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Cuar. XIX.
Of Differences berween the Old and the New Husbandry,

N order to make a Comparifon between the Hoing Husbandry,and the
I 0id Way, there are four Things ; whereof the Differences ought to be

very well confidered.

1. The Expence
TI. The Goodnefs E of a Crop.
II1. The Certainty
IV. The Condition in which the Land is left after a Crop.

frontispiece: A facsimilie from Jethro Tull, (1733). The New Horse Hoeing Husbandry: or, an
Essay on the Principles of Tillage and Vegetation. Wherin is Shewn, a Method of Introducing a
Sort of Vineyard-Culture into the Corn-Fields, in Order to Increase their Product and Diminish
the Common Expence, by the Use of Instruments lately Invented.
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"Naturam expellas furca
tamen usque recurret”

(You may pitchfork nature out but back she will come again)

Quintas Horatius Flaccus (65 B.C. - 8 B.C.)
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ABSTRACT

Within-field variability in cropping system attributes is often obvious but difficult to
accurately and efficiently quantify. The magnitude of the variation also changes with
attribute, location and time. Importantly, variability at this scale of the soil/crop system
may give rise to economic, environmental and societal problems on cropping enterprises
under traditional 'uniform' management. In general, the problems arise from a decision
to use 'mean-of-field' information to guide the amelioration of an area which may result in
zones being under- or over- treated. Gathering data on, and extracting useful management
information from, within-field variability is the goal of Precision Agriculture.

Assessment of the reported magnitude of variation in the most influential soil/crop
attributes is provided as a general, simple guide to that which may be expected at the
within-field scale. These may be used as a basic benchmark for variability at this scale.
Further study into the structural component of the observed variability provides
generalised representations of the form and 'strength’ of spatial variability models that
may be expected at the within-field scale. These may be used as surrogates for the
parameters in unsampled fields, initial estimates in modelling/ simulation procedures or
as a basis for establishing the sample spacing for initial sampling schemes in unsampled
fields. With the exception of soil moisture, the results suggest a 60 metre sample spacing
as being the maximum required to accurately capture the spatial variability in most
attributes.

The inference from these analysis is that management at the within-field scale may prove
useful, with the proviso that attributes that display a moderate to weak spatial structure
will prove more difficult to compartmentalise or classify into homogenous management
units. In most cropping systems, the field variation in soil type, moisture content, structural
integrity and nutrient levels, will contribute to site fluctuations in the potential yield. The
progress towards developing such a farm management system that will incorporate a
finer scale treatment of variation is reviewed at the end of Section 1.

Section 2 examines the variability at the within field-scale of soil moisture and crop yield.
Soil moisture is measured using Time-Domain Reflectometry (TDR) and modelled using
a joint space/time technique. The trend in soil moisture content in 3 dimensions is found
to be best described by a regression-tree function. The temporal variation component is
significantly more influential than the spatial component. Crop yield variability is also
studied over a number of seasons and crops using a real-time yield monitoring system.



Abstract

The results of these experiments confirms the general observation that whole field yield
variability decreases with increasing mean crop yield and provides evidence that the spatial
component of the yield variability also decreases as mean crop yield rises. It is also clear
that annual temporal variation is much larger than the spatial variation within single
Australian fields. Temporal variability is shown to be up to ten times the spatial component.
Hard-set cluster analysis of crop yield and a number of derived yield attributes is performed
to incorporate this temporal variability into the process of identifying strata or management
zones. The temporal variance cluster maps appear to offer the best quantitative
methodology for the stratification process but one which will require further research to
determine the levels at which zoning should occur.

In Section 3, the accuracy and precision of real-time crop yield monitoring is explored by
examining the effect of the harvesting mechanics on the grain sensors and the prediction
technique on the resultant yield maps. A process is described for determining the flow
pattern of sorghum grain through a harvester. Grain movement is shown to be partially
influenced by the position of the row in relation to the centre of the cutting platform leading
edge. Grain from the outer rows is delayed in comparison with those more centrally
located. A more significant impact is made on grain flow by internal mixing during the
threshing and auger transport processes. The two effects are combined and modelled
using an Inverse Gaussian distribution function to construct a grain transfer function.
This transfer function is used to deconvolve the observed grain yield and return an estimate
of the true yield quantity and location.

For yield map construction, the form of spatial prediction chosen is shown to impart a
significant influence on the final prediction surface. Local kriging using a local
semivariogram appears well suited for use as a spatial prediction method for real-time
sensed crop yield data. The method makes most use of the dense data files and can be
used to provide a statistical estimate of uncertainty as it changes within fields.

Finally, the potential for economic and environmental benefits from precision agriculture
is examined under simulated conditions for 'differential' nitrogen application. The uniform
yield potential simulations show that such an assumption will be unworkable in most
cropping situations. The ideal of promoting a uniform yield across a field is therefore also
shown to be unworkable. The simulations based on diverse yield potential have shown,
as a reflection of a more realistic natural system, that the potential for site-specific
management may be enormous and its impact will increase in crops of higher inputs and

greater market value.
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GENERAL INTRODUCTION

Post-industrialisation farm management practices have tended towards the treatment of
individual fields as spatially uniform in respect to yield controlling factors, primarily as a
trade-off to economies of scale. However, increasingly critical attention is being focused
by both the farming and wider communities on this notion that agriculturally productive
land should be managed as a relatively homogeneous unit at the 'within-field' scale. It
may be argued that such an assumption could lead to inappropriate resource application
and subsequent financial, environmental and social costs. The significance of these imposts
(such as input waste, yield reduction and soil, water and air contamination) to whole
farming systems has only recently received serious consideration (e.g. Pierce & Lal, 1991;
Schueller, 1992).

This concern is encompassed in the philosophy of Precision Agriculture. In general the
term refers to the observation, impact assessment and timely, directed response to fine-
scale variation in causative components of an agricultural production process. This
philosophy may be eventually applied to the spectrum of agricultural industries, for both
quantity and quality control.

For field cropping enterprises, a form of Precision Agriculture referred to as Site-Specific
Crop Management (SSCM), has been proposed as a remedy to the financial and
environmental resource-use inefficiency problems raised above (Robert, 1989; Larson &
Robert 1991). The simple rationale that justifies and supports SSCM is founded on both
financial and biological levels (Figure 1.).

Sustainable Agricultural Production

/1\

Economics Environment
Optimum input quantities Optimum input quantities
more precisely targeted more precisely targeted
—optimise gross margin — minimise environmental

impact

the principle of parsimony or frugality

Figure1. = The economic-environmental basis for a site-specific management system.
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General Introduction

It relies on matching resource application and agronomic practices with soil attributes
and crop requirements as they vary across a site. Collectively, these actions may be referred
to as the 'differential’ treatment of field variation as opposed to the 'uniform’ treatment
that underlies the traditional agricultural management systems.

In economic terms, the precise calculation and placement of input resources suggests a
more efficient and profitable use of enterprise resources. Figure 2 depicts the generalised
gains that may be achieved through targeting resources to the most responsive areas within
a field without necessarily increasing resources. If the mean field treatment is aimed at
the optimum economic application for response 1, then areas of the field characterised by
response 2 will be underachieving. By reallocating enough resources (AA) to achieve
optimal application in areas characterised by response 2, the yield gain (AY,) is greater
than the yield loss (AY,). This is likely to be the most simplistic form of SSCM but serves
to demonstrate the basic principle. It is important however, to acknowledge that such
gains require a suitably detailed knowledge of the within-field variability in response to

an action.

optimal economic
application
(response 2)
I

A AA

!
1
I
I
1
|
U

response 2

—

response 1

Yield

optimal economic
application
(response 1)

Ameliorative action —

Figure 2.  Generalised production impetus for site-specific management.

From an environmental point of view, this precision may offer the prospect of reducing
the environmental risk associated with blanket field treatments and provide the ability to
work with the natural diversity within each field. By more closely aligning yield goals to
the variation in yield potential induced by natural and anthropogenic diversity, it may be
possible to improve the sustainability of modern farming systems.
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There are 5 components to consider in the development of a Site-Specific Crop Management
system (Figure 3). Because the complete process cannot be made in a single pass of the
field, the site-specificity is made possible, and indeed relies upon, the ability to accurately
resolve ground position during all facets of field operation. The remaining components
of the system operate in a cyclical fashion. Influential factors effecting crop yield, along
with the crop yield itself, must be monitored at a fine-scale and maps of variation in these
factors for an entire field subsequently constructed. The degree of spatial variability found
in a field will determine whether unique treatment is warranted in certain parts. Linking
the variation in crop yield and the measured factors influencing crop yield using suitable
modelling procedures may then be used to formulate agronomically suitable treatment
strategies. Finally, if differential management is warranted, operations such as fertiliser,
lime and pesticide application, tillage, sowing rate etc. may be varied in real-time across a
field.

Crop, Soil
& Climate
Monitoring

Differential
Action

Decision [ Attribute
Support I:l Mapping
Systems

Figure 3. Components of a site-specific crop management (SSCM) system.

These components are at different stages of development and implementation. The
technology required to gather detailed data and enact a differential treatment leads the
agricultural science of deciphering and formulating responses to the information obtained.
Preliminary research provides evidence that yield can vary widely within a field and that
the spatial pattern of this variation may change over time. This reflects interactions between
influential field attributes and also between these attributes and the environment.
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General Introduction

Identifying a significantly yield limiting factor in one year may have limited bearing on
the next growing season if its influence is considered singularly.

At present, it is necessary to gather data to characterise the small-scale variability that
may be expected over space and time. Research is required to ensure the data gathered is
representative of the true variation at this scale, to provide insights into it's implications
and use, and to maximise the benefits obtained for agricultural farm management. This
thesis will address in particular the issues associated with soil and crop monitoring and

mapping at a fine-scale.
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AIMS

This thesis has a number of investigative aims. They have the general objective of exploring
the methodology, agronomic reasoning and current ability to monitor, record and suitably
employ data on variation in soil and crop attributes at the within-field scale.

1.  Toexamine the literature on variability in soil and crop attributes that impact on crop yield to
determine baseline magnitude and spatial structure parameters. Subsequently, to review the
literature on methods and opportunities for gathering data on the variability and incorporating
the information derived into farming management systems.

2. To explore the variability to be found in soil moisture and crop yield during a number of
growing seasons and attempt to establish a method for modelling soil moisture over space
and time. Observe and correlate the impact of this variability on final yield.

3.  To establish a real-time yield monitoring system and examine the variability to be found in
summer and winter crop yield at the within-field scale under Australian conditions.

4.  To investigate the mechanics of the mechanical harvesting process to quantify the quality of
the yield data.

5.  Toinvestigate and compare map production methods to determine the most suitable technique
for crop yield mapping.

6.  To model the possible impact of variable rate treatment of N in crop production to ascertain

possible financial and environmental benefits and provide a framework for future decision-
support models.
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CHAPTER 1

Variability in Soil Attributes and Crop Yield

L1 INTRODUCTION

The successful implementation of Precision Agriculture will be dependent on the ability
of individual growers to differentially manage their crops to achieve the twin goals of
maximising yield or profit whilst simultaneously minimising environmental impact. The
major obstacle to this is the lack of, and uncertainty in, local information. That is,
information pertaining to the variation (and the component spatial and temporal variance)
in crop yield and those factors which determine crop yield and resource losses from the

cropping system to the environment.

The importance of such information is not a recent concept. It has been a long held and
widely identified notion that field heterogeneity in influential cropping system components
will affect crop yield (Harris, 1920). At the regional scale, the observable variation in crop
yield can be considered the consequence of variability in the interaction between crop
genetics and environmental factors (Bresler et al., 1981; Boyer, 1982). However, at the field
scale, site-specific variation in soil type/texture, soil structural integrity, soil moisture
content and soil nutrient chemistry will significantly contribute to the spatial variability
in crop yield (Russell, 1932).

The variability in these soil attributes (and therefore crop production potential) displayed
at a given site, at a given time, is in turn controlled by a number of important processes.
The more influential of these are the geological and pedological processes that define the
soil type and govern the majority of static soil properties e.g. texture, horizon colour and
cation exchange capacity (Jenny, 1941). Additional effects on the variability of soil attributes
are contributed by soil management practices and cropping systems. These can greatly
manipulate the more dynamic soil properties such as nutrient, water, air and solute regimes
(Bouma & Finke, 1993). The magnitude of variability is generally lower in the static
compared with the dynamic properties (Wilding, 1985). Variation in crop yield at the
within-field scale is also a known to be a function of crop insect pests and diseases (Banyer
et al., 1988) and weeds (Cousens, 1985) which may all be important yield limiters.

This chapter will review the literature on the variability of soil attributes and crop yield
documented using probability distribution statistics and spatial variance analyses. Crop

yield variation will also be reviewed using temporal variance indicators. The impact on
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crop yield of field variation in the major soil attributes will also be summarised. Together,
this will provide information to indicate the need for, and the practicality and appropriate

scale of, differential management within fields.

12 MEASURING VARIATION

The methods used in the statistical analysis and description of variation in soil / crop system
components has evolved substantially. A very basic review of the theories will be presented
as background here and the reader is directed to more thorough treatise by Cliff & Ord,
1981; Wilding & Drees, 1983; Webster, 1985; Trangmar et al., 1985; Cressie, 1993.

1.2.1  Classical Statistical Analysis

The variability in field-based attributes such as soil properties or crop yield have been
routinely analysed using classical statistical approaches which assume that the expected
value for any of these attributes (z) at any location within a field (or sampling area) (x) will
be:

Elzx)] = u + &x) (1-1)
where:

4 = the population mean.

€(x) = arandom, spatially uncorrelated spread of values about the mean which

is assumed to be normally distributed with zero mean and variance = ¢2.

In reality, quantifying the probability distribution of a population (Z) is achieved using
the central tendency and distribution of a sample population (Z'). The central tendency of
a sample (z’,.....z",) may be described by the mean (z'), and the distribution is commonly
characterised by the variance (¢°) or its square root, the standard deviation (o) of the sample

population, where:

ol = — (1-2)

In many studies, the variance and standard deviation are often found to be proportional
to the mean. It is therefore common practice to compare variability between sample
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populations using the more stable coefficient of variation (C.V.) (Equation 1-3).
cv.=Z+100 (1-3)
Z

These classical procedures are based on the assumption that the variation observed within
the sampling area is randomly distributed (i.e. the variable is a random variable with no
spatial correlation) and as such they provide only a universal description of the variability
for an entire sampling region. Soil and crop attributes are however continuous variables
that usually exhibit some component of localised spatial dependence in the observable
variation (Wilding & Drees, 1983) as a result of the formative and ameliorative processes
discussed earlier. Assuch, more information on the variability within a sampling area can
be obtained by incorporating some form of spatial correlation into the variation analysis.

1.2.2  Theory of Regionalised Variables

The theory of regionalised variables (Matheron, 1963; Journel & Huijbregts, 1978) has been
developed to include both spatial and random structure in methods that describe variability
within sampling regions. A regionalised variable z(x) is considered a form of random
variable in which any value z is a function of its spatial location x within the sampling
region and when all values of z(x) are considered at all spatial locations then the regionalised
variable may be described by a random function Z(x) (Trangmar et al., 1985).

Two basic assumptions regarding the behaviour of a random function are of relevance to
the proceeding discussion of spatial analysis using autocorrelation and semivariograms.
Firstly, the random function Z(x) is said to be 'first-order stationary' if the variable Z has

the same mean value across the sampling region and therefore follows Equation 1-4.

E[Z(x)-Z(x+h)] = 0 (1-4)
where:
h = lag; the separation distance between sample locations.

Stationarity of second order is achieved if the spatial covariance C(h) associated with every
sample pair (Z(x) and Z(x+h)) is identical across the sampling region (Equation 1-5).

Ch) = E[[Z(x)-u[Z(x +h) - u]] (1-5)
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Second-order stationarity implies that the spatial covariance is finite and that it will
approach a finite, stationary sample variance as the lag approaches zero (Equation 1-6).

C0) = E[ZXx)]-p# = ©° (1-6)
A more relaxed conditional stationarity may be defined when the variance and covariance
cannot be regarded as uniform across the sampling region. This is known as the 'intrinsic

hypothesis' (Matheron, 1963) and requires that the variance of the difference between points
separated by lag h need only be finite for each lag h (Equation 1-7).

 Var[Z(x)-Z(x+h)] = 12%xE[Z(x)- Z(x + B)]? (1-7)

1.2.3  Spatial Dependence Analysis
Autocorrelation
Autocorrelation describes the degree of interaction between spatially separated

observations of one random variable (Griffith, 1987) based on the assumption of second-
order stationarity so that (Equation 1-8):

pth) =  C(h)/C(0) = Ch/o® (1-8)
where:
p(h) =  autocorrelation at lag h.

The plot of p(h) against lag h is known as the autocorrelogram, which is a maximum of 1 at
h = 0 and falls as the lag increases. A random variable is spatially dependent up to the
point where p(h) ceases to decrease.

If second-order stationarity does not hold, then the autocorrelation function can not be
determined without removal of the causative trend. Alternatively, by assuming the less
rigid intrinsic hypothesis of stationarity, the semivariogram may be used in the analysis
of spatial dependence.

Semivariograms

Under the intrinsic hypothesis, the semivariance y(h) between two observation points
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separated by lag h is a function of the distance and direction of separation. It is described

by Equation 1-9.
¥h) =  12*E[Z(x)+ Z(x + h)]? (1-9)

And, given the dependence on separation distance and direction only, the mean
semivariance can be calculated for each lag h as in Equation 1-10.

=——3[Z Z(x, +h)]? 1-10
y(h) 2N(h)2[ (x;) = Z(x; + h)] (1-10)
where:
N = the number of observation pairs separated by lag h.

The semivariance at each lag h plotted against lag h is known as a the semivariogram and
it has been commonly modelled using a number of universal functions. These models, in
general, begin from an intercept at lag h = 0 of zero (or close to zero) and rise to a plateau
semivariance (sill) at some larger lag h (the range of spatial dependence). The models
therefore require three parameters for description: '‘C0’ (intercept or nugget semivariance),
'C' (spatial structure semivariance; (sill-nugget semivariance)) and 'a’ (the apparent range
of spatial dependence).

These models should also be positive-definite functions for the number of dimensions in

which they will be used (Webster, 1985). The most common models that fit these criteria
up to 2 and 3 dimensions are presented: linear, spherical and exponential.

h=0

Linear: y(h) = {C0+ b, B0 (1-11)

0, h=0
3

Spherical  y(h)=1C0+ CB% . %[g] } 0<h<a (1-12)
CO+C, h>a
0, h=0

Exponential  y(h)=1-q C[l B exp(— h ]] h>0 (1-13)

al F
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Linear and spherical models reach a finite sill value and are described as transitive. The
exponential function approaches the sill asymptotically and therefore possesses no absolute
range value. However, the semivariance does not effectively increase beyond a certain
lag h (termed a’ in Equation 1-13), which has been estimated as 1/3 4, at which point y(a")
is approximately equal to CO + 0.95C (Webster, 1985).

Amodelis typically fitted to the semivariogram using some form of nonlinear least squares
optimisation. The usual assumptions associated with nonlinear regression do not hold
due to the spatial dependence between variogram values at different lags. Cressie (1985)
outlines methods for weighted least squares and generalised least squares which deal
with this dependence.

In these models, the nugget semivariance C0 represents the random variation (Wilding &
Drees, 1983) or noise (Webster & Cuanalo, 1975) contributed by measurement error or
unexplained sources. The structural semivariance C represents the component of total
variation contributed by systematic sources. A quantification of the contribution of random
variation to the data semivariance can be gleaned from the ratio of nugget semivariance to

sill semivariance (Trangmar et al., 1985) (Equation 1-14).

Co

NR =
C0+C

*100 (1-14)

This ratio has been used in a qualitative assessment of the strength of the spatial dependence
within a field attribute (Cambardella et al., 1994) where:

NR <0.25 =  variable with strong spatial dependence
0.25< NR <0.75 =  variable with moderate spatial dependence
NR >0.75 =  variable with weak spatial dependence

1.3 SOIL ATTRIBUTE VARIATION

It is important to understand that a variability study based on an attribute that expresses
as a continuous function of numerous, scale-variable influencing factors, will produce
results that will be dependent on the scale and frequency of observation. This nested
structure of variation (Journel & Huijbregts, 1978) makes it difficult to asses the full spatial
structure of an attribute without some form of nested or multi-stages sampling procedure
(Trangmar etal., 1985). Burrough (1983) noted that this effect parallelled the self-similarity
described by fractal geometry, and surmised that closer examination of the random
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component of variation would reveal spatial structure. However, the underlying
implication is that direct comparison of field study results using various sampling strategies
would be misleading. Examination of a range of studies could provide a qualitative
assessment of the spectrum of variation that may be observed in the field.

Such variation observed in soil attributes has been documented by numerous individual
studies in which sampling strategies are rarely comparable. Beckett & Webster (1971), in
a comprehensive review of the literature to that date, attempted to standardise the area of
influence applied to CV values for soil physical and chemical attributes. Their results
tend to confirm the accepted generalisation that the observed variability in soil attributes
increases as the area under study increases. They also suggest that more than half the
variation found within an entire field may be observed within any 0.01 ha area.

