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As stated in the title, the work presented here is an investigation into the application of production-orientated information technologies to the Australian viticultural industry. In particular the
research is aimed at:
i)

quantifying the amount of variability within Australian viticultural production (with a
particular focus at the moment on yield) to determine if site-specific management is
practical,

ii)

incorporating new technologies and methodologies with existing vineyard soil survey
protocols to improve the resolution of vineyard soil and environmental mapping,

iii)

utilising the derived soil and environmental information to predict “digital terroirs” at a
sub-vineyard scale to ensure that vineyard design is optimised, and

iv)

developing a decision support model to assess “total” grape quality to assist viticulturists with selective harvest strategies.

Prior to the research chapters three literature review chapters are presented that provide a background to the concept of Precision Agriculture (Chapter 1), the factors that influence vineyard site
selection and methods of selecting vineyard sites (Chapter 2) and new and emerging technologies
available to the viticulture industry (Chapter 3).

Synopsis
Digital terroir is a relatively newly coined phrase and one that may raise the eyebrows and perhaps
the ire ofthe more traditional wine-loving people in the world. The Prologue is a short explanation of
what is meant by “digital terroir”, how it differs to the traditional concept of terroir and why it is
necessary in modern viticulture.
Following the Prologue, the first three chapters are reviews of existing literature. In Chapter 1, the
philosophy and ideals of Precision Agriculture are related to the viticultural industry. Since its inception Precision Agriculture has been primarily the domain of annual broadacre cropping industries. In
recent years this has been expanded to other cropping areas e.g. horticulture/viticulture and even
livestock with the concept of fenceless farms. The application of Precision Agriculture to perennial
crops, like grapevines, requires a slight modification of thinking. More importance is attached to
initial site-selection and vineyard design as initial mistakes will be propagated for 30 or more years.
There is a greater opportunity to value-add to production information due to the higher level of
vertical integration in the wine industry. Finally the emphasis on quality is much stronger in viticulture thus more attention must be given to yield-quality interactions.
Chapter 2 is a review of site factors that affect the yield and quality of grapevines. A discussion on
the influence of climate, soil and landform on winegrapes is followed by a review of current and
previous indices used to determine vineyard site suitability. The majority of these indices are designed for application at a regional level and are based on climatic variables. This reflects the notion
v
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that climate is the dominate influence on grape yield and quality. In the past decade attempts have
been made to scale down these indices and incorporate other environmental data e.g. soil type,
geology, and landform attributes. These new approaches to predicting “digital terroir” are still quite
broad and aimed at a region or district level. No literature on digital terroir delineation was found at
a sub-vineyard level. The current methods for surveying prospective vineyard sites are discussed
Chapter 3 examines the new and emerging technologies available to viticulturists to measure their
production systems - both from a crop and environmental point of view. The evolution of the grape
yield sensor is documented. Current equipment and the future opportunities for variable-rate technology are reviewed. The main section of the chapter deals with the rapid adoption of remote
sensing technologies in viticulture and the applications, advantages and limitations of remotely sensed
data. In particular the adoption of canopy imaging and soil electrical conductivity surveys which are
now commonly acquired data layers in viticulture. The types of decision support available to viticulturists and Australian suppliers of spatial information are reviewed before future site-specific information needs for Australian viticulture are discussed.
Chapter 4 is the first of the research chapters and investigates the amount of variability currently
being recorded by new yield sensors. A specific aim of the chapter was to publish some geostatistical
data on winegrape yield. For site-specific management to be effective there must be a certain magnitude of variation and spatial structure to the variation. The suboptimal use of classical statistics in
describing spatial variation is discussed and investigated. In particular problems with the commonly
used coefficient of variation statistic are highlighted. Alternative spatial statistics are discussed and
the yield data collected over the past 4 years is analysed. The amount of yield variation within a
block is highly variable and not all blocks appear to be suitable for site-specific management. It is
important to identify the most suitable blocks to ensure that the effort put into site-specific management produces the greatest return. Many blocks did exhibit yield variation and this variation often
occurred over distances smaller than the current standard soil survey grid used to delineate vineyards. While viticultural yields tend to be higher than broadacre crops the effective magnitude of
variation was smaller. A brief geostatistical investigation of winegrape quality parameters is presented. This data is derived from hand sampled surveys as a commercial quality sensor is currently
unavailable. From the analysis different quality attributes have different ranges over which they vary
and maps of individual quality attributes show little similarity among themselves. This will have
implications for quality management and is discussed in more detail in Chapter 8.
Chapters 5, 6 and 7 flow on from one another and are aimed at identifying a protocol to map digital
terroirs at a sub-vineyard level. Chapter 5 presents a protocol for conversion of existing point source
soil survey information into continuous raster maps using pedotransfer functions. This displays the
data in a form that is easier to interpret and also produces data layers that can be easily modelled
within GIS or statistical software.
Soil surveys are generally constrained by cost to 75 m -100 m grids. Analysis of yield data indicates
that considerable variation can occur at scales <75 m. In recent years it has been common to conduct soil electrical conductivity surveys prior to vineyard design. This provides a layer of information at a much finer scale and may identify features not evident from the broader conventional soil
survey. While this information is often collected no protocol for incorporating the ECa or elevation
information into soil property maps exists. Chapter 6 examines the potential of regression kriging to
utilise both the conventional and ancillary data to produce more accurate and detailed maps of soil
properties. Finally Chapter 7 presents a local site index (LSI) that may be employed to map vine
suitability at a sub-vineyard scale. The usefulness of the LSI is discussed with reference to crop
response (yield and imagery data) in certain parts of the trial vineyards. The use of regression kriging
vi
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did not statistically improve the predictions of soil properties. However when incorporated into the
LSI the regression kriged data produced a map that was more coherent with crop response. Despite
the lack of statistical response, soil maps appear to benefit from the regression kriging approach.
The LSI is being proposed here for the first time and is still open to amendment and validation at
other vineyard sites.
Chapter 8 investigates real-time grape quality sensing and the issue of “total” winegrape quality
versus the quality of individual grape juice parameters. The first part of the chapter is a literature
review of how individual grape quality are measured and the opportunities for on-the-go sensing.
The second part is a research paper to develop a fuzzy logic model to predict “total” grape quality
from individual grape quality properties. In Chapter 4 it was observed that individual must quality
properties such as sugar content, pH and titratable acidity exhibit spatial patterns. To manage this a
grower needs a decision support tool to determine how this variation is affecting the final output.
The model developed here is aimed at providing this decision support. A “total” grape quality map
was derived from the merging of sampled grapes and expert knowledge within the fuzzy logic model.
The model presented was applied retrospectively to the vintage however an opportunity exists to
trial it for a selective vintage.
The final chapter, Chapter 9, presents some conclusions to the aforementioned objectives and discusses areas for future research for the mapping of digital terroir and the adoption of precision
viticulture

vii

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

Table Of Contents

TABLE

OF

CONTENTS

Certificate of Originality.........................................................................................
Acknowledgements.................................................................................................
Objectives...............................................................................................................
Synopsis..................................................................................................................
Table of Contents...................................................................................................
List of Figures.........................................................................................................
List of Tables..........................................................................................................
List of Abbreviations..............................................................................................

i
iii
v
v
viii
xiv
xviii
xx

Prologue - Digital Terroir: What does it mean?
P-1 Terroir..........................................................................................................
P-2 Digital Terroir..............................................................................................
P-3 References...................................................................................................

1
1
2

Chapter 1 - General Introduction to Precision Viticulture
1.1
1.2
1.3
1.4

1.5

1.6
1.7

Introduction.................................................................................................
Variability and the Production System.....................................................
Why Precision Viticulture?........................................................................
Making PV work.........................................................................................
1.4.1 Maximising Yield and Quality.........................................................
1.4.2 Minimising Environment Impact.......................................................
1.4.3 Minimising Risk............................................................................
The PA Cycle..............................................................................................
1.5.1 Georeferencing................................................................................
1.5.2 Crop, Soil and Climate Monitoring...................................................
1.5.3 Attribute Mapping..........................................................................
1.5.4 Decision Support System..................................................................
1.5.5 Differential Action.........................................................................
The state of play of Precision Viticulture................................................
1.6.1 Australia......................................................................................
1.6.2 International..................................................................................
References...................................................................................................

