefore reducing the benefits from zonal N management
(Table 5.5, Figure 5.5). The soil texture varied from sands to sandy loams across the
whole farm (Chapter 3), a range in which PAW is expected to be proportional to soil
texture (Salter and Williams, 1965). The homogeneous rooting depth also appeared to
be a reasonable approximation of the field site due to the low variance in rooting depth
between soil types when estimated from actual yield (67 cm and 82 cm). Rooting depth
was a sensitive parameter that changed the N recommendations and therefore the
economic benefit of using radiometric data. For example, benefits were reduced from
10 to 3 % of the gross margin, when deep soils were incorrectly assumed (Figure 5.5b,
x = 80 cm). The value of radiometrics to determine N rates will vary depending upon
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the PAWc characteristics of the site and the correct estimation of PAWc values
including appropriate rooting depth estimates. If soil depth is the major variant in
PAWc, then ground penetrating radar may be more applicable in determining PAWc
(Freeland et al., 2002), however this is currently an unproven application in this
environment.

The assumption of a homogenous shallow rooting depth of 80 cm across the field which
includes deep sands is contrary to published literature on wheat rooting depth typically
reported at > 140 cm for deep sands (Hamblin et al., 1988; Tennant, 1976; Wong and
Asseng, 2006). However, the average rooting depth based on the actual yield data was
82 cm across the deep sands, suggesting 80 cm was an appropriate assumption. A lower
rooting depth may be due to other limitations in these soils, such as deep drainage
below the root zone before water and nutrients can be used by the plant (Hamblin et al.,
1988; Pracilio et al., 2003). Constraints to crop growth (such as chemical constraints eg.
high levels of salinity), can result in lower field based plant-available water than
normally expected from soil texture (Sadras et al., 2003a).

5.5.4 Potential yield modeled by PAWc and monitored wheat yield
Up to 73% of the wheat yield map variance in 1998 was represented by the
‘radiometric’ potential yield with the ‘shallow’ rooting depth for a similarly wet year
(Figure 5.3b). Estimating potential yield from ‘radiometric’ data was ideal in
approximating the variance in soil based constraints to crop growth (Figure 5.4). The
absolute potential yield estimates, as determined by the W-Avail modelling are likely to
be higher than that experienced in the field, with results of 1. 7 and 1.4 higher than the
grain yield and estimated potential yields from the 1998 wheat yield map, respectively.
Calibration of the model is further required for application in the field, including an
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investigation of the grain to yield conversion rate, influence of soil evaporation and
other factors which reduce yield such as other nutrient deficiencies, pests and diseases.

5.5.5 Modelling grain yield and PAWc
The function of grain yield against PAWc can be approximated by a linear relationship
until an asymptote is approached. This was derived from W-Avail, a modified French
and Schultz (1984) model that incorporates a monthly time step of maximum water use,
generally set to the PAWc. The asymptote may not be reached under waterlogging
conditions, where excess water reduces yield. This was observed in 1% of the field
investigated. Published results from the more complex simulation model, APSIM, also
modeled sorghum grain yield against rooting depth (representing PAWc at the site) as a
linear relationship until an asymptote was approached (Brennan et al., in press). The
non linear relationship of grain yield to PAWc is akin to the relationship of water stress
measured by leaf water potential versus PAWc in lysimeter experiments with wheat and
soybeans (Meyer and Green, 1981). At another site, the modelled wheat grain yield
against PAWc, showed a positive linear relationship between the modeled PAWc range
from 30 to 80 mm (Wong and Asseng, 2006). This range corresponded to the linear
portion of the function evident in the W-Avail based results (Figure 5.2). These studies
suggest that PAWc is an important indicator of crop stress resulting in reduced grain
yield. The significance of these results for acquiring PAWc information to improve N
decisions depends upon the magnitude of PAWc. For example, the modelling presented
in Figure 5.2, suggested that collection of such data may be cost-effective in making N
decisions where PAWc was mostly less than 100 mm (Figure 5.5, 80 cm rooting depth).

To fully assess the significance of results presented in this paper, further research into
the validation of the W-Avail model is warranted. The W-Avail model is based on the
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simple French & Schultz model commonly used across Australia (Robertson and
Kirkegaard, 2005; Sadras et al., 2003a). It has advantages over more complex models
since it requires less parameters to initiate and is simple to use for application by
agricultural consultants. However, the W-Avail model has not been field validated and
is therefore a major limitation of this study.. To overcome this limitation, field
validation and model comparisons are recommended. An example of model comparison
includes water limited yields predicted from APSIM for soil types previously field
validated, such as the 5 soil types evaluated for Western Australia (Asseng et al., 1998).

5.5.6 Benefit cost analysis limitations
The BCA included scenarios based on perfect information and optimal N-management,
with some modelling on imperfect information such as evaluations of ‘incorrect’
rooting depth assumptions and field conditions based on the 1998 wheat yield map. The
perfect information scenarios are maximum benefits for the modeled paddock under
investigation. In real decision making perfect information does not exist and optimizing
N rates may not be practical (Sadras et al., 2003b). Brennan and others (in press) have
shown the importance of knowing seasonal information in making N-decisions, in our
modelling this was assumed knowledge, in reality there is uncertainty in any form of
forecasting. For a more realistic quantification of the value of information, a second
stage of modelling within a probability-based decision making framework is highly
recommended (Anderson et al., 1977). The analysis could then incorporate probabilities
that a particular season, potential yield and PAWc will occur, along with the uncertainty
of this information. In these more realistic representations, the value of information is
often less than what is originally expected prior to the analysis (Pannell and Glenn,
2000).
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5.5.7 The calibration of PAWc to radiometric data
Should an acceptable value of information analysis result from the probability based
modelling, then the limitations in the process of transferring radiometrics to a useful
parameter outlined in this paper should also be considered. One such assumption is that
clay content is a good predictor of PAW. In many instances, the prediction of PAW
from soil texture using linear regression would not be reliable due to a large scatter
evident in the data or where relationships are not evident in heavy textured soils
(Minasny et al., 1999; van den Berg et al., 1997; Salter and Williams, 1965). Secondly,
radiometrics directly measures near surface properties (Duval et al., 1971; Taylor et al.,
2002); therefore it was assumed that the near surface was representative of PAW at
depth. Such an assumption is not realistic for texture-contrast soils. In addition, PAWc
is the parameter of interest, rooting depth therefore needs to be assumed or measured.
Collecting field-based PAWc is recommended to address these assumptions,
uncertainties and to integrate the effect of other soil based constraints on PAWc (Sadras
et al., 2003a).

Such field based data acquired across representative soil types would create a base-line
data set for direct calibration so that a continuous representation of PAWc can be
produced from cheap radiometric measurements. However, minimal calibration samples
would be required based on the conclusion from a study of heterogeneous soil hydraulic
properties, where collecting many, low-cost and less precise measurements were more
efficient than few, costly and more precise measurements (Minasny and McBratney,
2002). Acquired at the farm scale the radiometric information is a relatively cheap data
source at $1/ha (using the information in 5 years and including some soil calibration,
Figure 3.4, Table 5.4).
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5.6 Conclusion
This paper outlined a process to improve N decision making by converting radiometric
data to a useful management decision parameter for dryland wheat production. The
process is applicable to other soil sensing technologies that have the capability to
represent PAWc, that is soil texture and/or rooting depth. Radiometrics is able to
represent soil texture and potential yield spatially. Collecting radiometric data is of most
value where rooting depth is relatively homogeneous, soil texture is variable and PAWc
is low. The type of growing season also impacts on the benefit in using this information,
where the benefit was greatest in a medium growing season (for a site experiencing on
average 350 mm of annual rainfall) under optimum N-rate fertilisation conditions. The
use of radiometric data to estimate PAWc for N-management has the potential to
increase gross margins and is worth further investigation.
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Chapter 6
Summary and general discussion
6.1 Introduction
Radiometric data provides improved soil information to agricultural managers and
scientists. Farm managers are now able to understand biomass and yield maps by taking
into account the variation attributed to soil properties. Scientists through simulation
modelling can use calibrated radiometric data to understand the implications of soil
variation through changes in climate. In both cases, radiometrics increases the spatial
resolution of soil information compared to alternatives, such as low resolution regional
soil maps or more expensive field-based studies.

