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The 5'' International Conference on Precision Agriculture* was held in
Bloomington, Minnesota from July 16 - 19, 2000. This conference brought
together 698 delegates from around the world including representatives from
commercial companies, researchers, farm managers, consultants and growers.
The conference highlighted that an expanding number of companies are
becoming involved in the development and application of technologies
specifically for use in site-specific management systems. Researchers are using
this technology to develop more economicalIy and environmentally sound
farming systems for an increasing number of crops worldwide. We presented
papers on establishing an opportunity index for precision agriculture and the
variable-rate application of nitrogen fertiliser to Australian cotton fields, which are
included as Appendices I and 2 respectively. Full proceedings from the
conference are now available. The following report summarises the advances in
technology and the latest research that will be of interest to the Australian Cotton
Industry.

Natural Resource & Yield Variability

Pinq and Green (Texas Tech University, iping@ttu. edu) studied the spatial
variability of yield and soil parameters in two irrigated cotton fields over two years
in Texas. The coefficient of variation for lint yield was 229', and 259", respectively
for Field I and 18% and 169'. for Field 2. Growing season rainfall varied between
the two years with elevation influencing the yield variation in the wetter year and
soil calcium, potassium and water characteristics having the bigger influence in
the drier year.

Van Es at al. Corriell Universit , hmvl@corriell. edu conducted a five ear stud
on nitrate Ieaching in the New York area. Using different N rates on soil
classified by drainage class the results showed strong yearly variations
apparently related to early season precipitation. During the wetter years soil N
availability was reduced by up to 50kg per hectare independent of soiltype.
These losses were attributed to Ieaching in the coarser soil types and
denitrifcation in the fine-textured soil types. It is expected considerable gains
may be obtained from side-dressing N based on early season weather
conditions.

Ward and Cox (Mississippi State University, bward@pss. msstate. edu) studied
cotton yield variation in two fields in Mississippi. The coefficient of variation in lint
yield was 429', forthe north field and 329, '. for the south field. Soil sampling of
both fields determined that soiltexture, phosphorus, potassium, magnesium and
elevation were having the greatest influence on cotton yield.

Johnson and Barrow (Texas Tech University, nohnson@nola. srrc. usda. gov)
investigated the spatial pattern of yield and soil properties for a cotton field in
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Louisiana. The coefficient of variation was 439', (2 bales) and this occurred in
some areas of the field over just 40 metres. All soil properties (nutrients and
texture) had some spatial relationship at a sufficient range to benefit from site-
specific management except pH. Soil organic matter was positively correlated to
yield.

Managing Vanability

Shaoiro at al. , (University of Nebraska) investigated alternate row irrigation and
alternate row nitrogen fertilisation to combat an increase in nitrate contamination
in groundwaterin Nebraska due to Ieaching caused by furrow irrigation of crops.
The nitrogen fertiliser in the alternate rows was applied at different rates based
on spring soil nitrate and soil organic matter levels as well as at the traditional
uniform rate. Alternate row irrigation reduced yield in cases of low rainfall (<
500mm) while both the uniform and variable-rate nitrogen application yielded the
same. It was concluded that the algorithm for nitrogen application is too general
for estimating site-specific requirement.

Bradow at al. , (UsDA, jbradow@nola. srrc. usda. gov) studied the possibility
using zoned management to improve lint yield and quality in upland cotton
South Carolina within a single field. A grid sampling strategy was used

In

to

measure soil fertility indicators and quality characteristics such as micronaire,
fiber yellowness and whiteness and maturity. In the first season 269". of the fiber
was outside the micron AFIS penalty range and 229". in the second season.
Higher phosphorus and soil organic matter levels was associated with increased
maturity and micronaire and with decreased fiber yellowness and increased fiber
whiteness. Both these properties were negatively correlated with yield. It was
concluded that zone management of this field had the potential to increase the
end-use value of the cotton.

CainDanella and Hood conducted a variable-rate seeding experiment based on
within-field zones to reduce seed costs for cotton farmers, Similar geographic
zones were identified within a field using remoteIy sensed data. The lowest
seeding rate (39000/acre) produced the highest yield in' all zones compared to
seeding rates of 52000 and 65000 seeds per acre. When compared to these
rates this represented 2 - 109". more yield, saved 31 - 669", in seeding costs and
increased profit margins by 7 to 13%. Further investigation is required to
determine ifthese rates can be further modified for each zone.

Li at al. , (Texas A & M, ho-Ii@tamu. edu) studied the affect of field heterogeneity
on cotton yield and nitrogen uptake in center irrigated cotton fields in Texas.
Irrigation and nitrogen fertiliser rates were varied throughout the field. Each year
yield increased significantly with increasing irrigation while N input had no effect
on yield in a dry year but was significant when wet during the early vegetative
stage. Lint yield was most related to soil water content, clay content and
elevation.
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Engineering Technology

Searcv and Beck (Texas A & M, s-searcy@tamu. edu) discussed the
development of two cotton plant height systems that have been developed to
allow the site-specific application of chemicals such as growth regulators and
defoliants. As biomass is strongly correlated with plant height from emergence to
full bloom, determining plant height throughout a field would allow varying
amounts of chemical to be applied according to local variation in plant height.
One sensor uses mechanical fingers that are activated when coining in contact
with the plant. The second sensor system uses an optical arrangement of forty
infrared beams. Both sensors were mounted on a toolbar and pulled behind a
tractorthrough the field. The optical sensor had an accuracy of +/- 3cm while the
contacting sensor had an accuracy of +/- 5cm both suitable for chemical
application.

Suietal. Mississi istate Universi rsui@abe. msstae. e

laboratory system to simulate the pneumatic flow system found in pickers to
examine yield monitor accuracy. The system is used to testthe accuracy of yield
monitoring techniques by varying cotton flow rate and airflow rate. Results to
date have shown that sensor position in both direction of flow and cross-sectional
direction is very importantfor sensor accuracy. An advanced optical sensor and
non-optical sensor system is being developed for use in cotton yield monitors.

Remote Sensing

Seal at al. , (ITD/Spectral Visions, mseal@iftd. org) investigated using remote
sensing technology'in Mississippi cotton fields to reduce chemical application
costs by applying insecticides more efficiently throughout the field. Remote
sensing was used to identify the most vibrant cotton plants, usually the most
infested by Heteroptera Mindae, from which a variable-rate application map was
produced. This approach resulted in 30-409", average reduction of insecticide
applied with no negative impact on yield. Further experiments are being
conducted.

Louoh and Varco (Mississippi State University, jlough@pss. msstate. edu) used
spectral reflectance and chlorophyll concentration in an attempt to determine
plant nitrogen and potassium status in the early growth of cotton plants. Different
rates of nitrogen and potassium fertiliser were applied prior to sowing. The
plants measured using aerial multispectral imagery and awere

spectroradiometerto calculate a number of vegetation indices. Utilising these
techniques it was possible to diagnose the N status of cotton as deficient
providing no other nutrients were limiting.

Cainoanella and Hood calculated 23 normalised difference vegetation indices
(NDVl) (similarto Far Site) from airborne multispectralimagery overtvvo years in
two cotton fields. The results revealed that the lowest 209', and highest 20% of



the NDVl's consistently yielded less than the middle 609",. Remedial action
during the growing season could possibly include pix application to the higher
NDVl values, associated with too much vegetative growth, and side-dress N for
the lower NDVl values where there is not enough vegetative growth.

Li et al. , (Texas A & M, ho-Ii@tamu. edu) conducted a two year study in Texas to
determine cotton plant spectral response and relate this to cotton lint yield. The
measured soil/plant reflectance was significantly affected by water inputlevel and
interaction between water and N inputs. Generated vegetation indices showed
that crop-N and soil moisture varied spatialIy and considerably within a single
field. The vegetation indices, lint yield and water stress in plants was strongly
associated with topographical features. It was concluded that plant spectral
response could be used to quantity the impact of natural landscape vanability on
crop water and N status.

Hendrickson and Han (CNH, Iarry. heridrickson@chn. coin) examined the use of
remote sensed imagery to detect mid-season N deficiency in coin. The aim was
to make conservative N applications pre-sowing and then vanably apply nitrogen
as required latter in the season. Three different rates were applied pre-sowing
as well as the traditional uniform application rate. N stress was quantified using
one metre resolution aerial imagery and a side-dress of fertiliser applied. Grain
yield and quality was generally increased using this map-based approach with
large yield responses to mid-season N application. Supplemental N applications
had little effect where N was in plentiful supply according to the imagery.