3
4
5
7
7
8
8
9
9
10
10
12
12
12
12
13
14

Chapter 2 - Vineyard Site Selection.
2.1 Introduction.................................................................................................
SECTION 1
2.2 Climatic site selection.................................................................................
2.2.1 Temperature...................................................................................
2.2.2 Solar Radiation.............................................................................
2.2.3 Wind............................................................................................
2.2.4 Frost.............................................................................................
2.2.5 Humidity.......................................................................................
2.2.6 Rainfall........................................................................................

viii

17
17
18
19
20
20
22
22

TABLE

OF

CONTENTS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

2.2.7 Impact of Global Warming..............................................................
2.3 Topographic site selection.........................................................................
2.3.1 Slope............................................................................................
2.3.2 Aspect...........................................................................................
2.3.3 Water Bodies..................................................................................
2.4 Soil site selection.........................................................................................
2.4.1 Chemical Properties.........................................................................
2.4.2 Physical Properties..........................................................................
2.4.3 Classifying Australian Vineyard Soils..............................................
SECTION 2
2.5 Vineyard Site Selection...............................................................................
2.5.1 A Brief History of Australian Production........................................
2.5.2 The Appellation system...................................................................
2.5.3 Climatic Classification and Modelling for Viticulture...........................
2.5.3.1 Universal classification systems......................................
2.5.3.2 Climate classification in Australia...................................
2.5.4 Alternative Approaches to Climate Classification...............................
2.5.5 Broadscale Digital Terroir Prediction.................................................
2.6 Vineyard Design.........................................................................................
2.6.1 Traditional Approach.....................................................................
2.6.2 The Wetherby-ICMS system.............................................................
2.6.3 Meso-climatic Modelling in Viticulture................................................
2.6.4 Vineyard-scale Digital Terroir Prediction ..........................................
2.7 Summation and Conclusions......................................................................
2.8 References...................................................................................................

23
27
27
27
28
28
28
31
32
33
33
34
35
35
37
37
38
43
44
44
45
46
46
47

Chapter 3 - New Technologies and Opportunities for Australian Viticulture
3.1
3.2

3.3

3.4

Introduction.................................................................................................
Yield Monitoring.........................................................................................
3.2.1 Mechanical Harvesting....................................................................
3.2.2 Yield Sensors..................................................................................
3.2.3 Yield deconvolution and data filtering.................................................
3.2.4 Quality Sensors..............................................................................
Variable Rate Technology in the Vineyard.............................................
3.3.1 Controllers.....................................................................................
3.3.2 Variable-Rate Machinery................................................................
3.3.3 Variable-Rate Irrigation.................................................................
Remote Sensing...........................................................................................
3.4.1 Introduction...................................................................................
3.4.2 Background....................................................................................
3.4.2.1 The question of resolution.............................................
3.4.2.2 Correction.......................................................................
3.4.3 Applications to Viticulture..............................................................
3.4.3.1 Remote Sensing - Optical Sensors..................................
3.4.3.2 Remote Sensing - RADAR/LIDAR................................
3.4.4 Proximal Sensing............................................................................
3.4.4.1 Soil Sensors..........................................................................

ix

55
55
55
56
61
61
61
62
62
63
64
64
65
65
66
67
67
73
73
73

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

3.5
3.6
3.7
3.8

3.4.4.2 Canopy Sensors ..................................................................
Decision Support Systems, Software and Product Tracking..................
3.5.1 Vineyard Management.....................................................................
3.5.2 Product Tracking.............................................................................
Information providers for Australian Viticulture......................................
Summation and Future Research.............................................................
References...................................................................................................

75
76
76
74
78
78
80

Chapter 4 - How Variable is Vineyard Production?

TABLE

OF

CONTENTS

4.1

Introduction.................................................................................................
4.1.1 Scales of Variation........................................................................
4.1.2 Yield.............................................................................................
4.1.3 Quality..........................................................................................
4.1.4 Classical Methods of Measuring Variation......................................
4.1.5 Spatial Description........................................................................
4.1.5.1 The semi-variogram........................................................
4.1.5.2 The Opportunity Index and its components..................
4.1.6 Aims............................................................................................
SECTION 1: YIELD
4.2 Methods........................................................................................................
4.2.1 Data Collection.............................................................................
4.2.2 Data Preparation..........................................................................
4.2.3 Statistical Analysis.........................................................................
4.2.4 Mapping yield data........................................................................
4.3 Results and Discussion..............................................................................
4.3.1 Classical Statistics..........................................................................
4.3.2 Spatial Statistics............................................................................
4.3.3 Comparison of CV and Oi statistics................................................
4.3.4 Comparison of Vineyard and Broadacre Oi statistics.........................
SECTION 2: QUALITY
4.4 Methods........................................................................................................
4.4.1 Data Collection.............................................................................
4.4.2 Statistical Analysis.......................................................................
4.4.3 Mapping quality variables...............................................................
4.5 Results and Discussion..............................................................................
4.5.1 Classical Statistics..........................................................................
4.5.2 Spatial Statistics............................................................................
4.6 Conclusions..................................................................................................
4.7 References....................................................................................................
Appendix 4.1 - Classical Yield Statistics.............................................................
Appendix 4.2 - Yield Variogram Parameters....................................................
Appendix 4.3 - Opportunity Index Statistics....................................................
Appendix 4.4 - Residual Variogram Parameters..............................................
Appendix 4.5 - Standardised Yield Maps..........................................................
- Cowra 1999....................................................................
- Cowra, 2000...................................................................
- Mildura, 2002.................................................................
- Canowindra, 2003.........................................................
x

87
88
89
90
91
91
92
93
95
95
95
95
96
97
97
97
98
99
99
102
102
103
103
103
103
103
107
107
110
113
115
118
120
120
121
122
123

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

Chapter 5 - A protocol for mapping vineyard soil surveys

TABLE

OF

CONTENTS

5.1
5.2

Introduction.................................................................................................
Methodologies.............................................................................................
5.2.1 Data Collation..............................................................................
5.2.1.1 Sites................................................................................
5.2.1.2 Digitisation of Data........................................................
5.2.2 Data Manipulation........................................................................
5.2.2.1 Texture and Particle Size Distribution............................
5.2.2.2 Prediction of individual soil properties...........................
5.2.2.3 Calculation of crop available soil moisture.....................
5.2.3 Mapping Soil Properties..................................................................
5.2.3.1 Georectification..............................................................
5.2.3.2 Interpolation of soil attributes........................................
5.2.3.3 Production of maps........................................................
5.2.4 Model/Protocol Validation..............................................................
5.2.4.1 Sample site selection.......................................................
5.2.4.2 Soil Analysis....................................................................
5.2.4.3 Data manipulation..........................................................
5.3 Results and Discussion..............................................................................
5.3.1 Discussion of Maps .................................................................................
5.3.2 Accuracy of Maps....................................................................................
5.3.3 RAWW versus RAWq ...........................................................................
5.4 Conclusions..................................................................................................
5.5 References...................................................................................................
Appendix 5.1: Variogram Parameters.................................................................
Appendix 5.2: Vineyard cluster means for soil properties used in
determining the soil sampling scheme ...................................................

125
126
126
126
126
126
126
123
131
132
132
132
132
132
132
133
129
135
135
136
143
144
145
146
147

Chapter 6 - Improving the accuracy and spatial resolution of vineyard
soil maps using regression kriging
6.1
6.2

Introduction.................................................................................................
Methodologies.............................................................................................
6.2.1 Survey Sites...................................................................................
6.2.2 Soil Survey Data............................................................................
6.2.3 Ancillary Data.............................................................................
6.2.4 Validation Sites.............................................................................
6.2.5 Ordinary Kriging and DTM attribute derivation.................................
6.2.6 Regression Kriging...........................................................................
6.2.6.1 Models............................................................................
6.2.6.2 Interpolation...................................................................
6.3 Results and Discussion..............................................................................
6.3.1 Fit of Models................................................................................
6.3.2 Validation of Models.....................................................................
6.3.3 Regression Kriging vs Ordinary Kriging..............................................
6.4 Conclusions.................................................................................................
6.5 References...................................................................................................
Appendix 6.1 - Regression Equations.................................................................
xi

149
150
150
150
150
150
151
151
152
153
154
154
154
155
160
160
162

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

Appendix 6.2 - Fits (r2 and RMSE) of Regression Models...............................
to the ‘Regression’ dataset
Appendix 6.3 - Regression Kriging Model Fits (r2 and RMSE).......................
for Individual Vineyards to the “Validation” dataset
Appendix 6.4 - Regression Kriged soil maps.....................................................
- Cowra.............................................................................
- Canowindra.....................................................................
- Pokolbin..........................................................................