A considerable challenge identified from the precision agriculture literature was to find
a mapping technology that measures farm scale variation in soil properties, is cost
effective to acquire, and improves the overall management of farms (Chapter 1). This
requirement was partly met by the analysis of radiometric data which provided detail on
the farm scale variation of soil and plant properties of interest to agriculture.

In dryland farming systems soil properties of interest include those related to PAWc,
such as soil texture and soil depth (Chapters 3, 4 & 5), and soil fertility, such as soil K
and N requirements (Chapter 3, 5). Results from this thesis demonstrated the association
between such properties and radiometric data (Chapter 3, 4 & 5). Airborne radiometrics
acquired at the farm scale, along with appropriate on-ground soil calibration, is also a
relatively cheap source of information at $1/ha (Table 5.4). However, the ultimate
assessment in the utility of radiometrics to agriculture is the cost-effective improvement
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in farm management. For example, establishing woody cropping systems is a capital
intensive operation and radiometrics provided data which was likely to improve the
efficiency in the selection of sites (Chapter 4). Similarly, the utility of radiometrics in
assisting N fertiliser input decisions was also demonstrated (Chapter 5).

This thesis has thus met the original challenge identified in the precision agriculture
literature (Chapter 1). This has been elaborated by summarising the specific research
and contributions to knowledge for each research chapter (Chapter 6.2 below). The
broader contribution to agriculture was then discussed within the limitations of the
research (Chapter 6.3). Major priorities for future research were then highlighted
(Chapter 6.4).

6.2 Summary of research and contribution to knowledge
6.2.1 Mapping soil properties at farm scale using radiometrics
The major aim of Chapter 3 was to investigate the short range variation of soil
properties that can be predicted from radiometric data. This involved the acquisition of
airborne radiometric data at the farm scale, the development of several prediction
models developed from a relatively small calibration data set and testing of the mapped
predictions against an independent data set. The discussion specifically evaluated the
utility of radiometric data in soil property prediction. The analysis began with an
exploratory data analysis of soil properties typically analysed for fertiliser
recommendations and particle size across two farms. One test-site, the Summerset farm,
had a sufficient range in soil properties to allow calibration and warranted further
investigation.
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Chapter 3 contributed to knowledge by testing the soil property maps predicted from
airborne radiometric data acquired at the farm scale. The combination of appropriate
acquisition parameters for farm scale mapping and robust testing of farm scale soil
property predictions was not evident in the current published literature (Chapter 2).
Chapter 3 built upon the existing theory of the relationships between radiometric data
and soil properties such as soil texture and plant-available K (bic-K). For example, the
quantitative results from Chapter 3 showed that radiometric data were associated with >
70 % of the variance in clay and bic-K contents. These results were similar to other
findings elsewhere in other terrains (Wong and Harper, 1999; Taylor et al., 2002). The
test data indicated that up to 66 % of the variation in clay content and 60 % of the
variation in bic-K could be predicted. The lowest overall map errors (RMSE) were 2.4
dag/kg clay and 103 mg/kg of bic-K contents. Airborne radiometrics acquired at farm
scale resolution can therefore reliably map clay and bic-K contents in a weathered
sedimentary terrain of kaolin clay origin.

6.2.2 Site selection of woody crops using radiometrics
A major aim of Chapter 4 was to investigate the applicability of radiometrics to the site
selection of deep rooted woody crops where soil depth was expected to be a major
factor limiting crop growth. The assessment included an investigation of tree height,
sub-surface features and several mapping tools. Tree height was used as an easily
obtained surrogate for the biomass of the woody crop (Eucalyptus polybractea).
Regolith features such as soil depth were sampled to gain an understanding of crop
growth. Tree height classes were modelled with radiometric, other geophysical and
topographic data using the regression tree method. Tree height was best represented by
radiometrics and topographic data. This model represented 76 % of the variation in tree
height (Figure 4.4a). Two of the three tree height classes were associated with shallow
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soil depths, this being a major factor influencing tree growth (Figure 4.4b). The lack of
depth penetration by radiometrics or topography was compensated by the prediction of
near surface regolith properties associated with properties at depth relevant to plant
growth. In such a situation, radiometrics and topography provides a useful approach for
the site selection of deep rooted plants.

Chapter 4 showed radiometric data was particularly useful for identifying regolith
controls on woody crop growth. This is contrary to expectations that depth resolution is
a major limitation of radiometrics (Chapter 2). Tree height was related to soil depth
which was in turn represented by landforms as mapped by radiometric and topographic
data (Chapter 4). The new knowledge created a new application of radiometric data.
Where surface soil properties were indicative of subsurface features, radiometric data
could be used to infer the productivity of deep rooted plants. This information could
assist in identifying suitable landscape locations for planting deep rooted perennial
vegetation.

6.2.3 Nitrogen fertiliser decisions made with radiometric data
A major aim of Chapter 5 was to assess the economic benefit of incorporating
radiometric information in the N fertiliser management of a wheat crop. The study
contributed to knowledge with a methodology outlined to incorporate this type of
spatial information for N management. The clay content map from Chapter 3 was
combined with a pedotransfer function to develop estimates of PAWc. This was an
input to a simple empirical/conceptual model of water-limited potential yield, which
could then be used to determine N fertiliser rates. The subsequent N-rate scenarios were
assessed in a benefit-cost analysis and compared to decisions ignoring the variation in
potential yield from PAWc that is, using only growing season rainfall to determine a
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uniform N-rate. The study was comprehensive with three representative growing
seasons, three different rooting depth assumptions and two sources of PAWc
information investigated.

The new knowledge generated in Chapter 5 was a progression from Chapter 3. Airborne
radiometrics can represent clay content at the farm scale, a soil parameter which was
expected to influence crop yield (Chapter 2 and 3). The progression was to use this
information to develop a soil parameter for crop yield models. This increased the spatial
resolution of soil parameters in crop models, therefore reducing one source of model
uncertainty. The BCA then tested some of the sensitivities of this soil parameter in the
field under investigation. This created new knowledge, by quantifying the $/ha benefit
of using radiometric data in N management, an area of research not previously
investigated (Chapter 2).

Radiometric information was of most use in the medium growing season, when soil
texture was the major variant in PAWc under a shallow rooting depth (80 cm)
assumption. In this case, the upper limit of the benefit of using radiometric information
was $15/ha (representing a 10 % increase in gross margin), assessed using perfect
information and N-rates which optimised the gross margin. Alternatively, when benefits
were evaluated under non-optimal N rate conditions approximated from field conditions
(1998 wheat yield map), the benefit in using the ‘radiometric’ (shallow rooting depth)
scenario was $31/ha.

6.2.4 Comprehensive study of thesis topic
The new knowledge summarised above represents a substantial contribution to the
utility of radiometric data for farm scale management of crops in water limited
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environments. This thesis strengthened existing knowledge by rigorously testing
predictions of soil properties from different models of radiometrics at the farm scale in
previously unstudied regolith types (Chapter 3), created new knowledge by
demonstrating that radiometrics was useful in modelling biomass (indirectly through
tree height) of a deeply rooted woody crop despite the limitation of depth penetration
from radiometric data (Chapter 4) and placed an upper limit $/ha benefit in the potential
use of radiometrics in making optimal N fertiliser rate decisions for a wheat crop across
a field in perfect information scenarios (Chapter 5).

6.3 General discussion: wider significance and limitations
The wider significance and limitations of the specific contributions to knowledge are
discussed with reference to the central themes across the research chapters. These
central themes were mapping soil constraints to plant growth, the site specific nature of
results and farm management decisions.

6.3.1 Soil constraints to plant growth as mapped by radiometrics
A major contribution to knowledge resulting from the thesis was the demonstration of
radiometric technology to map soil constraints to plant growth at an improved spatial
resolution. This was evident for both annual and perennial crops. If acquired at
sufficient resolution, the system can better account for variation in soils and therefore
the influence of soil variation on plant growth. This enabled an improved representation
of soil properties in crop modelling, therefore reducing one area of uncertainty. The
significance of these findings is further discussed below.