Beattv and Johannsen (Purdue University-LARS, beattym@purdue. edu)
conducted an experiment in a corn crop grown under four different nitrogen
fertiliser application rates to determine if airborne multispectral data could be
used to identify nitrogen sufficiency levels throughout the growing season. A
SPAD chlorophyll meter and corn leaf nitrogen samples were collected as a
means of testing how wellthe airborne data was predicting nitrogen sufficiency.
Excellent correlations were achieved between he SPAD meter and the original N
rate and leaftissue N. The airborne data was correlated with both the SPAD leaf

chlorophyll and leaf tissue N. Preliminary results suggest that it will possible to
assess nitrogen sufficiency levels throughout the season using this sort of
technology.

Weeds

Biller and Schicke used an optoelectronic system that made use of sunlight
radiated from the ground under the spray boom to apply herbicide only where
weeds were present in the field. This was possible because of the spectral
response radiated from the sunlightis different between weeds and useful crops
even when they are randomly mixed within a field. Developing this technology
offers the potential to significantly reduce the cost of herbicide application
although more research is required.



11^L_^L_^!,,(ITD/Spectral Visions, bvarner@iftd. org) discussed the f
multispectral and hyperspectral(100+ wavelength^) imagery to detect weeds in
soybeans in Illinois. This was was conducted on three levels:'d t'f'
weeds from bare soil, identification of weed types and identification of individ I
problem species. Data was collected using both a hand held r d' t
remote sensing technologies. Results were promising for use a rt f
variable-rate herbicide system.

Cole at al. . (South Dakota State University, ccole@itetel. coin) delineated w d
management zones using elevation as previousstudies haveshown a It'
betweencertainweedspeciesandlandscapeposition. Weed rid I' d
collected overthreeseasonswasusedtocomparemeanweedde 't' h
of the zones. Theresultsindicatedthatforthreeofthefivew d ,
elevationzonesinfluencedweeddensities '

I. !!^9b^. L^t_^!, (Montana State University, eluschei@montana. edu) tested thre
methods of herbicide application in grain farming s sterns for t 11'
oats; no spray, broadcast spray and site-specific spray. On 4/5 of the I th
site-specific application of herbicide was the most economical th d f
controlling wildoats. Further researchaimstoincorporateva in d I I.

Q^,!^t^^_^t_^,!, (South Dakota State University) used remote sensin to ident'
weed species in a 60 hectare corn field. Grid weed sam tin of the f' Id ' d'
that the remote sensing classification accuracy was reaterth 70% h
weed populations exceeded 20 per 0.1riri' Further methods b
investigated to improve the accuracy.

- --^~, ",....,.,,

I, ^^.^t^^^ (Mississippi State University, llamastus@msstate. edu) examined
the use of multispectralimagery to differentiate four weed s ecies
different densities. Initial results indicate classification of we d
response properties is possible, although more research is re uired t d I
classification parameters.

E!9912^.^, (South Dakota State University) conducted reenhou
experiments to evaluate the spectral reflectance of six weed s
compared to corn and soybean spectral reflectance. The results ind' t d th
using specific filters or hyperspectral data collection it may be possible to identify
weed outbreaks within a field which could then be treated site-s e 'f' 11.
Conclusions

'The focus on site-specific management is being ex anded to
many more aspects of the cotton farming system. This has been stim I t d b
the availability of more reliable cotton yield monitors and advances in to h I



that can be adapted to a number of agricultural industries. The majorissues to
come out of the conference concerning the cotton industry was:

. Greater use of 'management zones' to determine site-specific fertiliser
requirement.

. Recognition of the potential for site-specific weed control. The research in this
area while very encouraging is still in a very preliminary stage which requires
much more research.

Expansion of research on cotton farming systems from site-specific nutrient
management strategies to also include:

water-use efficiency
variable-rate herbicide application for weeds
variable-rate insecticide application to combat pests
variable-rate application of defoliants and growth regulators
variable-rate seed application
preliminary investigations into the variability of cotton fibre quality within a
single field

Nitrate Ieaching is a major problem in many of the irrigated cropping systems.
To combatthis:

Alternative irrigation practices are being tried
More precise methods of estimating site-specific nitrogen requirement are
being investigated
Side-dressing. nitrogen fertiliser by predicting areas of deficiency within the
field in season using remote or hand-held sensors

Remote sensing techniques are being adapted to a greater number of uses in
site-specific management. These include:

Detecting in-season cotton nutrient deficiency, especially nitrogen
Predicting pest numbers within a field
Controlling the amount of rank growth in cotton plants

A significant cause of yield variation in cotton fields may be attributed to
changes in elevation within the field.
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APPENDIXl

Many farmers are employing emerging technologies to characterise the
variation in their production systems. The most common of these technologies are
real-time yield sensors. Farmers, however, are often left wondering how the
subsequent yield maps can be used to justify a change to a Precision Agr'iculttire
management philosophy. The Opportunity Index is an attempt to provide a
pragmatic solution to this problem.

The OPPorruiiity Index for Site-Specific Crop Management (SSCM) is
conditional on three components:i)the magnitude of variation (CV, ) present in a
yield map, relative to a given threshold; ii) the spatial structure (S) of yield
variation, relative to the minimum area within which variable-rate controllers can
reliably operate; and, in) the economic and enviromriental benefit (E) of SCCM
relative to uniform management.

Methods for assessing the magnitude and spatial structure of variation in yield
maps are proposed. These methods are then incorporated into an Opportunity
Index to predicttiiepotential for SSCM. Results are encouraging however futiler
research especially into tile economic and enviromnental impact of SSCM is
required beforettie Opportunity Index can be considered complete.

ABSTRACT

Keywords: Precision Agriculture, Opportunity Index, uniformity trials, yield
variation

From a farmer's perspective, a barrier to adoption of SSCM is deciding
whether or not a crop displays enough variation, both tritemus of magnitude and
spatial structure to justify the Cost of a shift from traditional (runforrn) to site-
specific (differential) management. A farmer's database of yield maps should
provide the most significant clue towards the OPPornniity for SSCM. However
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while methods for quantifyirig yield variation do exist(discussed below), a way of
quantitying the opportunity for SSCM has yet to be defined. This paper presents a
first attempt.

Perhaps the easiest and most coriumon method currently employed is a 'Co-
efficient of Variation' (CV) analysis. The relative magnitude of yield variation
could be found by comparing CVsto a median value, however, we disagr. ee with
the use of a standard CV intriis situation. Firstly, the CV is non-spatial and
therefore potentially misleading when dealing with different sized areas (as
illustrated by Fairfield Smith's work). Larger fields will, on average, have larger
CVs forthe same crop. Secondly, the CV tells nothing of the difference between
autocorralated yield variation (which is manageable), and uricorrelated ('nugget')
variation (which is not manageable). The CV is therefore undesirable, and a better
method of describing the magnitude of yield variation is needed.

Fairfield Smith's (1938) empirical law of yield heterogeneity

Secondly, the search for management OPPortruiity througli crop variation
pointed to the work of Fairfield Smith (1938).

Fairfield Smith's empirical law of yield heterogeneity was derived from many
runfonnity trials. A unifonnity trial is simply a field'(or part thereof) treated with
blanket applications of all agr'onomic inputs and subsequently harvested in small
plots as ifttiere were an experiment overthe area (Mercer and Hall, 19/1). These
uniformity trials served as investigations into the resolution at which to perform
effective agr. onomic management. Extending this conceptinto modem times, any
unitbnnly managed fieldwhicb. is harvested with yield monitoring technology can
be seen as a unitbnnity trial from which the opportunity for SSCM can be
investigated. Fairfield Smith found that as the logarithm of area increased the
logadtlnn of yield variation-per unit area decreased linearly. The gr. adjent of this
relationship (b') was used as a heterogeneity coefficient that applied across all
areas: the lower the absolute value of the. gradient, the more heterogeneous the
crop. It can also be thouglit of as relating to a fractal dimension (MCBratriey at al,
1997). It was reasoned that once b' was established for a field it could be used as
an opportunity function for deciding future experimental plot sizes.

While useful for ranking crop yield variation, Fairfield Smith's methodology
has some shortconinigs if used as a measure of the potential for SSCM. The
aggr. egation of individual'plots' in a yield map is cumbersome and inefficient
when applied to dense yield data. Fortliennore, Fairfield Smith's empirical law
calmot be expected to fully describe the variation present in crop yield because b'
only relates the rate of change of variation with area. I\10 cons^eration is given to
either the magnitude of yield variation or the economic/environmental impacts.
Thus on it own Fairfield Smith's empirical law is not ideal in describing the
opportunity for SSCM.

Co-efficient of Variation



The Vanogram

Since the rise ofgeostatistics within the environmental sciences, the variogram
has become another popular method of describing yield variation (e. g. , Perrier and
Wilding, 1986; Mulla, 1993; Lark at at. 1999), mainly because it shows how
variation changes (usually) through space. Vanogr'ams model variance as a
function of separation distance between pairs of points. Pairs of points that have a
gi'eater lag should generally have a greater semivariance than those that are closer
together. The reader is ref;erred to Webster and' Oliver (1990) and Isanks and
Srivastava (1989) for detailed explanations of the concept.