165
166
167
167
170
173

Chapter 7 - Predicting Digital Terroirs to aid Vineyard Design

TABLE

OF

CONTENTS

7.1

Introduction.................................................................................................
7.1.1 Of Zones and Classes.....................................................................
7.2 Methodologies.............................................................................................
7.2.1 Data Manipulation........................................................................
7.2.2 A Local Site Index for Viticulture....................................................
7.2.3 Cluster Analysis.............................................................................
7.2.4 Determining the Optimal Number of Zones.......................................
7.2.4.1 Using MPE and FPI........................................................
7.2.4.2 Class/Zone Opportunity Indices....................................
7.2.5 Evaluation of the Clustering Process.................................................
7.3 Results and Discussion..............................................................................
7.3.1 Vineyard Site Index.......................................................................
7.3.2 Class optimisation..........................................................................
7.4 Conclusions.................................................................................................
7.5 References...................................................................................................
Appendix 7.1 - SRAD Input Data........................................................................
Appendix 7.2 - MPE and FPI plots.....................................................................
Appendix 7.3 - A Spatial Opportunity Index for Precision Agriculture..........

177
178
178
178
179
181
182
182
183
184
184
184
187
190
190
195
196
198

Chapter 8: Development of a fuzzy logic model for the prediction of
“total” grape quality from multiple must attributes
SECTION 1: A REVIEW OF LITERATURE- The “Quality” question
8a.1 The Meaning of Quality.............................................................................
8a.2 The Determination of Quality (Quantifying Quality)...........................
8a2.1 Quality indices of grapes/wine........................................................
8a2.2 Quality and the Consumer...............................................................
8a.3 Real-time sensing.......................................................................................
8a3.1 Types of Sensors............................................................................
8a.4 Multiple quality indicators and multi-data fusion...................................
SECTION 2: RESEARCH PAPER
8b.1 Introduction.................................................................................................
8b.2 Methods.......................................................................................................

xii

203
203
204
206
206
207
209
212
213

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

TABLE

OF

CONTENTS

8b.2.1
8b.2.2
8b.2.3
8b.2.4

Site and sample selection................................................................
Sample preparation and analysis.....................................................
Fuzzy logic quality model...............................................................
Prediction and interpolation of grape quality and..............................
gross margin of production
8b.3 Results and Discussion..............................................................................
8b.3.1 Results of Must Analysis...............................................................
8b.3.2 Significance of Clustering................................................................
8b.3.3 Test of the model...........................................................................
8b.3.4 Determining site-specific quality........................................................
8b.3.5 Mapping of fruit quality................................................................
8b.3.6 Gross-margin analysis....................................................................
8b.4 Conclusions..................................................................................................
8b.5 References....................................................................................................
Appendix 8.1 - Membership Functions for pH..................................................
Appendix 8.2 - If-then rules for fuzzy grape quality model.............................

216
216
217
218
218
219
221
222
222
227
228

Chapter 9 - General Discussion and Future Work............................................

229

9.1

233

References....................................................................................................

xiii

213
214
214
215

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

TABLE

OF

CONTENTS

List of Figures
Figure 1.1: Title page of Jethro Tulls 1731 essay on tillage and vegetation advocating
the benefits of a more site-specific approach using new technologies
(courtesy of Prof. A McBratney, The University of Sydney)......................
Figure 1.2: The evolving timeline of precision agriculture from a uniform to a
totally site-specific approach (courtesy of the Australian Centre for
Precision Agricultue www.usyd.edu.au/su/agric/acpa).............................
Figure 1.3: An example of yield variability in winegrapes (reproduced from Lamb,
2000). ...............................................................................................................
Figure 1.4: The Precision Agriculture wheel model showing the five main
processes for a site-specific management system (courtesy of the
Australian Centre for Precision Agricultrue, http://www.usyd.edu.au/
su/agric/acpa)................................................................................................
Figure 2.1: The stages of development of the grape vine (from Johnson and
Robinson, 2001)...............................................................................................
Figure 2.2: Heaters (chaufferettes) in operation in France (top) and overhead
sprinklers providing an ice covering for the vines (bottom) (courtesy of
Chablis-geoffrey.com).....................................................................................
Figure 2.3: Example of a shift in cultivar suitability in Germany due to climate
change (from Shultz 2000b)..............................................................................
Figure 2.4: Predicted temperature and rainfall changes for Australia for the next
70 years (from McInnes et al, 2003)..............................................................
Figure 2.5. Example of katabatic flow over a landscape (courtesy of Environment Canada http://www.ec.gc.ca)..............................................................
Figure 2.6: Compaison of Domestic and Export wine sales for Australia for the
past 35 years (courtesy of the Australian Wine and Brandy Corporation.
www.awbc.com.au).........................................................................................
Figure 2.7: Map of Vineyard suitability in New York State, USA (from Magarey et
al., 1996)............................................................................................................
Figure 2.8: Wine Zones in Australia (published by AWBC, www.awbc.com.au).......
Figure 2.9: Geographic Indications for viticulture in Australia (published by AWBC.
www.awbc.com.au)............................................................................................
Figure 2.10: NSW homoclimes of Montpellier in Southern France. Red = most
similar, Yellow = similar (Adapted from Tunstall and Sparks, 2001)........
Figure 2.11: Comparison of RAW, TAW, DAW and SAW with traditional measurements in kPa of soil moisture (from Cass, 1999)...........................................
Figure 3.1: The process of mechanical harvesting - The vine is shaken by the
beater rods (A) causing the fruit to fall onto paddles (B) suspended under the vine. The motion of the harvester shuffles the grapes onto a
conveyor belt (B). The conveyor belt transports the grapes to the back of
the harvester where they are carried up the back of the harvester in a
bucket elevator (C) and deposited on a cross conveyor belt (C). Extractor fans (C) remove any leaf debris and the grapes are conveyed to the
discharge conveyor belt (D) and into a bin (E)............................................
Figure 3.2: Images of the Gondola weighing system developed by the University
xiv

6
6
11

11
17
21
24
25
26
34
39
41
42
43
45

57

TABLE

OF

CONTENTS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

of Melbourne and Southcorp wines showing (A) the complete system,
(b) the location of the load cells on the gondola and (C) the mobile field
computer used for data collection mounted in the tractor cab. (Courtesy
of Richard Hamilton, SouthCorp Pty. Ltd.) .................................................
Figure 3.3: Components of the HM-570 Yield monitoring system (clockwise from
below) DGPS unit, on-board data logger, Ultrasonic sensor system
mounted on the discharge conveyor and the control box...........................
Figure 3.4: Images of the Farmscan Grape Yield monitor: (top) the weight bridge
located in the discharge conveyer, (middle) a close up of the load cells
and (bottom) the Canlink 3000 mounted in the tractor cab.(Courtesy of
Computronics Pty. Ltd.)..................................................................................
Figure: 3.5 A camera-based spot sprayer in operation under vines (courtesy of
Avidor) (top) and a mechanical pruner in opertaion (bottom) (courtesy
of Pacific Northwest National Laboratory)...................................................
Figure 3.6: An example of the different spatial resolutions obtained from different
sensors used on a vineyard in the Hunter Valley, NSW. From the top a
Landsat 7 image (25m2 pixels), a Spotlite panchromatic image (10m2 pixels
and an aerial photo (~2m2 pixels)...................................................................
Figure 3.7: Visual representation of the mixed pixel approach advocated by Lamb
et al., 2001 (adapted from Hall et al., 2002)....................................................
Figure 3.8: Examples of different vegetative indices derived from an aerial NIR
image of a vineyard near Cowra. Images are (from the top left clockwise) Colour (B,G,R), NDVI, Plant Cell Density (PCD), Photosynthetic
Vigour Ratio (PVR), Plant Pigment Ratio (PPR) and False Colour
(B,G,NIR)..........................................................................................................
Figure 3.9: Relative vegetation index images from a 12 acre phylloxera infested
vineyard near Oakville, Ca. for 1993 (left), 1994 (middle) and a relative
vegetation difference image (right). Green areas indicate high vegetative matter and brown low. In the difference image the red and yellow
areas indicate where relative vegetation has declined between the years primarily due to an increased phylloxera population (Adapted from
Johnson et al., 1996).........................................................................................
Figure 3.10: The Veris 3100 EC cart in a vineyard near Cowra NSW (left) and
using a ground penetrating radar (GPR) to map soil in a vineyard (right)
(courtesy of S. Hubbard, Lawrence Berkeley National Lab, Ca., USA.).......
Figure 3.11: Raw (left) and kriged (right) Veris 3100 ECa soil measurements (090cm) for a block of Cabernet Franc (left-hand side) and Merlot (righthand side) grapes near Cowra, NSW (NB These are the same blocks
shown in Figure 3.8)........................................................................................
Figure 4.1: Plot of change in soluble solids (sugar) and trunk circumference in a
vineyard in Rapaura, New Zealand (from Trought, 1997)..........................
Figure 4.2: Fitted variograms using a single model (exponential, A) and double
model (double spherical, B) for wheat yields. The double model accounts
for nested variation in the data.........................................................................
Figure 4.3: Distributions of mean yield (Mg/ha), yield CV and block area (ha) for
the blocks used in this study..........................................................................
Figure 4.4: Standardised raw yield maps of blocks from the entire data set exhibiting a relatively high CV statistic compared with the other surveyed data
(Mean CV is 51.1).............................................................................................
xv