Observations of relationships between soil texture and radiometric data have been made
in diverse terrains in Australia, Canada and Russia (Chapter 2, Table 2.2). The large
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sampling footprint from airborne data, discussed in Chapter 2, does not limit the farm
scale application if acquired at suitable flying height and line spacing. It is likely that
other predictive models in other diverse terrains could also be developed for farm scale
applications.

Prior to the work presented in this thesis it was widely assumed that near-surface based
radiometric data would not be of value in identifying regolith constraints to the growth
of deep rooted crops due to limited depth resolution. This thesis showed that in fact,
radiometrics is useful when the mapped near surface properties are correlated with
critical soil properties within the root zone, such as soil depth (Chapter 4). In such
cases, other data such as topography may improve predictions (Chapter 4). The use of
regolith indicators to identify critical plant properties is akin to sampling indicator
minerals to identify diamond and gold prospects (McClenaghan, 2005). The utilisation
of radiometrics to agriculture is likely to be enhanced by those with an understanding of
regolith and soil development, in order to assess whether surface soil properties are
indicative of the critical properties at depth. It is expected that sub-surface
measurements will still be required to calibrate or validate the models developed with
perennial plants. The wider implication of this research finding was the increased utility
of radiometric data, where it may not have been previously considered for the
management of deep rooted perennial plants.

Soil constraints to plant growth, as mapped by radiometrics were investigated in this
thesis. In Chapter 4, the tree height of E. polybractea (a suitable surrogate for biomass)
was associated with radiometric data as an indirect indicator of soil depth. In Chapter 5,
potential wheat yield was conceptually modelled with PAWc and rainfall as parameters.
PAWc was represented by a pedotransfer function with clay content (Chapter 5), as clay
content could be derived from radiometric data (Chapter 3). In the two crops
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investigated, radiometric based models represented greater than 70 % of the variation in
the plant parameters investigated (tree height and 1998 wheat yield, Figure 4.2 and 5.3,
respectively). This supports the results by Adams et al., (1998) which showed that
variation in wheat yield was associated with parameters that included radiometric data.
Radiometrics can therefore capture some important components that contribute to the
influence of soil variation on annual and perennial crop production. Many other studies
have shown the sensitivity of crops to soil properties (Delin and Burglund, 2005; Shukla
et al., 2004; Cooper et al., 2005; Moore and Tyndale-Biscoe, 1999; Ryan et al., 2002).
Identifying these properties via correlation with radiometric data will therefore be of
value in site specific management. Radiometric is a cost effective technology which
increased the spatial resolution of mapping soil constraints to crop growth. This is
significant, as it meets the needs evident in the precision agriculture literature (Chapter
1 & 2).

The increased resolution in mapping soil constraints to crop growth reduces the
uncertainty in representing soil property distributions across a field. This improved field
representation was incorporated into a crop model and BCA in Chapter 5, confirming
radiometrics was of value in determining N-management strategies by producing
positive $/ha benefits of up to 29% of the gross margin (Table 5.7). This supports the
conclusion from a regional BCA assessment of radiometrics for natural resource
management, where radiometrics was also of positive value (George et al., 2000).

Many radiometric based studies with potential application to agriculture or forestry
were focused on soil mapping (Cook et al., 1996; McKenzie and Ryan, 1999; Ryan et
al., 2000; Taylor et al., 2002). Where crop production was investigated, radiometrics
was used as another set of soil parameters without an evaluation of what the data were
representing (Adams et al., 1998). Other more established soil mapping technologies in
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agriculture, such as ground electromagnetics (EM) has moved beyond soil mapping to
applications in crop productivity with an understanding of the mapping technology
(Kitchen et al., 2003; Kitchen et al., 1999). An example where an understanding of the
mapping technology was important in the appropriate application to plant industries,
was the application of EM to vineyards, with a recognition of mapped artefacts from
vineyard trellising systems with closely spaced steel posts (Lamb et al., 2005). The
body of work presented in this thesis is significant as it integrates relationships between
crop productivity and soil properties to radiometrics, with a good understanding of the
radiometric technology. One example is the undertaking of surveys in dry conditions, to
minimise the attenuation of the radiometric signal in wet soils.

6.3.2 Importance of the site to the utility of radiometrics
The empirical models of soil or plant properties derived from radiometric data are
regolith specific (Chapter 3 & 4), because the concentrations of detectable radiometric
elements are related to a number of near surface regolith properties (Chapter 2 & 3).
This research has provided insight into the regolith properties which can support the
calibration of clay content and Bic-K with radiometric data. For example, cation
adsorption properties such as clay mineralogy, is an important regolith property, where
different but comparable models of bic- K were evident with γ K (Wong and Harper,
1999; Figure 3.2). These models had varying degrees of predictability. However,
specific adsorption forces such as those found in iron oxides, and the abundance and
composition of primary minerals of the soil significantly reduced the capacity of
radiometrics to predict clay content using linear regression (Appendix 3, Table 3.1). In
general, empirical models are not universally accurate as they may perform poorly
outside the calibration area (Heuvelink, 2000). This is especially so, if changes in clay
mineralogy, iron oxide content and primary minerals occur outside the calibration area.
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New areas of research include evaluation of models outside the calibration area within
the same regolith type.

The empirical calibrations of Bic-K with radiometric data presented in Chapter 3 reduce
the uncertainty of such predictions in deeply weathered environments. The landscape at
Summerset differed to other published results of plant-available K (bic-K) relationships
with radiometrics (Wong and Harper, 1999). Summerset has a deeply weathered
sedimentary terrain with soil texture ranging from sand to loam with clay sized particles
likely to be kaolinitic. Illite, which is the K-bearing clay mineral, was not present,
unlike at the Wong and Harper, (1999) field site. The analysis in Chapter 3, therefore
removes uncertainty by quantifying relationships in this particular regolith type.
Relationships between bic-K and γ K do exist in deeply weathered kaolin terrains
(Chapter 3).

The complexity of the regolith is also important in determining the most appropriate
statistical method for calibration. For example, in a site with different clay types, iron
adsorption, primary minerals and/or rooting depths, it is more likely a complex model
will be required. One reason the regression tree was chosen in Chapter 4 was that the
prediction of the tree height was expected to be complex, with a piecewise linear
function between tree height and soil depth (Figure 4.2). The other reason for the
selection of a regression tree analysis was the graphical output, which assisted in the
understanding of conditional factors to crop productivity. Where factors that influence
radiometrics are relatively constant, multivariate linear regression is an appropriate
form of analysis superior or similar to results from the more complex regression tree
type models (Table 3.2).

Chapter 6. Summary and general discussion

159

6.3.3 Farm scale decisions
Management of plants using radiometrics was evaluated in this thesis at the farm and
paddock scale, with radiometric data acquired at a suitable resolution of 1:5000 or finer
(Chapter 2, 3, 4). The implication of results for the management of K and N fertiliser
for wheat crops, and the site selection of deep rooted plants are discussed below.

One particular outcome of calibrating plant available K to radiometric data particularly
Total γ K, is to provide an alternative to soil tests of plant available K. However, this
study confirmed that the technique was limited within the critical part of the plant
response function where decisions about K fertiliser are made (i.e. < 35 mg/kg) (Wong
et al., 2000; Wong and Harper, 1999). In addition, processing from the airborne data
created unrealistic negative values, creating even more uncertainty (Figure 3.2). The use
of other radiometric parameters increased the proportion of variance associated with
predicting plant available K (bic-K); however the overall RMSE map errors were high
at > 100 mg/kg. Radiometric data acquisition is not likely to replace soil K tests, with
the current technology and survey specifications used. The radiometric approach
identifies areas which may be susceptible to K deficiency within the low and noisy
Total γ K mapped.

An outcome of the clay content map derived from radiometrics was the representation
of PAWc through a pedotransfer function in order to improve the representation of
potential yield for fertiliser decisions (Chapter 3, 5). Coupled with a BCA, the study
showed that a uniformly ‘shallow’ rooted (80 cm) wheat crop in a medium growing
season produced the most benefit. However, it was not worth collecting PAWc and
hence radiometric data, when the root zone was uniformly ‘deep’ (150 cm), as the soils
capacity to store water did not limit the crop to yield for the medium and wet growing
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seasons modelled (Figures 5.2 & 5.5, Table 5.5). The study demonstrated the sensitivity
and importance of the rooting depth assumption when using radiometric data for
fertiliser management decisions.