There are two primary problems with the use of variogi. ams in explaining yield
variation. As with the Fairfield Smith analysis, variogr. ams do not give any
indication of the magnitude of variation in relation to the mean or the
economic/environmental impact. Forthennore variograms only represent
distances not areas; thus they may not necessarily reflect the 'areal' structure of
the variation.

This paper aims to improve on the shortcomings of Fairfield Smith's method,
the CV and the variogi. am by developing a SSCM Opportunity Index (0, ) based
on yield monitor data. We propose that this O, must account forthree parameters
of the production system:

. the magnitude of yield variation relative to some triteshold;

. the area *11'ithin which yield variation is autocorrelated (i. e. the spQti@I
structure of variation) relative to the minimum area within which
variable-rate controllers effectiveIy operate; and,

. the economic gad environmental benefit of SSCM relative to runforrn

management.

Anus

Data Preparation

To establish a SSCM Opportunity Index, yield monitor data were gathered for
5 types of crop gr, own in Australia: wheat, gr. apes, cotton, Iupiris, and sorghum.
Data from 20 harvests were recorded for 16 fields intrie period 1995-1999 (some
fields are represented more than once). All crops were managed using the
traditional, unifonn approach to ground preparation, sowing rates, and fortiliser
and pesticide applications.

As much as possible, output from the various yield monitors has been winnied
of doubtful data, e. g. , distribution and spatial outliers, and crop headlands.
A1thougli dependent on the crop and yield monitor, generally data outside ^ 3
standard deviations from the mean yield were regarded as distributional outliers
and eliminated. Spatial outliers (arising from the loss of differential correction
signal to the GPS) and crop headlands (where the harvester changes direction,
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leaving an undesirable artifact in the yield map) are more problematic and, as
such, usually removed according to one's enthusiasm for the task. This illustrates
the need forthe development of automated yield correction procedures (e. g. ,those
presented by Blackinore and Moore, 1999; Lars and antie, 2000)

Definition of Components

It is proposed that the OPPoimnity for SSCM will be a function of i) the
magnitude of variation present in a yield map, relative to a certain threshold; ii)
the spatial structure of yield variation, relative to the minimum area within which
variable-rate controllers can reliably operate; and, in) the economic and
environmental benefit of SCCM relative to uniform management. The following
section gives a detailed description of how these components have been
quantified.

Magnitude(M)

Obviously one of the main constraints to SSCM is the magnitude of the
variation within the field. Ifvariation ranges from 2.4 to 2.6 Mg/ha, with a mean
of 2.5, there is little opportunity for differential management(unless the crop is of
very high value). If however another field with a mean of 2.5 Mglha has a
variation in yield from 0.5 to 4.5 Mglha there would seem to be a strong case for
SSCM. A large magnitude of yield variation should allow greater differentiation
between input applications, hence greater economic and environmental benefits in
comparison to uniform management.

The method for quanti^, ing this magnitude of variation presented here is an
'Areal coefficient 'of variation' (CV, ). This is a method of standardising the
previously non-spatial CV to an area and is based on the double integral of the
yield variogi'am. In this case, because we are only interested in autocorrelated
variation, the Co parameter was excluded from the tritegr. ation. The CV, procedure
is outlined here.

Variograms were made of the raw yield of each field and fitted, weighted by in
at each lag (MCBratriey and Webster, 1986), exponential, spherical, double
exponential, double spherical and power models. If there was a trend in the
variogr'anI(i. e. , Do obvious silo, the maximum range was constrained to 1000 in,
which thereby forced a sill upon the variogram. The fit of the models was
assessed using the Akaike Information Criterion (A1C) (after Webster and
MCBratiiey, 1989).'nie parameters from the model with the best fit(lowest A1C)
were (numerically) double-tritegr. ated (minus the Co parameter) to the
standardisirig area (7). This area was selected as 1000ha and considered the upper
limit of field size. The numerical definition of the double mitegr. ation is (after
Joumeland Hi!^bregts, 1978: Goovaerts, 1997):

7(^),^^^,,,, _,,)_c, ,I,I=I I=I
(1)



whom7(')
1.1

Xi

X.

co

= average autocorrelated yield variation within the block of size I"
= number of points that discretise I";'
= a discrete point in P; and,

any other discrete point in I, '.
nugget variance of yield vanogi. am

The square root of 7(I, ') was then divided by the field's mean yield and
multiplied by 100 to obtain the CV, :

.^"{^.}^,
Y = meanyield

The 50% quantile (950) or median CV, of anthe fields was found, and used asthe
quantity against which to compare the magnitude of autocorrelated yield
variation. Therefore the magnitude of yield variation can be expressed as:

Cv

where:

In Equation 3, the division of CV, by its median effectiveIy states that the
opportunity for SSCM will be increased if a crop is more variable than what is
usually observed. Using 450(CV, ) as a value against which to make comparisons
is the 'best guess', given present kilowledge. It is assumed that 50% of the fields
intrie study winchsplay enough vatiation for SSCM. Withinore experimentation
into within-field variability, site-specific input response and experience in
variable-rate technology, 950(CV@) will be replaced by q, (CV@), a minimum CV, .
This q, (CV, ) will define the magnitude of variation below which uniform
tr. cotrnent is advisable

q, ,(or, )

Spatial structure ^)

The second consideration when evaluating the potential for SSCM is the
spatial distribution of yield variation. A strong spatial structure is desirable
because variable-rate controllers, which physically implement SSCM, operate at
maximum efficiency when proposed application patterns are smooth and broad.
While trended yield maps may be highly desirable for SSCM, problems do arise
when trying to analysis such data. The manif^station of trend in a yield map's
variogram will imply that the average autocorrelation area of yield is infinite,
which will lead to extremely large (and potentially unrealistic) opportunities. To
reduce this effect a trend surface was fitted to tile data to calculate the average
area within which yield was autocorrelated and the resultant residuals used for
analysis. Although dependent on the size of the field, yield monitor data is usually

(2)

(3)



so abundant that a reasonably complex trend model can be afforded; hence a
fourth-order modelwas used here.

,,,,,",,*.~,,,~\,
where, E

N

Y(E, N) ^

Easting coordinates of yield (with minimum subtracted to
prevent numerical overflow);
Northing coordinates of yield (again, with the minimum
subtracted);
yield as a function of its:Eastings and Northings;
intercept of regi'ession;
error term (residuals).

Int.

8

Empirical variograms were made of the trend surface residuals, and fitted with
the four bounded theoretical models, exponential, spherical, double exponential
and double Spherical. The best-fitting model was again found by the A1C. This
model of spatial variation was then used to find the 'arealscale' in hectares of the
yield residuals (I, ). Russo and Bresler (1981) employed this 'bitegr. al scale'
conceptto datennirie the spatial dependence of soilhydraulic properties. We have
adapted Russo and Bresler's (1981) idea to approximate the average area within
whichthe residuals of a yield trend-surface are autocorrelated:

tit-*F1I

theoretical vanogram of yield residuals;
parameters of the residual theoretical
variogr. am (ifftie best fitting model was not
a 'double', C, was equal to zero);

A divisor of 10000 is used to standardiseJ, to ahectare.

Equation 5 converts the best-fitting residual variogr'am model into an
equivalent correlogram. This procedure requires that the vanogram have a sill
Clerice the use of residuals from the trend surface and theoretical models with
finite sills).

The proportion of total yield variance explained by the quartic trend-surface
(Pt) is calculated. Because a trend-surface is theoretically autocorrelated to an
infinite area, a limit must be employed; this was chosen as the area of each field
(A). Multiplying Pt by 11 gives the coninbution of the trend surface to the average
area within which yield is autocorrelated. Multiplying I, by (I- PI) provides the
contribution of the residuals. Adding these two teams together produces the
average areawithiiiwhich yield is autocorrelated (5)

(4)

wher^^ I(^)
Co, Cj, and C2

10000
, (5)



S ^ (I:A)+(I-}^}I, .

Now let s be an estimate of the minimum area (in hectares) within which
variable-rate controllers can reliably operate. It is calculated as:

., , (^, w)
10000

where:

Values of these parameters are given in Table I and are based on personal
experience with variable-rate applicators. It was necessary to distinguish between
grapes and the four nther crops used in this study because viticulture operates
within much smaller areas than broadacre cropping.

13' width of application swath (in);
speed of vehicle (This);
time required to alter application rate (s)

A divisor of 10000 is used to standardise s to a hectare.

V

r

Table 1.1Parameter values for the determination ofs.

parameter

13 (in)
v (1111s)
t (s)

The contr. ibutioti of the spatial structure of yield variation to the potential for
SSCM can therefore be calculated as,

(6)

Grapes
6

3

3

S
D-

(7)

Equation 8 effectiveIy states that the opportunity for SSCM will be increased
when farm machinery can operate within the average area witltin which yield is
autocorrelated;ifthis is not the case then SSCM is hardly feasible.