58
59

60
62

65
71

71

72
73

74
90
92
98
101

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

TABLE

OF

CONTENTS

Figure 4.5: Standardised raw yield maps of blocks from the entire data set exhibiting a relatively low CV statistic compared with other surveyed data
(Mean CV is 35.75)..........................................................................................
Figure 4.6: Standardised variograms for for handsampled winegrape quality data
(Brixº, pH and TA) at two vineyards in Canowindra (Cano.) and Pokolbin
(Pok.), NSW........................................................................................................
Figure 4.7: Interpolated maps of Brixº, pH and TA (mg/L) for 2 blocks of Cabernet
grapes at Canowindra, NSW..............................................................................
Figure 4.8: Interpolated maps of Brixº, pH and TA (mg/L) for 6 blocks of Shiraz
grapes at Pokolbin, NSW................................................................................
Figure 5.1: An example of the current protocol for displaying vineyard soil surveys as point maps. Point 58 has been enhanced to show the level of
detail in the map with horizon depths, textures and colour simultaneously displayed...................................................................................................
Figure 5.2: The Australian Texture Triangle (after Marshall, 1947) showing the
median location of soil textures found in Minasny’s (2000) study..............
Figure 5.3: Schematic of the process of converting existing point orientated vineyard soil surveys into interpolated raster images. The next step in the
process, the prediction of digital terroirs, is also indicated.........................
Figure 5.4: Clustering analysis and location of soil samples taken for model validation for the three vineyards in the survey....................................................
Figure 5.5: Interpolated maps of RAWW (left) and RAWq (right) for Cowra (top),
Pokolbin (middle) and Canowindra (bottom).................................................
Figure 5.6: Interpolated maps of topsoil (left) and subsoil (right) clay % for Cowra
(top), Pokolbin (middle) and Canowindra (bottom)........................................
Figure 5.7: Interpolated maps of topsoil (left) and subsoil (right) sand % for Cowra
(top), Pokolbin (middle) and Canowindra (bottom)........................................
Figure 5.8: Interpolated maps of topsoil depth (left) and rootzone depth (right)
for Cowra (top), Pokolbin (middle) and Canowindra (bottom). (NB topsoil depth was not recorded in the Pokolbin survey).....................................
Figure 5.9: Scatter plots of Interpolated vs Measured soil properties from the 15
validation sites plotted individually for the three sturvey vineyards.............
Figure 5.10: Comparative maps of soil survey interpolated 30-90cm Clay % (top),
30-90cm Veris ECa (middle) and NDVI for part of the Pokolbin vineyard
draped over a DEM. The total area shown is 11.3 ha....................................
Figure 5.11: Graph of Clay% vs RAWW and RAWq ( for the range -10 to -60 kPa)
highlighting the different response between the approaches of Wetherby
and Minasny at low clay %...............................................................................
Figure 6.1: Steps involved in the regression kriging approach of Odeh et al. (1995)
(adapted from Odeh et al, 1995)........................................................................
Figure 6.2 Plot of Mean Rank against the Standard deviation of Ranks for the
seven regression kriging models used in this study......................................
Figure 6.3: Predicted maps at Cowra for RAW (top), 0-30cm Clay% (middle) and
30-90cm Clay% (bottom) using OK (LHS) and sGAMpca RK (RHS)........
Figure 6.4: Predicted maps at Canowindra for RAW (top), 0-30cm Clay% (middle) and 30-90cm Clay% (bottom) using OK (LHS) and sGAMpca RK
(RHS)...................................................................................................................
Figure 6.5: Predicted maps at Pokolbin for RAW (top), 0-30cm Clay% (middle)
xvi

101
104
105
106

127
128
133
134
137
138
139
140
141
142
143
153
155
156
157

TABLE

OF

CONTENTS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

and 30-90cm Clay% (bottom) using OK (LHS) and sGAMpca RK (RHS)...

158

Figure 7.1: Vineyard varietal maps for Cowra (top) and Canowindra (bottom)......
Figure 7.2: Maps of LSIOK (top) and LSIRK (bottom) for Cowra. (Maps are displayed as quantiles).........................................................................................
Figure 7.3: Maps of LSIOK (top) and LSIRK (bottom) for Canowindra. (Maps are
displayed as quantiles).....................................................................................
Figure 7.4: Comparison of the influence of clustering without (left) and with (right)
spatial coordinates on the contiguity of managment classes.......................
Figure 7.5: A comparison of various data layer and cluster analysis results for two
chardonnay blocks at Cowra.............................................................................
Figure 7.6: A comparison of various data layers and cluster analysis results for
two semillon blocks at Canowindra...................................................................

180

Figure 8a.1: Diagrammatic representation of the process of multi data fusion and
decision making of winegrapes......................................................................
Figure 8b.1: Aerial image of the survey area and result of the 2-cluster analysis
showing winegrape sample sites........................................................................
Figure 8b.2: Diagrammatic representation of a nested transect sampling scheme.
Numbers indicate vines being sampled............................................................
Figure 8b.3: Graphical results of ANOVA of winegrape properties and toral quality
showing spread of the data, cluster means and Students t-test comparison.......................................................................................................................
Figure 8b.4: Distribution of permutation output from the three models ((A) triangular, (B) trapezoidal and (C) gaussian..........................................................
Figure 8b.5: Comparison of output from the models vs. expert opinion....................
Figure 8b.6: Interpolated maps of individual must properties.................................
Figure 8b.7: Interpolated map of overall quality prediction from the fuzzy
trapezoidal MF model (showing simplified inset of wine grades)................

xvii

185
186
188
191
191
211
214
214
217
218
218
220
221

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

List of Tables

TABLE

OF

CONTENTS

Table 2.1: Effect of soil salinity (ECse)on plant and vine performance (adapted
from Cass et al., 1995 and Finnigan, 1999)....................................................
Table 2.2: Temperature Summation (day degrees) and associated winestyles for
California (after Amerine and Winkler, 1944)...............................................
Table 2.3: Climatic zones after Jackson and Cherry (1988) indicating LTI thresholds and cultivar suitability..............................................................................
Table 3.1: Spectral, Spatial, Radiometric and Temporal specifications for satellite-borne sensors used in Australian agriculture.......................................
Table 3.2: Functionality of existing software for aiding decison making in vineyards (and wineries). Y = Yes, N = No, P = Possible (usually with a n
add-on) and missing values indicates uncertainity.......................................
Table 3.3: Table of Australian spatial information suppliers for viticulture............
Table 4.1: Common classical statistics used to describe variation and their formulae (adapted from Goovaerts, 1997)...............................................................
Table 4.2: Means and ANOVA results from comparion of classical and spatial
statisitcs compared between years, vineyards and sensor type.................
Table 4.3: Comparison of location, sensor, classical and Oi statistics for six fields
to highlight the difference between the CV and CVa statistics. Standardised yield maps are shown in Figures 4.4 and 4.5........................................
Table 4.4: Summary statistics for hand sampled winegrape quality characteristics (Brixº, pH and TA) for two vineyards in Canowindra and Pokolbin,
NSW.....................................................................................................................
Table 4.5. Variogram parameters for hand sampled winegrape quality characteristics (Brixº, pH and TA) at two vineyards in Canowindra and Pokolbin,
NSW.....................................................................................................................
Table 5.1: Classification then simplification and reclassification of the soil textures used by surveyors in the three soil surveys used in this study..............
Table 5.2: A look-up table for particle size distribution (PSD), available water
content, RAWq and bulk density derived from the reclassified textures in
Table 5.1 using the PTFs of Minasny (2000)....................................................
Table 5.3 Wetherby’s Readily Available Water (RAWW) lookup table (Adapted
from Wetherby, 2000)........................................................................................
Table 5.4: RMSE of prediction for predicted soil properties (topsoil and subsoil
Clay% and Sand%, RAWW RAWq) tested against independent soil samples for the three study vineyards.......................................................................