In dry season conditions, optimal N rates were similar across the information scenarios
and there was no value in using PAWc information. With low soil moisture across all
soils in dry years, the total capacity to store water is not important in determining crop
yield. The greatest benefit was in the medium season. This was partly based on the
sensitivity of gross margins to non-optimal N-rates compared to the wet year (Figure
5.6). A conclusion that a medium type season has a greater opportunity to increase
profits by adjusting N-rates to PAWc has significant implications to the management of
dryland farms. However, when other interactions in whole-farm economic models are
incorporated the sensitivity of the gross margin to management decisions decreases
(Pannell, 2004). In addition, the case study presented was hypothetical. It has produced
interesting results that need to be further tested to fully evaluate the wider implications.

A more realistic benefit cost result is the incorporation of uncertainty of information
layers and the probability of events such as medium type growing seasons occurring.
This can be achieved through a Bayesian decision analysis (Anderson et al., 1977).
Improvements in the analysis could also incorporate soil evaporation, protein quality
and daily rainfall distribution. Research has investigated more complex models on the
sensitivity of gross margins to soil moisture storage at sowing (Robinson et al., 1999),
the influence of seasonal conditions (Sadras, 2002) and salinity effects in El Niño and
La Niña events (Rodriguez et al., 2006). However, more complex or field validated
models need to test the sensitivity of gross margins to the adaptive management of Ninputs based PAWc, in order to fully assess the utility of radiometric data in site specific
management.
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There is also a general lack of decision support systems in precision agriculture
(McBratney et al., 2005) which will tend to inhibit the utilisation of more precise forms
of soil measurements such as radiometrics. For practical farm management, simple
models such as W-Avail, are more likely to be used by farm advisors as they require
less intensive inputs. It is therefore recommended simple models are assessed in
conjunction with complex models. Precision agriculture has also been limited to single
paddock based studies (McBratney et al., 2005). The relatively cheap acquisition of
airborne radiometric data over farms can potentially overcome this limitation allowing
for the initiation of whole farm experiments and modelling exercises.

The woody crop systems, such as the E. polybractea studied in Chapter 4 are currently
marginal or unprofitable, due to sensitivities in the distance to processing facilities, low
value of biomass and low water use efficiency of these plant-based industries (Cooper
et al., 2005; Pannell and Ewing, 2006). In addition, current economic systems do not
renumerate for ecosystem services, such as reduced secondary salinity. Using
radiometrics to locate areas that increase survival and maximise growth is not likely to
make these systems profitable. Should these systems become profitable, then the
mapping may be able to fine tune the profitability during planning stages, such as
avoiding unnecessary losses as a result of water stress in regolith types identified with
shallow soil depth (Chapter 4). Recent research has highlighted capturing additional
water supplies could increase the profitability of these farming systems (Cooper et al.,
2005); identification of such areas will depend on an analysis of the digital terrain and
soil information. An area of further research is thus the utility of radiometrics in
planning drainage infrastructure to increase water supply to these woody crops (S.
Abbott, pers. com.). The direct planning implications of this research are also likely to
occur in the already profitable forestry industries in higher rainfall regions, such as the
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plantations of E. globulus where soil depth is also a major factor (Hingston et al., 1998).
However, to fully evaluate the role of radiometrics in the forestry industry, such as that
recommended for annual agriculture, a sensitivity analysis in the management of PAWc
to gross margin within bio-economic models is recommended.

Establishing relationships between plant response and radiometric data as a means of
predicting crop productivity spatially is a large area of future research, since studies in
this specific topic have been very limited. Future research should consider the
methodological approach used in this thesis and elsewhere in the refereed literature for
applying electromagnetic data (Wong and Asseng, 2006). Wong and Asseng (2006)
used a two stage approach, first calibrating PAWc to the mapping technology, followed
by the application of PAWc in a crop yield model. PAWc can be estimated by
measuring water contents in the field in dry (post harvest) and field capacity conditions
to incorporate both physical and chemical constraints (Sadras et al., 2003; Wong and
Asseng, 2006), or indirectly measuring the major factors limiting PAWc at the site, such
as clay content (Chapter 3) or soil depth (Chapter 4). The relationships between crop
productivity and PAWc can be represented by a number of models, such as empirical
field based models (Figure 4.2), empirical-conceptual models (Figure 5.2) or complex
simulation models (Wong and Asseng, 2006). A modification to this approach is the
direct relationship between crop productivity and the mapping technology, with
traditional field sampling to understand crop productivity variation (Kitchen et al.,
1999). Regardless of the methods used, further research across different crops and
environmental conditions is required to fully evaluate the utility of radiometric data to
dryland agriculture.
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6.3.4 Application over large areas and multiple benefits
Radiometrics is a tool that if acquired at the farm scale across a dryland agricultural
region could provide a valuable base data set. It is a once off measurement in a stable
soil environment. Radiometrics is more appropriate in the acquisition of soil data in
semi-arid and dryland agricultural regions than tropical and irrigated areas, as water
generally attenuates the radiometric signal (Duval et al., 1971; Grasty, 1997). The cost
of acquisition reduces with increasing survey size. For a survey covering an agricultural
region such as the Western Australia wheatbelt (154,862 km2) acquired at the farm scale
(100 m flight line spacing) the total cost of radiometric acquisition could be as low as
$0.70/ha (D.Abbott, B.Johnson, K. McKenna, pers. comm.). The acquisition of
radiometric data removes the bias from soil surveyors evident in disjointed map
products. It is an independently sourced data set which can be continually updated with
new radiometric processing techniques if acquired with 256 or 512 channel data or as
calibration models of plant and soil interactions develop. Benefits include transferring
field based research and development to like sites for scientists and consultants at a
scale not previously seen. Distinct from the possibility of increasing profits in
agriculture, other benefits include mineral exploration in rural areas, environmental
planning of engineering options, improved environmental accounting of recharge across
soil types and the reconstruction of a pre-clearing vegetation distribution to restore
biodiversity.

Chapter 6. Summary and general discussion

164

6.4 Priority recommendations for future research
The following areas of research related to the application of radiometrics to dryland
farming systems are highly recommended
•

Sensitivity analysis of bio-economic models to the adaptive management of soil
properties, such as PAWc, across seasons and sites for agricultural farms and
forestry enterprises.

•

For a more realistic assessment of $/ha benefit, a value of information analysis
based on Bayesian decision analysis, a process which incorporates uncertainty of
information layers and probabilities of soil and seasons occurring.

•

Calibration relationships with radiometric data across different regolith types (by
clay type, primary and secondary minerals) and an assessment of transferability of
relationships within regolith types.

6.5 Conclusion
Radiometric data collected at a farm scale is suitable for the site-specific management
of dryland annual wheat and perennial woody crops. The technology was particularly
applicable to climates currently experiencing semi-arid conditions with a deeply
weathered profile. The technology is suitable in defining soil texture at a precision and
scale suitable for precision agriculture. Where soil depth is a major factor affecting
growth, radiometrics in combination with parameters such as elevation may indicate
depth through association with landforms and regolith development. The calibrations
are site specific and dependant upon regolith properties. Converting radiometric data to
a useful management decision parameter, such as predicting attributes related to PAWc
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for use in plant growth and fertiliser decision models, is a step that shows great potential
and requires future research.
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Can improving soil maps
improve plant management?
Gabriella Pracilio1, Keith Smettem1 & Richard Harper2
1University

of Western Australia, 2Department of Conservation & Land Management

Vegetation Patterns
6 Spatial variation evident in vegetation (see
Figure 1) can often be related to soil properties
such as water availability & soil fertility.
6 Matching plants to site conditions can
potentially maximize survival rates of perennial
plants & minimise recharge.

Figure 1: Aerial photograph showing patterns of tree
death in a plantation, Blackwood River Catchment,
Western Australia.

Soil Patterns
Total
count
High

Low
Figure 2: Gamma ray data (total count), draped over
topography, Elashgin Catchment, WA. Low counts indicative
of low clay content & vice versa.

6 Existing soil landscape maps are at a
course scale (eg 1:100000) & not able to
capture the gradational variations in soil
properties
6 Spatial data from gamma ray
spectrometry, ground electromagnetics &
digital terrain models has the potential to
increase the resolution of soil mapping
relevant to plant growth at the farm scale
(see Figure 2).