Economic/environmental benefit(E)

At present, little is known about the nature of parameterE, and it has therefore
been assumed constant (= I) in this study. Future studies into the opportunity for
SSCM will benefit from knowledge of E but it is a topic that requires futiler
research. Some of the factors that E must consider will be short- and long-terni
economic goals, the on-farm and off-farm enviromiiental impact of management
pinetices, goven^nentlegislation and a changing consumer preference.

Other crops
20

6

3

S
(8)



By combining the three parameters and applying a square root function to
remove skewdiiess in the data, (logaritlmiic transfomis were tried but proved too
powerful), an interim continuous Opportunity Index is produced:

O,
CP S

q, ,(or, ) ^

Descriptive details of the 20 yield-monitored fields are given in Table 2. The
CV, and I, values of the 20 fields are shown in Table 3'. Also shown are the
proportions of total yield variation that is contributed by the quartic trend-surface
(PI), the average area within which yield is autocorrelated (S), the limitation of
variable-rate technology ($), the SSCM Opportunity Index (0, ) and finally the
Fairfield Smith b' value. Fields have been sorted triorder of decreasing O, .

The values of 06 in Table 3 range from 2.8 to 47.2, with the median equal to
19.3. A range of parameter combinations for CV@, 950[CV, ] I, , Pt, and A, with
resultant 06, were simulated in an 8' factorial arrangement(results not shown)to
determine the probable range of 0, values. The median 0, of this factorial trial
was 16.6, with 90% of the distribution being less than 95;it takes an extraordinary
combination of parameter values to gain an 06 above this.

Scaled yield maps forten of the studied fields are shown in Figure I. They are
ranked in decreasing order of opportunity. Fields with the largest 0, had
significant magnitudes of trend in the yield data. As 0, decreases, so does the
contrast between high and low yielding sub-regions of fields, such that C9-11 (a
grape field), with the lowest 06 of all the fields, exhibits something akin to white

Temporal fluctuations in O, size are worth noting. The 1996 and 1998 seasons
at West Creek (Fig. If-g) displayed less OPPortruiity than in 1997 (F'ig. Ie). The
differences in these yield maps, which are reflected in their O , have been
attributed to ram - both 1996 and 1998 recorded above nonnal within-season

rain, .whereas 1997 experienced little. In drier years crop production is dependent
on stored soil moisture thus soiltexture/available soil moisture become important
yield detenniriirig factors. The large triangular feature on the left of Fig. Ie is a
red ridge of lighter textured soil muming through a field of predominantly heavy
clay. In wetter years 0996 and 1998) there was sufficient within season minto
continually replenish soil moisture thus the effect of texture is not as dominant.
This field illustrates an important point in determining management zones and
opportunity: it is unlikely that a single season's yield maps will characterise the
expected variation in most crop fields. Single seasons have been used herejust to
illustrate the method.

Figure I is an interesting case because, while it has the largest magnitude of
00, it presents one of the pit-falls of this method: the effect of natural disasters.
The yield of Maidens in 1995 was severely affected by frost. The low mean yield
lead to a very large magnitude ofCV, (74.7%) which, when coupled with a trend
(which is strongly correlated to topogr'aphy and frost damage), has given the
illusion of a large opportunity for SSCM. Spatial catastrophes - such as frost,

*.8
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waterlogging, and insect damage - may appear disguised as spatial opportunity.
Local Ianowledge is necessary for correct interpretation of the 0, value.

The point-to-point accuracy of yield monitors is also acloiowledged as a
significant contributor to the validity of the O, assessment procedure. As with any
analysis the outcome is dependent on the quality of the data that is entered into
the model. Noisy orpoorly calibreted monitors will produce erroneous values.

The last column of Table 3 presents each field's b' value The range of b' is
from 0.44 (Rowlarids 5) to 0.89 (C9-11). InterestingIy, the tiree gi. ape fields
recorded the three largest b' values. Fairfield Smith reported b' values for wheat
of 0.44-0.72; our values ofb' for wheat, even though from much larger fields, are
very similar and range between 0.44-0.76. When the O, and b' are compared, a
moderate negative correlation is found (r = -0.43).

As mentioned in the Methods, qso(CV, ) is currently a 'best gtiess' of the
minimum magnitude in yield variation (90CV, ) that is needed for SSCM to be
viable. Differences in both crop type and production systems will require that
q@(CVa) be determined for each unique production area. For example wheat
growers in Western Australia with yields of I Mglha may consider 0.4 Mglha a
significantincrease whilst European gr'owers, averaging more than 7 Mg/ha may
not. Similarly minimum threshold values for a winegr. ape crop yielding 25 Mglha
windiffer from the wheat gyowers in Western Australia. Further research needs to
be conducted to datemiirie (qorCV, ) for arange of crops and production systems.

Ultimately, it is envisaged that limits will be set to the 0, , whereby one can
decide whether there is a 'high', 'medium' or 'low' opportunity for SSCM. At
this stage, any proposed limits are only tentative, however subjective appraisal of
the yield maps in Figure I suggests that an 06 of 20 represents a threshold above
which SSCM ismoreviablettianuniformmanagement.

In the future, as our database of infonnation gr. ows, a number of years of data
may be analysed to provide a mean 0, . It is also envisioned that differentlayers
of infomiation (e. g. yield estimates from remote sensing (Boydell and
MCBratney) win be combined to form an 'tritegr. ated variation map' that may be
analysed for the opportunity of SSCM. Thus opportunity may be judged on the
variability of the entire production system and notjust yield. This may allow the
Octo shift from aretrospecti^e to apredictive assessment of production variation.

Finally, having established that there is an opportunity for a change in field
management practices, the nextstep is to ask what component(s) of management
can be changed. This requires a more detailed investigation of site-specific crop
variation that can only be achieved through field-scale experimentation (Gobyay
Crowford etc1. 1997; Cooket@!. 1999) and continued crop monitoring.

Withoutftie backing of information, many farmers may feelreluctanttoclzarige
their traditional agr'onomic practices. A database of yield maps contains a vast
amount of infonnation that can be utilised to assess the OPPortuntty for Site-
Specific Crop Management.

While searching for a method to quantity the opportunity for SSCM, the
empirical law devised by Fairfield Smith (1938) was initially applied to yield

CONCLUSIONS



monitor data, but was found lacking. The SSCM OPPorruiiity Index offers greater
possibilities.

The Opportunity Index calculated for 20 fields showed that no particular crop
is suited to SSCM over another. There is evidence of temporal instability in the
values of O, for a given field. Perhaps several seasons of crop data are needed
before stability in 00 is found. This is a subject that requires more work, but
unfortunately, at this stage of SSCM's development, very few fields have more
than five years of yield maps.

A tentative proposal is that an O, gi'eater than 20 suggests a good opportunity
for changing one's management practices to SSCM, althougli further research is
needed to justify this recommendation.

Further infomiation on the application and development of the O, can be found
in a paper by Pingle erg!. (submitted).

AManagememtZomeOpportunity Index

As defined above, Oc is a 'continuous' management index. It does not imply
management zones. Since current PA technology may be more effective when
applied in a management-zone rather than a continuous context, a management-
zone opportunity index (Oar)should be defined.

Briefly, an index based on statistical parsirnony (Larlc, in press) derived from
the Akaike lnfonnation Criterion could be used:

ADDENDUM

A1C = ,I'm(RMS) + 2p

where:

In this context we can write it as:

= the number of observations

RMS =the residual mean square forthe modelfit
p =thenumber of parametersiriftiefittedmodel.

12

Oar(z) = 22 - 12. in(^)

z =thenumber of zones orspatialunits intrie field.
=the fit of the model

where:

In this situation z is not the number of classes that might be fitted by a (fuzzy)
k-means algoritlrrn but rather the number of discrete contiguous spatial zones.
These contiguous spatial zones can be fbnned by including the spatial co-
ordiriates as well as the yield in the numerical classification. For mis paper
Eastings and Nothings were added as variables to ensure zones were single
entities. (N. B. these zones are notthe same as treainient classes. While individual
zones may be discrete tr'earnient classes, other tr. eatrnent classes may be composed
of two or more zones (that are spatialIy discrete from each other). All additional2
zone model detenniried "by eye" (E2) was also added (discussed later). For the
example we have chosen West Creek 1997 as it has a bigli O, and the large

,2
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feature on the left hand side indicates it is suitable for zone management. For this
analysis the headland artifacts shown in Figure Ie were removed manually to the
best of our ability.

The goodness of fit of the zone models (in describing yield variation) was
datenniried from the 7' of a one-way analysis of variance model. The use ofn is
problematic however, because it is the number of independent observations. For
this discussion the method of Bishop et al. (in. press) has been adapted to raw
yield data to determine 12 using 5000 data points. The number of zones (.^:), which
minimises O, ,, can be regarded as optimal.