Gajem et al. (1981) convincingly demonstrate the effect on spatial structure of increasing
the sampling area and distance between sampling points. They show that the range of
spatial dependence for 9 physical soil parameters increased 10 fold as the sample separation
and transect length increased by an order of magnitude (0.2m, 2m, 20m). These
relationships are likely to operate in other cropping system variables such as yield and
pest infestations.

The degree and structure of variation observed in the more important soil and crop
attributes, and the impact of this variability on the cropping system, will be examined
individually.

1.3.1  Soil Type/Texture

Variation in soil type may directly influence the yield potential of a site by contributing to
the variation in nutrient storage and availability, fluid retention and transport, and soil
stability to potentially disruptive processes. While variability in these individual soil
attributes will be examined separately, it is the gradual changes between soil type that
significantly governs variability.

Variation in soil texture is considered here as a major indicator of soil type variability.
Particle size variability will be discussed as it has become the default measurement for
soil texture, but it is acknowledged that the nature of the clays present, other inorganic
and organic coatings and accretions all combine to create a soil texture (Mott, 1988a).
However, quantitative analysis of the sand, silt and clay fractions is important to soil/
crop relations in that clay content is positively related to moisture holding capacity (Gregory,
1988) and organic matter decomposition (Sorensen, 1975) and the surface charge effects
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impact on the behavior of plant nutrients and the reaction of applied fertilisers and
pesticides (Mott, 1988b).

The review of Beckett & Webster (1971) concluded that approximately 50% of randomly
chosen sample sites within soil mapping units would not match the assigned soil profile
definition. In a detailed study of within-map unit variation of soil morphological and
physical properties Agbu & Olsen (1990) determined the proportion of total variation
attributable to within-map unit variation in twenty-eight properties using a coefficient of
non determination (Steel & Torrie, 1980). The results indicated that the majority of the
total variation observed resided within the map units and not between them. These two
studies imply that substantial variability in soil physical and morphological properties
within a field should be expected, even if it is categorised as a single soil type.

While significant variability may be observed within soil units, the magnitude of the
variation is likely to be influenced by the soil parent material. Mausbach et al. (1980)
examined the variability in 1280 matched pedons representing eight soil orders covering
the major cropping regions of the USA. Their study showed that variability of textural
properties is least in soil of loess origin (median CV = 18%) followed by glacial drift parent
material (24%) and alluvium (33%). The CV for textural classes were highest for C horizons
and approximately equal for A and B horizons in all soil.

At a finer scale, Table 1-1 catalogues a number of texture variability studies undertaken
over a range of sampling area sizes. Given this variability in sample size and strategy, it is
difficult to compare the results, but the median values may provide a rudimentary
approximation of the baseline variability to be found at any local sampling scale. The
median CV for sand, silt and clay are 37%, 18% and 18% respectively, but it is important to
note that the occurrence of high variability in all three particle size fractions may appear

at all sampling scales.

The spatial structure component of soil texture variation has not been as well documented.
Using autocorrelation analysis, Gajem et al. (1981) sampled intensively at 0.2 m intervals
along a 20 m transect and found the spatial dependence to be >5 m for all textural
components. At a coarser scale, Webster & Cuanalo (1975) used a 10 m sampling interval
over a 3.2 km transect and estimated the spatially dependent range of the texture
correlogram to be 230 m. This range, they concluded, was attributable to variation in the
underlying lithology which reinforces the impact of parent material on soil type variability.
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Texture
Author/s Sampling design Sand (%) Silt (%) Clay (%)
n C.V.(%) [m C.V.(%) I C.V.(%)
Gajem et al. (1981) 20cmlag (20mtrsect) 17.3 32 50.9 18 31.8 16
Burden & Selim (1983) 30cmlag (BOmirsect) 9.6 29 81.7 4 47.5 31
Miller et al. (1988) 20m lag (5 x 400m trsect) 20.0 29 - - 37.0 12
Mulla (1988) 20m lag (660m trsect) 13.8 18 - - 21.2 2
14.7 14 - - 18.4 19
Webster & Cuanalo (1975) 10m lag (3200m trsect) - - 35.8 22 25.6 16
- - 30.0 18 34.5 24
- - 18.1 16 39.1 31
Vauclin et al. (1983) 10m lag (0.28 ha) 65.1 8 7.2 44 27.7 18
Kachanoski et al. (1988) 37 comp (1.5 ha) 31.8 66 47.3 22 20.9 58
Williams et al. (1987) 10m grid (1.6 ha) 27.0 18 51.0 6 22.0 10
Hunsaker et al. (1991) 97 mdm (4.2 ha) 61.2 10 20.7 21 18.1 19
Nolin et al. (1996) 30 mgrid (10 ha) 16.6 59 39.1 18 44.3 14
Tabor et al. (1985) 49 mdm x 2m grid 41.7 20 26.2 16 32.1 18
(13 ha)
Nielsen et al. (1973) 20 mdm x 6.5m* 26.5 60 26.2 as 47.5 25
plots(150ha)
Chien et al. (1997) 6.25ha grid (1000 ha) 30.2 45 425 29 18.2 35
Agbu & Olson (1990) within soil units 12.3 53 50.8 10 36.9 13
9.0 49 51.0 14 40.0 16
11.6 47 58.8 8 29.7 7
17.0 68 50.0 21 33.0 22
12.3 65 55.4 11 32.3 13
19.3 57 42.8 21 37.9 26
35.8 38 35.1 21 29.1 28
7.0 12 57.5 64 35.6 47
Wilding et al. (1964) within soil series 24.7 25 54.7 10 20.6 20
20.3 37 58.8 11 20.9 17
MEDIAN 37 18 18
Table 1-1. Mean and CV for soil textural properties within increasing sampling area.

Table 1-2 displays the summary statistics of a number of studies employing semivariance
analysis of spatial structure. As with the CV data, the median semivariogram descriptors
have been presented as a generalisation of the spatial structure model that may apply
across all local sampling scales. The nugget ratio (NR) of 20% suggests that soil texture is
a strongly spatially dependent attribute. The median range of 63 m may approximate the

upper limit of the dependence.
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The study by Chien et al. (1997) serves as a reminder of the scale dependence of these
observations. Operating on a 250m grid within a 1000 hassite, they estimate semivariogram
parameters as: sand - C0 = 0.718, C = 0.344, a = 1046m; silt - C0 = 0.736, C = 0.372, a = 1290;
clay -C0=0.770,C=0.172,a = 723m. At this scale the particle size fractions have an NR
ranging between 67% and 82% suggesting a tendency towards weak spatially dependence.

Semivariogram Parameters

Aithoifs Sampling design Attribute Model CO (%) C(%%) a (m)
Miller et al. (1988) 20mlag (5 x 400mtrsect) sand spherical 0.60 334 75.0
Mulla (1988) 20m lag (660mtransect) sand spherical 0.16 5.7 60.1
sand spherical 0.99 3.7 71.8
Vauclin et al. (1983) 10mlag (0.28 ha) sand spherical 13.37 171 335
Burden & Selim (1989) 30cmlag (80mtransect) silt linear+sill 5.30 5.2 19.5
Miller et al. (1988) 20mlag (5 x 400mtrsect) silt spherical 3.00 12.0 75.0
Vauclin et al. (1983) 10m lag (0.28 ha) silt linear+sill 8.06 3.4 50.0
Burden & Selim (1989) 30cmlag (80mtransect) clay linear+sill 1.80 5.2 13.0
Miller et al. (1988) 20mlag (5 x 400mtrsect) clay spherical 7.00 14.0 75.0
Mulla (1988) 20m (660m transect) clay spherical 0.08 7.3 93.2
clay spherical 1.54 11.2 66.1
Vauclin et al. (1983) 10mlag (0.28 ha) clay linear+sill 13.37 14.1 35.7
MEDIAN 2.4 9.3 63.0

Table 1-2.  Semivariogram model parameters reported for soil textural properties.

1.3.2  Soil Structure

Soil structure may be simply defined as the arrangement of particles that form the soil and
the distribution of voids between these solid particles. Such a description, however, fails
to project the true dynamism of the soil forming and degrading processes. More
comprehensively, Kay (1991) uses the term as an umbrella that encompasses a composite
of soil properties namely soil structural form, stability and resilience.

The structure of the soil governs the physical penetration, growth and anchorage of roots
along with regulating the air/moisture balance required for plant growth and microbial
activity, the soil drainage /water retention characteristic and the erosion potential (Harris
etal., 1966). It follows that a decline in soil structural condition may encompass a broad
range of deleterious affects on crop growth. A reduction in the availability of oxygen for
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metabolic processes and adverse effects on soil moisture regimes are the dominant result,
however indirect consequences such as a reduction in nutrient availability and
perturbations in the soil solution pH and redox potential (Glinski & Stepniewskii, 1985)
will ultimately reduce crop yield.

Soil structural condition is inherently unstable when subjected to potentially disruptive
forces (Hillel, 1982). These forces may be mechanical, as in the use of cultivation implements
or other heavy machinery, or physico-chemical via the frequent saturation of agricultural
soil through irrigation and rainfall. Common to both dryland and irrigated cropping is
the yield reduction attributed to structural degradation caused by compaction and shearing
through tillage and heavy vehicular movements. Hakansson et al. (1987) has shown the
yield reduction to extend over a number of growing seasons due to the persistence of the
initial degradation. Root distribution and nutrient uptake is reduced and a coarser tilth is
produced (Hakansson et al., 1988).

Structural degradation through compaction, and the ensuing increase in soil strength,
have also been shown to increase the energy required to overcome tillage draft in
subsequent operations. Watts & Dexter (1994) report a reduction in cultivation energy
requirements of between 17% and 45% in the absence of machinery traffic. Chamen &
Cavalli (1994) observed an average 18% reduction in cultivation draft under similar
conditions, while Burt et al. (1994) report a mean 40% reduction in draft under no traffic

conditions.

Site variability in field soil structure has been inferred through measurements of soil
strength using tillage draft and cone-penetrometer resistance, and pore/solid relationships
via air permeametry and bulk density. Following the uniform application of tillage
treatments to a 0.36 ha area, Wood et al. (1991) estimate CV's for: cone penetration = 44%;
air permeability = 114%; porosity = 37%; bulk density = 9%. Mulla (1988) sampling at a
20m lag (on two 660m transects) reported cone penetrometer resistance =0.22 kPa, CV =
37% and 0.2 kPa, CV = 44%. A similar degree of variability in cone penetrometer resistance
was recorded by Hartge et al. (1985) on a 10m transect that reflected compaction patterns
resulting from tillage.

Table 1-3 summarises a number of reported investigations into the variability of field bulk
density. The median CV value of 5% agrees with the value of 7% compiled from a number
of earlier studies by Warrick & Nielsen (1980). This low variability, compared with the
other indirect methods, suggests that bulk density may not be a good indicator for the
variability in soil structure.
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bulk density

Author/s Sampling design

u (g/cm3) C.V.(%)

—
s

Gajemet al. (1981) 20cmlag (20mtrsect) 1.38
2m lag (200mtrsect) 1.25

Burden & Selim (1989) 30cmlag (80mtrsect) 1.35
Buchter et al. (1991) 1mlag (400mtrsect) 1.39
1.39

1.22

1.21

Williams et al. (1987) 10m grid (1.6 ha) 1.40
1.36

Hunsaker et al. (1991) 97 rndm (4.2 ha) 1.61
1.65

w 0 s AW R AW W A

1.63

—_
ey

Cambardella et al. (1994) 25m grid + nest (6.25ha) 1.32
100m grid + nest (10 ha) 1.03
1.24

B &
o W

Nielsen et al. (1973) 20 random x 6.5n¥ plots (150ha) 1.47
1.37

<D

1.35
1.31
1.33

(o> TR ) B | B < )

1.31

MEDIAN 5

Table 1-3. Mean and CV for soil bulk density within increasing sampling area.
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The spatial nature of this variability in soil structure has been little considered. Haines &
Keene (1925a), in a remarkably prescient study, employed a dynamometer to record the
continuous variation in drawbar pull required during parallel transects of a field (Figure
1-1). They showed substantial spatial variability and significant positive correlations
between draw-bar pull and clay content, plant establishment and tillering.

Distance (m)

80 100 120 140 160 180

Distance (m)
Figure 1-1. Continuous map of draw-bar draught (newtons) (after Haines & Keen, 1925a).

Further statistical analysis of the spatial variability has proven inconclusive. Gajem et al.
(1981) observed a 3.40 m zone of influence for bulk density when sampling on 20cm lags
and hardly any discernible spatial structure at greater lags. On the other hand, Cambardella
etal. (1994) using a 25m grid sampling scheme (with closer nested samples) fitted spherical
variograms with parameters: C0 = 0.013, C = 0.023, a = 129m. Using a similar strategy but
on a 100m grid, they reported variogram parameter values of: C0 = 0.011 C = 0.025 a =
223m and CO = 0.006, C = 0.019, a = 115m. The NR values ranged from 36% to 24%,
suggesting that the bulk density at the site possessed a moderate to strong spatial structure.

Interestingly, Buchter et al. (1991) sampling every 1m on 4 x 100m transects found no
spatial structure in the autocorrelation for bulk density in the top 30 cm, but very weak
3m spatial dependence at a depth of 60 cm. Given all these results, it could be hypothesised
that vehicle traffic and cultivation may play a role in reducing any inherent spatial structure
in soil structure measurements, leaving apparently random or very small-scale structure
in most agricultural fields that may only be observed in dense sampling arrays.
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1.3.3  Soil Organic Matter (OM)

The amount of soil OM provides an indicator for the inherent soil fertility in most soil
types. Specifically, it plays a significant role in maintaining soil physical properties, storing
and releasing moisture and plant nutrients and influencing the quality and quantity of
soil microbial activity (Lowe, 1978). Of particular interest is the ability of OM to provide
mineralisable nitrogen, phosphorus and sulphur (Allison, 1973) as this may influence the
requirements for synthetic fertiliser application. The typically slow operation rate of the
mineralisation process will limit the release of these nutrients, but this source may provide
a significant contribution to dry-land cropping or during the drying cycle on irrigated
land. The importance of OM in this storage and release of moisture and plant available
nutrients should increase as the percentage clay content decreases.

14

Organic Matter
Author/s Sampling design
B (%) C.V.(%)
Mulla (1993) 15mlag (4 x 650mtrsect) 2.04 41
Miller et al. (1988) 20mlag (5 x 400mtrsect) 1.26 18
Khakural et al. (1996a) 30mlag (4 x 430mtrsect) 5.5 27
Reed & Rigney (1947) 0.015ha grid (0.3 ha) 2.09 22
0.91 45
Robert et al. (1996) 12mgrid (1.6 ha) 2.13 5
12mgrid (1.8 ha) 2.21 5
Mallarino et al. (1996) 15 mgrid (3-6 ha) 5.40 9
3.70 11
5.60 14
Nolin et al. (1996) 30 mgrid (10 ha) 4.84 26
Wang (1982) one map unit 4.52 60
Cipraet al. (1972) .soil type (7 x 2.4ha) 2.22 5
Wilding et al. (1964) soil series 2.80 32
6.40 9
MEDIAN 18
Table 1-4. Mean and CV for soil organic fractions within increasing sampling area.
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The amount of OM present will also effect the degree to which inactivation processes act
on soil applied pesticides through adsorption and biological and non biological breakdown
(Khan, 1978). This is relevant for both ionic and non-ionic active ingredients and its impact
should increase as the percentage clay content of the soil decreases. Linear relationships
between soil OM and the applied herbicide rate for a designated degree of weed control
have been published for atrazine, cyanazine, simazine, alachlor, metolachlor, metribuzin,
trifluralin, pendimethalin and diuron (Weber et al., 1987; Blumhorst et al., 1990; Upchurch
et al., 1966; Fernandez et al., 1988).

Estimates of the degree of variation to be found in soil organic carbon have been reported
by Spain et al. (1983) who describe a coefficient of variation in Australian agricultural soil
between 10-20% when measured on a 10m grid and 25-40% on 10's of kilometer separation.
These figures agree with the generalisation of Beckett & Webster (1971) who suggest that
10-30% CV within fields is typical for OM. The results of a number of other studies are
shown in Table 1-4. The median C.V. value of 18% falls within the scale suggested above.

Studies on the spatial structure of the soil organic fraction have been rare. Miller et al.
(1988) sampled organic carbon on 5 x 400m transects using a 20m lag and fitted a spherical
semivariogram to the data with parameter values of: CO = 0.003, C = 0.017, a= 50 m
(NR=15%). Mulla (1993) sampled OM at 15m lags along 4 x 650m transects and reported
a spherical variogram range of 114m (NR = 39%). Kristensen et al. (1995) fitted exponential
variograms for two Danish fields that show ranges for OM from 45m to 99m (135m to
300m equivalent spherical range) with no nugget variance (NR = 0%). While the ranges
display a spatial structure varying by up to 250m, the NR values suggests a strong spatial
dependence over any range.

As with soil bulk density, agricultural intervention may be detected in the depth of
sampling. Wang (1982) shows greater variation in organic carbon content in the A horizon
(CV = 42%) as compared with 34% in the B horizon. Kristensen et al. (1995) report a
decrease in spatial correlation range to between 22m and 34m (66m to 132m equivalent

spherical range).
1.3.4  Soil Moisture

Variability in available soil moisture and soil moisture movement will be controlled by
non-uniformity in the physical soil factors previously discussed, along with the supply of
moisture (which is likely to be completely random in the case of precipitation).

Soil moisture is crucial to plant growth. Much of the variation in yield response to fertilisers
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is due to variation in soil moisture and therefore nutrient transport and supply potential
across a field. Power et al. (1961) show that 53% of variation in wheat yield can be explained
by variability in soil moisture at the time of sowing. They recorded a 29 kg/ha increase in
yield for every 1 cm increase in available water. Hunsaker et al. (1991) found that soil
water content measured at crop emergence was highly correlated to textural classification,
sand especially. Multiple regression estimated that 76% of variation in the infiltration
depth at the site was accounted for by antecedent moisture and elevation. Variability in
soil moisture content also significantly influences soil biological activity (Harris et al.,
1966) and soil temperature variation which inturn effects nutrient uptake kinetics in roots

and also root elongation (Fixen & Grove 1990).

Given this importance, quantification of the variability in soil moisture content has been
often undertaken and has lead to the general understanding that as soil moisture content
increases, the variability decreases ( Towner, 1968; Nielsen et al., 1973; Williams et al.,
1987; Burden & Selim, 1989; Nash et al., 1989). This maxim forms part of the rationale for

crop irrigation.

The results in Table 1-5 support this observation and also suggest that variability increases
with sampling distance (Gajem et al., 1981). The median CV's for the two standard
measurements are: 6g = 11%, Ov = 9%. Vauclin et al. (1983) report a CV for available soil
water (arguably a more relevant quantity to crop growth) of 19%.

Far more variable at the small-scale are infiltration characteristics of the soil. Nielsen et al.
(1973) measured a mean saturated hydraulic conductivity of 20.3 cm/day with an
associated CV = 100%. The CV rose to 400% as the soil drained to 78% saturation and
hydraulic conductivity declined dramatically. Bresler et al. (1981) reported a lower
variability in saturated conductivity in a 0.8 ha field (CV = 64%), while Mulla (1988)
calculated CV's of 236% and 355% from two 660m transects and Buchter et al. (1991) record
a CV = 200% in the top 30cm which dropped to 100% in the 60cm level in two transects.

Nash et al. (1989) calculated the drainage rate at the 1.35m depth in a soil profile following
irrigation. Following irrigation the mean rate was 2.45 cm/day (CV = 45%), after 14 days
drainage the mean had declined to 0.15 cm/day (CV = 40%), and 44 days after irrigation
the mean rate was 0.04 cm/day (CV = 38%). Large variation remains at low drainage
rates which would suggest significant variation in chemical movement and concentrations

within the profile.

Along with the effect of non-uniformity in soil physical properties and climate, in an
agricultural field the phase of the cropping cycle will influence the spatial dependence of
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Moisture
Author/s Sampling design
n C.V.(%)
(6g)
Gajemet al. (1981) 20cmlag (20mtrsect) fc 0.35 8
20cmlag (20mtrsect) pwp 0.18 11
20cmlag (20mtrsect) fc 0.37 4
20cmlag (20mtrsect) pwp 0.21 7
2mlag (200mtrsect) fc 0.35 8
2mlag (200mtrsect) pwp 0.19 13
2mlag (200mtrsect)fc 0.34 11
2mlag (200mtrsect) pwp 0.19 14
20 mlag (2000mtrsect) fc 0.33 21
20 mlag (2000m trsect) pwp 0.14 31
Mulla (1988) 20m lag (660m trsect) 0.28 25
0.35 39
Nielsen et al. (1973) 20 rndm x 6.5n7 plots (150ha) sat 0.45 10
20 rndm x 6.5n7 plots (150ha) fc 0.43 11
20 rndm x 6.5m’ plots (150ha) pwp 34 22
MEDIAN 11
(ev)
Burden & Selim (1989) 30cm lag (B0mtrsect) sat 0.54 9
30cmlag (80mtrsect) fc 0.43 8
30cmlag (80mtrsect) pwp 0.14 21
Nash et al. (1989) 1 mlag (90 mtrsect) 0.36 7
1 mlag (90 mtrsect) 0.36 13
Buchter et al. (1991) 1 mlag (400 mtrsect) sat 0.45 4
1 mlag (400 mtrsect) sat 0.44 4
Or & Hanks (1992) 50 rndm (1.5 ha) sat 0.43 4
50 rndm (1.5 ha) fc 0.25 4
50 rndm (1.5 ha) pwp 0.10 9
Kachanoski et al. (1988) 52 rndm (1.5 ha) 0.21 42
Williams et al. (1987) 10m grid (1.6 ha) 0.22 7
0.21 11
Hunsaker et al. (1991) 97 rndm (4.2 ha) 0.22 12
0.20 11
MEDIAN 9

Table 1-5. Mean and CV for soil moisture content within increasing sampling area.
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the variation in soil water content and available water. Van Wesenbeeck & Kachanoski
(1988) show that under a corn crop there is a significant difference between the spatial
variation within the plant row and between the rows due to preferential drying and water
recharge attributable to the plants. They found the resulting spatial variation was greatest
during the middle of the growing season due to significant water use and full canopy
closure. Likewise, the spatial structure of moisture content variability in a sloping field is
likely to be dominated by down-slope trend (Williams et al., 1987).