Mapping Technology
6 Plant available water is driven by soil/rooting depth & soil texture. Surface soil texture can
be predicted by gamma ray data (Wong and Harper 1999). Shallow soil profiles on granitic
terrains can also be mapped by gamma ray data (Taylor et al. 2002).
6 In kaolinitic clays typical of the wheatbelt in Western Australia, electromagnetic response (eg
EM31) is likely to relate to soil & groundwater salinity (de Broekert 1996, Emerson 1997).
6 Soil & topography vary according to a catenary sequence, the use of terrain analysis can
improve soil mapping (Gessler et al. 1995).

Research Questions
6 Does the use of multivariate data improve soil texture & depth to impeding layer predictions?
6 Are soil landscape predictions directly related to plant growth?
6 Does the information maximise growth rates of vegetation by fine-tuning placement of species?
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Use of airborne gamma radiometric data for soil property and
crop biomass assessment
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Abstract
Airborne radiometric data can potentially provide improved assessment of spatial variation in soil
texture, soil fertility and crop biomass. However, the utility of such data to explain such variation,
varied according to the geology and soil types across three study areas. For a sedimentary, sand to
sandy loam site, radiometric data explained greater than 60% of the variance in Colwell potassium
and soil texture, and up to 74% of biomass variability (1994 NDVI in one paddock). At two other
sites, characterised by either granitic or sedimentary sand, the correlation with soil fertility and
texture was much weaker or not statistically significant. However, semi-variogram analysis
revealed matching spatial variability structure at the field-sampled density. In addition, the
radiometric data explained up to 69% of the crop biomass variability (1994 NDVI in one paddock),
at the sedimentary sand site. This was due to a strong contrast between the lateritic gravel and sand
in that particular paddock. The conclusions from this study indicate that spatial prediction of soil
texture, potassium and crop biomass using gamma radiometric data is worth further investigation.
Keywords: gamma radiometrics, crop yield variation, maps, soil texture, potassium.
Introduction
In annual dryland farming systems, crop yield is strongly associated with the availability of water
(French and Schultz, 1984). Some of the variation in crop yield is also related to soil properties
(Adams et al, 2000; Cook and Bramley, 2000). Measurement of short-range soil property variation
related to water availability at the field scale was regarded as an improvement to traditional soil
testing for fertiliser management (Cook and Bramley, 2000). The challenge is to find a technology
that maps or measures appropriate short-range variation that improves site specific yield prediction
and is cost effective to acquire. One particularly promising low cost acquisition method is gamma
radiometrics (Taylor et al, 2002).
Gamma rays are emitted as high-energy short-wavelength electromagnetic radiation, as quanta of
energy or photons (Ward, 1981). Unlike alpha and beta particles, gamma rays are detectable to
remote sensors as they travel through hundreds of meters of air (Ward, 1981). An energy spectrum
is measured by gamma-ray spectrometers typically over the 0.4 to 2.82 MeV range (8.50 to 4.74
x10-4 nm) (Ward, 1981). The total count is the integrated count over the whole spectrum measured.
Potassium, uranium, and thorium are the three major elements derived from unique (photoelectric)
peaks, measured over energy windows. Fifty percent of the observed gamma rays originates from
the top 0.10 m of dry soil and 90% from the top 0.30 m (Taylor et al, 2002).
Gamma radiometric data reflects geochemical properties through which geomorphic and
weathering processes can be interpreted (Dickson and Scott, 1997; and Wilford et al, 1997). It is
an efficient land resource assessment tool for soil types or soil landscape mapping (Cook et al,
1996). In addition, good linear relationships (r2 >70%) have been established with particular soil
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properties such as soil texture (Taylor et al, 2002; Wong and Harper, 1999) and Colwell potassium
(Wong and Harper, 1999). These studies indicate a good potential for gamma radiometric data to
be applied as a surrogate for soil property mapping. If the data is acquired at sufficient line spacing
and sensor height the potential exists to map short-range soil variation over paddocks (fields) and
farms. This could then be used to take into account some of the variation evident in crop yield.
The specific aim of this feasibility study was to investigate the potential of gamma radiometric data
to improve the understanding of short-range soil texture, fertility and crop variation of paddocks
and farms, in the northern wheatbelt, Yuna Western Australia.
Materials and methods
Three study areas were surveyed: Nolba north (160 km2), Nolba south (120 km2) and Summerset
(430 km2). These are located in Yuna, north east of Geraldton in Western Australia. A typical
rotation for the Nolba farm is wheat, lupin or wheat, barley, lupin. For the Summerset farm,
continuous wheat or wheat/pasture was common but canola, wheat and lupin have been planted
over the last five years.
The Nolba property was split into two due to a major geological boundary. The Summerset and
Nolba north study areas both occur within the sedimentary terrain (sandstone and shale regional
bedrock geology) of the Victorian Plateau (Playford et al, 1970). Nolba south occurs within granites
and migmatite terrain of the Northampton block (Playford et al, 1970).
Gamma radiometric data was acquired in February 2002. Details include 100 m line spacing, a
sensor height of 20 m, 1 second sampling (40 or 50 m) and a crystal size of 32 L (UTS, 2002). The
majority of the radiometric signal from “field of view” estimates was estimated to originate within
an oval shape along the flight line, with an approximate width of 80 m at right angles to the flight
line (Wilkes pers. comm.). The pixel size for the radiometric and Normalised Difference
Vegetation Index (NDVI) were 25 m. Crop biomass was inferred from satellite images of the NDVI.
The NDVI was standardised, that is, for each value the mean of the paddock for that year was
subtracted and then divided by the standard deviation.
A farm based soil surface (0-5 or 0-10 cm) sampling strategy covering a spectrum of radiometric
data values was conducted in April 2002. A total of 64, 37 and 50 samples was collected for Nolba
north, Nolba south and Summerset respectively. Percentage gravel content and soil textures (Day,
1965) were analysed for these samples. In addition to the farm based sample strategy described
above, some paddocks in Nolba were intensely surveyed on a regular grid with spacing of 100 m
and 25 m for a project undertaken by Curtin University, Western Australia. The number of
intensively surveyed, surface soil samples collected was 101 and 79 for Nolba north and Nolba
south, respectively. Soil laboratory analysis was undertaken on all soil samples. These include soil
texture class, soil colour, nitrate, ammonium, phosphate, potassium, sulphur, organic carbon,
reactive iron, electrical conductivity, pH (CaCl2) and pH (H20).
Negative gamma potassium values were evident for 42% of the field-sampled Nolba north data.
The negative data were most likely due to inaccurate calibration and correction procedures (UTS,
2002) and were subsequently removed from analysis. It is expected that potassium would be very
low and in some cases not detectable in such a leached potassium environment. This requires
further investigation and improvements in data processing.
Descriptive statistics and log transformation to normal distributions were applied. Scatter-grams
and Pearson correlation coefficients were used to identify if soil properties were related to the
radiometric data. The data was standardised for a comparison of experimental semi-variograms on
the same scale. The semi-variogram comparisons were generated at the field-sampled locations.
Semi-variograms were also generated from randomly sampled data (n = 50, 100, 200, 500) to
determine sample number effect on semi-variance. The biomass analysis was limited to a visual
comparison and linear regression for selected paddocks.
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Results and discussion
Linear regression comparison of soil properties across the study sites
From the initial correlation analysis of all the data, soil texture and Colwell potassium with
radiometric data were the most promising for linear prediction. Linear relationships were more
common in Summerset followed by Nolba north and Nolba south (Table 1, Figure 1a and 2a).
Geology and soil texture were two important factors in understanding the utility of radiometric data
to predict the soil properties investigated at different field sites.

Table 1. Summary of linear regression results between soil properties and biomass with gamma
radiometric data,Yuna study sites,Western Australia.