From Table 4 we cansee that O, , becomes asymptotic after 7 zones indicating
that there is little benefit in managing additional zones. The amount of variation
accounted for intrie management zones can be determined by comparing the yield
vanogram to that of the residuals. filthis case a spherical modelhas been fitted to
tile yield data and the exponential modelto the residual data. There has been no
penalty imposed to models with more parameters, thus as the number of zones
increases the amount of variance explained by the model increases and the sill
decreases.

Figure 2 shows the variograms for the yield and residuals from the ANOVA
for 5, 6 and 7 zone models. The area between the sills of the yield and the
individual residual van'ograms call be considered representative of the amount of
variation explained by the zonal models. Taking the variance at 1000m, the 5, 6,
and 7 zone models explain 51%, 63% and 67% of the variation in yield
respectively. These numbers are coinparable to the 1' derived from the ANOVA
of the cluster means however they also include a spatial component.

Table 4. Estiniates of Opportunity for managing different, ,limbers of zones
for WestCreek 1997.

Z

2

3

4

5

6-

7

8

9

10

E2

in

1/2

1/2

1/2

1/2

112

1/2

1/2

112

1/2

1/2

112

o

0,002

0,061

0,181

0,484

0,582

0,616

0,660

0,692

0,700

0,257

O, ,
00

389.51

189.67

158.87

140.09

124.57

49.86

48.82

49.33

48.84

156.17

O-

2.99

6.70

9.54

13.64

13.63

12.98

12.56

12.12

11.57

15.73

^
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Figure 2: Vanograms of Yield and Residuals from the ANOVA between
management zones.

While detenniriing which model best describes variation the calculation of 023
does not take into account issues such as differences between means of zones,
gross margins etc. IdealIy a better opportunity index would be an economic one
(Ore), measured in dollars (per hectare):

o

o 200 300 400

z G.

j= A.

where lit=the area of zone i.
Gt= the gross margin for zone iwhich is calculated from;

G-=P-- C--F-

Where: Pi=value of production
Ci= agronomic cost of production
Fj= environmental cost of production (which is still difficultto calculate).

Here the assumption is that the zones are suitable for PA. This time, the
optimalz is the number that maximises 0, e.

Currently, it may be difficult to obtain all the data to calculate Ore but
developing methods to obtain these data should be an aim of further research. In
the meantime, we iniglit think of using a compromise between the statistical and
economic indices, which is really what our 00is. Ifwe replace S in Equation 8 by

800 900 1000

(12)

(13)



s(,)=r' :^:I, I I_, 2
it is possible to calculate 0, j, which should be maximised. Results of this are
presented in Table 4. 02t values indicate that the optimal number of management
zones in this field is either 5 or 6 (less than that indicated by the 0, , analysis). It
should be noted that these values calmot be compared directly to the O, values as
they are situated on a different scale. From Figure 3, diagram!^ with only 3 and 4
zones are reflecting the heavy weighting of the spatial coordinates in the analysis
thus have poor, ' values when compared with the yield. When compared with the
yield map, diagi'anIs with 5, 6 and 7 zones highlight the main management zones
in the field. Diagrams with 8 or more zones are starting to identify small areas in
the field, which are probably not viable units with current variable-rate
technologies.

In this field we would expect two management zones to have a reasonable
opportunity due to the large feature on the left-hand side. However the heavy
weighting with spatial coordinates in the numerical classification negates this in
the 2 zone model. By applying expert knowledge we can segregate this f^attire
into zj and specify the rest of the field as z2 and analyse this model(E2). The r' for
the ANOVA between zi and z2 is 0,257 significantly higher than the 2 and even
the 3 and 4 zone model derived using yield and spatial coordinates in Table 4.
Plotting the variogr. am of the residuals against the yield shows that this minimal
seeregation already accounts for 28% of the variation myield.

The O, i for this model (15.73) is the bigliest of any of the models due to S,
being weigh^ted to minimise zones. As e>:pected two large discrete contiguous
zones provide a good opportunity for FA. Whether it should have a biglier O, j
than a more complex model that better fits yield variation is a point for firttier
researchand discussion The r' Oar and Oatvalues fromE2 highlightthe need for a
better algorithm for don'vingthe discr. etecontiguous zones.

The authors would like to emphasis that this is only a preliminary model and
presented here as an example. Considerable work stillneedsto be doneespecially
on the development of a zonal algorithm. Further we would like to reiterate that
while this analysis has been done on a field for one year, data from several years
will be necessary before aime indication of the opportunity will be kilown.

(14)
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Table 2. Summary statistics of the fields used for development of the opportunity index.

Cro

Wheat
Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Wheat

Grapes
Grapes
Grapes
Cotton

Cotton

Lupins
Lupins
Sorghum
Sorghum

Location

Moree, NSW
Moree, NSW
Moree, NSW
Moree, NSW
Moree, NSW
Moree, NSW
Wyalkatchem, WA
Wyalkatchem, WA
Wyalkatchem, WA
Wyalkatchem, WA
Wyalkatchem, WA
Cowa, NSW
Cowa, NSW
Cowra, NSW
Moree, NSW
Moree, NSW
Wyalkatchem, WA
Wyalkatchem, WA
Moree, NSW
Moree, NSW

Field

B4

East Creek

Maidens

West Creek

West Creek
West Creek
Homel

Home5

Rowlands I

Shire 4
Shite 4
C3-8

C9-11

03-4

Nonvood28

Telleraga 10
Blackies 6

Home8

East Creek
W80

Year

1995

1997

1995

1996

1997

1998

1998

1998

1995

1997

1999

1999

1999

1999

1998

1998

1998

1997

1996

1997

~Area

(ha)
8

77

88

80

80

80

61

40

75

64

64

14

2

6

42

97

51

30

77

42

Mean ield

(Mg/ha)
1.90

3.86

0.96

5.40

3.69

5.58

1.83

1.09

1.49

1.09

2.25

21.76

24.13

20.37

2.33

1.76

1.08

0.54

6.90

4.21

Sad. dev. ield CV

(Mg/ha) (%)
0.73 38.4

1.45 37.6

0.78 81.3

0.67 12.4

0.92 24.9

0.95 17.0

0.47 25.7

0.38 34.9

0.52 34.9

0.24 22.0

0.45 20.0

7.02 32.3

4.98 20.6

6.97 34.2

0.63 27.0

0.38 21.6

0.35 32.4

0.16 29.6

1.07 15.6

1.02 24.2
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Table 3. Parameters used in the determination of the opportunity index.

Field

Maidens

Homes

C3-8

03-4

Blackies 6

Rowlands I

Homel

W80

West Creek
Shire 4

Telleraga 10
East Creek
Shite 4
WestCreek

East Creek
West Creek
Home8

Norwood28
B4

C9-11

Cro

Wheat

Wheat

Grapes
Grapes
Lupins
Wheat

Wheat

Sorglium
Wheat

Wheat

Cotton
Wheat
Wheat

Wheat

Sorghum
Wheat

Lupins
Cotton

Wheat
Gra es

Year

1995

1998

1999

1999

1998

1995

1998

1997

1997

1997

1998

1997

1999

1996

1996

1998

1997

1998

1995
1999

CV,
(%)

74.7

47.9

36.7

43.1

26.2

30.4

28.1

26.7

21.7

20.1

18.3

29.9

17.0

10.6

29.9

10.3

24.9

15.3

37.2

7.6

I,
(ha)

0,074

0,118

0,038

0,003

0,301

0.108

0.220

0,026

0,300

0,050

0,112

0,076

0,094

0,074

0.076

0,035

0.054

0,043

0.019

<0,001

0,330

0,589

0,293

0,364

0,491

0.251

0,314

0,473

0,266

0.287

0,202

0.137

0.289

0,245

0,204

0,199

0,183

0,141

0,271

0.068

S

(ha)
29,101

23,627

4.135

2.187

25,174

18.927

19,308

19,885
21,489

18,397

19,702
10,622

18,561

19,632

15,866

15.918

5,548

5,946

2,178

0,136

S

(ha)
0.036

0,036

0,005

0,005

0,036

0,036

0,036

0,036

0,036

0,036

0.036

0,036

0,036

0,036

0,036

0,036

0,036

0.036

0,036

0.005

O,

47.2 0.57

34.1 0.44
33.5 0.88

26.4 0.86

26.0 0.65

24.3 0.60
23.6 0.55

23.3 0.67

21.9 0.52

19.5 0.70
19.2 0.70
18.0 0.64

18.0 0.70

14.6 0.76

13.4 0.77

13.0 0.74

11.9 0.78

9.7 0.77

9.1 0-62
2.8 0.89
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DEVELOPMENTOlFAMETHODOLOGYFORTHEVAIUABLE-RATE
APPLICATIONOlRFERTILISERINmRIGATEDCOTTONFIELDS