31
35
36
68-9
77
79
92
100
100
104
104
129
130
131
136

Table 6.1: Combined r2 and RMSE of RK model responses to soil properties (topsoil clay%, subsoili clay% and RAW (mm)) for the soil validation data
from Pokolbin, Canowindra and Cowra vineyards dataset from all vineyards......................................................................................................................

155

Table 7.1: Vegetative Indices used in Precision Agriculture......................................
Table 7.2: List of attributes used in each clustering approach...................................

178
182

xviii

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

188

Table 8b.1: Range of values for individual must quality attributes..............................
Table 8b.2: Quality grades and respective price and model output range...............
Table 8b.3: Summary statistics of the grape must analyses.......................................
Table 8b.4: Cluster means and summary of the ANOVA of winegrape attributes
and total quality between the two clusters. (Italics indicate significance
at the 0.1 level)......................................................................................................
Table 8b.5: Correlation matrix for individual must characteristics and overall predicted quality (from model)..............................................................................

215
215
216

TABLE

OF

CONTENTS

Table 7.3: Table of optimum clusters as determined by MPE/FPI.........................
Table 7.4: r2 values from ANOVA of cluster models. (The best fits are shown in
bold).....................................................................................................................

xix

189

217
219

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

TABLE

OF

CONTENTS

List of Abbreviations
ACPA
AHP
AOC
ART
AWBC
AWC
AWRI
CDA
CLORPT
CRCV
CSIRO
CSTARS
CV
CVa
DAW
DC
DGPS
DIPNR
DTM
ECa
EM
EMI
ENFET
ENSAM
ERIC
FPI
FVT
GA
GAM
GCP
GDA
GI
GIS
GPR
GPS
GRAPES
GWRDC
HPLC
INRA
ISFET
LAI
LSI
LTI
MLR
MOSFET
MPE
MTWM

Australian Centre for Precision Agriculture
Analytical Hierachy Process
Appelation d'Originie Controlee
Adaptive Resonance Theory
Australian Wine and Brandy Corporation
Available Water Content
Australian Wine Research Institute
Catchment Decision Assistant
Climate Organism Relief Parent material and Time
Cooperative Research Centre for Viticulture
Commonwealt Scientic and Industrial Research Organisation
Center for Spatial Technologies and Remote Sensing
Coefficient of Variation
Areal Coefficient of Variation
Deficit Available Water
Direct Current
Differential Global Positioning System
Department of Infrastructure, Planning and Natural Resources
Digital Terrain Model
Apparent Electrical Conductivity
Electro magnetic
Electro Magnetic Induction
Enzyme Field Effect Transistor
École Nationale Supérieure Agronomique de Montpellier
Environmental and Research Consortium
Fuzziness Performance Index
Free Volatile Terpenes
Genetic Algorithm
Generalised Additive Model
Ground Control Point
Geodetic Datum of Australia
Geographical Indications
Geographical Information Sysem
Ground Penetrating Radar
Global Positioning System
Grapevine Remote-sensing Analysis of Phylloxera Early Stress
Grape and Wine Research and Development Corporation
High Performance Liquid Chromatography
Institut National de la Recherche Agronomique
Ion-Selective Field Effect Transistor
Leaf Area Index
Local Site Index
Latitude Temperature Index
Multiple Linear Regression
Metal Oxide Semiconductor Field Effect Transistor
Modified Partial Entropy
Mean Temperature of Warmest Month
xx

TABLE

OF

CONTENTS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

NASA
NDVI
NFS
NIR
NIRS
NNA
NNA
OK
Oi
PA
PCA
PCD
POK
PPR
PSD
PTF
PV
PVR
PVT
QCM
RAW
RBF
RK
RMSE
RTK-GPS
RVI
S
SCORPAN
SI
SLR
SOM
SSC
SSCM
TA
TAW
UVV
VDQS
VRI
VRT
WGS84
UTM

National Aeronautics and Space Administration
Normalised Differences Vegetation Index
Neuro-Fuzzy Systems
Near Infr-Red
Near Infra-Red Spectroscopy
Neural Network Analysis
Neural Networks
Ordinary Kriging
Opportuniy Index
Precision Agriculture
Principal Components Analysis
Palnt Cell Density Ratio
Punctual Ordinary Kriging
Plant Pigment Ratio
Particle Size Distribution
Pedotransfer Function
Precision Viticulture
Photosynthetic Vigour Ratio
Potential Volatile Terpenes
Quartz Crystal Microbalances
Readily Avaiolable Water
Radial Base Function
Regression Kriging
Root Mean Square Error
Real Time Kinematic Global Positioning System
Relative Vegetation Index
Spatial Structure
Soil, Climate, Organisms, Relief, Parent material, Age and Space (N)
Site Index
Stepwise Linear Regression
Self Organising Maps
Soluble Sugar Content
Site Specific Crop Management
Titratable Acidity
Total Available Water
Unité Vigne et Vin
Vin Délimité de Qualité Supérieure
Variable Rate Irrigation
Variable Rate Technology
World Geodetic System 1984
Universal Transverse Mecator

xxi

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

PROLOGUE

DIGITAL TERROIR: WHAT

DOES IT MEAN?