Attribute
Geology
Soil Texture
(% clay)

Colwell
Potassium
(mg/kg)

Biomass:
1994 NDVI6

Summerset

Study sites
Nolba North

Nolba South

Sedimentary
10th-90th percentile 4-12
1,2Gamma data, r2
Thorium, 0.68
3Source of gamma Adsorbed isotope
data at site
on clay particles4

Sedimentary
1-5
< 0.10
Sand

10th-90th percentile 75-350
data, r2 Potassium, 0.62
3Source of gamma Plant available
data at the site
potassium

30-80
130-270
Potassium, 0.22
Potassium, < 0.10
Potassium feldspar Potassium feldspar
in fault zone

1Gamma

Thorium, 0.69
Gravel and sand

1,2Gamma

data, r2
of gamma
data in paddock

3Source

Potassium, 0.74
Plant available
potassium

Shallow granitic
1-5
< 0.10
Primary minerals of
granitic gneiss5

Uranium, 0.15
Different granitic
gneiss rocks

1The

coefficient of determination (r2) between the gamma (radiometric) data stated and the
attribute of interest. Where no radiometric data set was stated, no linear relationship was
evident.
2The coefficient of determination (r2) between log transformed data
3From analysis of results or inferred from field visits
4Martz and de Jong, 1990
5Dickson and Scott, 1997
6Biomass for one selected paddock (field) in each location

Gamma rays relate to primary rock minerals where outcrop dominates (Wilford et al, 1997). For
example the potassium feldspar mineral within the granites would be the primary source of total
potassium in Nolba south (Table 1, Figure 2a). Correlation with radiometric data and Colwell
potassium or soil texture is therefore less likely in Nolba south (Table 1, Figure 2a). Gamma
potassium measurements represent total potassium and do not discriminate between sources, such
as plant available potassium or potassium feldspar (Wong and Harper, 1999).
Nolba north and Summerset occur in a weathered sedimentary terrain, where a large source of
primary minerals close to the surface was less probable and therefore correlation with soil texture
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or plant available potassium more likely (Table 1). However, correlation coefficients differed
greatly between these two study sites. The weak correlation in Nolba north was attributed to the
lack of variation in soil properties of interest, for example the 90th percentile for percentage clay
was only 5 (Table 1). In addition, extreme values of gamma potassium were located near the fault
of the geological contact, likely to be an altered zone with influences of sedimentary and granitic
geology. This explains the high gamma potassium values at Nolba north which do not correspond
with high Colwell potassium (Figure 2a).
Soil texture and thorium
A significant linear relationship (P< 0.001) exists with the continuous radiometric data and log clay
in Summerset (Figure 1a). A method which incorporates this secondary data, such as co-kriging
or simple kriging with locally varying mean, would be a logical next step due to the correlation
between the sparse ground data of interest and the continuous data source (Goovaerts, 1997).
A comparison of thorium and % clay experimental semi-variograms, to analyse spatial structure,
was unreliable due to insufficient data (n= 50, number of pairs ranged from 11 to 57 at a lag
distance of 150 m). This was also evident by the changes in the semi-variogram with increasing
sample size of the abundant secondary radiometric data (Figure 1b). The semi-variance stabilises
at greater than 100 data points (Figure 1b). It is therefore recommended that further data be
collected.
Colwell and gamma potassium
Prediction of Colwell potassium over the Summerset farm would be feasible due to the good
correlation with gamma potassium data (Table 1, Figure 1a). However, as above, more data needs
to be collected to be confident in representing the true spatial structure.
A review of gamma and Colwell potassium experimental semi-variograms across the two Nolba
sites was made due to greater than 200 pairs at each lag distance. This comparison surprisingly
showed good correspondence (Figure 2b and c) despite the lack of a correlation between variables
(scatter evident in Figure 2a). The semi-variograms in Nolba north indicates that the data are highly
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Figure 1. a) Linear regression plot of log % clay and log gamma thorium. b) Experimental semivariograms of log gamma thorium for 50 (- -), 100 (—), 200 (—) and 500 ( ) randomly sampled
points, lag width 350 m, Summerset farm,Yuna Western Australia.
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variable at less than 200 m, this may be due to sparse data or measurement error. Within Nolba
south, the semi-variograms match well and both data sets could be modelled easily (using a linear
with sill model) (Figure 2c). The significance of matching spatial structure between the radiometric
and soil data at the field sampled sites, where no or weak correlation exists is worth further
investigation.
Different support or sampling volume exists between the soil property and gamma radiometric
data, at an approximate diameter of 0.10 m and 80 m, respectively. The effect of such support
differences on the semi-variogram needs further investigation (Western and Bloschl, 1999). Despite
the larger sampling volume of the gamma radiometrics, the ability to cover large areas providing
a continuous representation of soil properties is an advantage for predicting variables of interest
over farms.
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Figure 2. a) Scatter plot between log Colwell potassium and log gamma potassium, at Summerset
( ), Nolba north (+) and Nolba south (∆). Linear regression (—) displayed for Summerset.
b) Semi-variance between standardised data of Colwell Potassium (— —) and gamma Potassium
(- - -), for Nolba north and
c) Nolba south; log data for all except Nolba south; lag width of 100 m; number of pairs 246730 and 193-698 for Nolba north and south, respectively.
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Figure 3.Visual comparison of i) gamma radiometric data ii) crop biomass from 1994 NDVI image
normalised for a) Nolba north paddock and b) Summerset paddock,Yuna Western Australia.
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Biomass
Despite the generally weak correlation between soil properties and radiometric data across Nolba
north, radiometric data explained up to 69% of crop biomass variability of a particular paddock
(Table 1, Figure 3a). This was due to a strong contrast between lateritic gravel and sand evident in
both data sets. The result was comparable with Summerset, where relationships explained up to
74% of the biomass variability, in this case Colwell potassium may explain the high biomass in the
high gamma potassium areas (Table 1, Figure 2a, 3b).
The percentages of biomass variance explained above and in Table 1 are expected to be maximum
values for each farm from the visual observations of other paddocks and other years. For example
where sand or granitic parent material dominate paddocks, less biomass variation was explained
by radiometric data (less than 38 and 15%, respectively). It is recommended that a quantitative
analysis be performed on all the NDVI data, in order to determine the utility of radiometric data
across the Nolba and Summerset farms. In addition, parts of paddocks perform differently
according to the year (season). Climatic information should also be included in the quantitative
analysis.
Conclusions
The conclusions from this study indicate that spatial prediction of soil texture, potassium and crop
biomass using gamma radiometric data is worth further investigation. In the sedimentary, sand to
loam site, radiometric data can be used to develop simple linear relationships to predict % clay and
Colwell potassium. Such linear relationships were less likely in the granitic and sand dominated
sites. However at these two sites, the apparent agreement between spatial variability structure
measured between laboratory and airborne radiometric measurements, indicates that such soil
property variables should be worth further investigation for spatial prediction. The initial
comparison between biomass and radiometric images indicates that field scale radiometric
properties can be used to explain biomass variation in some years and some paddocks. More
quantitative work is required to define in what seasons and what type of paddocks the radiometric
data will be most useful.
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Abstract
In the water-limited environments of southern Australia, patterns of perennial plant growth
often reflect underlying landscape properties such as plant available water in the root zone.
Decisions need to be made about appropriate perennial species and their optimal location in the
landscape according to the nature of the site. Gamma ray spectrometry (radiometrics) is a
technology with relatively new application in soil surveying. Radiometrics was used to map soil
properties at a site near Wickepin, Western Australia. Linear relationships were found between
√gravel content and radiometric counts, particularly log thorium (r = 0.63, P < 0.001). A linear
relationship with a greater degree of scatter was evident between √clay content and log total
count (r = 0.46, P < 0.001). The relationship with clay content was not as strong as those
reported at other sites. Reasons for this may include a larger range of lateritic gravel contents at
Wickepin, influencing the thorium and total count data as well as the presence of a different
geochemical environment within salinised soils. Our approach showed potential in mapping soil
properties such as surface gravels. Lateritic gravel is often indicative of deeply weathered soil
profiles important in determining soil water availability for the establishment and survival of
perennial plants.
Key Words: mapping, soil, gamma ray spectrometry, radiometrics
Introduction
The survival rates of perennial plants can often reflect underlying variations of landscape
properties (1). In water-limited environments of southern Australia, the variation in plantavailable water in the root zone is a critical factor for determining site suitability for perennial
plants. Plant-available water is dependent on the interaction between potential rooting depth and
soil texture, which can vary spatially across farms.
There are significant problems in adequately defining the distribution of soil properties critical
to the growth rates of perennial plants at a farm scale. Existing soil survey data in broad acre
farming areas of Australia are invariably only available at regional scales (1:100, 000) or
coarser. In addition, costs preclude the widespread use of field observations, field sampling and
laboratory analyses. Characterising site variation through easily-obtained surrogate methods,
such as gamma ray spectrometry (radiometrics), has the potential to provide a more cost
effective alternative than intensive spatial measurements of the soil property of interest (2).
Gamma rays are emitted as high-energy short-wavelength electromagnetic radiation, as quanta
of energy or photons (3). An energy spectrum is measured by gamma-ray spectrometers
typically over the 0.4 to 2.82 MeV range (8.50 to 4.74 x10-4 nanometres). The total count is the
integrated count over the whole spectrum measured. Potassium, uranium, and thorium are the
three major elements derived from unique (photoelectric) peaks, measured over energy
windows (3).