C. M. Stewartand A. B. MeBrainey

APPENDIX2

fillst, .align Cotton CRC

The University of^I. ,d?Icy
New Sowth Wales, ,41,817. @11^

The technology to apply differentrates of fortiliserwith. in a single field has existed for
some time, however methods for determining fordliser rates at uns scale are still
problematic, especially for irrigated cotton in Australia. A majority of the roseamh in
variable-rate fomliser application has focused on either developing 'nutrient budgets'
for a crop based on pre-sowing soil nutrient levels and crop nutrient uptake or by
identifying sinnlarregions within a field tenned 'management zones' from both spatial
and temporal data sources. tits SUIdy has examined the suitability of both these
methods for determining site-specificiiitr'ogen fertiliser recommendations for cotton in
Australia. Measurement of pre-sowing soiliiitr. ogen levels from directed soil
sampling of each field based on yield maps and soil electrical conductivity data
enabled a nitrogen fortiliserrequirement map to be developed using response curves
for yield versus~^'tiltser generated for the local area. Secondly, multivariate
clustering of a number of data layers was used to determine homogeneous zones
witlxinftie fieldwhich then received ^rinserbased on theyieldpoteiitialofeach zone.
Both methods were implemented sirnultaneoIISly within a field as weU as the
traditional fortiliser approach used by the gr. ower as a means of comparison. No
benefit internis of yield was achieved with ether variable-rate approach compared to
the untonn approach, however the results indicated there is potential for variable-rate
fordliser application wlien more appropriate for. rinser recornn^Idations for site-
specific application exist

ABSTRACT

Keywords: variable-ratefertiliser, management zones, ,litrogem management

An area in which the development of technologies associated with
precision agr. iculture is expected to bring significant benefit is ttirougli the
variable-rate application of fertilisers. Correct detenniriation of local fertiliser
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requirement will result in more efficient fertiliser use, which has positive impact
both economicalIy and environmentally. The success of avariable-rate fertiliser
strategy is dependent on the generation of accurate application maps. Howbestto
achieve tins has not yet been established with any degi. ee of certainty. In fact, the
results from runfomi versus variable-rate fertiliser trials to date have been varied,
especially when nitrogen management has been the focus. Broadly classified,
these trials have taken either a 'nutrient budget' approach or 'management zone '
approach forthe generation of the necessary fertiliser application map.

The 'nutrient budget' approach, also referred to as a 'I, ajarice sheet'
method, relies on pre-sowing soiltesting to replenish essential nutrients to a level
which will maximise economic optimum yield (F'erguson at a1. , 1996; Robert at
a1. , 1996; Herget 1997; Yang at a1. , 1999; Leclerc at a1. , 1999; Ferguson at al. ,
1999). Generally, this assumes an expected unitbnn yield for the field, adjusted
site-specifically by the soil test results. Yang at a1. , (1999) reported higher
average sorghum yield at the 0.10 significance level for variable-rate nitrogen
compared to unitbnn, but this did not offsetthe fertiliser costs. Both Ferguson at
aL, (1999) and Herget (1997) used soil organic matter in conjunction with soil
nitrate levels to produce application maps but neither showed any yield benefit
over the uniform approach. Hergert (1997) did however report a trend towards
decreasing soil nitrate residues. Robert at a1. (1996) used soil depth in addition to
soil mineral nitrogen and also obtained no significant difference in yield for
barley and wheatbetween the classical and variable-rate approach. The suitability
of this approach for calculating nitrogen fertiliser requirement has been
questioned. Unlike both phosphorus and potassium levels which can be
calculated on simple nutrient balances, the complexity of the nitrogen cycle may
make this approach inadequate for estimating nitrogen requirement(Ferguson at
a1. , 1996; Enge1, 1997).

An alternative approach to developing a nutrient budget, is the
identification of a series of homogeneous units within a field according to their
yield potential, commonly termed 'management zones. ' This involves coalescing
a number of spatial data sonrees such as yield maps, remoteIy sensed images,
aerial photographs and soil maps to fonn a fertiliser application map with a
different rate for each zone (F'eters at a1. , 1999; Weish at a1, 1999; Fleming et al. ,
1999). These data. sources are usually supplemented by coarser soil sampling
than the intensive grid approach, thus addressing some of the concern associated
with cost. Fleming at a1. , (1999) used a bare soil colour map and tanner
101.0wledge to datennine low, medium and high productivity regions within a
field. Subsequentt^ting indicated these zones correlated satisf;, cronly with yield
maps, soil conductivity maps and nutrient status. Weish at a1. , (1999) used tree
years of normalised yield maps to identify high and low yielding regions within a
field finding different yield response curves to nitrogen application between both
regions. Similarly, Peters at a1. , (1999) using soiltexture as a basis for
distinguishing soiltype zones found differentresponse curves to nitrogen between
both soil type and the year grown. analysis showed using the correct response
curve for each region would have brought about an economic benefit from
applying variable-rate fertiliser.

Irrigated cotton in Australia is typically gi. own on vertisols and relies on
the application of nitrogen fertiliser to achieve satisfactory yields. At present,



rates are estimated by either a 'Rule of Thumb' approach based on the crop
rotation and the previous yield or from a response curve for the local area using a
pre-sowing soil nitrate test of bulked samples from within ftie field. A computer-
based decision support program called CottonLOGIC has been developed which
provides gr'owers with these nitrogen fortiliser recoinrnendations using the soil
nitrate test procedure. Potentially, the benefits from adopting a variable-rate
approach to nitrogen application could be substantial due to the necessary reliance
on nitrogen fertiliser.

The aim of this research is to test both the 'nutrient budget' and
'inanagement zone' approaches as a basis for variable-rate nitrogen application for
cotton against the traditional runfbnn application approach datenniried using
either the 'Rule of Thumb' or CottonLOGIC method.

At the conclusion of the 1998/99 gr. owing season, two irrigated fields for
which their cotton yield maps displayed substantial variability were selected as
the trial sites for the 1999/2000 season. Both fields are typical of the heavy-
cracking clay soil rosterIs) on which irrigated cotton is predominateIy grown on
the plains of northwestern New South Wales. Site I, is a 99 hectare field on a
property called 'Oakville' while Site 2 is a 100 hectare region of a 240 hectare
field on a property called 'AUScott Midkin'. A trial of this size was thought
necessary as Australian cotton fields are typically intriis size range.

An electromagnetic (:Eli^^O survey using both a GeonicsTM EM38 and
GeonicsTM EM31 was used to estimate the soil apparent electrical conductivity
(ECa) for the root-zone and subsoil respectively. This survey was conducted
using a mobile system. designed to produce detailed within field maps (Triantafilis
and MCBrato. ey, 1998). Ass, lining uniform soil moisture content and negligible
soil salimty, the EC, can be related to soiltexture, mineralogy and nutrient status.
Additionally, at Site I a Landsat 5 satellite image representing yield estimates
collected during the 1998/99 gr. owing season based on the nomialised difference
vegetation index 0.10Vl) was also available.

Management Zone Determination

Fonns of multivariate clustering have been used to establish within field
regions displaying sinnilar properties (Lark and Stafford, 1997; Fleming at at. ,
1999). In tins case, the non-hierarchical, hard clustering technique, k-means was
used on the yield map, EM maps and the satellite map (Site I only) to delineate
management zones for each site. It was assumed this would indicate areas of
analogous yield potential, based on the intrinsic variabi-lity in the soiltexture and
mineralogy. The number of management zones for each site was datemiined by
selecting the number of zones that gave a mean yield difference of approximately
one bale (2271cg) per hectare between the zones. This gave:
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Zone I: Low Yield (13'85 kg ha"), V. HigliEMvalues (197-222 mS in")
Zone 2: HighYield (1566 kg h^'), High EMvalues(197-199 ms in")



Zonel: Med Yield (1203 kg ha"), Med EM Values(132-167 ms in"
Zone2: Low Yield (976 kg ha"), High EMvalues(143-177 ms in')
Zone3: High Yield(1362 kgha"), Low EMvalues (1/5-146 ms in"

Soil Analysis

Soil sampling used a targeted strategy based on the management zone
map for each site. It was decided to take 100 samples, as this is both a minimum
for a reliable vanogi. am (Webster and Oliver, 1992) and secondly gives a density
of one per hectare, commonly used for variable-rate map making (Griffen, 1999).
Instead of a gr. id sampling approach, sample locations were determined using a
centi'oid sampling scheme similar to that described by Brus et a1. (1999). It was
hoped this method would allow for better spatial interpolation of the soil
properties. Soil was-collected six weeks prior to sowing and composited for O-
30cm depth as this is. the standard procedure for estimating nitrogen fertiliser
requirement from soil nitrate-nitrogen levels in the Australian cotton industry.
Soil nitrate, Total N, pH, phosphorus, potassium, sodium, calcium and
magnesium were measured

Experimental Design-and Rate Determination

The soil nitrate concentration for each sample location was entered into
the CottonLOGIC program (ACCRC staff; 1999), which selects a response curve
to estimate fertiliser requirement depending on the region, time of soil sanipfuig
and an estimate of soil-structure. Using block kriging, a fertiliser application map
was generated from the CottonLOGIC estimates (nutrient budget approach).
After consultation with the gr. ower at each site, rates were assigned to each
management zone based on expected yield potential using a 'biglier yield higher
fertiliser rate' approach to create an alternate map (Table I). At Site I, the

Site 28

historical or 'Rule of Thumb' approach was used as the uniform rate, in this case
180 kg ha". For Site 2, the CottonLOGIC approach of tokin the average value
of all soil samples was used as the runfbmi rate, 150 kg ha'. Therefore, three
application maps were generated foreach site.