The variety of such influences on soil moisture content produces site-specific effects on
spatial variability. Gajem et al. (1981) measured an increase from 0.6 m to 160 m in the
correlogram zone of dependence for soil moisture content as the sampling lag increased
from 0.2 m to 2 km and a general decrease in spatial dependence with drying. Nash et al.
(1989), sampling at 1 m intervals also noted a decrease in spatial dependence with drying.
Conversely, Or & Hanks (1992) sampling on a 2 m scale found spatial correlation for soil
water content to be below 1 m for soil at saturation and field capacity but the range increased
to 7 m at permanent wilting point. Burden & Selim (1989) calculated that the spatial range
of linear variograms generally increased from 20 to 22 m (refer Table 1-6) and the
autocorrelation distance rose from 8 m to 15 m as the moisture content declined from
saturated to permanent wilting point.

Moisture

Aiithoile Sampling design Model CO0 (%) C (%) a(m)
Burden & Selim (1989) each 30cm (80mtransect) sat linear 0.000793 0.000447 20
each 30cm (B0mtransect) fc  linear 0.000793 0.000447 20
each 30cm (80mtransect) pwp linear 0.000491 0.000242 22
Mulla (1988) each 20m (660m transect) spherical 0 0.0062 81
spherical 0 0.022 52
MEDIAN 0.00049 0.00045 22

Table 1-6. Semivariogram model parameters reported for soil moisture content.

Russo (1986) sampled 130 random locations within a 250ha area and calculated a variogram
range of 761 m for soil moisture content. By applying a stochastic approach to modelling
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the effect of this spatial variability on crop yield (using a very simple crop-response model)
he generalised that as irrigation is increased, and the variability of soil moisture decreases,
so does the variability in crop yield. These results are significant but the variogram range
suggests that the scale of information is quite coarse and inferences could only be applied
to similarly broad resolution studies. On a finer sampling scale, the median values in
Table 1-6 indicate that soil moisture could only be considered as weakly spatially dependent
(NR =91%).

There appears to be some degree of ambiguity in the published studies on spatial variability
in the soil moisture regime. Generally, the soil moisture content is initially controlled by
water infiltration and the steady-state infiltration rate is more highly correlated with
percentage saturation than moisture content (Nielsen et al., 1973). The percentage saturation
is in turn a function of soil physical properties. It would then seem most useful to identify
and characterise the dominant physical properties effecting the moisture holding capacity
of the soil in an attempt to predict soil moisture spatial variability at a site.

1.3.5 Soil Nutrients

The importance of the availability and supply of macro- and micro- nutrients to growing
crop plants is a fundamental pillar of modern agronomy. The spatial variability of these
two aspects of soil nutrition is ultimately governed by variability in the physical factors
and moisture regimes already discussed, along with the soil pH. These factors influence
plant root growth and extension on one hand, and control the supply of nutrients to the
roots by controlling the total quantity of diffusible nutrient, the diffusion rate and the
convolution of pathways to the roots (Baldwin, 1975). The possibility that as little as 10%
of the crop root system is able to absorb nutrients (Burns, 1980) may magnifying the effect
of spatial variability in soil nutrient concentrations on crop yield.

The application of fertilisers and the inherent soil organic matter content will also contribute
to the total nutrient load and its variability within the soil. The influence on total nutrient
content is obvious while the effect on variability may be less known. Trangmar (1982)
show an increase in the variability of soil P from a CV of 13% to 21% with a fertiliser
application increase from 0 kg P/ha to 45 kg P/ha. Leake & Paulson (1997) sampling on
a 36m grid within a 10 ha field found that the CV generally increased from 22% as the
concentration of mineral N increased down the profile. Cabrera et al. (1994) show that
there is large variability in the amount of N mineralised from organic matter within a
field during a season and this contributes significantly to the quantity of soil N required
for crop growth.
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Nutrient
Author/s Sampling design Nitrogen Phosphorus Potassium
p(mgkg) CV.(%) u(mgkg) C.V.(%) p (mgkg) C.V.(%)

Khakural et al. (1996a) 30m lag (4 x 430m trsect) 25 72 197 28
30 55 169 21
Reed & Rigney (1947) 0.015ha grid (0.3 ha) 28 18 56 13
12 58 39 41
Trangmar (1962) 1.5m grid (120 m?d 13 13
Goovaerts & Chiang (1993) 10m grid (1600m?) 1 51
4 15
Cahn et al. (1994) 0.25 ha grid (3ha) 8 60 74 36 268 43
Mallarino et al. (1996) 15 m grid (3-6 ha) 45 62 88 15 243 13
26 35 20 25 107 17
51 55 45 38 213 28
Nolin et al. (1996) 30 m grid (10 ha) 10 38 52 38 347 31
Tabor et al. (1985) 49 rndm smpls on 2m 14 31 4 72 062 32
grid (13 ha)
Pierce et al. (1995) 0.1ha grid (10-20ha) 31 32 333 25
85 38 270 20
124 26
Wollenhaupt et al. (1994) 0.1ha grid (15-20ha) 24 84 71 61
18 42 48 31
Everett & Pierce (1996) 30m lag (80 obs in 23 ha) 5 48
8 31
4 33
8 47
8 24
7 32
4 39
Webster & McBratney. (1987) 0.4ha grid (77 ha) 5 108 26 34
Han et al. (1996) 60m grid (90 ha) 3 45 24 24 183 21
Chien et al. (1997) 6.25ha grid (1000 ha) 217 199
Carr et al. (1991) 3 soil units 63 12 15 0 330 20
2 soil units 84 38 15 0 440 9
4 soil units 17 38 14 54 464 9
4 s0il units 63 64 16 59 385 42
2 soil units 71 35 12 47 268 17
Nelson & McCracken (1962) 15 soil units 14 32 71 38
29 45 52 83
Cipra et al. (1972) soil type (7 x 2.4ha) 34 11 847 4
MEDIAN 38 38 23

Table 1-7. Mean and CV for soil N,P K content within increasing sampling area.
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Beckett & Webster (1971) in a summary of knowledge to that date, calculated within-field
median CV values from a number of soil studies in cultivated crops and normalised them
to represent a 0.01ha area. They summarised the results as: Nitrogen (N ) = 10-20%, available
phosphorus (P) = 40%, available potassium (K) = 35% and available calcium (Ca) = 10-
40%. A more general areal delineation of "within a field" produced CV's of: N = 25-30%,
P=45%, K= 70% and Ca = 30%. At a larger scale, the "between field" variance was broken
into properties along a management effect line i.e. 10% CV for total P that is little effected
by management, 25% CV for total N and 5 -50% for avail P, K, Mg and Ca that are most
effected by management. Over a whole soil series they estimate the CV's to be
approximately 20, 35, and 60% for the same groupings. Such generalisations for increasing
scales are quite useful in demonstrating the influence of sample area on variability, but
the implications regarding management are most interesting. They appear to confirm
that the intervention of management in the fertility of the soil increases variability.

Nutrient variability within purported 'uniform’ soil has been documented by Reed &
Rigney (1947). Sampling 0.3 ha areas on a 0.015 ha grid at sites assessed as containing
'non-uniform’ or 'uniform' soil series, they observed CV's of 58% for P and 41% for K and
16% for P and 13 % for K at the respective sites. In Table 1-7, the variability displayed in
numerous classical variation studies of the major nutrients (N, P, K) for a range of sampling
areas and designs is tabulated. The median CV values are 38 % for both N and P, and 23%
for K. While the N and P values are somewhat comparable to the "within a field" value
suggested by Beckett & Webster (1971), the K value is much smaller than their generalised
estimate. A recent comprehensive study by Dampney et al. (1997) closely agrees with the
median figures reported herein. They calculated a mean CV of 36% for P and 27% for K
based on an experiment that covered 78 English fields between 4-50 ha, sampled on a

mean grid of 0.65ha.

This range of variability has been reported for other macro and micro nutrients, e.g. Pierce
et al. (1995) show calcium CV ranging from 16% to 44% and magnesium CV ranging from
17% to 51% on 0.1 ha grid over 10-20 ha sampling areas; Khan & Nortcliff (1982) found
iron CV at 45%, manganese CV at 49%, copper CV at 20%, zinc CV at 24% on a 7m grid

over a 1ha sampling area.

The spatial structure of this variation would be also expected to vary widely. Within the
uniform field studied by Reed & Rigney (1947), the variance at different sampling scales
show that the contribution from samples in a 15cm radius may dominate P and K variance
within the field (this field has greater spatial relationships at higher scales). They find
greater spatial variance within the non-uniform field (less spatial pattern).
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Variogram Parameters

Authoré Sampling design Nutrient Model  CO(mg/kgd) C (mg/kgd a(m)
Cahn et al. (1994) 200 mdm (0.25 ha) Nitrogen spherical 7.24 9.4 5
50 m grid (3.3 ha) spherical 5.25 6.5 45

Kristensen et al. (1995) 20m grid (10 ha) Nitrogen exponential 0 22 *99
08 20 285
0 9.7 144
Everett & Pierce (1996) 30m lag (60 obsin23  Nitrogen spherical 1.20 0.3 166

ha)
spherical 0.40 1.7 79
spherical 0.20 0.3 117
30m lag (14 obs ini spherical 1.20 0.6 346
trsect)

spherical 5.40 10.9 152

spherical 3.00 25 71
spherical 2.60 08 99
Han et al. (1996) 60m grid (90 ha) Nitrogen spherical 0.52 0.83 900
MEDIAN 1.2 2.0 117
Mulla (1993) 15m (660m transect) Phosphorus  spherical 276 63.38 145
Cahn et al. (1994) 200 mdm (0.25 ha) Phosphorus  spherical 404.6 724.33 50
Pierce et al. (1995) 0.1ha grid (10-20ha) Phosphorus  spherical 233.0 844 172
Kristensen et al. (1995) 20m grid (10 ha) Phosphorus  exponential 0 45 ‘444
0 11 *180

Webster & McBratney (1987) 0.4ha grid (77 ha) Phosphorus  spherical 0.02 0.0847 241
Han et al. (1996) 60m grid (90 ha) Phosphorus _ spherical 26.89 25 900
MEDIAN 26.9 11.0 180
Cahn et al. (1994) 200 mdm (0.25 ha) Potassium spherical 5265.80 7344.2 40
50 m grid (3.3 ha) spherical 4206.60 440.2 45

Pierce et al. (1995) 0.1ha grid (10-20ha) Potassium spherical 887.0 391 157
302 833 174

Kristensen et al. (1995) 20m grid (10 ha) Potassium exponential 0 37.7 *75
0 389 *387

Han et al. (1996) 60m grid (90 ha) Potassium spherical 905.18 243.67 284
MEDIAN 887.0 391.0 157

*apparent range equivalent (3 X a": refer Equation 1-13)

Table 1-8.
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Geostatistical analysis of N, P and K variability reported in a number of more recent studies

is shown in Table 1-8.

The median values for the range document an increasing spatial dependence for N<K<P
with all nutrients showing only moderate spatial structure (NR = N - 38%; K - 69%; P -
71%). Cahn et al. (1994) report the same order of spatial dependence within a single field
and suggest that the observed spatial variability may be related to increasing nutrient
mobility (N>K>P). At a regional scale, this interrelationship may be further linked to
rainfall patterns. Yost et al. (1982) sampling within a 30 m radius at 1-2 km intervals
calculated ranges for nutrients between 32 -42 km which they reported as similar to the
rainfall range. In the future, a knowledge of localised moisture regime patterns may be
used in the prediction of nutrient variability within fields.

This link to the soil moisture parameter is further strengthened by a similar decrease in
spatial dependence as fertiliser application rate increases. Trangmar (1982) shows a
decrease in the range from 5.6m to 5m when comparing the application of 0 kg P/ha with
45 kg P/ha monitored on a 1.5 m grid within 15 x 8m plots. The mobility of these macro
nutrients (especially N) will also affect the spatial variation expected over a profile depth
(Everett & Pierce, 1996).

Importantly, Haneklaus et al. (1997) show that the spatially dependent ranges for these
nutrients vary widely between farms. In a study of 3 German Farms (total 880ha), the
variogram range for the measured soil nutrients were : P - 115m to 153m; K - 67m to 135m;
Mg - 70m to 136m. The interaction with management and other soil attributes ensures
that the spatial variability in soil nutrient status is significantly site-specific.

1.3.6  Soil pH

The soil pH is a logarithmic index of hydrogen ion (H*) activity in the soil solution. The
level of H* activity in the soil solution effects the charge state of both soil organic and
inorganic particles (Gregory, 1988). In the routine soil environment, it is this effect that
controls the availability of nutrients, with some such as aluminium (Al) and manganese
(Mn) becoming highly available and toxic to plants at low pH. Variation in pH across
fields will undoubtedly effect the plant availability of nutrients even if applied in uniform

quantities.

Table 1-9 documents the variability observed in the much of the literature to date. The
median CV value of 5% is equal to the mean value reported by Dampney et al. (1997)
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pH
Autkior/e Sampling design
1) C.V.(%)
Gajemet al. (1981) 20cmlag (20mtrsect) 8.7 3
Miller et al. (1988) 20mlag (5 x 400m¢trsect) 7.5 6
Khakural et al. (1996a) 30mlag (4 x 430mtrsect) 7.5 8
Reed & Rigney (1947) 0.015ha grid (0.3 ha) 53 1
Webster & Cuanalo (1975) 10mlag (3200mtrsect) 6.1 1
6.2 1
6.6 1
Laslett et al. (1987) 0.1hagrid (1 ha) 5.3 4
4.5 5
Robert et al. (1996) 12mgrid (1.6 ha) 8.1 1
12m grid (1.8 ha) 7.6 3
Mallarino et al. (1996) 15 mgrid (3-6 ha) 6.5 3
6.6 5
6.2 5
Nolin et al. (1996) 30 mgrid (10 ha) 6.0 6
Tabor et al. (1985) 49 mdm x 2m grid (13 ha) 7.8 2
Pierce et al. (1995) 0.1ha grid (10-20ha) 6.5 14
6.6 14
6.7 6
Evans et al. (1997) 20m x 40mgrid (16 ha) 5.8 7
6.1 6
Webster & McBratney. (1987) 0.4ha grid (77 ha) 7.7 8
Wang (1982) one map unit 5.8 17
Cipra et al. (1972) soil type (7 x 2.4ha) 74 3
Wilding et al. (1964) soil series 6.5 9
3.0 30
MEDIAN 5
Mean and CV for soil pH within increasing sampling area.
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when sampling 78 English fields between 4-50 ha, on a mean grid of 0.65ha. While this
value appears low by comparison with the other soil properties, it is due to the index or

ranking nature of the pH scale.

This variation is likely to decrease in horizons further down the profile due to a decreasing
variability in soil OM and texture. Wang (1982) shows pH to be more variable in the A
horizon (i = 5.7, CV = 12%) than the B (u = 6.4, CV = 6%).

The spatial distribution of this variability is highlighted in Table 1-10, which suggests that
a strong spatial structure (NR = 12%) over a range of 105m might be expected. Cambardella
et al. (1994) suggest that the range may be closely linked to the geology of the sample site
as do Webster & Cuanalo (1975) who sampled at a 10m lag over a 3.2km transect and
concluded that the 230m spatial range observed in correlogram analysis was caused by
underlying lithology.

Any uniform attempt to amend soil acidity or alkalinity will be hampered by such
variability in soil pH, however it is possibly more important to know the variability in soil
buffering capacity at the within field scale. The buffering capacity is primarily controlled
by soil moisture, pH and clay content (van Lierlop, 1990). Spatial variability in all three of
these components is likely to interact within a field.

pH
Author/s Sampling design Cco C a(m)
Mulla (1993) 15m (660m transect) spherical 0.17 0.43 132
Laslett et al. (1987) 0.1ha grid (1 ha) spherical 0.0252 0.0204 53
spherical 0.0191 0.0321 55
Cambardella et al. (1994) nested 2-25m grid (6.25ha) spherical 0.060 0.70 117
Kristensen et al. (1995) 20m grid (10 ha) exponential 0 0.092 57
exponential 0 0.098 *51
Pierce et al. (1995) 0.1ha grid (10-20ha) spherical 0.089 0.271 105
spherical 0.06 0.15 190
Webster & McBratney (1987) 0.4ha grid (77 ha) spherical 0.021 0.33 185
MEDIAN 0.021 0.15 105

*apparent range equivalent (3 X a": refer Equation 1-13)

Table 1-10. Semivariogram model parameters reported for soil pH.
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14 VARIATION IN CROP PEST INFESTATION

It is widely understood that the distinctly aggregated colonisation mechanisms of most
crop pests predominantly results in a clustered spatial distribution (Auld & Tisdell, 1988;
Marshall 1988; Mortensen et al., 1993). Yield loss studies by Cousens (1985) and Dorr &
Pannell (1992) confirm the benefits to crop yield and enterprise gross margin of efficiently
reducing the density of weed infestations, but it is important to note the potential for
positive correlation between the absolute yield loss per weed and the potential crop yield.
Pannell (1990) noted such a relationship for wheat, implying that the financial loss increases
in areas under-treated as the potential yield increases. This emphasises the importance of
accurately describing the spatial distribution of weed population densities prior to
treatment.

Marshall (1988) reports a negative binomial distribution for weed infestations recorded as
counts in quadrants which suggests aggregation at random. The distribution function
provides a parameter 'k' that reflects decreasing population aggregation as its value
increases. Johnson et al. (1995) found that the value of k was not stable between fields for
given weed species but did show significant stability between years in same field for the
same species. Such instability between fields would suggest that individual field
recommendations for treatment may be required.

Aggregation also infers that parts of a field may remain pest-free. Wilson & Brain (1991)
studied a 10 year weed cycle on a 173 ha grazing/cereal farm and found the weed
distribution to be irregular but that >60% of the area had no weeds during the cereal crop
phases. Rew et al (1996) produced manually scouted weed maps showing between 27 -
97% of 5 cereal fields with Elymus repens infestations to be unaffected.

This aggregation may be further defined between the crop row and inter-row space.
Mortensen et al. (1995) examined the inter-row areas of 5 corn fields and 5 soybean fields
and found a mean 30% of the area with zero broadleaf weeds and 72% with zero grassweeds.
The intra-row space showed greater weed-free areas with a mean 71% free of broadleafs
and 94% grassweed free. The authors also conclude that the blanket use of herbicides
may be increasing aggregation.

It would appear that the spatial distribution of weed plants may be a function of species
(weed and crop), environmental conditions and previous/current cultural practices. A
meaningful generalisation on variability or spatial dependence other than 'aggregational’
would be difficult to prepare. However, in an attempt to quantify the spatial dependence,
Nordbo & Christensen (1995) suggest that most weed species display an omnidirectional
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autocorrelation range greater than 50m and that most fields show a significantly longer
autocorrelation range in the direction of tillage and harvest than normal to that direction.

The spatial aggregation highlighted in the previous studies can also be traced through
time. Wilson & Brain (1991) reported significant spatial correlations in weed patches
between the years of continuous cereals on a 173 ha farm, and also in cereal crops separated
by a 3 years grass ley. Gerhards et al. (1996) also report the relative stabilisation of patches
of 4 broadleaf weeds in corn and soybean fields over a 4 year study period.

The aggregation pattern of insect pests is often more dynamic than weed pests and is
necessarily a function of insect species and possibly insect and crop life-cycle stage
(Schotzko & O'Keeffe, 1989; Weisz et al., 1995a). As a generalisation, Fleischer et al. (1997)
distinguish the processes of immigration, colonisation, reproduction, emigration and
mortality as fundamental to the spatial distribution of insect species.

Schotzko & O'Keeffe (1989) report a spatial dependence range between 15m and 50m for
a lentil beetle which depended on life-cycle stage and growing season period. Weisz et al.
(1995a) calculated a mean range of 60m to 70m for all life cycle stages in the potato beetle
but with the range shorter across rows than down, suggesting migration may be preferential
down the rows. Ellsbury et al. (1996) report spatial correlations of between 200m and
550m for corn rootworms in one corn field. More importantly, the authors attribute this
spatial variability to the effect spatial variation in soil and host plant conditions has on

insect mortality.

Given the variability in these results it could be argued that external influences on the
insect population dynamics processes described above, and their inherent spatial and
temporal variability, may be ultimately governing distribution. Therefore, knowledge of
the soil/crop variability before pest infection may aid prediction of the spatial distribution
of subsequent pest infestations.