Prologue - Digital Terroir: What does it mean?
Throughout this thesis reference will be made to the term Digital Terroir. To begin I would like to
define this concept and how it relates to the original French terroir.
P-1 Terroir
Terroir is a French word that lacks any real translation into English. A direct translation is soil or
terrain however terroir encompasses more than this and cannot be explained from purely physical
conditions. It has been defined generally as a “growing environment” (Johnston and Robinson ,
2001) or in relation to viticulture as the “total elements of the vineyard” (Wilson 1998). This definition has been expanded by Martin (2000) to define terroir as the conjunction of all the attributes,
historical, geographical, human, biological or environmental, of a given (delimited) region that contribute to the individuality of the wines produced there. It is the inclusion of cultural attributes and
an implied reverence of the land that makes terroir so difficult to quantify. Many experts in the
viticulture and œnology fields refer to a “mental” aspect of terroir, both from a viticulturist’s perspective of the vineyard and as a link perceived by the consumer between the wine and the locality
(Wilson 1998). Thus when a consumer purchases a bottle of French wine he/she is not just purchasing an alcoholic drink but also a remembrance or feel of the locality. This approach allows for the
marketing of wine as a unique product - rather than a generic commodity - and is perceived as a way
of countering the incursion of “brand” wines into the market (Wilson, 1998). Supporters of organic
viticulture have even suggested that the use of chemicals within a vineyard will impact on terroir and
for a wine to be labelled with a terroir classification such inputs should be banned (Johnston and
Robinson, 2001)
From a scientific view, a term that is both a function of soft and hard sciences is difficult to define
and quantify. One solution proposed by Goode (2001a) is that terroir be simplified to describe the
physical environment of the grape. This provoked a strong response from within the viticulture
world (Goode, 2001b). Few it seems are prepared to forsake the “mental” aspect of the production
or remove the winemaker from the terroir philosophy. Despite being decried, the sentiments of
Goode are relevant in the need to quantify viticultural environments. Many “New World” countries
lack distinctive terroirs (maybe from a lack of history/culture). The popularity of blended rather
than single vineyard wines is further diluting regional (terroir) influences. For these regions, and for
the environmental quantification of “Old World” vineyards I am proposing a new term “Digital
Terroir”.
P-2 Digital Terroir
This concept is based on emphasising the growing environment of the vine rather than the totality of
the winemaking experience. As the name suggests digital terroirs are modelled terroirs. The model
seeks to identify areas of differing environments based on soil and meso-climatic information. Given
information on local soil, terrain and climatic, a prospective vineyard may be mapped in terms of its
“digital terroir” prior to establishment . The accuracy of such a model is dependent on the accuracy
and validity of data input.
As stated above, the difficulty in modelling terroir lies in quantifying the cultural aspects of produc1
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tion. Whilst it is difficult to quantify the “sense of place” that Johnson and Robinson (2001) feels
contributes to the awareness and intensification of terroir, some cultural properties, that influence
the physical environment, can be incorporated into the “Digital Terroir” model. In particular the
effect of basic management practices on the micro-climate and soil surrounding the vine may be
modelled and the data used as input to the digital terroir model. The model, as Goode (2001a)
suggested, is still concerned solely with the physical environment of the plant however managerial
decisions that will influence this physical environment are included as variables.
Digital terroir is essentially an alternative term for a viticultural management zone or class. The
management zone philosophy is one being strongly advocated as an interim approach towards sitespecific crop management (Cupitt and Whelan, 2001). Management zones (and digital terroirs) can
be approached from either a yield (quantity), quality or a combined yield*quality point of view. The
quality approach is more traditional and closer to the french view terroir. However in “New World”
viticulture (Chile, Australia etc.) there is also a niche for bulk commercial wines produced from
lower quality winegrapes. The production of bulk, “brand” wines runs contrary to the philosophy of
terroir however not to digital terroir. Whether approached from a quantity or quality perspective the
ability to segregate a production unit into smaller zones with similar production potential will provide opportunity for increased production efficiency.
There is no constraint on a digital terroir to be spatially contiguous. The same digital terroir may exist
at two or more discrete locations i.e. digital terroirs really describe classes rather than zones. Digital
terroir may be unstable temporally. If management strategies are aimed at uniformity of production
through differential input application then digital terroir may change with input application, for example the deep ripping and the addition of gypsum to a soil may improve drainage and reduce
sodicity that may impact on vine performance and thus quality (Cass et al., 1995). Finally, if various
quality parameters are being managed there is a potential for different digital sub-terroirs. Thus sugar
may be managed by a digital sub-terroir and grape pH another and titratable acidity , colour etc. by
other digital sub-terroir. These sub-digital terroirs will sum to the digital terroir of the site whilst
allowing for a better differential distribution of inputs.
P-3 References
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Chapter 1: General Introduction to Precision Viticulture
1.1 Introduction
This introductory chapter is not intended to be an in depth analysis of the philosophy and applications of Precision Agriculture (PA). Rather it is a brief introduction to the ideas and approaches
being used in precision agriculture and how they apply to viticulture or precision viticulture. For
more detailed descriptions of the PA philosophy and its application and implementation in modern
agriculture the reader is directed to the conference proceedings of the International and European
conferences on Precision Agriculture that have been staged over the past decade.
Precision Agriculture (PA) is no longer a new term in global agriculture. It has been the subject for
numerous International and European conferences for the past decade as well as Australian symposia for the past 8 years. Its acceptance in the United States of America has been formally recognised
by the passing of a bill on PA by the US Congress in 1997. Unfortunately other governments,
including Australia, have been more backward in coming forward.
Many definitions of PA exist. Currently the best definition, in my opinion, is that proposed by the US
Congress that PA is “an integrated information- and production-based farming system that is designed to increase long term, site-specific and whole farm production efficiency, productivity and
profitability while minimizing unintended impacts on wildlife and the environment”. The key to this
definition is that it recognises that PA is a management strategy that utilises information technology
and the aim of management is to improve production and minimise environmental impact. It also
refers to the entire farming system which in modern agriculture includes the supply chain from the
farm gate to the consumer. This definition also distinguishes between agriculture and agronomy.
Whilst the PA philosophy has been expounded primarily in cropping industries it is important to
remember that precision agriculture can relate to any farming system. Site-specific crop management (SSCM) as defined by Robert (1999) is only part of the PA spectrum. Agriculture is much
broader, incorporating animal industries, fisheries and forestry. In many of these cases PA techniques are being implemented without being identified as such, for example the tailoring of feed
requirements to individual milkers depending on the stage of their lactation in dairy enterprises.
Simplified, PA is the application of new information technologies together with production experience to site-specifically:
i)
ii)
iii)
iv)

maximise production efficiency
maximise quality
minimise environmental impact
minimise risk

This is not a particularly new concept in agriculture, being expounded as early as 1731 by Jethro Tull
(Figure 1.1). What is new is the scale at which we are able to implement these aims. Prior to the
A simplified version of this chapter has previously been published as McBratney, A.B. and Taylor,
J.A. “PV or not PV” in Precision Management Workshop. Proceedings of the 5th International Symposium on Cool Climate Viticulture and Oenology, January 16-20, 2000, Melbourne, Australia.
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industrial revolution, agriculture was generally conducted on small fields with farmers often having
detailed knowledge of their production system without actually quantifying the variability. The
movement towards mechanical agriculture and the profit margin squeeze due to economies of scale
has resulted in the latter half of the 20th century being dominated by large-scale uniform “average”
agricultural practices. The advance of technology, especially georeferencing systems, in the late
20th and early 21st centuries, has allowed agriculture to move back towards site-specific agriculture
whilst maintaining large-scale operations compatible with economies of scale.
Like many new concepts, PA is dogged by misconceptions. Firstly PA is often confused with yield
mapping. Yield mapping is a tool used in PA and is generally the first step towards implementing a
PA management strategy. PA involves the use of any emerging information technology not just yield
sensors. Secondly PA is sometimes misinterpreted as sustainable agriculture. PA is a tool to help
make agriculture more sustainable however it is not the total answer. PA aims at maximum production efficiency with minimum environmental impact. Initially it was this potential for improved
productivity (and profitability) that drove the development of PA. In recent years the potential for
this technology as a tool for the environmental auditing of production systems has become more
prominent. However environmental auditing is not environmental management. The large amount
of fine-scale data being collected in a PA system should be beneficial for on-farm risk assessment.
This information needs to be incorporated into sensible sustainable practises and a whole farm plan
if farm production is to remain viable in the long term.
Also central to the PA philosophy are the concepts of Total Quality Management (TQM) and Vertical Integration (VI) in the agricultural sector (Bishop, 1998). Traditionally farmers lost contact with
their produce once it left the farm. Now with traceability of products, farmers are able to follow the
movement of their produce into the market place (Praat et al., 2003). Nowadays a farmer is concerned not only with quality at the farm gate but also the quality at the point of sale and how his
product meets consumer demands. This will bring premiums and also will probably be used for environmental auditing.
1.2 Variability and the Production System
PA, and of course Precision Viticulture (PV), is dependent on the existence of variability in either or
both product quantity and quality. This variability may be both spatial and/or temporal. Most
production variables fall into one of two categories - either temporally stable but spatially variable or
both temporally and spatially unstable. The first can be referred to as seasonally stable properties
and include soil physical properties. The second are seasonally variable and include soil moisture
and pest/disease/weed infestations (Moran et al., 1997). Some variables may also be temporally
variable but have a stable spatial pattern, for example climatic variables such as incident radiation or
temperature. If spatial variability does not exist then a uniform management system is both the
cheapest and most effective management strategy and PA is redundant. In cropping situations the
magnitude of temporal variability appears much greater than that of spatial. Given this large temporal variability, relative to the spatial variation, there is a need to determine if uniform or differential
management is the optimal risk aversion strategy (McBratney and Whelan, 1999).
Broadly speaking “variability of production and quality = PA opportunity”. Having said this the
nature of the variation is also important. For example the magnitude of the variability may be too
4
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small to be economically feasible to manage or variability may be highly randomised across the
production system making it impossible to manage spatially with current technology (Pringle et al.,
2003). The implementation of PA is limited by the ability of currently available variable rate technology (VRT - machinery/technology that allows for differential management of a production system) to cope with highly variable sites and the economic inability of sites with a low magnitude of
variability to increase profitability enough to offset the cost of PA adoption. It is important to note
that these costs are considered mainly from a short-term economic perspective. If we were able to
express environmental costs in a fiscal sense even areas with a small magnitude of variation in
production may be viable for PA management. Variability may also be due to a constraint that is not
manageable such as localized storms in large wheat paddocks.
Due to these constraints PA is at present operating on a zonal rather than a completely site-specific
basis (Figure 1.2). As VRT improves, the capital cost PA technology decreases and the true environmental value is calculated, the minimum size of management zones and the minimum magnitude of
variation needed to effectively implement PA will decrease till eventually a truly site-specific management regime is possible.
1.3 Why Precision Viticulture?
In Australia several aspects of the vititculture industry lend themselves to the adoption of PA technology. Viticulture is intensive, highly mechanized, has high value-adding potential and is dominated
by large companies. Thus the incentive, ability and capital is available. Viticulture is one of the first
horticultural crops in Australia to which PA methodologies have been applied. While many of the
lessons learnt from broadacre cropping can be utilised, Precision Viticulture also offers new challenges.
Viticultural systems, and horticultural systems in general have fixed perennial plants. Thus there is a
long-term scale involved compared to the annual nature of broadacre cropping. Vines are cloned
eliminating intra-varietal differences. This puts the emphasis on variability on the site-specific cloneenvironment-management interaction. Viticultural system is more intensively managed allowing for
more detailed ground-truthing and data collection. Management decisions are also capable of having a much larger impact on yield in viticulture, for example pruning and training strategies affect
yield (Morris et al., 1985). A large proportion of Australian vineyards are irrigated, minimising the
impact of rainfall, or lack of rainfall, on crop production in Australia. Minimising this influence
provides the grower with greater control on the yield and quality of production.
Finally the most compelling argument for the adoption of PV is the variability that has been shown
in vegetative, yield and quality mapping over the past few years (Bramley, 2001, Ortega et al., 2003,
Hall et al., 2002) (Figure 1.3). Since variability exists in quantity and quality there is an opportunity
for site-specific management to improve the efficacy and profitability of production.
The objectives of precision viticulture will differ depending on the market for the wine. In Australia
there is an enormous potential for PV in vineyards aimed at producing temporally similar “brand”
wines. Likewise, in France, areas of vin de pays wines will benefit from better characterisation of the
production environment for a more consistent vintage. However for appellation or premium quality
wines where production practices are heavily regulated, the emphasis may be on environmental au-
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Figure 1.1: Title page of Jethro Tulls 1731 essay on tillage and vegetation advocating the
benefits of a more site-specific approach using new technologies (courtesy of Prof. A
McBratney, The University of Sydney).
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Figure 1.2: The evolving timeline of precision agriculture from a uniform to a totally sitespecific approach (courtesy of the Australian Centre for Precision Agricultue
www.usyd.edu.au/su/agric/acpa).