The concentrations of the elements detected by radiometrics reflect geomorphic and weathering
processes (4, 5). For example, potassium feldspars occur in granites, and therefore freshly
weathered granite has a high potassium signal (6). If the profile has weathered through
lateritsation, lateritic caps or gravels (ferruginous zone) are enriched with thorium and uranium
(4,6). Sandplain areas can also be readily recognised by the low signal (counts) in all elements
measured, indicative of a leached profile (6). Thorium can also become adsorbed on to clays (7)
and clay content can be mapped (8). Radiometrics has therefore been described as an efficient
land resource assessment tool for soil type and landscape mapping (6).
The majority of detectable gamma rays emanate from the top 30 cm of the soil (9) and therefore
directly relate to near-surface soil properties. This may limit the value of radiometric data in
predicting soils suitable for perennial plants. However, surface soil properties may be indicative
of underlying regolith material, particularly if data are interpreted in the context of soil
development. For example, the presence of lateritic gravels in WA granitic landscapes, is
indicative of deeply weathered profiles and is a common regional regolith landform over the
Yilgarn block (10). Within this broad unit, loamy sands to sandy loams have a large amount of
moisture available for plants and these often contain lateritic gravels (11). Such sites are
potentially ideal for perennial plant growth providing other limiting factors are not present, such
as hardpans or too much gravel, limiting the volume of soil water. Shallow granitic terrains are
generally not ideal for deeper rooted perennials due to a limited depth (ie. volume of soil water).
Lateritic gravelly profiles and shallow granitic terrains are easily distinguished from gamma
radiometric data (6, 8). It is expected that radiometric data will reduce sampling costs by
targeting sub-surface soil sampling.
In this paper, we report on the potential of radiometric data to define soil texture and lateritic
gravel contents, factors that might be important in defining the plant-available water contents of
soils.
Methods
Site location
The 200 ha study site is located 15 km north east of Wickepin, 210 km south east of Perth,
Western Australia. The area is characterized by quaternary colluvium with minor drainage,
Tertiary laterite and sandplain (12). Secondary salinity occurs within the study area as a
localised seep in a first order stream at a shallow bedrock intersection, and extensive valley
salinity occurs at the western edge of the surveyed area.
Field sampling
Surface (0-5 cm) soil samples were from a 200 x 100 m grid at 104 sites across the study site.
Laboratory analysis
Gravel (>2 mm fraction) contents were measured by sieving and expressed as a proportion by
weight (% w/w) of the total sample. The particle size distribution of the <2 mm fraction was
also analysed (13).
Ground geophysical survey
Radiometric data were collected as part of a detailed ground geophysical survey on 26 February
2002. The site was surveyed at 50 m transect spacings, sampling every 3 to 4 m for radiometric
and global positioning data. A NaI crystal, 8 L in size, was used to detect the gamma radiation
as counts per second.
Data analysis
Simple linear regressions were used to establish if the radiometric data were related to the
measured soil properties. Log10 and square root transformations were applied to the variables
with kurtosis and skewness statistics generated to identify normal distributions. Semivariograms were used to identify spatial trends and potential for mapping. The transformed data
were standardised so that the scales between correlated data sets were comparable on the semi-

variograms. Maps of gravel content and thorium were generated using kriged interpolation from
the locations of the 104 field sites.
Results and discussion
Soil texture
This relationship between soil texture and radiometric data, is mostly based on elements, such
as thorium being adsorbed onto clay particles (7, 14). Linear relationships with √clay content
were identified for log total, thorium and log uranium counts (r = 0.457-0.422, P < 0.001) at the
Wickepin study area. These correlation results were lower than those obtained at other sites,
which ranged from r = 0.69 to 0.96 (15, 8, 16). At other reported sites (16) there was no
correlation between radiometric data and clay contents, but these sites were dominated by sands
with low total radiometric counts (16).
Possible reasons for the lower correlation coefficients between soil texture and radiometrics at
Wickepin could be associated with particular characteristics of the site. Saline areas showed a
uniform total count response, even though their clay contents increase with distance into the
scald. Gravel areas (greater than 40%) corresponded with high total counts (from high thorium)
but lower than expected clay contents. The high thorium is expected in the iron oxides or the
monazite mineral present in lateritic zones (7, 4). The presence of thorium can be a result of
lateritic gravel or clay. Simple linear regression predictions of clay content are likely to be less
reliable in lateritic gravel rich areas.
From the semi-variogram comparison, the spatial distributions of the clay and thorium contents
were dissimilar between 200 to 400 m (Figure 1a). This confirms that the spatial distribution of
thorium contents is likely to be influenced by processes other than clay content.

Figure 1. Semi-variograms showing the spatial relationship a) of total count and clay
content and b) thorium and gravel content of field surface soils.

Gravel content
Linear relationships with √ gravel content were identified with logs of the thorium, total and
uranium counts and the Th:K ratio (r = 0.631 to 0.580, P < 0.001). Previous work at the
Elashgin catchment gave better correlations with the Th:K ratio than the thorium data alone (8).
This was not observed at Wickepin, where the correlation results with thorium and Th/K ratio
were comparable. The Elashgin data set had only 7 data points with more than 10% gravel (8),
in contrast the Wickepin site had 80 sites with over 10% gravel, with a range of 68% and
median of 16%. Wickepin may therefore be an ideal location to develop % gravel relationships
with radiometric data.

Figure 1 shows there is a good match over the first 400 m between the thorium and gravel
content data. Thereforem there is greater potential to map the % gravel than the % clay contents
using radiometric data at the Wickepin site (Figure 1).
A comparison of the gravel and thorium content maps is presented in Figure 2. To aid the
comparison, the thorium map (Figure 2b) was reduced to the same sampling density and
interpolation method as the gravel map. Similar spatial features are evident in both maps, such
as the high lateritic gravel contents in the southern and north-eastern parts of the survey area
(Figure 2 a, b). Figure 2c reinforces that geophysical surveys produce more detailed maps than
soil sampling can over similar sampling periods (~ 2 days for both surveys).
Despite the good visual comparison (Figure 2a, b), 60% of the variation in gravel contents can
not be explained by the thorium data alone. This may be due to inaccuracies in estimating the
gravel contents, particularly when small sample sizes are taken; or gravel other than iron stone
nodules/pisoliths were present such as from granitic outcropping regions. A classification or wet
chemistry analysis of gravel content to determine origins of gravel would further improve the
analysis. In addition, the thorium counts can be influenced by both lateritic gravel and clay
contents. For example, at one site near 564314mE, 63780180mN, the high thorium count could
be explained by gravels (21%) and higher clay contents (22%) at the surface. Clearly
differentiating between gravel and clays in the thorium data would improve the utility of
radiometric data.

Figure 2. Maps of a) percent gravel interpolated from laboratory data from soil samples
collected at the sites marked (+/•) and b) thorium contents interpolated from c) the
original thorium data from 50 m ground traverses.