1.5 CROP YIELD VARIATION

The variability of individual crop system components described above contributes to spatial
variation in yield potential within fields, with the interaction between the components
undoubtedly adding complexity to the patterns of variability. Variability in soil components
has been linked to differential germination and growth rates causing variation in yield
production potentials between 5% and 51% within English fields (Evans & Catt, 1987).
The Cation Exchange Capacity (CEC), which reflects the ability of soil to store and release
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essential cationic nutrients and is a function of many of the soil attributes discussed, may
provide an integrating indicator of overall soil contribution to yield potential. A CV of
45% in A horizon CEC between different delineations of one soil unit within a County has
been demonstrated by Wang (1982). The variation decreased in the B horizon (CV = 17%).
Mausbach et al (1980) examined the CEC of 1280 matched pedons representing 8 soil
orders from the major regions of the USA and reported CV's ranging from 14% for Entisols
to 51% for Ertisols. This degree of variation is likely to manifest as spatial variability in

crop yield.
1.5.1  Spatial variability

Much of the early work on spatial variability of crop yields using uniformity trials was
reported in a remarkable paper by Fairfield Smith (1938). In fact, he presented one of the
earliest yield maps derived from data collected in Australia during December 1934 and it
is reproduced here as Figure 1-2. It shows approximately 100% variation in yield from
lowest to highest across the area. Using this data, and data from other authors that had
been reported earlier, Smith attempted to negate the influence of sample area and normalise
the CV for each study to represent a 0.01 ha area. Some of the results are listed in Table 1-
11, but this process is crucially dependent on assumptions regarding individual sample
size and method of collection (i.e. bulking etc.).

8 9 10 11 12 13 14 15 16 d.kg. perdsq. ft Scale
= 0 1 2 3 4 5 6 7 feet
B N T e

0 1 2 metres

1.69 207 245 3.01 tonnes/ha

Figure 1-2. 1934 Wheat yield map - Australia (after Fairfield Smith, 1938).
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Crop Year Location Plot Size  Number of Mean Yield CVfor0.01 b’
(m?) Plots (t/ha) ha (%)
wheat 1911 Rothamsted 8.10 500 2.2 6.3 0.46
1932 Rothamsted 0.08 1092 2.5 4.4 0.54
1913 Nebraska 2.80 224 2.4 4.9 0.54
1920 Missouri 0.30 3100 1.4 3.7 0.80
1920 Missouri 0.30 3100 1.4 6.9 0.58
1938 Australia 0.05 1080 3.2 1.7 0.74
1938 Australia 0.20 54 2.7 3.1 0.54
irigated 1935 Idaho 1.40 1440 4.2 10.5 0.22
wheat
potatoes 1924 West Virginia 3.30 186 14.6 10.5 0.45
West Virginia 3.30 290 10.5 18.9 0.29
West Virginia 3.30 3309 71 25.1 0.32

Table 1-11. CV estimates for crop yield within 0.01 ha area and associated heterogeneity
index 'b' (adapted from Fairfield Smith, 1938).

More significantly Fairfield Smith (1938) showed that the variance of crop yield per unit
area could be described by an empirical law (Equation 1-15)

logV, = logVi-b'logx (1-15)
where:

V. = Yield variance per unit area

Vi = constant

=  uniformity index
X =  area of plots

The model incorporates a uniformity parameter ‘b’ (a coefficient of yield uniformity where
the crop yield uniformity increases with increasing b ) which is listed for the various
experiments in Table 1-11. The index b’ may prove useful in the development of field
heterogeneity thresholds as an aid to site-specific crop management.
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grain yield

Author/s Crop Sampling design u (t/ha) C.V.(%)
Taylor et al. (1997) Barley 29 samples (0.026 ha) 8.1 21
Barley 5 8.7 17
Barley - 73 21
Barley " 6.8 18
Long et al. (1995) Wheat 5.4m’ plots (864 samples in 0.5 ha) 1.5 16
Guitjens (1992) Wheat 1985 1m lag (500m trsect) 3.6 36
Wheat 1985 = 4.6 27
Wheat 1985 1m lag (171m trsect) 36 25
Wheat 1985 1mlag (154m trsect) 4.2 27
Wheat 1986 1m lag (S00m trsect) 2.9 40
Wheat 1986 " 5.1 15
Wheat 1986 imiag (17 1mtrsect) 2.9 34
Wheat 1986 1m lag (154m trsect) 4.8 19
Cassel et al. (1988) Comn 39 samples (3 x 198m trsect) 7.4 12
Comn " 8.5 1
Com " 7.9 13
Com " 7.7 19
Mulla (1993) Wheat 15m lag (4 x 650m trsect) 4.1 29
Khakural et al. (1996a) Comn 30m lag (4 x 430m trsect) 10.7 7

Soyabean " a8

Mallarino et al. (1996) Com 15 mgrid (3-6 ha) 1.2 15
Com - 10.1 16
Com & 12,5 11
Nolin et al. (1996) Com 30m grid (10 ha) 7.9 4
Miller et al, (1988) Wheat 20 x 50m grid (10 ha) 3.4 27
Pierce et al. (1995) Com 30m lag (8 trsect) 6.8 9
30m lag (7 trsect) 7.6 7
30m lag (13 trsect) 10.5 5
Everett & Piarce (1996) Com 1992 30m lag (60 obs in 23 ha) 9.9 13
1993 ¢ 9.4 9
1994 - 129 4
Karlen et al. (1997) Corn 1992 45 m* random (36 ha) 11.4 12
Corn 1994 N 10.6 12
Soybean 1993 i 1.8 45
Soybean 1995 < 3.3 9
Corn 1992 (no till) - 11.6 7
Corn 1293 (no till) ' 4.9 27
Corn 1994 (no till) 2 11.4 T
Comn 1995 (no til) . 9.6 -]
Soybean 1992 (no till) - 32 -]
Soybean 1993 (no till) - 1.9 43
Soybean 1994 (no till) - 3.8 B
Soybean 1995 (no till) . 3.4 -]
Burrough & Swindell (1997) Rap d 1993 continuous (1.2s) 2.0 22
Wheat 1994 = 6.4 17
Barley 1995 - 5.5 14
Shiel et al. (1997) Wheat continuous (16m) 11.4 16
Wheat o 9.2 ]
Rapeseed =1 36 12
Rapeseed " 4.7 10
MEDIAN 14

Table 1-12. Mean and CV for crop yield within increasing sampling area.

30



Variability in Soil Attributes & Crop Yield

A number of more recent classical statistical studies on yield variability are recorded in
Table 1-12. Over a wide range of sample areas and sizes, the median CV value of 14% falls
within the range of estimates reported by Fairfield Smith (1938). For the crops examined,
the median yield variability increases as: soybean (8%) < corn (11%) < rapeseed (12%) <
barley (18%) < wheat (27%). For other crops, Schneider et al. (1996) report a median CV
value of 33% for potatoes under centre-pivot irrigation. These values are reflected in the
study of Bresler et al. (1982) where CV values for corn under various irrigation and tillage
treatments ranges from 11 - 20% and 12 - 26% for irrigated winter wheat.

Gales (1983) in a substantial review of wheat and barley variation and factors affecting it
in Britain also found a CV = 26% for one wheat variety grown at 11 sites over 8 yrs and a
CV =22% for a second variety grown at 7 sites over 10 years. By analysing the CV of the
fundamental crop physiological components that make-up yield (i.e. mean grain mass
and number of grains per area) Gales (1983) reported that the number of grains per area
was between 2 and 3 times more variable than the grain mass. The conclusion appears to
be that environmental factors that effect grain per unit area, such as climatic and soil

conditions prior to anthesis, are very important.

This significant effect of soil type has been demonstrated by Carr et al. (1991) where the
within-field yield CV for wheat (10 m? samples within 0.25 ha), harvested according to
soil type, ranged between 7% and 37% in one year. It is also noted that as yield increases
towards the potential crop yield, the variability within a field tends to decrease. This is
most noticeable in irrigated crops where moisture deficit can be controlled. Guitjens (1992)
sampled irrigated winter wheat in 1.6 m? continuous plots along two transect lengths and
concluded that as water deficit increased and yield correspondingly declined, the CV
increased linearly. Hunsaker (1992) sampled sixteen 12.2 m? plots of irrigated cotton within
each of twelve 0.35 ha basins under three irrigation treatments. In two successive seasons,
CV's for high to low irrigation treatments ranged from 7 - 17% and 12 - 26% displaying a
significant decrease in CV as irrigation (and yield) increased.

The spatial structure of this variation has been less well studied. Guitjens (1992) who
reported that greater uniformity in wheat yields along transects associated strongly with
higher yields also found the autocorrelation distance to vary from 5m to 27m. Unexpectedly,
the autocorrelation distance showed no significant correlation with yield or CV. It could
be reasonably expected that greater autocorrelation distances would be associated with

more uniform crops.

Table 1-13 shows the variogram parameters for a number of recent yield studies with a
median range value of 88m. The median nugget ratio of 37% suggests that crop yield may
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Yield

T Crop Sampling design Model CO (t/ha”) C (t/ha’) a(m)
Mulla (1993) . wheat 15m lag (4 x 660m transect) spherical 0.84 1.14 70
Nolin et al. (1996) com 30m grid (10 ha) exponential 11.15 13.67 *51
Pierce et al. (1995) com 30m lag (7 trsect) spherical 0.68 0.424 231
Everett & Pierce (1996) corn 1992 30m lag (60 obs in 23 ha) spherical 0.54 1.29 85
1993 * spherical 1.32 0 8
1994 “ spherical 0.33 1.15 20
Kristensen et al. (1995) wheat 1993 continuous (2-3 seconds) exponential 0.90 1.02 *150
1994 = ® 0.18 0.50 102
barley 1993 y 1.19 1.13 183
1994 . " 0.30 0.48 *123
Lutticken et al. (1997) wheat 1993 continuous (time unknown) spherical 0.20 0.60 85
barley 1994 & # 0.30 0.60 80
wheat 1993 % ' 0.20 0.50 85
barley 1994 o = 0.24 0.43 75
wheat 1993 “ “ 0.40 1.05 75
barley 1994 : ¥ 0.18 0.65 70
MEDIAN 0.37 0.63 83

*apparent range equivalent (3 X a": refer Equation 1-13)

Table 1-13. Semivariogram model parameters reported for crop yield.

be expected to display moderate to strong spatial structure in the field. The median range
value is comparable to the 80m range of influence for dryland wheat reported in an earlier
study by Miller et al. (1988). Haneklaus et al. (1997) continuously sampled wheat, rapeseed,
barley, oats and beans over an area of 880ha on three farms and recorded a mean and
median range value of 90m.

1.5.2 Temporal variability

While the above studies confirm that spatial variability in crop yield occurs within fields
and that its magnitude varies between fields, it should also be important for farm
management to quantify the extent to which crop yield varies with time. Sadler et al.
(1995) and Karlen et al. (1997) show that annual changes in yield CV values for whole
fields can be quite significant and the effect can be different for different crops and different
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soil units within the field. Significant temporal variability would increase the difficulty of
yield goal determination and operations planning.

To quantify this variation, Porter et al. (1996) studied corn and soybean yields for 10 years
in small plots within 1 ha areas at 3 locations. Their results show that the seasonal (temporal)
variability in continuous soybeans was 3 times greater, and in continuous corn 4 times
greater, than the variability between plots in any year (i.e. spatial variability). Onan even
finer sampling scale, Thylen (1997) continuously sampled within a 12 ha field the yield of
four crops in a four year rotation (oats/barley/oats/barley). The yield CV values (in
chronological order) ranged from 10% to 21% for oats and 17% to 14% for barley.

In a more innovative, yet coarser -scale study, Eghball & Power (1995) employed a fractal
analysis to the annual average yield of barley, maize, oats, peanuts, rice, rye, sorghum,
soybeans, wheat and cotton fibre in the USA over the 61 year period from 1930 to 1990.
The fractal dimension (D) (Mandelbrot, 1977) was calculated using the semivariance
estimated for different year intervals, with a value of D close to 1 suggesting that long-
term variation dominated (genetic and cultural practice improvements) whereas a value
approaching 2 suggests the dominance of short-term variation (climatic).

While improvements in plant breeding and increased fertiliser, pesticide and herbicide
use contributed to a strong increase in yields during the study period, the results showed
that there were significant differences between the ten crops. The values of D ranged
from 1.20 for rice to 1.47 for oats. Rice displaying the least effect of short-term variation
while oats and soybeans showed a more pronounced effect, suggesting that the later two
crops may be particularly sensitive to annual variation in some environmental growth
factors. Itis not unexpected that rice growing techniques may reduce the yield sensitivity

to annual climatic variability.

At the field scale, grain yield data for maize (1953 to 1993) under different fertiliser
management regimes was used in a similar temporal yield variability study by Eghball et
al. (1995). While no significant differences in D values were found between the treatments,
the values ranged between 1.958 and 1.996 indicating the dominance of short-term temporal
variation. The authors conclude that for this study location (western Nebraska)
management practices cannot override the strong influence of variable environmental
conditions. This may well be the case at the field scale in most modern field cropping

regions.

Where long-term variability can be demonstrated it may be possible to predict crop yields
over time and model temporal plant growth. However, high values of D which may indicate
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that environmental factors rather than management practices affect the year-to-year
variability of crop yields, would prove more complex to manage. Values of D also indicate
the uncertainty or risk involved in growing a particular crop in a particular location.
Increased yield variability in the short-term (higher D) indicates greater risk in crop

production.

It should also be noted that the fractal dimension D is scale independent and the values of
D depend on variability rather than yield so values of D may be compared (Eghball and
Power, 1995). It is therefore a useful device for comparing the magnitude of temporal
variation between fields and may also be useful in establishing temporal variability
thresholds in the same manner as suggested for b and D in spatial variability.

1.5.3 Joint Space-Time Models

The development of space-time models remains in its infancy although several have been
suggested (e.g. Stein, 1986; Posa, 1993; Stein et al., 1997). Buxton & Pate (1994) have used
ajoint temporal /spatial variogram in a 3-dimensional kriging process to estimate pollutant
concentrations in time and space. The validity of their method being confirmed by
Dimitrakopoulos & Luo (1994). Heuvelink et al. (1996) applied a more flexible model to
the prediction of soil moisture under a pine forest.

McBratney et al. (1997) have also documented a number of simple, general models for the
analysis of stationary, non-stationary and intermediate data sets and examined wheat dry
matter and grain yield from the Rothamsted Classical Experiments (Johnston, 1994). The
results show that the temporal variance between locations in the field may be up to 4
times the spatial variance in drymatter production and 6 times the spatial variance in

grain yield.

1.6 SUMMARY

Within-field variability of soil attributes, crop pest infestations and the resultant crop yield
is obvious. The magnitude varies with attribute, location and time. Table 1-14 lists median
CV values for the variables examined in this chapter which may be taken as a general,
simple guide to the magnitude of variation that may be expected at the within-field scale.
These may possibly be used as a basic benchmark for variability at this scale.

Offering a more comprehensive view of variability in a number of these attributes are the
figures in Table 1-15. These values agree with the median values calculated by Haneklaus
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Median CV (%)

Attribute
Soil Texture Sand 37
Silt 18
Clay 18
Soil Structure Bulk density 5
Soil 0.M. 18
Soil Moisture og 11
ov 9
Soil Nutrients N 38
38
K 23
Soil pH 5
Crop Yield 14

Table 1-14. Median CV values for important soil /crop system attributes.

etal. (1997) for attributes studied on 18 fields. They may also be considered as generalised
representations of expected variability at the within-field scale and could be used as
surrogates for the parameters in unsampled fields or initial estimates in modelling
procedures. The provision of a spatially dependent range (4) may also prove useful in
establishing the sample spacing for initial sampling schemes in unsampled fields. With
the exception of soil moisture, these figures tend to suggest a 60m sample spacing as
being a maximum required to accurately capture the spatial variability in most soil
attributes. Franzen & Peck (1995) compared the abilities of a 100m and a 66m sampling
grid to delineate the spatial features in soil pH, P and K observed on a finer 25m grid.
They concluded that the 66m grid provided sufficient detail but that the 100m grid delivered
an unacceptable loss of information. Similarly, Haneklaus et al. (1997) suggest a soil
sampling grid of between 50m and 100m for reasonable spatial delineation.

The values in Table 1-15 are similar in magnitude to the average variogram parameters
calculated by McBratney & Pringle (1997) in a recent variability review of a number of
soil attributes. They concluded that the degree of variability (variation doubling as area
increases from 0.1 ha to 1 ha) and structural ranges suggested that management at the 1m
to 100m unit scale was potentially useful. These results tend to support such a hypothesis,
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Median Variogram Parameters
Attribute co C Co+C a (m) spatial structure
Soil Texture (%%) 24 9.3 1.7 63 strong
Soil Moisture (%?) 0.00049 0.00045 0.00094 22 moderate
Soil Nitrogen (mg/kg®) 1.2 20 32 117 moderate/strong
Soil Phosphorus (mg/kg®) 26.9 11.0 379 180 moderate/weak
Soil Potassium (mg/kg?) 887 391 1278 157 moderate/weak
Soil pH (units?) 0.021 0.15 0.171 105 strong
Crop Yield (tha?) 0.37 0.63 1.0 83 moderate/strong

Table 1-15. Median semivariogram model parameters for important soil /crop
system attributes.

with the proviso that attributes that display a moderate to weak spatial structure will
prove more difficult to compartmentalise or classify into homogenous management units.

Importantly, the variation in attributes of the soil-crop system highlighted by this review
may give rise to economic, environmental and societal problems on cropping enterprises
under traditional 'uniform' management (Lowenberg-DeBoer & Swinton, 1995;
Wollenhaupt & Buchholz, 1993). In general, the problems as summarised in Table 1-16,
arise from a decision to use 'mean-of-field' information to guide the amelioration of an

area which may result in zones being under- or over- treated.

For the majority of impacts listed in Table 1-16, the implications are obvious and require
no further elaboration. The significance of excess denitrification products provides an
exception. In areas with soil nitrogen levels above crop requirements, there is a greater
opportunity for the excess nitrogen to result in increased production of nitrous oxide (N,O)
through the denitrification process. N,O release is believed to contribute to the global
greenhouse effect and is instrumental in the breakdown of stratospheric ozone (Hauck,

1984).

At present, the problems of input resource waste and failure to attain optimum yield remain
economic dilemmas of the individual producer. Escaped fertiliser and pesticide, along
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Economically Excess Excess Fertilisers Excess Excess Excess Pesticide Pesticide

Attribute Significant ~ Fertiliser  inTailwateror  Denitrification Pesticide  in Tailwateror ~ Residues
Yield Loss Cost Groundwater Products Cost Groundwater in Soil

Soil Type / Texture / / / / / / /
Soil Structure / \/ / \/ /
% Soil OM v v v v v v v
Soil Moisture v v v e 4
Soil Nutrients v v v v
Soil pH v v v v/
Pest Infestations / / v/ /

Table 1-16. Problems associated with not treating spatial variation in influential
soil/crop system components.

with contamination of follow-on enterprises with residual pesticides, has entered the public
domain. Legislation has been foreshadowed on the right to use and apply chemicals, and
on containment strategies to reduce the contamination of waterways and food chains.
Failure to comply will undoubtedly bring another economic dilemma for the individual
producer.

Technology is now becoming available to tackle the operational difficulties inherent in the
problems raised by spatial variability. Providing further impetus is the now greater general
awareness of the natural boundaries limiting resource requirements, availability and
application. Given that this review points to the conclusion that a much finer delineation
of homogeneity in management units is required than presently utilised, it may therefore
be efficacious to attempt to account for, and operate with, spatial variation as the solution
to the potential problems of soil spatial variability.

Chapter 2 will review the progress towards developing a farm management system that
will incorporate a finer scale treatment of variation.
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CHAPTER 2

Site-Specific Measurement and Management of Attributes

p.dy | INTRODUCTION

The preceding review highlights the variability that has been observed in the major
components of crop production systems. It also raises the concept that the scale of spatial
variation in crop yield is critically dependent on the scale of spatial variation in significant
field-based factors that contribute to crop yield. This interrelationship has tended to be
overlooked by farm managers as operational logistics enticed them towards larger field
sizes. Given the spatial relationships presented in Chapter 1 it is entirely feasible that the
incorporation of more variability within each field may have followed.

With the advent of tools such as the differential Global Positioning System (dGPS),
Geographical Information Systems (GIS), and miniaturised computer components there
is now an increasing interest in, and quantification of, the variability in soil attributes,
crop yields, pest infestations and climatic factors. These tools allow agricultural enterprises
to gather more comprehensive data on this production variability in both space and time
and has fostered a new attempt to understand and manage the variation at the within-
field scale.

The desire, and ability, to monitor and respond to variation on a fine-scale is the goal of
Precision Agriculture. This desire has both an economical and environmental basis.
Matching inputs to crop and soil requirements as they vary within a field should improve
the efficiency of resource use and minimise adverse environmental impact.

At present, monitoring and mapping the spatial variation in small-grain crop yields is
receiving much publicity in Australia. Yield mapping is only one component of a Precision
Agriculture system (refer Figure 3) and small-grains is not the only enterprise to embrace
the ideas. Crop yield monitors are also available for potato, peanut and forage harvesters
and are under development for cotton, sugarcane and a range of horticultural crops.