6

CHAPTER I

GENERAL INTRODUCTION

TO

PRECISION VITICULTURE

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

diting and product tracking to prove the environmentally friendly nature or authenticity of the wine
to ensure a premium price. Selective harvesting may also be utilised to optimise quality (Bramley et
al., 2003).
1.4 Making PV work
At the start of this introduction four main objectives of PA were listed, and before we proceed any
further it is pertinent to relate these to PV.
1.4.1 Maximising Yield and Quality
In viticulture quality is perhaps a more important parameter than yield in determining the value of
the crop. There is generally considered to be a trade off between yield and quality in viticulture
(Johnston and Robinson, 2001). As noted above a viticulturist is able to exercise considerable control over the yield and quality of the crop. Heavy pruning and applying water stress can decrease
yield but increase quality. However studies (Sinton et al., 1978) have shown that this trade off is not
always necessary and both good quality and good yield can be achieved simultaneously. The aim of
PV must be to maximise both yield and quality without compromising the other.
In general the aim of SSCM is to differentially maximise return across a field not, as is sometimes
construed, to produce a uniform crop. Variability is not a bad thing if we can manage it. If the
variability can be identified then differential harvesting is possible to maximise quality and quantity
at each site or within each “zone”. The production of a uniform production level is often very
difficult and counter intuitive as the production will be restricted to the level of the worst part of the
production system. In viticulture the ideal of a uniform crop is very appealing as variability in grape
quality can degrade overall quality. In vertically integrated industries Kilmer et al. (2001) demonstrate that decreased variability in input quality (grapes) can increase expected output. Given this
differential harvesting would appear to have a strong chance of succeeding in viticulture and preliminary studies have already shown that there are benefits. (Johnson et al., 1998, Tisseyre et al.,
2001, Bramley et al., 2003)
The first and potentially the biggest step in managing yield and quality and understanding the vineenvironment interaction is the initial placement of vines. The long-term nature of a vineyard results
in this becoming crucial for future management decisions. If vines can initially be planted in zones
of similar environment or “digital terroir” it may reduce the need to differentially manage them later,
that is by differentially planting we can uniformly manage. This is much more economical than the
reverse of uniformly planting and differentially managing. Unfortunately the latter is the more common situation facing existing growers entering into PV today. The benefit of planting varieties to soil
type has already been recognised by the industry with soil surveys standard with new plantings.
These surveys (usually on 75m grids) may not be detailed enough to provide the accuracy required
for PA (Booker, 1997). Existing PV work (Bramley 2001, Johnson et al., 1998, Hall et al., 2002)
shows variation at scales finer than this. The use of remotely and proximally sensed data may provide better information for more precise plantings and irrigation layout in the future.
Over the past few decades there has been an increase in consumer awareness of quality and government legislation on quality assurance. This has forced farmers to produce within defined accredita-
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tion standards and at a consistent quality. To help regulate this on a global scale the International
Organisation for Standardization (ISO) has developed a set of quality management standards, ISO
9000, for a wide variety of industries. (These are not product standards but management standards
and are often incorporated into national standards). ISO 9000 has been developed to meet customer
quality requirements thus an accredited company is tailoring the quality of their product/service to
the customer and gaining an advantage over their competition. In terms of quality product standards
many wineries are now using HACCP (Hazard Analysis Critical Control Points) which became mandatory for all processed food businesses, including wineries, in 2000. Currently HACCP is not applied to a vineyard situation (Small, 1999).
1.4.2 Minimising Environmental Impact
Vineyards have two main environmental impact concerns - irrigation and the use of chemicals. Irrigation salinisation is currently one of the biggest concerns in Australian agriculture (Haw et al.,
2000) and as a major user of irrigation water viticultural industries need to be aware of the potential
dangers of over irrigation. A general movement to drip rather than broadcast sprays will help but
there is a need to continuously monitor water table levels and adjust management accordingly. There
may also be an opportunity for vineyards to employ differential watering regime to further maximise
the irrigation efficiency and minimise loss to ground water.
Vineyards have a heavy reliance on chemicals, using upwards of 10 sprays a season to combat disease, weed and insect pressure on the grapes. The potential impact of chemicals on human and
environmental health from spray drift and ground/water contamination has raised concern amongst
consumers and a preference among a majority of consumers for more “organic” solutions (Anderson
et al., 1996) even at the expense of “picture perfect” foods (Lynch, 1991). Most of this preference
has been directed towards whole fruits rather than highly processed goods such as wine. This is now
changing with consumers in the UK strongly advocating for “clean green” foods and foodstuffs
(Reedman, 2001). A better understanding of the spatial distribution of pests/disease incidence and
severity and identification of areas most prone to outbreak may allow for a differential application of
chemical that is more cost effective and less environmentally damaging (Mochado et al., 2002)
Generic ISO 14000 standards have been developed for environmental management however the
adoption and adaptation of these standards to agriculture is very limited. For example Denmark has
some 50 accredited farms (Langkilde, 1999) while in 1999 there was only one accredited cotton farm
worldwide, which is in Australia. The Australian viticulture industry is currently developing an
Environmental Management Systems protocol to incorporate industry codes of practice, such as
ISO 14000, industry Best Management Practices (BMP) and benchmarking tools like total quality
management (TQM) (Baker and Boland, 2001). By being pro-active in developing and adopting
such standards, opportunities exist for increasing profits through product differentiation based on
environmental or health qualities. However to achieve this level of integrated management a higher
level of information on both the production and environment systems is required (Greiger and
Armstrong, 2001). PV technologies are capable of generating this information.
1.4.3 Minimising Risk
Risk management is a common practice today for most farmers and is considered from two points of
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view - income and environmental. Moreddu (2000) identifies the main forms of income risk minimisation available to farmers as;
i) Diversification of income - both on- and off-farm to achieve a more even cash flow
ii) Pooling of risk - either as an individual through insurance or as part of a collective via cooperatives and marketing boards
iii) Forward selling - either on futures markets or through contract to minimise price variability
iv) Transferral of risk along the food chains through vertical integration and
v) Use of Government programmes such as subsidies
The more that is known about a production system the faster a producer can adapt to changes in
market forces and his own production. For example accurate mid season yield predictions will give a
grower more room to move with forward selling options. With improved communication and information transfer, farmers in the future will hopefully have more data, on both their production and
market movement, and a better chance of optimising the use of economic risk management options.
In a production system farmers practice risk management by erring on the side of extra inputs (income risk is seen as greater than environmental risk) (Harris, 1997). Thus a farmer may put an extra
spray on, add extra fertilizer, buy more machinery or hire extra labour to ensure that the produce is
produced/harvested/sold on time thereby guaranteeing a return. This is contrary to the concept of
PA. PA needs to provide a better management system, to aid in risk management, to substitute for
these extra physical inputs (Harris, 1997). This better management strategy will come about through
a better understanding of the environment-crop interaction and a more detailed use of emerging and
existing information technologies, such as overseas crop reports, short and long term weather predictions and agroeconomic modelling.
1.5 The PA cycle
PV in Australia has barely learnt to crawl yet alone walk. At such an early stage it is important that
the concept of PA is not misunderstood as it has been in other industries. PV is not a case of
“whacking” a yield monitor onto a harvester and taking off at 100 miles an hour. To make PV work
all areas of the PA wheel model (Figure 1.4) need to be addressed. Currently most of the research is
directed at data acquisition, environmental monitoring and attribute mapping to quantify variability
in the system to determine if PA is applicable. If viticulture is to avoid the current bottleneck in
Decision Support Systems (DSS) being experienced by the grains industry there is a need to formulate a PV approach that encompasses all aspects of the PA wheel model. The general background
into the present state of research and development for each section on the PA wheel model is
discussed briefly below. A more detailed review of certain aspects is provided in subsequent chapters.
1.5.1 Georeferencing
Differential Global Positioning Systems (DGPS) are now common place on many farms and the
technology is appropriate for use in viticulture. Horizontal accuracy is usually sub-metre allowing
differentiation of rows. As vineyard rows are fixed and known, algorithms can be applied to
“straighten” any errors. One aspect that does need further refinement however is the accuracy of
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DGPS in the z (or elevation) plane. At a 95% confidence interval DGPS-corrected positioning
accuracy is of the order of 4-6m in the vertical component (Rizos, 2001). The use of Digital Elevation Models (DEM) in farm situations is increasing and so is the value of this z information. In
vineyards (or farms) with little relief, errors of up to ±6m are too great to map elevation with enough
precision. Combining multiple surveys can improve the prediction (Bishop 2003) however the use
of Differential carrier-phase receivers is currently the most accurate way of mapping elevation onthe-go. Such systems provide accuracy in the decimetre range in the x, y and z dimensions but at a
much greater cost (Rizos, 2001). The degree of precision afforded by the Differential carrier-phase
systems is greater than that needed for farm management thus it is generally cheaper to contract
elevation surveys especially for small areas. The wide base of potential GPS application has resulted
in the majority of research being driven by corporate ventures. It is hard to imagine GPS technology
doing anything except become more precise and cost effective in the future.
1.5.2 Crop, Soil and Climate Monitoring
Many sensors and monitors already exist for in-situ and on-the-go measurement for a variety of crop,
soil and climatic variables. The challenge for PA and PV is to adapt in-situ sensors and develop new
on-the-go sensors. While the commercial potential of these sensors will mean that private industry
will be keen to take up the engineering aspects of research and development, research bodies have
an important role to play in the development of the science behind the sensors. Market concerns
often lead private industry to sell sensors prematurely to ensure market share. This may lead to
substandard sensors and a failure to adequately realize the potential of the sensor. Scientists also
need to determine what and how multiple crop and production indicators can be measured. For
example a NIR Brixº (sugar) sensor is currently being developed for commercial release. However
NIR may also be used to measure other important must characteristics such as terpenes, or further
characterise sugar content into sugar types. It is also important to utilize other sensors, for example
ion-selective field effect transistors, to simultaneously measure other must characteristics such as
pH and K. The use of multiple sensors also creates new problems in the area of data fusion and
decision making, an area which has received little research in agriculture. The opportunities for
information technology in viticulture will be explored in more depth in Chapter 3.
1.5.3 Attribute Mapping
For several decades geostatisticians and pedometricians have been researching ways of describing
and representing spatial data that accurately interprets the raw data. Historically most of this has
been done with low density point data. While PA and PV can utilize this previous work it offers new
problems. Yield data is often mixed within the harvester and needs to be post-processed (deconvoluted)
before it can be used. PA also produces large dense data sets that are producing new challenges for
interpretation and mapping. One of the largest problems is the determination of initial and future
sampling schemes to ensure that the variability of the system is properly characterised. These challenges have seen many geostatisticians and pedometricians move into the area of PA. PV can benefit from the work already done however differences in the production system between viticultural
and broadacre crops means some research will be needed to adapt and expand these methods.
The other challenge is to bring together data from different sources and present it on a common
platform. The development of Geographical Information Systems (GIS) is allowing this to occur
10