A 36 metre wide by 50 metre long gr. id was then placed over each of the
maps (approximately 560 plots), as the fertiliser spreader was 12 metres in width,
thus ensuring each plot would contain three passes. Each plot was assigned a
treatrnent letter detenniried randomly for the first tiree plots. This was 'A' for
runfonn, 'B' for nutrient budget and 'C' for management zone map (Figure I).
From this, an application map for each site was created by selecting the average
fertiliser requirement value for each plot from the map corresponding to the
tr. cottnent letter (F'igtire 2).
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Table I. Nominated Fertiliser Rates for Each Zone
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Fertiliser Application

At both sites, fertiliser was applied as anhydrous ammonia gas, injected
into the sides of the raised bed with dump knives. At Site I, this was done as a
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split application of 100 kg ha" tree weeks prior to sowing (August) and a
variable-rate side-dress in December, while at Site 2 ant^rtiliser was applied pre-
sowing. The fertiliser was applied using a Vision System@ controller hooked into
a DICKY-John@Land Manager located on the fertiliser spreader. This system is
essentially an equalizer 01eat exchanger) which converts the anhydrous ammonia
gas into a liquid fonn that can then be metered out according to the application
map from the VisionTM controller.

Crop Monitoring

During both early-December and inid-February each site was
photographed using a multi-spectral imaging system mounted in a light aircraft.
This acquired images in the blue, gi. een, red and near-infra red bands, which
allowed the NDVlto be calculated at a resolution of 5 metres to provide a
measure of gownithroughout the season. in addition, leaftissue samples were
taken at selected fertiliser rates contemporaneously and analysed for total leaf
nitrogen using the LECO-C}11.1 analyser (MCGeehan and Naylor, 1988). At
harvest, both fields were yield monitored and the data interpolated onto the
fertiliser gi'id points. Traditional analysis methods were used to compare the
different treatments and fertiliser both on a whole field scale andresponse,

management zone scale.

Generally, fertility status of the soil other than nitrogen is usuaUy medium
to bigli in the cotton gr'owing areas of Australia. It is expected that the variation
in yield betweentiie management zones at each site is a fimction of the soilwater-
holding capacity and nitrogen levels. Comparison of the nutrient status between
the zones for each site suggests that these are the major factors (Table 2).
Although phosphorus content is low at both sites, and in the case of Site 2,
significantly higher in Zone 3, readings vary depending on cultivations and time
of year the samples are taken. Very little response to phosphorus fortiliser
applications has been reported for cotton in Australia. Site I is classed as sodic,
with the higher eXchangeahib sodium in Zone I an explanation for the expected
lower yield as this is usually associated with poor soil structure.

RESULTSANDDISCllSSION

Table2. Avera e nutrientlevels foreach management zone
pH F

ingikg

Sitel
Zone I
Zone2

CaC12

Site 2
Zone I
Zone2
Zone3

8.28
8.19

K

cmol(+)
ACg

Bold indicates significant difference at the 95% confidence level

7.74
7.79
7.74

5.2
5.5

Mg
cmol(+)

ACg

1.27
1.30

5.3
5.2

8.1

Ca

cmol(+)
Ikg

1.13
1.16
132

14.41
14.57

Na

cmol(+)
nag

9.36
10.11
8.87

33.28
33.20

CEC TotN
cmol(+) Dag'kg

11cg

24.37
24.37
23.35

6.41
4.70

0.70

0.83
0.66

55.41
53.83

35.61
36.53

34.24

0.06

0.06

0.06
0.06
0.06
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Crop Growth Monitoring

In this paper only the results of the within-season monitoring are presented
for Site 2. The leaftissue sampling and NDVl were obtained 60 days and then
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120 days after planting. LeafN is considered sufficient when between 30 - 45 g
kg", and generally correlates very well with cotton yield (Genk at a1. , 1994).
After 60 days, all fertiliser rates had sufficient nitrogen uptake although
interestingIy at the lower fertiliser rates the plants were taking up more nitrogen
(Figure 3). A concernwith the highvalues (>45 g kg") obtained wasthe possibly
of excessive vegetative gr. owth which could have detr. inlental affects during boil
filling. Similarly, after 120 days leafN was sufficiently high to suggest at no rate
in the trial was nitrogen a yield-limiting factor. The NDVl images (Figure 4), an
estimation of the yield based on the plant vegetative growth, produced similar
spatial patterns when compared to the yield map (for Dec r = 0.40; for Feb r =
0.68). This suggests that the early season gi. owth and corresponding 1.1 uptake by
the leaves were a very good indicator of how the crop was progr. essing.
Unfortunately at the time of the side-dress at Site I, the crop was not sufficiently
advanced enough to allow a similar comparison that may have shown the affects
of the later variable-rate application on the yield patterns. The stability in the
yield patterns over the season at Site 2 however, does imply there may be some
potential for a reactive approach to detemiiriing fertiliser rates. If fertiliser is
deemed the problem, an additional variable-rate side-dress could be applied to the
lower yield areas as indicated by the NDVl.

Coinparisom of Treatments

Comparison of each tr. earnient on a whole field basis for both sites showed
Do advantage would have been gained from implementing either variable-rate
strategy over the uniform strategy in ternis of a yield increase (Tables 3 & 4).
Making a sirnilar comparison within each management zone for both sites
produced coinparableresults. At both sites the zone expected to yield the least in
fact yielded the highest. The crop at Site I experienced problems troughout the
growing season in ternis of weeds and insect pressure which may explain the
reversed yield patterns in those two zones. At Site 2, it was assumed that the
higher yielding areas from the 1998/99 season would not do as well as it had been
a very wet year that had favoured the coarser textured soiltype. This proved not
to be the case with yield monitoring on neiglibouring fields confirming better
yields were being achieved from the coarser textured soil across the farm for the
1999/00 season. However while yield did not differ between the treatrnents, there
was an increase in fertiliser efficiency in terms of yield production. In all zones
of both fields, fortiliser efficiency was gr. eatest at the lower rates. This was
because at no rate was fertiliser limiting to yield which suggests that the current
fortiliser recoilunendations may be either inadequate or unsuited to making site-
specific fertiliser recommendations. Similar results were reported by Dampney at
a1. (1997) from their trials with winter wheat in which there was no crop
production benefit but an apparent environmental benefit from the application of
variable-rate N.

EncouragingIy the delineation of management zones on estimated yield
potential at Site 2 was highly successful. The big differences in yield indicate that
once more suitable fertiliser recoinmendations exist and more years of data is
collected to Golfrrm temporal stability, then these zones could then be managed



differently. More data would also help to confirm or adjust the management
zones for Site I.

Table 3. Comparison of treatments for Site I
ZONE2ZON^I

14521493

1486B 1451

1491 ' 1458

180180

159 ' 156

144 c 167

8. I8.3

9.3 ' 9.3

10.4 c 8.7

Yield

(kg ha")
Average
Fertiliser

(kg ha")

Yield

(kg kgN')
A - Historical Unifonn
B - CottonLOGIC Variable-Rate

C - Management Zone Variable-Rate

Table 4. Comparison of treatments for Site 2
ZONEl ZONE2
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2071 1797

150 150
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(kg ina")
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157
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Table 5. OptimallgemliserRates for each Zone
Quadratic Nratefor Max Economic Economic

Parameters Yield Optimum OptimumMax
Yield'NRateYield

Sitel
Zone I
Zone2

Site 2
Zone I
Zone2
Zone3

1000F6.17N4). 019N2
969F6.18N4). 0194N2

a- anhydrous muonia @ $AU00.67 kg' and lint yield @ $ADD2.11 kg'
b- Calculated on aper hectare basis by using the optimal rate for each zone compared to a Initfonn
roteN=150kg ha' at Site I andN=110kg ha" at Site 2

15/7+18.9N-0.10NZ
1239+15.2N-0.07N2
1839+11.2N-(). 05N2

162
160

It was assumed that at both sites the fertiliser rates in the trial were at or

just pastthe optimum yield levelin ternis of a traditional quadratic response from
yield versus fertiliser application. In order to fit a quadratic response function for
each zone nil fertiliser strips on adjacent fields at the same crop rotation stage
were used to estimate the yield for zero N application. All area, which needs
addressing when implementing this fonn of on-farm experimentstion in a
coriumercial environment, is the amount of low fortiliser rates that should be
incorporated into the experimental design to allow the adequate generation of
response functions. For both sites a weighted quadratic function was fitted based
on the number of observations at each rate and the variance CFigure 5).