Achieving the operational harmony called for in a site-specific crop management system
will require a holistic approach to describing, and delineating suitable responses to, the
spatial variation found in the influential components of a cropping system. A union of
data acquisition operations, information processing and decision formulation procedures
would be necessary to successfully complete this process. Ideally, for many ameliorative
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operations the whole process would be undertaken in 'real-time' as depicted in Figure 2-1,
however many technological and agronomic barriers remain. This Chapter will review

the progress towards constructing such a management system.

A REAL-TIME
INFORMATION— DECISION— ACTION SYSTEM

INFORMATION —> OPTIMAL DECISION  —» ACTION
* existing geo-referenced * crop growth models » differential tillage,
information * spatial models for soil fertilisation, sowing
* telemetry variables etc.
* real-time sensed * economic models
information

RELYING ON ACCURATE OBSERVATION AND MODELLING OF SOIL VARIATION

Figure 2-1. A proposed real-time system linking information acquisition,
decision making and action operations (McBratney & Whelan, 1995b).

2.2 COLLECTING DATA ON SPATIAL VARIABILITY

A critical requirement for collecting data on the spatial variation in any land-based attribute
is an ability to accurately resolve ground positions in the field. All data must be geo-
referenced to facilitate the production of a representative field map and for the purpose of
correlating the information on various attributes obtained from a field. The technology is
available to determine the position of a stationary /moving vehicle with increased accuracy
using satellite-based navigation systems or land-based triangulation telemetry systems.

Local triangulation systems rely on calculating a position relative to a configuration of
ground based beacons. A number of radio-frequency, time-multiplexing positioning
networks that allows radial distance real-time positions to be calculated and converted to
x,y data have been explored (e.g. Hiel et al., 1986; Palmer, 1990). The beacons may be
permanently fixed in position or moved to allow coverage of new areas, however the
position must always be initially surveyed. These systems are generally low-powered
and currently have operating radii of 5-25 kilometres (km). Satellite navigation systems
will be discussed here because they are now becoming ubiquitous within agriculture and
the wider community.
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221  Satellite Navigation Systems

Two satellite systems have been developed. The NAVSTAR Global Positioning System
(GPS) is owned by the government of the United States of America, and the Global
Navigation Satellite System (GLONASS) is controlled by a consortium headed by the
Russian Government. Both systems are built using a space segment comprising a
constellation of dedicated satellites, a control segment that monitors, manoeuvres and
updates information to the satellites, and a user segment trying to determine accurate
ground position. The systems are basically similar (see Kruger et al., 1994 for comparisons)
however far more receivers have been developed by commercial enterprises to utilise the
information from the GPS satellites so its operation will form the basis of the following

review.

Methods of position calculation are beyond this general review and readers are referred
to Hofmann-Wellenhof et al. (1994) for a thorough explanation of theory and practice or
the NAVSTAR technical characteristics reference (USA Government, 1993). In basic terms
a user's position is determined by resection using the distances measured to the satellites.
These distances are most commonly estimated using satellite orbit, current position and
time information uniquely coded into a transmission signal from each satellite. The distance
to four satellites must be instantaneously determined by a remote receiver in order to
obtain a point position in three dimensions. One satellite each for resolving latitude,
longitude and elevation and the fourth is required to determine nonsynchronisity between
the satellite and receiver time pieces.

The GPS satellites are currently controlled by the U.S. Department of Defense who regulate
the quality of information available to civilian users. This regulation, known as 'selective
availability' (SA), is initiated by dithering the satellite clock and position information that
isincluded in the coded signals available to non-military users. Areduction in the accuracy
of satellite distance determination and therefore remote receiver position results. This is
especially the case in the 'stand-alone' mode of operation whereby a ground position is
calculated using a single receiver that tracks and obtains data from the satellites. The
specified accuracy with SA has a 95% confidence interval of 100 metres (m) and a 300 m
99% confidence interval. Without SA the 95% confidence intervals are 3-35 m (Kruger et
al., 1994 ). Georgiadou & Doucet (1990) have demonstrated that SA can increase positioning
errors from 15m to 100m.

The errors introduced by SA can be reduced with the introduction of a second receiver
installed at a fixed, surveyed position. The position data collected by the fixed receiver
can be used to calculate a correction factor that may be applied to the data gathered by a
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mobile receiver. Using a GPS in this operational configuration is known as differential
GPS (DGPS). This correction may be stored and applied to the mobile receiver's data
following a reconnaissance or survey operation (post-processing) or used as individual
positions are calculated by the mobile receiver (real-time) using a radio frequency

communication link.

Figure 2-2. Operational configuration of a real-time Differential GPS (DGPS).

Figure 2-2 depicts the basic set-up of a real-time DGPS. The mobile receiver (A) and the
fixed position base unit (B) interrogate the navigation satellites (C). (B) continually
compares its surveyed position with that calculated using the data from the satellites (C).
A correction (differential) is computed to truth the incoming data and the differential is
relayed by radio frequency to the mobile unit (A). The mobile unit is thus able to more
accurately calculate its position from the satellite data (C) and the differential supplied by
the base station (B).

Real-time DGPS allows instantaneous position reckoning and the associated ability to
store position information with other observations while they are being observed. Initial
studies on civilian use of DGPS with user controlled base stations suggested an accuracy
between 2-4m was attainable if the two receivers were positioned close together (Beser &
Parkinson, 1982; Kalafus et al., 1983). This accuracy would degrade at approximately 1cm
per km (Ashjaee, 1985) until the separation distance reached 100 - 200km (Brown, 1989;
Kee et al., 1991). Further separation would subject the user to position error up to
approximately 15m at 500km (Kruger et al., 1994). Such degradation would limit the
usefulness of operating DGPS with a single base station to short-range operation.
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If the differential signal is broadcast on a FM frequency sideband the system can
accommodate multiple users within the effective range. Such differential correction signal
coverage is available for many of the major cropping regions in Australia through Ausnav
Services Pty Ltd.! who lease a proprietary programmed receiver to the user.

The differential calculated using one fixed receiver reduces/removes the GPS system errors
produced by SA, the internal position and time monitoring errors associated with the
satellites and the time monitoring errors associated with the receivers. The range restrictions
that are still incurred are a result of variation within the atmospheric layers through which
the satellite signals are propagated as well as internal receiver noise and multi-path signal

reception.

Anionospheric delay, imposed on the transmissions as a function of signal frequency and
the number of free electrons along the path, will therefore vary with satellite elevation.
GPS satellites transmit a basic model of this delay that reduces the ionospheric error to a
mean of 50% of the true effect and using one base-station DGPS can only improve this
within 185 km separation (Brown, 1989). A tropospheric delay is induced as a function of
local elevation, humidity and temperature and this is not corrected in single base-station
DGPS (Brown, 1989).

In general, using a single fixed base-station assumes that all errors applying at this reference
station should apply exactly to the mobile but as separation distance increases the two
receivers may be observing different satellite information errors and receiving the satellite
signals via different atmospheric travel paths (Ackroyd & Lorimer,1994). However, these
effects are spatially correlated between separated receivers (Loomis et al., 1991; Clark,
1992) so they may be overcome by the use of two base stations as proposed by Tang et al.
(1989) or multiple base stations (Brown, 1989; Loomis et al., 1991; Mueller et al., 1994) that
allow the spatial pattern of these "line of sight " errors to be modelled. The proposed
methods weight the differential corrections computed at various ground stations and
combine them to obtain an improved estimate of errors at a users location. The weightings
are a function of the correlation distance of the GPS errors and the distance between user
and the reference stations. Tang et al. (1989) concluded that the error reduction with two
base stations appeared as a function of separation geometry. The multiple base station
systems, with a wide spread of fixed reference points is less susceptible to this problem
(Loomis et al., 1991).

TAusnav Services Pty Ltd., PO Box 7396, Canberra Mail Centre, ACT 2601
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A solution has been designed that incorporates a wide network of fixed position receivers
(D) that communicate with the GPS satellites (E) and calculate a correction algorithm which
is then passed to a master station (F). The master station computes a vector correction
from all the individual stations and relays this to a general communications satellite (G)
that increases the broadcast range to remote users (H). The correction transmission is
supplied in a standard format (RTCM-104) defined by the Radio Technical Commission
for Maritime Services (Kalafus et al., 1986). This operational configuration is known as
Wide Area Differential GPS (WADGPS) and is capable of providing sub-metre accuracy
that is spatially independent of mobile receiver location within the network (Figure 2-3).

Figure 2-3. Operational configuration of a Wide-Area Differential GPS (WADGPS).

This form of correction is available in many countries (including Australia) through the
competing commercial operations of Fugro Starfix® and Racal Survey* The remaining
spatially uncorrelated errors in the user segment are receiver noise, which should be
reduced as electronic technology continues to advance, and multi-path signal reception
that can be significantly reduced using antennas that will not accept signals from below
the local horizon.

More accurate modes of operation are available whereby the distance to satellites is
determined in a codeless manner using the phase change of the information carrier signal
between propagation and reception (Larsen et al., 1994). This method offers potentially
greater accuracy but requires more expensive receivers and user provided base stations
with radio links. The range of these systems and the cost will restrict their use to very
detailed survey, terrain modelling or vehicle guidance at present.

§ Fugro Starfix 18 Prowse St, West Perth, WA 6005.  * Racal Survey Australia Ltd. 4 Ledgar Rd., Balcatta, WA 6021.
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In an agricultural context, the required location accuracy and precision will depend on
the operation being undertaken. Stafford & Ambler (1994) suggest and accuracy of + Im
for the operation of a boom spray with controllable 2m boom sections; <10c¢m for controlling
spray overlap between adjacent passes; and for monitoring crop yield the resolution may
only be required to be below the width of the cutter-bar (i.e.  3m for a 5m cutter). In
precision tests they show that prior to S/ A operation an accuracy of 1.9m was obtainable
in 95% of measurements (root mean squared error (RMSE) x 2) using stand-alone GPS
receiver and a correction signal transmitted for a broad area. This extended to 5-15m with
S/A, but prior to the 1993 completion of the GPS satellite constellation. After the full
constellation was airborne, a tram-line test using an in-field base-station found

improvement to 2.7m (easting ) and 1.9m (northing).

Delcourt & De Baerdemaeker (1994) calculate a 1m error in 95% of measurements as a
requirement for soil sampling to delineate spatial units. This accuracy should also be the
aim for crop yield monitoring as any error will be incorporated into the final map. The
belief that the cutter-bar width can dictate the GPS resolution is erroneous.

There are now numerous DGPS receivers commercially available with manufacturer
reported accuracy of 1.0m (2 x RMSE). Saunders et al. (1996) proposed static and dynamic
tests to verify the suitability of receivers for Precision Agriculture which highlighted the
variability in performance attributable to receiver specification. Performance will also be
location and time dependent.

In general, the pseudorange GPS method of position determination would appear to
adequately fulfil the requirements for monitoring crop yield and possibly boom spray
operation. It is not yet suitable for accurate spray overlap control, vehicular guidance or
digital terrain modelling. The more expensive operations such as Real-Time Kinematic
(RTK) DGPS carrier phase systems and the synchronous use of DGPS and dead-reckoning
instruments have been shown to produce centimetre level accuracy and precision (Van
Zuydam et al., 1997; Le Bars et al., 1997) and should be employed for these tasks.

In the future, it may be possible to combine the GPS and GLONASS systems to increase
the number of satellites visible at one time and improve reliability and accuracy. GLONASS
may bring a number of benefits such as a constant and more easily modelled bias because
S/ A is not imposed and a higher satellite inclination (65 deg compared to 55 deg) which
improves satellite visibility.
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2.2.2  Attribute Observation Strategies

Some data on soil and crop variability may already be available. Regional soil maps are
compiled from coarse-scale survey information but may be useful as an initial indication
of the soil variation to be expected on a farm level. Soil sampling and testing that may
have been carried out in previous years would also provide useful data on temporal

variation and soil response to treatment strategies.
Discrete Sampling

Field observation has been traditionally based on discrete sampling procedures using either
a grid-based or statistically based random sampling strategy. Sampling by grid is at present
a laborious procedure if large areas are to be tested. For the production of accurate maps,
the appropriate sampling scheme and minimum lag must be determined, and as
highlighted in Chapter 1, the inherent variability expected in most attributes would suggest
the principal sampling lag should be as small as possible. This inevitably leads to a conflict
between accuracy and sampling cost.

To increase the speed and efficiency of such sampling (and eventually reduce the per-
sample cost) a small low ground-pressure utility vehicle such as a 4 wheel motorbike,
equipped with positioning technology and an industrial grade personal computer may be
employed. Such a unit may be used to collect soil samples for ex situ chemical analysis or
perform in situ measurements of attributes such as nutrients (Wild et al., 1997), moisture
content by TDR (Zeglin et al., 1989), structural interpretations using air permeability (Fish
& Koppi, 1995) and salinity by electromagnetic induction (EMI) (Rhoades, 1992). The
position of the sample site being logged simultaneously using the on-board positioning
technology. A further step towards greater automation in sampling has been made by
McGrath & Skotnikov (1997) who present a traillable sampling, packaging and labelling
machine for field soil sampling.

Much of the soil and crop attribute sampling for Precision Agriculture has been conducted
manually on grids of 100m or larger. Birrell et al. (1996) graphically depict an observed
increase in the confidence range for the spatial representation of soil pH, K and P associated
with an increase in sampling grid from 25m to 100m. The common choice of grid size
appears to indicate that reducing sampling cost has triumphed over accurate spatial
resolution. Such economic rationality will always restrict the detail in information
obtainable from discrete sampling procedures. While the procedure will continue to be
employed, it is imperative that more intensive methods of data gathering are developed.
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Remote Sensing

Remote sensing encompasses techniques for collecting data on the spatial variation of
both soil and crop parameters using aerial or satellite observation platforms. Most
techniques rely on the fact that different landcovers have often characteristic ambient
reflectance signatures in the visible and/or non-visible electromagnetic (EM) spectrum.
Images of this reflectance covering various spatial resolutions may be captured using
photographic film, video or digital media. Satellite observed images that are available to
civilians have a typical resolution of 20 m’ to 30 m”. The resolution of images captured by
aerial platforms is generally a function of observation altitude and media composition.

Harrison & Jupp (1989) list the soil attributes most influential on reflectance as moisture >
OM > texture > structure > iron content. Unfortunately, the influence is exerted by the
characteristics of the top few millimetres of soil, which (with the possible exception of OM
and texture) may not be representative of the condition of the underlying topsoil. However,
reflectance measurements from bare soil using the visible and near infrared (NIR)
wavelengths have proven useful in assessing variability in soil texture (e.g. Stoner &
Baumgardner, 1981) and OM content (e.g. Krishnan et al., 1980; Bhatti et al., 1991) and in
turn may be applied to inferring variation in yield potential in the future.

Airborne radar imaging units are able to penetrate further into the soil. The information
gained represents the top 5 cm of soil and can be analysed to retrieve accurate
determinations of soil moisture content (Engman, 1990). The American National Aeronautic
and Space Administration (NASA) operates one such system known as Airborne Synthetic
Aperture Radar (AIRSAR), has tested a system in 1994 from the spaceshuttle called
Spaceborne Imaging Radar-C/ X-Synthetic Aperture Radar (SIR-C/X-SAR), and has plans
for a dedicated satellite based system (LITESAR) to be launched in 2001.

The emission of gamma radiation, particularly from a radioactive potassium isotope (“K)
has been remotely sensed and used to distinguish soil parent materials and has been
suggested for use in conjunction with terrain models and aerial photographs in estimating
the spatial variability in soil materials (Cook et al., 1996).

The reflectance response of vegetation displays more potential. Reflectance in the red (0.6
- 0.7 um) and NIR (0.8 - 1.1 pm) wavelengths is known to be influenced by agronomic
practices that effect the crop leaf area index (LAI), biomass and percent soil coverage
(Daughtry et al., 1980). Variation in reflectance response across a field may then be used
to estimate variation in yield potential or target areas for amelioration. Bausch et al. (1997)
assessed plant N status using a Nitrogen Reflectance Index (a ratio of NIR/ green reflectance
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across a crop is compared to the ratio expected from a crop with no deficiency) and suggest
the index provides a rapid assessment of N sufficiency. Plant photosynthetic activity and
thus potential crop yield has also been related to a normalised difference vegetation index
(NDVI) based on the ratio of NIR minus red reflectance, divided by NIR plus red reflectance
measurements (Taylor et al., 1997). A modified version of NDVI (mNDVI) has been
presented by Jurgens (1997) and is calculated as the ratio of NIR minus medium infrared
(MIR), divided by NIR plus MIR reflectance measurements. The author reports that such
an index can be useful in determining the reduced cellular moisture content of plants
damaged by frost. Data from AIRSAR and SIR-C/X-SAR imagery has also been used to
calculate variation in leaf area index within agricultural fields (Paloscia, 1998).

Reflectance measurements in the thermal infrared range (10.5um to 12.5um) may be used
to monitor variation in crop canopy air temperature in a transpiring crop. This is believed
to provide an integrating indicator of the underlying spatial variability in plant-available
soil profile moisture status (Yates et al., 1988). This variability has been further correlated
with soil texture and structure variation (Jackson, 1982; Smith et al., 1989) which affect
soil moisture content and availability. Gauthier & Tabbagh (1994) directly measured the
thermal response of soil from an aerial platform and successfully detected spatial variability
in soil moisture content and could delineate textural changes as soil units.

Aerial video imagery has also been used to calculate percentage land affected by saline
soil areas using red narrow band and colour infrared reflectance (Everitt et al., 1988). Brown
et al. (1994) utilised aerial still-video camera images captured using four discrete spectral
windows to discriminate between seven weed species in a corn field. The spectral regions
were chosen to allow separation of the different plant species based on their individual
spectral signatures. Hanson et al. (1995) used aerial colour and NIR imaging to classify
8.3 m’ cells within two young wheat fields as either infested or not with wild oats. They
achieved a minimum 80 % correct classification and suggested that the resolution of
digitised film images was superior to that obtained from a digital camera. Colour infrared
and panchromatic NIR in conjunction with GPS and GIS tools proved useful for Everitt et
al. (1994) in the detection and mapping of blackfly infestations in citrus orchards.

Table 2-1 summarises the remote sensing techniques and the relevant attributes that can
be estimated. In general, employing these techniques prior to sowing a fallow field may
provide data on soil moisture and texture variability and during the cropping phase
vegetative growth may be monitored for variation resulting from nutrient deficiencies,
water stress or pest infestation. This form of data appears suitable for quantifying more
coarse-scale variation but as the resolution of the technology increases, and ground-truthing
is improved, this may become a more useful tool for assessing small-scale variation.
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Observation technique Platform Attribute estimated
soil crop
Visible/ NIR reflectance Aircraft/Satellite Moisture Leaf area index
Organic matter Biomass
Texture Nstatus
Salinity Photosynthetic activity

Species identification

Physical damage

Thermal infrared Aircraft/Satellite Moisture Canopy temperature
Moisture stress
Vigour

Radar Aircraft/Satellite Moisture Leaf area index

Surface roughness  Biomass
Surface roughness
Gamma emmission Aircraft Mineralogy

Clay content

Table 2-1.  Relevant remote sensing techniques and the attributes estimated.

Continuous Sampling

This refers to the practice of collecting samples for, or directly measuring, variables 'on the
go'. Collecting samples or direct data on the variable/s during a pass over the field produces
a more fluent data set and obviously enhances the observation resolution. In the case of
direct or 'real-time' data collection, there are no sample transport/storage concerns, no
laboratory variation to contend with and no delay in accessing the results. Ultimately, the
results would also be available in real-time so that farming operations dependent on
analysis outcomes may be accomplished in the same pass of the field.

The development of such sensing technology in the area of crop yield measurement has
progressed rapidly. The more complex chemical and physical attributes of soil and other
crop quality parameters is proving more difficult.
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Crop Yield Monitoring

The continuous measurement of crop yield has received much attention in the grain
industry. Borgelt (1993) briefly summarises the various approaches under review at the
time and a number have progressed to commercialisation (Figure 2-4). These sensors are
all harvester mounted and measure the flow of clean grain at some point in the harvest
process either directly by using flow impact force or volume, or indirectly through flow
density observation using attenuation of signals in the gamma ray, visible, NIR, and
radiowave regions of the electromagnetic spectrum.

Murphy et al. (1995) and Pierce et al. (1997) give a more detailed account of the operation
of these commercialised sensors and it is apparent that these emerging technologies have
driven the development of real-time yield monitoring. Constructing spatial yield maps
from the data generated by these sensors requires that a calibration be determined for the
conversion of signal to grain mass/volume and that a harvest area be assigned to the
grain quantity at each measurement. Most systems discussed here assume a fixed crop
cutting width (commensurate with comb width) or allow some manual adjustment during
operation, and monitor ground speed for the purpose of area calculation. These matters
will get brief discussion here but will be further considered in later Chapters.

grain flow F(y)

detector

<~—F(x)

olew bl sensor

I?}Z

. one-way
.@ light beam

grain flow

grain flow grain flow

volumetric impact E.M. attenuation

Figure 2-4. Diagrammatic representation of the commercial methods of grain yield
monitoring.