Conclusions
Identifying sites that are potentially suitable for perennial plant species can improve the
performance of new farming systems based on perennials. This work investigated the capability
of radiometric data to spatially define clay and gravel content at the Wickepin site. The linear
relationship between thorium counts and clay contents was not as strong as those reported at
other sites. Possible reasons for this poorer correlation may include a larger range of gravel
contents influencing the thorium and total counts, as well as the presence of a different
geochemical environment within saline soils. Where lateritic gravel dominate sites, soil texture
maps based on simple linear relationships are therefore likely to be less reliable. Other data
partitioning or remote sensing methods may improve analysis. Our approach shows potential in
further developing the mapping of lateritic gravel content at the Wickepin site. Improvements
include a classification of gravel type in data analysis. In addition, more work is required to
quantify the likelihood of suitable sub-surface conditions for perennial plants from surface
indicators such as lateritic gravel.
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SUMMARY
Radiometrics is a successful natural resource
assessment tool; however technology captive
projects of the past need to progress to on-ground
decisions. This paper has focussed on developing a
strategy to bridge this gap. The data to decision
strategy involves a four stage process. (1) Be
aware of the strengths and limitations of the
technology; (2) match the data to the application,
(3) target research with an application focus; and
(4) evaluate the value of the geophysical
information in decision making. This approach was
used to bridge the gap between the gamma
radiometric technology and ‘on-ground’ decisions
in plant based industries.

benefit), (3) research with the aim to match the
technology to the application; and (4) finally evaluate
the value of the information in a decision making
framework. This strategy is expected to be relevant
to matching new or old technologies with unrealised
applications in industries (see Figure 1).

Key words: decision making, radiometrics, soil
mapping, precision agriculture, agroforestry.
INTRODUCTION
The use of geophysics (for example gamma
radiometrics, electromagnetic and magnetics) in the
1990’s has progressed from technology evaluation to
acceptance as a natural resource assessment tool
(George et al., 1998; George and Woodgate, 2002).
Throughout this time there have been improvements
in data mining (Anderson-Mayes, 2002) and
interpretations to aid farm planners make decisions
(Street et al., 2002). However studies in the past have
not been evaluated in a decision making framework,
partly due to the initial emphasis on technology
evaluation.
This paper addresses this lack of analysis and
develops a strategy to go from data to decision
making. We identify a. four step process and use this
to bridge the gap between an existing geophysical
technology, airborne gamma ray spectrometry
(radiometrics), towards a potentially new application
in plant based industries.

Figure 1. Strategy to extract information from
data to decisions.
Data capabilities
It is important to be aware of the strengths and
limitations of the technology and data before it can be
successfully applied. For example it is important to
know what the technology can measure, and under
what conditions and sampling configurations.

DATA TO DECISION STRATEGY
The data to decision strategy involved is a four stage
process as follows: (1) Be aware of the strengths and
limitations of the technology and data; (2) match the
technology to the needs of the application with a
positive outcome (such as profit or environmental
AESC2006, Melbourne, Australia.

Radiometric based data outputs include ground
concentrations of potassium, thorium and uranium.
These reflect geochemical, geomorphic and
weathering processes important for understanding and
mapping soils (Bierwirth et al., 1996; Dickson and
Scott, 1997; and Wilford et al., 1997). Radiometrics is
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a soil mapping tool that has been applied efficiently at
catchment and regional scales for soil type or soil
landscape mapping in Australia (Cook et al., 1996;
Slater, 1997; Street et al., 1998; Pracilio et al., 1998).
Fifty percent of the observed gamma rays originate
from the top 0.10 m of dry soil and 90% from the top
0.30 m (Duval et al. 1971). Wet soils attenuate the
signal so the technology is suited in dry arid areas or
dry seasons. If acquired at sufficient line spacing (~
100 m) and flying height (20 – 40 m), the potential
exists to acquire short-range variation over paddocks
and farms that are indicative of soil forming processes
and soil parent material. A further advantage of
radiometrics is the objective nature of the data. Once
interpretation or models of soil properties are
implemented using radiometric data, the data can be
revisited in time and models updated when new
knowledge is acquired. The gamma radiometric data
is therefore a suitable technology for soil mapping in
dry areas.

soil surveys are extremely expensive and time
consuming to perform. Radiometric data has the
potential to reduce such input costs.

In addition to soil mapping capabilities of
radiometrics, it has the potential to provide a more
cost-effective alternative than actually measuring the
soil property of interest (McKenzie and Ryan, 1999).
Radiometrics had the highest perceived land
management benefit at the catchment scale through a
soil map when compared to other geophysical based
products (George et al., 1998, 2000).

A decision problem occurs when you are unsure of
the consequences given various options you can take
(Anderson et al., 1977). The acquisition of additional
information should aim to reduce the uncertainty in
decision making. If the information supplied by the
radiometric data improves profits or environmental
outcomes, then radiometric data is likely to be worth
collecting.

Matching the technology to the application
outcome

Decisions at the farm scale include those made in a
precision agriculture and salinity management
context. For example defining potential yield zones
based on radiometric data for precision agriculture
may reduce the uncertainty in defining water and
nutrient availability. Once potential yield zones have
been identified, soil sampling and inputs can be
tailored accordingly for each potential yield zone.
Identifying areas where the best perennial plant
growth is important for environmental outcomes of
farms. Using radiometrics to identify such locations
may reduce the uncertainty in where the plants are
likely to grow well, so that plants are matched to site
conditions.

The application chosen was plant based present and
future agricultural systems. The positive outcome in
such applications can be for profit and/or
environmental benefits. For example in the profit
example, it is the harvesting of the plants that will
return money to the farming enterprise. In the
environmental example, it is the use of water by the
perennial plants that will use water to reduce water
tables for salinity management.
Gamma radiometrics is expected to be of value in
plant-based industries, as soils influence the growth of
plants. For example, the spatial variability, of soil and
hydrological properties in the landscape, is reflected
in the distribution of vegetation in natural ecosystems
(Beard, 1982), yields of annual crops (Adams et al.,
1998) and survival rates of perennial plants (Ryan et
al., 2002). Site characterisation is therefore important
in understanding the management of these systems.
Radiometric data can be important for identifying
areas deficient in water which may relate to plant
growth. For the growth of native, perennial and
annual plants in semi-arid areas such as south
Western Australia, a major limitation is water
availability. Soil texture is related to water retention
and is therefore an important soil site factor for plant
growth Wong and Harper, (1999). Linear
relationships with specific soil properties such as clay
content by Wong and Harper, (1999) and soil texture
by Taylor et al., (2002) explained greater than 70% of
the variance using gamma radiometric data across two
environments in south Western Australia. Traditional

Targeted research
Once the capabilities of the technology are matched
with an outcome of the application, then targeted
research can proceed. For example plant based
management occurs at the farm scale and a major gap
in knowledge in 2003 was the lack of the farm scale
mapping with gamma radiometrics. Soil properties
directly related to plant functions such as water and
fertility at the farm scale were investigated at Yuna
Western Australia (Pracilio et al, in press). Soil
related to perennial growth was also investigated with
ground geophysics at a hill slope scale in Kalannie
Western Australia (Pracilio et al, in review).
Risky decisions

Geophysical data has been used to aid farm planners
make farm scale decisions however a formal
assessment of the decisions made have not been
evaluated (Street et al., 2002). A formal assessment of
geophysical products through the National Airborne
Geophysics Project (NAGP) was carried out through
a Benefit Cost Analysis, however this study did not
formally evaluate farm based management decisions
(George et al., 2000). There is therefore a need to
bridge this gap in knowledge by formally assessing
the value of information of geophysical data in
making decisions at the farm scale.
Feedback
Feedback is important to the four step strategy of
application, data, research and decision (Figure 1).
For example research may identify limitations in the
technology that may lead to research in the
acquisition technology and lead to new data
capabilities. Decisions evaluated today may also need
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to be revisited in the future when new research
reduces the uncertainty in assumptions made during
the decision framework analysis.

CONCLUSIONS
A four step strategy was outlined to bridge the gap
between technology and on ground decisions. This
was based on the application needs, the capabilities of
the technology, targeting research to match the
application and the evaluation of the technology in a
decision making framework. Gamma radiometric data
can provide continuous coverage of soil properties at
comparatively low cost and offer great potential to
enhance understanding of the distribution of materials
at scales of interest to farm managers. The data
provided by the radiometrics is likely to be related to
plant growth, which is the economic output of farms
and a major water user in the environment for
balancing the hydrology for positive environmental
outcomes. There is now a need to evaluate
radiometrics in terms of a decision making
framework, to identify if the data is worth collecting
for plant based industries.
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