Table 5 shows the optimum economic yield and maximum yield that could
be achieved for each zone. At Site I, there was very little difference between the
optimum fertiliser rates for both zones which ifset at 150 kg ha" would result in
no economic benefit from implementing a variable-rate approach. As this site
experienced problems troughout the gr. owing season triller investigation may
still reveal benefits from a zone-based approach. Secondly, more years of data
would allow the management zones to be detemiiried more accurately. Site 2, at
which the initial delineation of the management zones was successful, indicates

94.5
109
1/2

1501

1462

2410

2064
2466

154

151

93
106
109

Crop Response

1500
1461

Variable
Rate

Saving

2409
2063
2466

+$2
$0

+ $60
$0
$0

there would be an economic benefit from varying the fertiliser rate. Applying 93
kg ha" of 1.1 to Zone I and 110 kg ha"of 1.1 to Zones 2 and 3 compared to a
uniform application of 110 kg ha" to the entire field would bring about a $AUD
60 per hectare benefit for the Zone I region, covering approximately half the
field.

Neither variable-rate strategy for applying nitrogen increased yield over
the traditional uniform approach. This was most likely caused by the inadequacy
of the current fertiliser recommendations for predicting site-specific requirement.
At both sites current fertiliser rates appeared to be too high. However, the
management zone approach was successful at delineating regions of the field

CONCLUS^ONS



according to their yield potential. If methods for detennining fertiliser
recommendations can be developed relevant to a site-specific approach, then the
perceived benefits from variable-rate fertiliser application should become a
reality. On fg, rin experimentstion will probably be vital in detenniriing fertiliser
recommendations formanagement zones distinctto a farm.

Additionally the use of remote sensing may offer a way of taking a
reactive approach to applying fertiliser.

The authors wish to thank the Australian Cotton Research and

Development Corporation for providing funding for the research, the staff at
AUScott Midkiii and Oakville for their cooperation and the in-kind support from
Incitec Fertilisers, Andrew Smart of IAMA Pty Ltd, John Triantafilis, Andrew
Huckel, Ian Rochester and The Famer Centre at Charles Sum University for
collecting the aerial imagery.

ACE^lowLEDGE^^IENTs

ACCRC Staff (1999). CottonLOGIC CD and user manual. Australian Cotton
Cooperative Research Centre, Nanabri, 1.1SW, Australia.

Briis, D. J. , Spat^ns, L. E. E. M. & de Gad^er, 1.1. (1999). A sampling scheme for
estimating the mean extractsble phosphorus concentration of fields for
environmental regulation. Geodemia 89: 129-148.

Dampney, P. M. R. , Goodlass, G. , Froment, MA. & Stafford, I-. V. (1999).
Environmental and production effects from variable rate nitrogen fertilizer to
winter wheat in England. pp. 697-708 In Robert P. C. at al. , (ed) Proc. of the 4th
Int. Coat: On PrecisionAgi'iculture, Mimeapolis 1998. AsA, CSSA, and SSSA,
Madison, Wl.

REFERENCES

Engel, T. (1997). Use of nitrogen simulation models for site-specific nitrogen
fertilization. pp. 361-69. In I. V. Stafford (ed) Spatial Variability in Soil and
Crop. Proc. of the 1'' European Conf. on Precision Agi. iculture, Warwick,
England 1997. BIOS Scientific, Oxford, England.

Ferguson, R. B. , Gobyay, C. A. , Hergert, G. W. & Peterson, T. A. (1996). Soil
sampling for site-specific nitrogen management. pp. 13-22. In Robert P. C. at al. ,
(ed) Proc. of the 3'' hat' Conf. On Precision Agr. iculture, Mirineapolis 1996.
AsA, CSSA, and SSSA, Madison, Wl.

Ferguson, R. B. , Hergad, G. W. , Schepers, I. S. & Crawford, C. A. (1999). Site-
specific nitrogen management of irrigated coin. pp. 733-44 In Robert P. C. at al. ,
(ed) Proc. of the 4th Int. Conf. On Precision Agriculture, Mimeapolis 1998.
AsA, CSSA, and SSSA, Madison, Wl.



Fleming, K. L. , Weshall, D. G. & Heemuarm, D. F. (1999). Farmer developed
management zone maps for variable rate fertiliser application. pp. 917-26. 112
I. V. Stafford (ed) Precision Agriculture '99. Proc. of the 2'' European Conf. on
Precision Agr'iculture, Odense, Denmark 1999. Sheffield Academic Press,
United Kingdom.

Genk, T. J. , Jackson, B. S. , Stockle, C. 0. & Rosenftial, W. D. (1994). Plant
nitrogen status and bon load of cotton. Agr'on. I. 86: 514-18.

Onffen, S. I. (1999). Directed soilsampling as a means of increasing nutrient map
accuracy using complementary precision farming data. pp. 141-149. 112
I. V. Stafford (ed) Precision Agriculture '99. Proc. of the 2'' European Conf. on
Precision Agriculture, Odense, Denmark 1999. Sheffield Academic Press,
England.

Hergert, G. W. & Ferguson, R. B. (1997). The impact of variable rateN application
on 1.1 use effeciency offiirrow trigated maize. pp. 297-305. In I. V. Staffbrd (ed)
Spatial Variability in Soil and Crop. Proc. of the 1st European Conf. on
Precision Agr'iculture, Warwick, England 1997. BIOS Scientific publ. , Oxford,
England.

Lark, R. M. & Stafford, I. V. , (1997). Cl^sthcation as a first step in the
interpretation of temporal and spatial variation of crop yield. Arm. Appl. Biol,
130: 111.21.

Leclerc, H. , Laurent, F. , Boisgontire, D. , Le Bars, I. M. & Zwaenepoel, P. (1999).
Using field and crop characteristics for site specific nitrogen management on
winter wheat crop. pp. 719-731 In Robert P. C. at al. , (ed) Proc. of the 4th hat'
Collf: On Precision Agriculture, Mimeapolis 1998. AsA, CSSA, and SSSA,
Madison, Wl.

MCGeehan, S. L. & Naylor, D. V. (1988). Automated instrumental analysis of
carbon and nitrogen in plant and soilsamples. Coriumun. Soil Sci. Plant Anal. ,
19: 493-505.

Peters, M. W. , James, I. T. , Earl, R. & Godwin, R. I. (1999). Nitrogen management
strategies for precision farming. pp. 719-28. 172 J. V. Stafford (ed) Precision
Agi'iculture '99. Proc. of the 2'' European Colt. on Precision Agriculture,
Odense, Denmark 1999. Sheffield Academic Press, United Kingdom.

Robert, M. , Le Quititr'ec, A. , Boisgontier, D. & Greiner, G. (1996). Detemiiriation
of field and cereal crop characteristics for spatialIy selective applications of
nitrogen fertilizers. pp. 13-22. In Robert P. C. at al. , (ed) Proc. of the 3" hat,
Conf. On Precision Agriculture, Mimeapolis 1996. AsA, CSSA, and SSSA,
Madison, Wl.



Triaritafilis, I. & MCBratriey, A. B. , (1998). Development of a mobile
electromagnetic sensing system for soil salinity assessment in irrigated cotton
fields. pp. 61-64. In Proc. of the 9th Australian Cotton Conference, Gold Coast,
1998. ACGRA, Narrabri}. IsW, Australia.

Webster, R & Oliver, M. (1992). Sample adequately to estimate vanograms of
soil properties. J. Soil Sci. , 43: 177-92.

WeIsh, J. P. , Wood, G. A. , Godwiri, J. C. , Taylor, R. , Earl, R, Blackinore, B. S. ,
Spoor, G. , Thomas, G. & Carver, M. (1999). Developing strategies for spatialIy

In J. V. Stafford (ed) Precision
Colt. on Precision Agriculture,

Odense, Denmark 1999. SheffieldAcademic Press, England.

Yang, C. , anderson, G. L. , King, Ir. , I. H. , & Charidler, E. K. (1999). Comparison
of unifonn and variable rate fertilization strategies using grid soil sampling,
varaible rate technology and yield monitoring. pp. 675-86 In Robert P. C. at al. ,
(ed) Proc. of the 4'' hat, Conf. On Precision Agriculture, Mimeapolis 1998.
AsA, CSSA, and SSSA, Madison, Wl.

variable nitrogen application. p^. 729-38.
Agriculture '99. Proc. of the 2" European