In a pioneering study, Schueller and Bae (1987) monitored sorghum 'yield' using engine
speed (rpm) as a surrogate for the harvested crop while attempting to hold ground speed
and throttle control constant. Using a microwave ranging system to gather positioning
information (with a maximum position error of 8m during mobile operation) they mapped
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average engine speed over 10m cells in the field. Peterson et al. (1989) noted that harvester
engine speed would be difficult to utilise where slopes or surface roughness effected
machine ground speed and decided that the most suitable location for yield estimation
was in the clean grain flow. An isolated motor was installed to drive the grain-bin auger
and the amperage used was correlated to yield flow rate during harvest (R* = 0.96). The
Loran C positioning system was employed but produced highly inaccurate positioning of
the header paths which made mapping the yield fruitless.

In a further progression of yield monitoring techniques Searcy et al. (1989) directly
monitored grain flow volume by recording paddle wheel rotations required to meter out
grain sorghum from the end of the bubble-up auger into the grain bin. Harvester position
was determined using a microwave ranging system. Yield maps were constructed on
mean yield within 6m square cells (determined by the cutting width) and cells were
classified using + set percentages of the yield as the categories.

Using dead reckoning to determine harvester position, Stafford etal. (1991) monitored the
grain flow density at the exit of the clean-grain elevator by correlating the attenuation of
gamma-ray radiation directed across the grain flow to grain yield. Assessment of the
system accuracy was qualitative but positive. They also reported the development of a
capacitance-based sensor for mounting at the exit of the bubble-up auger which operated
at a maximum 2% error in yield determination during calibration checks. However, the
capacitance sensor appears more sensitive to grain temperature and moisture fluctuations,
and to the cross-sectional flow dimension in the delivery system.

Vansichen & De Baerdemaeker (1991) also used dead reckoning to establish harvester
position but employed a direct mass flow sensor based on monitoring the change of
momentum in the grain flow when obstructed by a curved plate. The plate is attached to
a force transducer and the component of the recorded force attributable to mass flow rate
can be calculated. This yield sensor had a quoted calibration check accuracy between -
2.7% and +3.5%, but the authors believed that in operation an absolute maximum error of
6% should be assumed. Like all the mapping efforts discussed above a cell-based system
was used, and in this instance the yields allocated within 10 m square blocks were averaged.

In 1992, Reitz & Kutzbach (as reported in Aunhammer et al. 1994) utilised a mass-balance
approach using weighing scales to produce a discrete yield /time observation. In another
approach, Klemme et al. (1992) used an ultrasonic level sensor mounted over the grain
bin to measure the volume of grain in the bin every 12m. Positioning was determined by
dead reckoning. The results displayed a maximum of 40% error in small volume
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measurements which decreased to 25% for larger volumes. This method encountered
difficulties in the measurement of grain height due to machinery vibration and pitching,

and irregular bin shape.

With the GPS network partially operational in December 1990, position determination of
agricultural vehicles via this system began in 1991. Selective Availability (S/A) was initiated
in December 1991 prior to constellation completion in December 1993. Schnug et al. (1993)
reported one of the first uses of the GPS for harvester positioning during the 1991 European
summer harvest. They operated with both the paddle-wheel volume yield sensor and
with the gamma-ray sensor, and while not commenting on the accuracies or operational
differences, quote a position error of less than 20m using the initial non-S/ A version of the
GPS. Stott et al. (1993) also used the paddle-wheel volume yield sensor and achieved an
average error in the yield estimates of 1% and with DGPS attained a location accuracy of

+2m.

Pringle et al. (1993) trialled another method for yield monitoring using a load cell mounted
under an active section of the clean-grain transport system to determine grain weight as it
was delivered to the grain bin. The yield estimates displayed a mean error of +2% and in
DGPS mode, the position accuracy was also determined to be + 2m. Such a method will
obviously be susceptible to terrain influence and vibrational interference.

In an attempt to further evaluate the volume versus mass flow sensing systems,
Auernhamer et al. (1994) compared a paddle-wheel sensor with the gamma detection
system and also tested the DGPS as a positioning prospect. They reported a reduction in
position error from 12-15m in 1991 prior to S/A to 2.5m in 1992 that they attributed to
technology improvements and correction techniques (carrier phase correction
determination). The mean accuracy of yield measurements with both sensors was less
than 2%, but the volume based sensor was found to be susceptible to variation in grain
density, the effect of which could be reduced with individual tank recalibration. The mass
flow system proved far less sensitive to this problem.

More recent studies have enabled some evaluation of newer versions of these yield
monitoring systems. Murphy et al. (1995) suggest that the volumetric measuring system
can achieve : 1% accuracy when calibrated and offer anecdotal evidence for an accuracy
of < 2% for the light attenuation system. Hummel et al. (1995) reported a field accuracy of
~ 3% for the light attenuation system. Birrell et al. (1995) found less noise apparent in an
impact-based as compared with a volumetric type system, possibly due to the more
continuous sampling technique of the former system.
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These quoted errors are all based on a mass balance monitored over a reasonably large
area or grain tonnage. The accuracy over small areas or weights has received less scrutiny.
Missotten et al. (1996) describe an overall error of 5% for the measurements from a curved
plate impact sensor on 20m by 20m sampling grid, which decreased to 1.6% over a 6ha
sampling area. Unlike the previous studies, they fitted an ultrasonic range detection
system to the harvester comb to measure changes in crop width entering the harvester.
When investigating the yield calculation process applied to whole field operations they
still report errors from the cutting width sensor of 5% and 2.5% for the speed sensor. Their
results infer that the system under evaluation is subject to a 12.5% error at the 20m by 20m

mapping resolution.

Vansichen & De Baerdemaeker (1991) report a 7% error in the area calculation introduced
by assuming a full cutting width when harvesting a 5 ha field as compared with the mean
cutting width determined using an ultrasonic ranging system. The accuracy of the range
estimation is quoted as 2% of the measured distance. Stafford et al. (1997) also evaluated
two ultrasonic ranging systems and concluded that a broad beam and long range detection
were desirable attributes. They estimate that the error in assuming a fixed width in the
area calculation to be in the order of 10%. There appears to be a high probability that
systems operating without such width sensors are subject to a yield calculation error greater
than the 12.5% estimated by Missotten et al. (1996) at a 20m x 20m resolution.

This increase in error for the 'instantaneous ' measurements appears to be primarily due
to errors associated with allocating a harvest area to the quantity of grain measured at the
sensor and errors introduced by the grain flow dynamics within the harvester. Pierce et
al. (1997) provide a comprehensive discussion of these errors and grain flow dynamics
will be considered in more detail in Chapter 5. However, it is important to note that there
have been novel attempts to negate some of these errors by relocating the grain
measurement point closer to the harvester front.

Pang & Zoerb (1990) investigated the novel use of impact sensitive film installed below
the separating sieves. A piezoelectric material (high polar Poly-Vinylidene Film (PVDF)
which could register an approximate maximum of 2000 equally spaced impacts per second
was assessed for the sensor. At a flow rate of 16.2 t/hr they calculated a piece of film
4x5cm would receive 575 impacts/sec. When installed under the sieve an average 4.5%
error in yield determination for 5 short flow runs (max =7.5%) was recorded. Problems in
field operation resulted from variation in the location on the sieve where the main grain
flow occurred due to fluctuating internal air speed and active separator width. Under
optimum operating conditions the authors suggest grain should fall through the front
section of the sieve. While these changing conditions make the system difficult to use for
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yield measurement, it may be useful in the future as a monitoring system for separator
operation and guide adjustments for increasing harvester operation efficiency.

Klassen et al. (1994) trialled a capacitance sensor for crop feed rate that used one plate
inserted into the cutting-table and the table auger as the other plate. The capacitance
between the 'plates’ was affected by the thickness of the crop matt on the table, the density
of the crop matt and the moisture content. With compensation for moisture content
variation, a reasonable linear relationship existed between feed rate and capacitance.
Klassen et al. (1994) also measured the table auger drive shaft torque using a torque sensor
and the linear displacement of the feeder-house conveyor using linear potentiometers
and attempted to correlate observations with crop feed-rate . Both were found to be less
linear than the capacitance method.

Feed-rate will always be difficult to convert to crop grain yield because a fixed relationship
between dry matter and grain yield must be assumed. A straw mass sensor at the cutting-
table or in the feeder house may however prove useful to cross check with data from a
grain yield sensor and help explain why grain yield is varying (a ratio of the two would
provide information on crop density). '

Grain moisture may also be monitored in the grain flow to improve the estimation of
grain mass at a single grain moisture content. Using the correlation between electrical
properties of grain and moisture content, capacitance-type measurement systems are more
common but alternatives such as microwave attenuation that requires no grain contact

(Kraszewski & Nelson, 1991) have been examined.

While grain crop yield has received the most research, other crops have had yield
measurement systems investigated or developed. Rawlins et al. (1995) used commercially
available conveyor weighing technology to monitor the yield of potatoes during harvest
with a reported accuracy of ~ 5%. Schneider et al. (1996) provide further detail on the
operation of this commercialised system.

A similar conveyor weighing process has been employed to monitor sugarbeet yield (Walter
et al.,, 1996). This technology could be applied to any other harvester that relies on a
conveyor system for harvested crop transport e.g. grape harvesters. Boydell et al. (1996)
used load cells beneath the basket of a peanut harvester to monitor crop yield by direct
weighing. Cox etal. (1996) reported the preliminary development of a system for sugarcane
yield mapping that utilises a correlation between monitored power required to drive the
cane elevator and mass cane flow. An absolute error in calibration of 1.4% was recorded.
Silage crop harvesting has also seen the use of power or torque surrogates for mass flow
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(Vansichen & De Baerdemaker, 1993), and impact based flow sensors (Missotten et al.,
1997). Aload-cell instrumented trailer has been investigated for monitoring the increasing
crop weight of non-combinable crops such as sugarbeets as they are loaded in the field
(Wheeler et al, 1997). This simple system may also be applied to numerous other
agricultural and horticultural crops.

The opportunity for use of Precision Agriculture within the high input/high output cotton
industry has been mooted for some time (McBratney & Whelan, 1995) but has been
restricted by the slow development of a lint yield sensor. A prototype sensor based on the
principle of light transmission and absorption was developed by Wilkerson et al. (1994).
The technique used a plane of light propagated orthogonally to the cotton flow and a light
receptive array that responds to the light attenuation caused by the passage of cotton. The
transmitter and sensor are mounted in the pneumatic conveyors and the output of the
sensor correlates with the volumetric flow rate of cotton.

Installation of such a sensor is non-intrusive of the cotton flow but must be responsive to
flow rates of 50m/sec in the chutes. In laboratory tests the regression of instrument response
on cotton mass produced an R’ of 93%. The prototype sensor was however sensitive to
cotton feed-rate, with higher and faster mass flow reducing the accuracy. More recently
Boydell et al. (1997) reported the assessment of a similar flow sensor and published a
yield map. Schoenfisch (1997) also reported the development of a comparable system but
offered only qualitative assessment.

Table 2-2 summarises the available yield monitoring techniques for combinable and non-
combinable crops.

Soil Organic Matter

Correlation of soil OM with externally measurable soil attributes has focused on the
reflectance properties of soil. Many early studies have been efficiently reviewed by Sudduth
& Hummel (1991) suggesting that the visual to near infrared (NIR) range of the spectrum
offered most promise. Shonk & Gaultney (1988) chose the red waveband (660nm) for the
first reported real-time OM sensor. The sensor array comprises 6 x 660nm LED's and a
photodetector mounted within a purpose-built tine. The base of the tine operates below
the soil surface with the leading edge providing a level surface for the reflectance
measurement. Such a system is in effect measuring the colour of the soil. Shonk et al.
(1991) report a linear relationship for fine to medium textured soil in the 1%-6% OM range
and a curvilinear relationship for more coarsely textured soil and field test results with
regression R’ ranging from 0.83 to 0.95. Because only one waveband is employed, the
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Crop type

Yield measurement

Technique

Sensor location

Combinable crops

Potatoes, Beets & Tubers

Cotton

Peanuts

Grapes

Sugarcane

Forage crops

Tomatoes & other horticultural

Mass flow by impact force

Volume flow by light attenuation
Volume flow by mechanical metering
Mass flow by gamma attenuation
Mass flow by radio freq. attenuation

Mass flow by mechanical weighing

Mass flow by mechanical weighing

Mass flow by light attenuation

Mass flow by mechanical weighing

Mass flow by mechanical weighing

Mass flow by mechanical weighing

Mass flow by power requirement

Mass flow by power requirement

Mass flow by impact force
Mass flow by mechanical weighing

Mass flow by power requirement

Mass flow by mechanical weighing

Mass flow by mechanical weighing

Clean-grain elevator exit
Across clean-grain elevator
Grain-bin auger exit
Clean-grain elevator exit
Clean-grain elevator exit

Cross-auger floor

Active conveyor idler wheels

Across basket delivery shute

Peanut basket

Active conveyor idler wheels

External weigh-wagon

Chopper drive

Elevator drive

Delivery spout
External weigh-wagon

Chopper drive

Active conveyor idler wheels

External weigh-wagon

Table 2-2.

- operational technique and sensor location.
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system is deemed to be landscape-dependent (Sudduth et al., 1991) requiring calibration
for changes in soil texture and moisture content. Shonk et al. (1991) also report reduced

accuracy with low quantities of OM.

A more complex system utilising light in multiple narrow-band wavelengths (1630 - 2650nm
in 52nm bandwidths) has been developed to prototype stage (Sudduth et al, 1991). The
authors results suggest that the additional spectral information gained will ensure the
sensor is landscape independent (insensitive to variation in soil moisture and texture).
Although more costly and less robust, they believe it should provide a more versatile

measurement tool.

For heavy textured, dark soil low in organic matter (e.g. Vertisols), the single wavelength
instrument may be limited by the characteristic dark colour that is dominantly a function
of ferromagnesian mineral contents. Krishnan et al. (1980) report that this reduction in
effect on soil spectral properties may be expected below 2% OM. The multiple wavelength

device may prove more suitable in these cases.

Soil Nitrogen

For soil nitrate sampling, a number of ion selective probes have been produced and involved
in a limited release (Borgelt 1993). Continuing work is focusing on the use of Ion Selective
Field Effect Transistors (ISFET) which use ion-selective sensors mounted on computer
chips, in conjunction with specific membranes, to measure soil solution ion concentrations.
Birrell & Hummel (1997) report successful analysis of nitrate samples within a 1.25s
timeframe using flow injection analysis. The samples were manually extracted for the
experiments and the authors concede that maintenance of constant flow parameters and
precise injection times is important to maintain measurement accuracy. Development of a
rapid, automated sampling and extraction system remains as the major limitation to the
employment of these devices as real-time soil nutrient sensors.

The development of electrochemical nitrate measurements using a nitrate selective
electrode in an electrochemical cell to monitor nitrate levels in a extraction obtained from
an 'on-the-go' sample is also progressing. Adsett and Zoerb (1991) designed and tested a
mechanised sampling and monitoring station that operated at a forward speed of 3 km/
hr and sampled every 30 seconds. While the sampling operation, using a modified
chainsaw bar, performed adequately, the inconsistency in nitrate extraction has proven a

major limitation.
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Soil nitrate measurement using electrical conductivity has been examined using a coulter-
based implement (Borgelt, 1993) and is commercially available'. The scientific basis for
such an instrument appears fragile. Calibration of conductivity to soil nitrate concentrations
would only be of use in a medium that was dominated by the nitrate ion (e.g. a sandy soil

used for intensive production).
Other Soil Attributes

The ISFET sensing systems previously mentioned would appear suitable for all ionic
nutrients, but there is no published literature on their development. Clearly, the eventual
completion of a nitrate ISFET sampling and sensing system will lead to similar real-time
sensors for a variety of soil nutrients. However, the ISFET technology is being employed
in preliminary experiments for sensing soil pH in real-time. Viscarra Rossel & McBratney
(1997) concluded that the ISFET provided the necessary ruggedness and speed of response
for development as areal-time pH sensor and proved superior to more common electrode
systems.

Electromagnetic induction (EM) instruments measure the apparent electrical conductivity
of a material by generating electromagnetic fields and monitoring attenuation. Changes
in the electromagnetic response are caused by variation in ionic concentration. In soil, the
volumetric moisture content, quantity and identity of ions present and the texture effect
the observed ionic concentration. EM instrumentation has been mobilised using towable
PVC sleds suitable for pre-sowing use or dedicated all-season field vehicles to provide a
contiguous assessment of salinity levels in the crop root zone (Henkes & Dietz, 1994;
Rhoades, 1992). The technique has also been successfully employed to monitor variability
in topsoil depth in claypan soil (Sudduth et al., 1995), soil moisture content in soil with
low electrolyte concentration (Kachanoski et al., 1988) and soil clay content (Williams &
Hoey, 1987). With these numerous influences on the EM field, it is important to be able to
isolate the effect of the attribute of interest. Jaynes et al. (1996) discovered this complexity
when unsuccessfully attempting to correlate basic EM readings with crop yield over 3
years.

The soil reflectance sensor, previously discussed as a means of determining organic matter
content, may also prove useful in recognising gradual changes in soil type and texture
that would be valuable in the accurate classification of field variation in crop yield potential.
This technique, as with EM, appears particularly promising for use in areas where heavier
textured, clay dominant soil intergrades with lighter textured, more sandy soil.

1S0il Doctor ™- Crop Technology, Inc. USA
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The continuous monitoring of soil moisture content may also offer a means of identifying
areas susceptible to waterlogging and aid in the determination of soil textural variation.
The requirements and development of a number of contact and non-contacting sensing
techniques, including electrical resistance, microwave attenuation, capacitance probes,
nuclear magnetic resonance (NMR), near-infrared reflectance, microwave reflectance and
ground-penetrating radar (GPR) are examined by Whalley & Stafford (1992). The contact
sensing techniques, with the inclusion of the Time Domain Reflectometry (TDR)
measurement technique, appear most suitable for incorporation in a cultivation tine. Lui
etal. (1996) report the continuous measurement of soil moisture content using a resonance
frequency and phase lock technique to monitor changes in soil dielectric properties from
a tine mounted sensor. GPR appears to offer the greatest depth of penetration of the non-
contacting sensors.

GPR has also already been used 'on-the-go' to map textural discontinuities and thickness
of soil horizons (Collins et al., 1986; Truman et al., 1988), depth to spodic and argillic
horizons (Collins & Doolittle, 1987), depth to soil water tables (Truman et al., 1988) and
improve the determination of soil map unit boundaries (Schellentrager et al., 1988). The
GPR technique does appear to function best in soils with abrupt textural changes at horizon

boundaries.

Liu et al., (1993) showed preliminary results of a novel acoustic method for determining
soil texture in real-time. A tine mounted microphone measured acoustic emissions
generated by the release of energy during the dynamic process of tillage. They showed
promising differentiation of soil types based on texture but more work is required to
determine which frequencies are best for delineating soil types.

Information on the variation in soil compaction may be obtained via a moisture calibrated
correlation with soil strength. Alihamsyah and Humphries (1991) tested and recommended
a shank-mounted, horizontally operating penetrometer with a 30° prismatic tip leading-
edge to measure the mechanical impedance of the soil 'on-the-go". This technique could
be employed in conjunction with a moisture probe to quantify soil strength.

Young et al. (1986) modelled the instantaneous draft of tillage tools using time series analysis
and found that the parameters relevant to soil analysis were the mean draft, residual draft
and the auto regressive coefficients of the model. The mean draft equated to the average
dynamic soil strength, changes in soil strength as the soil is tilled was evident in the residual
draft, and the auto-regressive coefficients reflect the soil /tool interaction. Such analysis
could be used to asses soil physical condition. They suggest using a trailling tool in the
tilled soil following a cultivation gang to act as a transducer to measure the physical state
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of the soil. This method is reactionary rather than predictive and the soil condition
agronomically suited to a variety of crops has not been accurately characterised.

Plough draft has also been monitored and correlated to clay content in an effort to map
spatial variation in soil type (Van Bergeijk & Goense, 1996) and a soil texture/compaction
index to be used in modifying liquid application rates (Lui et al., 1996).

Other Agronomic Attributes

Most other 'on the go' sensing has concentrated on weed mapping and management. The
systems developed and studied have usually involved detection of living weeds in fallow
fields using optical sensors (Felton et al., 1991) although Green et al. (1997) report the use
of height selective spraying equipment employing infrared light beams to detect Texas
panicum in peanuts. These are integrated detection and treatment systems and will be
further discussed in a later section.

Alternatively, many grain yield monitoring systems allow manual operator flagging of
weed patch positions observed from the harvester cabin during harvest. While this method
is time efficient compared with traditional scouting, Colliver et al. (1996) show it may
potentially overestimate weed infestations and is less spatially accurate than perimeter
patch scouting with a GPS prior to harvest. Stafford et al. (1996) also report only a general
agreement between the two methods as increasing subjectivity and required recognition
speed appear to be affecting the accuracy of the cabin-based system.

Measurement of plant spacing to infer plant population density has been investigated by
Plattner & Hummel (1996) using a photoelectric emitter and receiver pair to measure the
in-row distance between corn plants. An estimate of plant population density at harvest
time would be very useful for the subsequent process of determining the cause of crop
yield variation detected by yield monitoring.

Plant tissue nitrogen status has also been monitored using tractor mounted continuous
remote sensors. Wollring & Reusch (1997) report success in monitoring experimental
variations of 50 kg N/ha in applied N fertiliser at 2 weeks post application using
measurements in the red and infrared wavelengths. The system showed significant
variability in N nutrition status in fields supposedly uniformly fertilised. The authors
believe that this continuous monitoring can be used to direct differential split fertiliser

applications
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Soil Attribute Measurement technique

Texture Visible and NIR reflectance
Electromagnetic induction (EMI)
Ground penetrating radar (GPR)
Acoustic sensors

Tillage draft

Moisture Electromagnetic induction (EMI)
" Ground penetrating radar (GPR)
Electrical resistance
Electrical capacitance
Time-domain reflectivity (TDR)
NIR reflectance

Nuclear magnetic resonance (NMR)

Organic matter Visible and NIR reflectance

Nitrogen lon selective electrode
lon selective field effect transistor (ISFET)

Electrical conductivity

pH lon selective electrode

lon selective field effect transistor (ISFET)

Salinity Electromagnetic induction (EMI)
Compaction Penetrometer
Topsoil depth Electromagnetic induction (EMI)

Ground penetrating radar (GPR)

Horizon boundaries/ claypans Electromagnetic induction (EMI)

Ground penetrating radar (GPR)

Table 2-3.  Options for continuous sensing of soil attribute variation.
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2.3 MANAGEMENT OPTIONS FOR SITE-SPECIFIC MANAGEMENT

In implementing this type of management, rate-based operations that influence crop yield
can be targeted to achieve desired yield goals with the minimum input of resources. Such
governing operations occur at nearly all phases of the crop growth cycle. Schueller (1992)
describes the array of variable-rate control designs available or proposed at the time,
ranging from simple control of flow rate to more complex management of rate, chemical
mix and application pattern. The author emphasises that the control segment of any
variable rate application should optimise both the economic and environmental product
of the field and must ensure that estimates of operational accuracy and dynamics are
included in the application process. This is an important point, as incorrect spatial
application may be economically and environmentally detrimental.

In all the operations that will be discussed here, the control commands may be instigated
by combining input data with the real-time use of a response algorithm or a by accessing
a two-dimensional array of set points which in effect is a raster display of application
rates and positions (Schueller, 1992). For the majority of cropping industries the important
areas of managerial intervention would include:

2.3.1 Soil Tillage

Generally, the current tillage systems in use attempt to apply a uniform treatment to the
soil at a site irrespective of the spatial variation in soil tilth/structural condition that may
occur. Tillage operations modify the soil propensity for plant growth and erosion by
imparting compaction/disintegration forces on the soil while endeavouring to achieve a
desired level of soil disturbance or crop residue/ameliorant incorporation. Readers are
referred to Voorhees (1991) for a review of the criteria for assessing the impact, and
economics of, ameliorating soil compaction using tillage.

In general, variation in soil texture, structure and strength within a field may combine to
produce significant spatial variability in the tillage required to achieve a suitable or
optimum result. Soil moisture content and soil texture at the time of an operation also
influence the effect of a tillage implement (Allmaras et al., 1967). Schafer et al. (1985)
discuss the concept of 'prescription tillage' as involving the combination of soil
characteristics, the interaction of soil/machine operations and the eventual crop

requirements into a suitable tillage operation.

Therefore, prescribed tillage or differential tillage operations for a specific crop may be
achieved by controlling the type of tillage implement and the depth of operation. The
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type of implement employed and depth of operation will directly influence the resulting
surface roughness, porosity and degree of organic matter incorporation (Voorhees et al.,
1993). They report that incorporation increases as tillage is changed from chiselling to
disking to mouldboard ploughing.

The potential impact of this concept on soil structural change is shown in a study by
Cassel et al. (1988). Their experiments reveal appreciably different interpolated yield
patterns between disked, chiselled, subsoiled and bedded treatments in a field with a
tillage clay pan. In this example the chisel treatment provided the highest mean yield and
the most uniform influence as assessed by a low semivariogram variance and almost
random model. The authors hypothesise that the chisel treatment resulted in the most
unifom soil mechanical impedance within the field thereby giving better access for plants
to subsoil moisture. It does appear that the chisel treatment homogenised the field in
terms of mechanical impedance as evidenced by the random nature of the variogram
model. The bedding and sub soiling treatments retained a spatial structure in the yield
data which aside from greater heterogeneity, may also be reflecting variability in the
quantity of organic matter incorporated. A degree of heterogeneity in soil physical
parameters and greater organic matter incorporation may be more economically and
ecologically beneficial than homogenisation in some fields in the long term.

For a differential tillage operation, both the original and desired soil condition should be
quantified on the same scale, e.g. soil strength and ductility by mechanical impedance
(Chandler & Stafford, 1987). The most suitable tillage implement and operational depth
to achieve this goal could then be chosen based on the moisture content and texture of the
soil.

A sensor such as a shank-mounted cone penetrometer (Alihamsyah & Humphries (1991)
or draught transducer (Young et al., 1986) mounted in front of an implement could monitor
the initial soil condition while the resulting condition of the tilled soil is gauged by a
similar trailling sensor. Chandler & Stafford (1987) and Stafford & Ambler (1990) have
proposed image analysis techniques to monitor clod or aggregate size distribution as an
alternate method of monitoring tillage results. The information obtained from such sensors
could be used in a control loop to vary implement action.

A hydraulically controlled tool frame supporting a variety of implements with real-time
engaging and depth control could perform the desired tillage operation. Voorhees et al.
(1993) suggest including a front disk gang for residue incorporation backed up by a chisel
gang for deeper or more vertical disturbance. Roytburg & Chaplin (1995) have proposed
a stochastic random-walk model based on soil resistance force to predict tillage outcome
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from the initial soil condition. This would enable real-time decisions to be made regarding
implement and /or operating depth required for the desired final soil condition.

Such systems are now being developed. Scarlett et al. (1997) have successfully employed
ultrasonic depth sensors to control and vary the operation depth of a power harrow and
also trialled the ultrasonic sensors to measure surface roughness in real-time as a guide to
resultant seed bed quality. They report a good regression response when comparing the
sensor to sieve analysis under laboratory conditions (R? = 0.92) and found that the sensor
underestimated aggregate size in the field. The authors suggest this may be due to a fine
aggregate surface artifact created by the powerharrow. Further research with less
destructive implements may prove more successful.

2.3.2  Fertiliser Application (both in quantity and mix)

The application of fertilisers to provide sufficient nutrients to maximise crop growth and
yield is broadly viewed as essential in intensive cropping systems. Since the seminal
response studies of von Leibig (1847) and subsequent modelling by Mitscherlich (1913),
numerous fertility trials have quantified the yield response to application of the various
macro and micro nutrients (applied in isolation and with interactions) for the majority of
economically significant crops (see Cooke, 1982). This response to individual nutrient
addition has continued to be modelled with varying success using exponential, quadratic,
square root or paired linear functions in their full, modified or inverse forms (e.g. Bock &
Sikora, 1990; Boyd et al., 1976; Danke & Olson, 1990). Determination of the most suitable
model seems reliant on the initial soil nutrient conditions, the boundary nutrient levels
(fertiliser levels applied) and climatic and landscape parameters (Cooke, 1982). Many
authors have also explored the role of nutrient interactions through response surface
analysis (e.g. Colwell, 1978; Dillon & Anderson, 1990).

However, given this acknowledgement of the complexity of nutrient dynamics in the field,
and the difficulty in assessing the optimum response model, it remains a common practice
to use regional average nutrient-yield relationships in conjunction with soil analysis (e.g.
Peck & Soltanpour, 1990; Daniells & Larsen, 1991) or crop leaf testing (e.g. Baethgen &
Alley 1989; Roth et al., 1989; Scharf et al., 1993), to construct singular fertiliser rate and
formulation regimes for whole fields.

While the ability and/or legitimacy of available techniques for delineating soil nutrient
management units at the within-field scale remains to be comprehensively tested, the
ability to control the composition and rates of chemical application in real-time has
significantly progressed. Scheuller & Wang (1994) discuss the requirements and available
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variable-rate technology (VRT) for the purpose of co-ordinating of this task. Differential
fertiliser application usually combines some or all of the following technologies: dGPS,
GIS, automated map reading and controlling electronics, fertiliser mixing and precision
application apparatus. These components are commercially available individually froma
number of manufacturers allowing VRT systems to be constructed and customised by
individual operators to suit standard dry or liquid applicators.

As an example, Robert et al. (1991) reported the development and evaluation of a variable
rate anhydrous ammonia application system utilising common farm implements. A
predetermined application map (based on discrete soil sampling and subsequent yield
goal determination) was used to direct the quantity of fertiliser applied. The map was
loaded and read through a cab-mounted lap-top computer which is connected to a ground
speed monitor, a flow rate indicator and a rate control valve. Gaseous anhydrous ammonia
is converted to the liquid phase in an expansion chamber and then applied through the
applicator knives at rates varying between 60kg N/ha — 260kg N/ha.

Further, Macy (1993) successfully developed a automated spatially variable system for
dry and liquid fertiliser application using in-house controlling software and rate
prescriptions based on soil test results, yield goal estimation and expert (farmer)
recommendations. A multiple channel master controller is used to broadcast target rates
to additional slave controllers governing the product flow rates in conventional fertiliser
applicators. Having a component based system allows the master controller to be used in
the control of other rate-driven machine operations such as sowing, pesticide application,
and lime spreading. Incorporating automatic rate adjustment removes the need for cabin
operators to monitor and change rates, allowing equipment performance to be more closely

observed.

At the other end of the scale, dedicated vehicles for the spatially variable application of
either dry or liquid fertilisers have been designed and marketed by a number of enterprises,
principally in the USA. Ag-Chem® has employed flotation-tyred vehicles with
individually controlled nutrient bins allowing a variable dry chemical mix to be applied
in variable quantities. The initial technology was developed for fertiliser spreaders and
basically operated as a real-time custom blending and spreading vehicle (Luellen, 1985).
The technology has been refined to a four bin plus pesticide impregnation system for
pneumatic delivery of variable mixes and rates (Schueller & Wang, 1994). For liquid
application, two autonomously metred tanks using separate flow and nozzle systems are

¥ Ag-Chem Equipment Co., Inc. Minnetonka, Minnesota, USA.
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combined in a single boom array that enables up to 7 different rates for each flow system
(Schueller & Wang, 1994).

For each of these systems a predetermined fertiliser requirement map is constructed from
soil sampling results and yield goal estimates to control the rate of application. On-board
computer software determines the vehicle position and reads fertiliser requirements from
a screen-based field map comprising colour coded polygons representing differential
fertilisation zones. Chemical mix and application rates are calculated as a function of
DGPS determined vehicle position in the field and fed via a central controller to slave

valves or pump actuators.

Tyler® have also marketed a computerised, self-propelled fertiliser applicator with VRT
capability that utilises the OM sensor developed by Shonk & Gaultney (1988) to determine
the level of soil OM preceding the applicator and, via on-board calibration and decision
software, then calculates the fertiliser application rate required. The correct amount is
subsequently applied as the rear mounted applicator bar passes over the designated
observation point. This system has been commercialised and employed in herbicide and
fertiliser application operations (McGrath et al., 1990; Alsip & Ellingson, 1991) but appears
to be under re-evaluation at present due to limitations of the sensor discussed in Section
2.2.2.

Any VRT system, whether component-based or dedicated applicator vehicle, must maintain
accuracy in controlling the application rates. Weber et al. (1993) after a substantial test of
standard anhydrous ammonia applicator accuracy report that 59% of controllers and 27%
of regulators performed within acceptable application rates. The most significant influences
on accuracy appeared to be variation in implement speed information and incorrect initial
setup. Uneven application of fertiliser may greatly increase the probability of reducing
the mean yield through under- and over- fertilisation (Lutz et al., 1975; Dilz & van Brakel,
1985) however, the impact of inaccurate fertiliser spreading appears to be predominately
random. Van Miervenne et al. (1990) found no spatial dependence in soil N within a 1ha
area studied on a 2.5m sample separation after supposed uniform fertiliser application.
The results did suggest some periodicity across the direction of machine pass corresponding
to machinery overlap which was implicated in a loss of 71kg/ha in yield compared to
application of the correct amount. This is not significant when compared to the total yield
of 7.5 tonne (~ 1%) but may be of greater significance in the lower Australian wheat yields
(~4%).

§ Tyler, Benson, Minnesota, USA.
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Ensuring application accuracy is therefore imperative for VRT management. Persson &
Moller (1997) provide an evaluation of fertiliser spreader accuracy using computer
controlled actuators. The systems were considered to operate accurately with regard to
the desired outputs being dispensed at varying speeds, with different spreading widths
and with varying rates. However, the authors suggest that even though the expected
quantity of fertiliser is released, the distribution may be poor as the spreading pattern is

often influenced by the flow rate.

Olieslagers et al. (1997) have attempted to stabilise the spreading pattern when flow rates
are changed by developing flow calibrations based on varying the disc height from the
ground and from the drop point of the spreader hopper above the discs. This produces a
fertiliser application pattern with a CV less than 11%. To ensure accurate flow rates are
delivered to the hopper drop point, Van Bergeijk et al. (1997) have implemented a dynamic
weighing system that allows real-time re-calibration of spreader fertiliser flow rates to
match desired rates. They believe the hygroscopic qualities of dry fertilisers may mean
the flow calibration changes with time and are able to maintain a calibration accuracy of
1% mass between desired and actual rates. These advances should increase the accuracy
of variable -rate spreader programs.

A further impediment to application accuracy in all systems is the response dynamics of
controllers and regulators to commands changing the required fertiliser level. Schueller
(1992) and Schueller & Wang (1994) discuss this 'feed-forward' problem and the solutions
devised to model and compensate for the effects on application quantities at the boundaries
between rate changes. Indicative of the degree of this effect, Cahn and Hummel (1995)
using a modified a anhydrous applicator for variable rate N sidedressing of corn, found a
2 second response lag between control signal and actual rate change with a 5% application
error at the boundary caused by the response of the control valve in this transient phase.

While these mechanical controls for variable rate application continue to be refined, it
may be just as important to consider varying fertiliser placement depth and/or plant
relative position. Eghball et al. (1990) note that P applied in bands may move very slowly
through the soil and influence the variability of soil P within a field. The banded P may
also remain available for many years. It may also be feasible to control the temporal
application of fertilisers by varying blends of slow or controlled release fertilisers with
different activation properties for different soil conditions or different plant developmental
stages. Astep in this direction has been achieved by Shoji et al. (1996) whereby a granulated
urea formula coated in a resin with defined water absorption properties controlled by
temperature (Meister N) is used to manage the temporal supply of N fertiliser.
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2.3.3  Nitrification Inhibitor

The loss of applied nitrogen through the gaseous products of the denitrification process is
a limiting factor in the efficient utilisation of artificial N fertilisers. Greater rates of
denitrification are likely to occur in wetter regions of dryland fields (i.e. hollows and lower
slopes) and closer to the head ditch in flood irrigated fields. In a simple study applying
uniform nitrification inhibitor and N fertiliser down a toposequence Malzer et al. (1995)
found only a weak correlation between corn yield at a landscape position and soil N levels.
However, the yield at the lower elevation appeared to benefit most from the nitrification

inhibitor as would be expected

Inirrigated cotton, Freney et al. (1992) reported a 57% recovery rate for °N labelled fertiliser
applied one month prior to sowing in the absence of nitrification inhibitors. Significant
increases in the recovery rate were achieved using the nitrification inhibitors N-Serve (74%
recovery) and wax-coated calcium carbide (78% recovery). For a mean field application
of 190kg N /ha the inhibitors allow access by the crop to approximately 33 kg/ha —-40 kg/
ha more N. The results also indicated a greater increase in the recovery rate (92%) could
be achieved using 2-ethynylpyridine, however the cost for commercial field use appeared
prohibitive. Identifying the spatial variation in denitrification potential at a site may allow
differential application of these inhibitors and reduce the cost of treatment.

A combination of moisture monitoring in conjunction with soil textural or OM
measurement could provide the required data on zones in a field more susceptible to
denitrification. The variable rate application technology developed for fertiliser application
would require only minor adaptions to control a differential treatment with nitrification
inhibitor.

234 Gypsum/Lime Application

The dispersion of clay and the decline in soil structure associated with sodic and highly
sodic soil may be alleviated through the application of calcium in the form of gypsum
(CaSO,) or lime (CaCO;). Sodic soil is identified as containing sodium concentrations that
contribute >6% to the total cation exchange capacity. The addition of calcium acts to
flocculate dispersed clay by increasing the total content of soluble salts in the soil solution
and helps maintain aggregation by replacing sodium ions on the clay surfaces.

The application of CaCO,; is also widely used to increase the soil solution pH in acidic
soils (generally pH <6) by reacting with and removing H ions in the form of water. The
importance of soil pH on crop production has been discussed in section 1.3.6.
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Mapping the spatial variability in soil lime requirements or regions of a field that exceed
the 6% Na threshold would provide information for the differential application of the
appropriate calcium-based product. Evans et al. (1997) calculated the spatial lime
requirement for 2 fields with spatially variable pH and OM and concluded that uniform
application may leave up to 58% of a field incorrectly treated. Lime and gypsum are
traditional applied using the same broadcasting mechanism as a fertiliser spreader. Control
of the spreader is exactly as discussed in Section 2.4.2 and even though the spreading
operations may lack the accuracy of pneumatic delivery systems, the large range indicated
by Evans et al. (1997) should enable substantial management units to treated uniformly.

A liquid application system described by Anderson & Hendrick (1983) used a modified
sub-soiling tine and slurry feeding mechanism to inject a lime mixture into the soil. This
operation could be quite accurately rate-controlled and has the benefit of simultaneously
performing multiple tasks. As the price of lime increases such operations may become
more widely accepted.

23.5 Seeding Rates

Matching the rate of sowing to a predetermined yield potential also offers an opportunity
to apply site-specific management. All soil types do not possess an identical ability to
germinate and support a given plant population to reach its full potential. It is also arguable
that areas considered to be of uniform yield potential will achieve their potential given a
range of emergence rates. Ellis (1997) highlights this adaptability of crop plants by
modelling the effect on yield of spatial variation in emergence using yield /plant population
density equations. The results show a negligible direct effect on yield and sowing rates.
The conclusion appears to be that varying sowing rates to achieve an even population in
a field that displays variable emergence characteristics may be unnecessary (and not cost
effective). However, varying sowing rates between areas of different yield potential may
offer some agronomic advantages.

Control of seeding rates may be achieved by replacing the ground drives on conventional
seeders with speed independent, rate-variable motors. Neuhaus & Searcy (1993) controlled
the seeding density from flat-plate planter boxes using a hydraulic motor with an electric
solenoid and controller. Under field conditions they managed to get seed spacing to within
+ 5% of desired set points at speeds up to 7 km/hr. Using an electric motor and actuator
on a conventional seed drill, Bahri et al. (1996) found under experimental conditions that
incremental changes of 10kg seed /ha were less easily controlled than 20 kg seed /ha and
took longer to reach a steady flow rate following the step. Importantly, the results from a
comparison of 6 different sowing implements showed that in the direction of operation,
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the CV at a rate of 80kg seed /ha was between 10% and 20%. This would explain the
greater control with larger increments and suggests that attempting to control small
incremental changes in seeding rates (< 15 kg seed /ha) may be fruitless.

Other aspects of sowing may also be targeted for variable control. Carter & Chesson
(1993) discuss varying depth of seed placement according to optimum soil moisture
conditions. The method requires electrical conductivity sensors calibrated to moisture
content and a model of the relationship between soil moisture and depth. As sowing
progresses, moisture readings deemed to be outside desired limits trigger actuators that
raise or lower the implement gang. This is an effective method of ensuring optimum
germination conditions given the degree of variability in within-field soil moisture
conditions documented in Section 1.3.4.

The opportunity could be taken to optimise the seed row spacing for different soil types
or yield potentials. As a beginning, Solie et al. (1991) have calculated the optimum row
spacing for maximising wheat yield based on Oklahoma State sowing rates. In any case,
accurately recording the sowing rates and spacing that occur during the planting operation
would appear relatively simple and useful. Using a modified planter monitor (Saraiva et
al., 1997) recorded seeding rates and speed which were linked with GPS determined
position to produce seed population maps. These maps may be invaluable in the processes
of determining causal effects of yield variation observed in crop yield maps.

2.3.6 Crop Variety

Little research or discussion is recorded in the literature on variation in crop variety within
fields. For most crop species, varietal characteristics could be used to advantage in fields
where significant soil type/textural change or variation in the degree of compaction may
be identified. As an example, the more waterlogging tolerant cotton variety Siokra L.22
may be considered for heavier textured or compacted areas and the less well adapted
Siokra 1-4 planted on lighter textured, non-compacted zones, to optimise the quantity of
lint from a field.

At present, varietal combinations may raise apprehensions over possible non-
synchronisation of maturity dates, mixture of quality attributes and variation in harvesting
characteristics. Certainly such concerns would seem to restrict this option to reasonably
large management units so that harvest operations could be successfully segregated if
necessary. As restrictions are imposed on other aspects of crop management these concerns
may reduce in importance.
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2.3.7 Pesticide Application

In general, the traditional 'timetable treatment' regime for preventative crop pest
management has been replaced, where practicable, by an economic threshold trigger.
However, this economic threshold is routinely based on an assumption of homogenous
distribution of pest infestation. This may be reasonable for very mobile insect pests and
mobile insect life-cycle stages where population dynamics are often greatly influenced by
environmental factors on a larger scale than those considered here (Crossley et al., 1984),
but may be inappropriate for more sedentary insect pests and life-cycle stages as discussed
in Section 1.4.

In principle, site-specific crop management could be applied to the control of insect pests.
Aerial photographic and ground-truthing techniques may be applied to detect crop stress
or damage inflicted by initial insect infestations (e.g. Everitt et al., 1994). Mapping these
areas within a field may be useful in identifying zones suitable for initial treatment to
prevent further spread or for directing the differential application of insecticide over the
entire field. In this second case, the whole field may receive a minimum application rate
with higher rates being applied to the outbreak zones.

Weisz et al. (1995b) used crop scouting of potato beetle within potato fields to establish a
suitable sample support size (20 plants per sample) for successfully estimating the spatial
structure of pest variability. Maps of the field colonisation, when compared with threshold
values, showed significant areas of the fields would require no treatment even though the
field mean exceeded the critical value. The authors contend that differential treatment
would reduce the chemical load on the environment, decrease pressure on resistance
selection and offer possible economic benefits. In a further study, Weisz et al. (1996)
compared uniform pesticide treatment with differential application and found that over
two seasons a cumulative pesticide saving of between 30% and 40% was achievable across
a broad range of colonisation pressures. As pest pressures begin to overwhelm a field the
saving would be negated and the results should be considered as species specific, but they
suggest that differential management of insect pests is viable.

The assumption of homogenous population distribution would definitely appear
unsupportable in weed management programs given the clustered spatial distribution
highlighted in Section 1.4. And, if agricultural industries move towards more controlled
traffic/reduced tillage systems, the spread of weed propagules is likely to be further
reduced. This may result in even more stationary individual weed populations and a
more clustered overall weed pattern in a field. Greater clustering implies an increase in
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weed-free areas. A more irregular pattern also presents the opportunity for differential
treatment as opposed to blanket field applications of herbicide.

Inappropriately assuming a uniform pest population distribution may then result in whole-
field applications of pesticides that are overestimated or unwarranted. Conversely, portions
of the crop where colonisation is high may be inadequately protected using 'mean of field'

applications.

Two approaches to spatial identification and treatment of weeds have been considered.
Firstly, areas in a field that display a level of infestation that required treatment during a
growing season could be precisely mapped. The map may then be used to direct the site-
specific application of a residual/contact herbicide prior to the next season planting.
Stafford and Miller (1993) have reported the development of such a system for winter
cereal cropping, in which they propose applying a greatly reduced herbicide rate over the
entire field and raising concentrations at previously identified weed locations.

An even greater reduction in spray area is promoted in the system described by Paice et
al. (1995) whereby patch spraying of infested areas only is advocated. Paice et al. (1996)
succinctly review the control requirements for such systems and conclude that the direct
injection process offers the greatest benefits in economic and environmental terms. Qui et
al. (1994), modelling the use of such continuously variable direct injection control
equipment, reported a saving of up to 50% in herbicide application for the site-specific
treatment of weeds in corn based on previously mapped weed density and soil OM. The
authors bravely hypothesise that this treatment should also increase crop yield as the
method will provide optimum weed destruction.

However, as indicated by Rew et al. (1997), these patch spray operations require the addition
of a buffer zone to the identified patch area to account for position location errors,
application activation delays and propagule spread by tillage. The authors concluding
that a 4m buffer zone is optimum for the conditions under study.

Obviously the areal and quantitative reduction in herbicide usage from either of these
systems would be controlled by the patchiness of the weed distribution and the application
risk incorporated in buffer zone size or whole-field base rate. Rew et al. (1996) studied
five fields with varying weed distribution and showed quantitative herbicide savings of
between 9% and 23% for a blanket low rate with double blanket-rate patch spraying
scenario and a 12% to 97% herbicide reduction for selective patch spraying only, when
compared with mean uniform whole-field applications.
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It may be necessary to study the effect of these two strategies over time to determine the
most effective option. Paice & Day (1997) have attempted such a study using a 10 year
stochastic simulation based on chemical cost and yield loss assessment in relation to initial
weed distribution and spatial resolution of a sprayer. The results suggest that for the
control of grass weeds in cereal crops, the low base dose with higher patch application is
more cost effective. The fully spatially selective option apparently leads to increasing
instability in the weed population over time and therefore significant increases in annual
chemical costs and yield losses. Obviously the benefit is shown to be greater in population
distributions that are less discrete. The simulation also illuminated the possibility that at
courser sprayer resolutions (6m x 6m instead of 4m x4m) the costs over time for patch-
only spraying may be significantly greater than uniform mean application.

Regardless of application philosophy, the technology to control variable rates is quite
accurate. Stafford & Miller (1996) showed that at steady-state operation a direct injection
system can provide delivered doses to within 5 % of the desired level at speeds between 1
and 3.5 m/s and flow rates of 0.75 to 5.01 litres/ha. The largest step change attempted
(from 0 litres /ha to full operation) produced a 40% deviation in desired concentration for
only 0.3 seconds. This equates to a 1m zone of misapplication at 3.5 m/s.

The second approach involves the employment of real-time weed recognition systems
during treatment operations. Detectspray®™, originally developed in Australia to
commercial prototype by Felton et al. (1991), uses ambient light reflectance to identify
green weeds in a fallow or stubble covered field. The detection activates the spraying
mechanism so that only areas of weed infestation are treated. Biller et al. (1997) modified
the operation of the Detectspray® to reduce calibration complexity and errors introduced
by speed changes. They report herbicide savings between 30-70% with 100% kill. This
type of system has an obvious use replacing fallow weed control by tillage and with total
weed kill may prove superior to the temporally separated mapping and application
methods.

More difficult to achieve is real-time detection of weed species in a photosynthesising
crop. Brown et al. (1994) utilised aerial still-video camera images captured using four
discrete spectral windows to discriminate between seven weed species in a corn field
based on their individual spectral signatures. The process remains untested for efficacy
from a ground-based platform and is therefore limited as a real-time treatment system.

iDetectspray International Pty Ltd, Albury, NSW, Australia.
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More successfully, Green et al. (1997) used height-selective spraying equipment employing
infrared light beams to detect and treat Texas panicum in peanuts. An 86% reduction in
herbicide (with > 80% weed control) was reported. The height-selective sprayer was also
shown to locate 21% more Florida beggarweed in a peanut field as compared with visual
scouting maps. Long et al. (1997) employed a similar light beam system to selectively
spot spray topped tobacco plants with sucker controlling chemicals and demonstrated a
reduction in chemical application of 50%, having effectively removed wind drift and
wasteful soil application. This technique could be applied to other row crops with discrete
plant spacing and operates at 4-7 km/hr.

At the furthest realm of real-time control, Hague et al. (1997) have demonstrated the use
of an autonomous vehicle guided through row crops by a vision system that can
discriminate between crop and weed plant using image analysis. The vehicle operates at
speeds of 1m/s (3.6km/hr) and allows individual plant treatment, be it weed or crop,
with pesticides or fertiliser. Deployed in early crop growth stages the authors suggest
that 90% of blanket chemical application may be saved by such accurate targeting.

The temporally separated mapping and treatment operations require some prior
knowledge of the distribution of weeds or pests, unlike the real-time sensing and treatment
techniques. For most insect pests, the real-time option is not a viable alternative. For weed
infestations Stafford & Miller (1996) believe that temporally separated mapping allows
for more complete chemical type and rate decisions based on knowing the whole field
infestation. They also cite technically easier weed detection, greater flexibility in the timing
of detection and spray operations, an ability to spray pre-emergent herbicides based on
previous maps and the opportunity to discern the magnitude of error in the maps prior to
treatment as positive attributes of the system.

The best option appears to rest on the efficacy of kill and the optimum time for treatment
of particular weeds. Location errors in the temporally separated methods must be
accounted for by low dose base-level spraying over the whole field. At present real-time
sensors may only be used early in the growing season or with tall weed species.

2.3.8  Application of Irrigation Water

Variable-rate application of irrigation water to broadacre crops remains in its infancy. Much
irrigation is based on a flood system mainly due to the relatively low cost of water compared
with the higher costs of alternative irrigation systems. Undoubtedly this contributes to
some gaseous and percolatory loss of chemicals from areas of a field that receives extended
saturation periods. Field textural and structural variation may already be contributing to
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variation in infiltration and introducing significant error into the present prescriptions for
the optimal use of irrigation water (Feinerman & Bresler, 1985). Textural differences could
possibly be considered as an external control of variable-rate irrigation if the spatial
variation in soil texture was known. Research in the immediate future may focus on
textural monitoring and more frequent but smaller water applications to ensure more
control of soil water movement.

Simulations by Warrick & Gardner (1983) suggest that variability in irrigation application
may be just as influential on crop yield as variability in moisture-related soil physical
attributes. The investigation of superior methods of application control may soon appear
warranted on the basis of financial, social and environmental considerations.

Drip irrigation management poses particular problems with annual cultivation and flow
control but could offer solutions to high value crops such as cotton in the future. More
promising is the use of automated travelling sprinkler systems. King et al. (1995) developed
a prototype control system to apply site-specific quantities of water from continuous
moving irrigation systems. In field trials they succeeded in attaining water and chemical
application uniformity similar to a conventional sprinkler system. The design was
considerably more expensive owing to the use of 2 or 3 sprinklers at each delivery point to

attain variable flow rates.

The system was fitted it to commercial centre-pivot by King et al. (1996) and successfully
applied step-wise variable amounts of N with equivalent or greater accuracy than
conventional uniform applicators, achieving the targeted amounts of N with little error.
Evans et al. (1996) achieved similar success using a command system for cycling sprinklers
within each zone of a moving irrigation system, and noted that the greatest difficulty
remains in determining sensible application prescriptions.

The principle appears to be robust and achievable. Operation in windy conditions would
reduce the accuracy of these systems and only some chemicals are registered for use with
sprinklers. The future development of variable-rate sprinklers will drastically reduce the
cost and technical complexity of these systems.

Table 2-4 is provided as a summary of the possible points for differential management
intervention and the tools currently available or designed for the operations.
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Diierential action

Management practice Aspect Technology
Tillage Implement type and depth Ultrasonic range finders.
Draught transducers.
Cone penetrometers.
Surface condition Image analysis.

Fertiliser application Spreading
Pneumatic (variable rate and mix)
Anhydrous ammonia

Liquid manure

Gypsumvlime application Spreading

Slurry injection

Ultrasonic range finders.

Draught transducers.

Master controlled metering device and variable disc height.
Master controller governing individual bin slave controllers.
Flow controller governing actuators.

Separate flow controller for twin tank/boom system.

Master controlled metering device and variable disc height.

Flow controller governing actuators.

Speed independent electric or hydraulic master controller.

Sensor feedback loop governs actuators for depth control.

Map guided patch spraying.

Map guided patch spraying.

Master control of direct injection.

Photoelectric real-time detection and spot treatment.
Infrared height selection and spot treatment.

Real-time image analysis vision detection and spot spraying.

Master controlled zones with autonomous nozzle arrays

Sowing Seed quantity
Depth
Pesticides Insecticide application
Herbicide application
Irrigation Travelling sprinkler
Table 2-4.

technology.

Management options for differential treatment and the available
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2.4 MANAGEMENT DECISIONS BASED ON OBSERVED SPATIAL VARIABILITY

The preceding sections outline the techniques and extent to which data on spatial variability
may be gathered and the presently available options for differential treatment. The critical
link between these two operations is the agronomic rationale or decision on which to base
spatially variable treatments. This is potentially the most conceptually diverse component
in the Precision Agriculture management system, and where the greatest information gap

resides.

Initially causal relationships between soil/crop factors and yield must be established at
the within-field scale along with the extent to which these relationships vary across the
field. This information should be used to determine whether the observed variability
warrants differential treatment and if so, direct the decision methodology to be followed.
Figure 2-5 provides a skeletal example of the decision process that could be employed
following a study of field variability. This model begins with the premise that variability
in crop yield is the initial signal that uniform application of ameliorants is a possibly
inefficient use of resources. Another model may begin with the observation of soil
variability. However, until the environmental cost of fertiliser wastage is imposed as a
grower penalty in Australia, the economic imperative of optimising crop yield will no
doubt guide management decisions.

In this model, differential treatment is then examined as an option based on the degree of
variation, the cause/s of variation and their suitability for management intervention.
Continuously variable treatment or division of a field into management sub-units is
determined based on the spatial dependency observed. Again, this decision marks the
point of a conceptual schism. If variability and treatment can be observed and controlled
at a fine scale, should fields be treated as continuously variable in yield potential or can
some classification into management units of '"homogeneous' yield potential be accepted?
If the later is chosen, should these units be treated with uniform rates of ameliorants if the
controlling factor for application was not used to define the management unit? The answers
to such questions are most likely complex and, I believe, as yet unknown. Options at this
point in the model are more than likely governed by limiting factors such as technology,
economics and lack of research.

Finally, some form of predictive model must be employed to enable a scientific and
agronomically sensible examination of the implications of differential as opposed to
uniform treatment, and the interpretation of the results in the form of a spatial management
plan. Research relevant to this realm of site-specific management will be examined.
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241 Determining Causal Effects

Chapter 1 has examined the individual impact of variability in many soil and crop attributes
on crop yield and provided an indication of the variability that may be expected within a
field. Table 1-5 confirms the observations of Harris (1920) who had developed a yield
heterogeneity index based on a form of nearest neighbour correlation with which he inferred
that heterogeneity in soil factors such as soil moisture, nitrogen and carbon was occurring
at the same scale as that observed in crop yield. The importance of characterising soil
variability at the within-field scale in an attempt to understand crop yield variability at
the same scale is only now becoming more widely accepted (Robert, 1993).

For site-specific management, the question is whether one factor can be considered to
dominate the yield potential in a field or shall the complex interrelationships between
observable factors be utilised in decision making. The former assumption simplifies
management. The latter may be optimal in terms of optimising yield and environmental
benefits, but economically inviable (at present).

Under the controlled environment of sprinkler irrigation Bresler et al. (1982) found that
soil physical factors were dominantly the cause of observed within-field variation in crop
yield. Under similar conditions Guitjens (1992) reported that areas with an increase in
sand content produced a spatial pattern of soil water deficit that governed yield variability.
A correlation between grain yield and clay content has also been reported by Miller et al.
(1988) as the most significant contributor to spatial yield variability. Khakural et al. (1996b)
suggest that more spatial variability in corn and soybean yield can be explained by physical
soil or landscape features than soil fertility factors.

The significant effect of soil moisture on crop yield variability is shown by Power et al.
(1961) where 53 % of wheat yield response to P is explained by spatial variability in soil
moisture at seeding. With the addition of rainfall variability between tillering and heading
the authors explained 81% of the spatial yield variability. Studies over 3 years in dryland
crop production by Lark & Stafford (1997) provide evidence that the spatial variation in
soil moisture significantly effected the spatial variability of crop yield. While noting a
significant spatial correlation between texture and sorghum yield over two years, Williams
etal. (1987) also found that in a year with a very dry finish the correlation with soil moisture
storage also became significant. Similarly, Thomsen et al. (1997) found that in 'dry years'
the spatial variability in water holding capacity (calculated by water balance modeling)
was a highly significant contributor in yield variability but was not significant in years
with 'sufficient' moisture.
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Other soil factors have also been shown to predominate in the explanation of yield variance.
Nolin et al. (1996) found soil pH to be the most significantly spatially correlated soil attribute
to corn yield. Dobermann (1994) also reported that spatial variability in soil pH was strongly
correlated with rice yield in Russia and suggested its dominance could be used as a simple
parameter to infer fertility gradients.

The relationship between topography and crop yield, in particular slope position and
aspect is well known (Hanna et al., 1982). Measuring these attributes can provide an
indirect indication of variability in soil physical and chemical attributes along with climatic
gradients (McCann et al., 1996). Sudduth et al. (1996) found that understanding the causes
of yield variability was compounded by the interrelationship of factors affecting it, but
when comparing seven soil parameters (K, P, pH, OM, topsoil depth, CEC and elevation)
they found elevation to be the most significant.

The spatial variation in nutrient supplying capabilities with a field and the associated
yield effects have also been well documented (e.g. Rennie & Clayton, 1960; Ferguson &
Gorby, 1967). Using 10 tonne samples of 4 soil types sampled in duplicate from two different
counties to grow a variety of crops over 10 years, Lyttleton-Lyon (1932) noted large
differences in yield response to fertiliser application. In some instances the variability
was greatest within than between soil types. They also observed the same spatial variability
in field experiments and conclude that it would be very difficult to justify the use of one
response model for a single soil type let alone a field with a suite or gradation of soil types.

More recently, in a comprehensive nitrogen fertiliser response trial using sugar beet and
potato at over 200 sites, Neeteson & Wadman (1987) showed the confidence range for the
economic optimum N rate to be over 300 kg /ha (equivalent to the maximum rate applied)
for up to 60 % of the trials. This also dramatically demonstrates that very large spatial
variation in fertiliser response may be encountered within a field and so spatial correlations
between soil nutrient levels and yield may routinely prove insignificant or negative.

One plausible explanation for such variability is that the soil nutrient status has also been
related to variation in the complex interrelationships existing between the spectrum of
edaphological influential soil physical and atmospheric factors (Malo & Worcester 1975).
Nolin et al. (1996) proposed using the strong spatial correlation between altitude and a
range of major chemical nutrients as a means of inferring fertility gradients. Goovaerts &
Chiang (1993) found a temporal persistence in the spatial pattern of numerous soil
properties studied before and after winter which they postulate may be due to a correlation
with a deterministic attribute such as soil texture.
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These results tend to suggest that spatial variability in the soil water regime and physical
properties controlling soil water movement and nutrient supply may be the most significant
causal factor in the spatial variability of crop yield. Using the variation in indicator factors
such as soil texture or elevation to delineate areas of homogeneous yield potential may
prove useful. The response to these factors will be site-specific, but the significance of

their influence may not.
2.4.2 Management Unit Determination

The information provided in Section 2.4.1 suggests that the use of more static variables to
delineate map units may be supported agronomically. Obtaining data on the spatial
variability in these soil attributes directly is but one option. The expense and labouriousness
of the sampling regime has fostered the examination of alternative methods.

Soil Attributes

Mulla et al. (1992) used grid sampled soil P and N to calculate required fertiliser using a
mass balance approach and divided the field into three management zones based on
fertiliser application thresholds. They determined yield goals based on the probable water
deficits calculated from subtraction of available water plus expected precipitation from
the non-limiting water requirement for growth. Field results showed a significant difference
in yield for each zone which correlated well with soil profile moisture measurements and
organic carbon which were not used in management zone construction.

Following this lead Mulla (1993) used the spatial variability in soil OM to infer fertility
variability and divide a field in management zones. The zones possessed significantly
different wheat yield potential, soil moisture and residual N. Calculated differential
Fertiliser N and P treatments for these zones were much lower than uniform option
traditionally employed by the grower. Field results in this year revealed no significant
difference in yield between uniform and differential fertiliser applications within the zones
but with considerably less fertiliser applied, a economic benefit could be assumed.

Management unit delineation based on soil texture was employed by Nolin et al. (1996)
and found to reduce the unit variation (expressed as %CV ) in other soil attributes
significantly. This was a comparison of total field CV to a weighted mean for all the soil
units. Dobermann (1994) used factor analysis to construct a soil fertility factor that the
author suggest could be classified and mapped to produce fertility zones.
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As noted earlier, discrete soil sampling may provide a useful method for research purposes
where sampling costs are less limiting, but at a practical level the number of samples and
the sampling design are likely to be both influential and cost prohibitive. To explore this
point, Franzen & Peck (1995) used grid sampling on a 25m, 66m and 100m grid to determine
management zones based on required P and K fertiliser. Their results show that the 66m
grid approximated the delineations apparent in maps produced on the 25m and were far
superior to the 100m grid example. They concluded that a 66m grid could be used as a
compromise between economics and accuracy.

Wollenhaupt et al. (1994) reported that a 30m grid provided the most accurate
representation of soil spatial variability and that a loss of at least 30% in map accuracy
could be expected if the sampling grid was increased in size. Birrell et al. (1996) also show
that sampling pattern and intensity greatly influences the map and the associated error.
This error changes with soil attributes and much detail can be lost in simply moving from
a25m to a 100m grid. The influence of sampling design on management unit delineation
is further highlighted by Wollenhaupt et al. (1994) in a comparison of grid point sampling
to grid cell sampling. They report that cell sampling could lead to incorrect determination
of fertiliser requirements in more than 40% of a field when compared to maps made on
grid points. Confirmation of the significant effect of soil sample density and design on
fertiliser application mapping accuracy is provided by Gotway et al. (1996a).

Few studies have used continuous sampling of soil attributes to overcome the sampling
density, design and cost aspects, however Jaynes (1996) did employ EM induction estimates
as a surrogate for organic carbon and the depth to clay pan to successfully map and define

management units.
Continuous Yield

Based on the premise that spatial variability in crop yield is influenced by spatial variability
in soil factors at a similar scale, researchers have begun to examine the patterns observed
in crop yield maps obtained from continuous monitoring.

Using a classified yield map from the previous year Kitchen et al. (1995) report the successful
determination of yield potential zones. Their success was quantified by applying variable
N fertiliser according to yield goals calculated for each zone, and observing a reduction in
residual soil nitrate in comparison with uniform treatment within the zones and (as may

be predicted) especially in the zones of low yield potential.

82



B.M. Whelan - Reconciling Continuous Soil Variation & Crop Yield

When more than one year's yield maps are available for a field, the recognition of stable
response patterns becomes important for 