Figure 1.3: An example of yield variability in winegrapes (reproduced from Lamb, 2000).
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Figure 1.4: The Precision Agriculture wheel model showing the five main processes for a
site-specific management system (courtesy of the Australian Centre for Precision Agricultrue,
http://www.usyd.edu.au/su/agric/acpa).
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however the adaptation of this technology to farm scales is still in its infancy.
1.5.4 Decision Support Systems
Techniques for data presentation and storage, such as Geographical Information Systems (GIS),
developed in other industries are also applicable with some modification to viticulture. However
Decision Support Systems (DSS) are not so flexible and it is in this area that real research needs to be
done. The majority of engineering companies currently supplying PA technology are not interested
in and are unable to produce DSS. Thus the onus will fall on the industry and to a lesser extent the
government to fill the gap. Initially it may be sufficient to adapt existing viticultural DSS such as
AUSVIT to site-specific situations. In the long run a viticulture DSS that is able to site-specifically
model vine-environment interactions in terms of yield and quality will be needed. This will need to
be flexible enough to incorporate all aspects of the new information technologies, accept feedback
from other parts of the PA cycle and be able to conform to standards such as ISO 9000/14000.
1.5.5 Differential Action
The production of variable rate technology (VRT) is essentially an engineering problem. Due to the
commercial potential of VRT much of this engineering development will again be driven by the
private sector. The main input from an agronomic point of view is the provision of accurate information on application rates (derived in the DSS) and interpretation of the results of the differential
action for feedback into the DSS. VRT in the mid 1990s was probably the best developed part of
the PA cycle (Searcy, 1995) and development of new methods of differential input application still
appears to be a pet project of many research and commercial entities around the globe. In recent
international conferences papers on auto-steering, machine vision and variable rate applicators have
focused prominently in the proceedings.
The potential for VRT in vineyards will also be discussed in more detailed in chapter 3 however
currently there is little VRT application in vineyards.
1.6 The state of play of Precision Viticulture
1.6.1 Australia
Australia is at the forefront of global precision viticulture. At the 2001 European conference on
Precision Agriculture, of the three PV papers presented, two originated from Australia and one from
France. At the 6th International Conference on Precision Agriculture held in Minneapolis USA in
2002, again, two papers were presented on PV from Australia and one from France. No work was
presented from the USA.
From an Australian perspective academic research into precision viticulture is concentrated in two
main centres, the Australian Centre for Precision Agriculture (ACPA) and the CRC for viticulture
(CRCV). The Precision Viticulture program within the CRCV contains two main sections; 1) application of aerial imagery to PV (supervised by Dr David Lamb, formerly Charles Sturt University and
now University of New England) and 2) investigation of yield/quality variability and its causal
factors (supervised by Dr Rob Bramley, CSIRO Land and Water, Adelaide). This project represents
the sum investment of the industry into PV. Research within the ACPA centres on the application of
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new technologies in describing and modelling vineyard variability. The work is supported by the
University of Sydney and the ACPA. PV research has also begun recently at the University of
Melbourne under the guidance of Professor Snow Barlow.
Commercially several companies are offering aerial and satellite imagery services for viticulture. The
spectral and spatial resolution offered differs between suppliers, however currently there is little if
no support offered with the data. Much of the satellite data being sold is heavily processed and
growers are offered only vegetative indices such as a Normalised Differences Vegetative Index (NDVI)
or Plant Cell Density (PCD) image rather than raw data.
A number of soil surveyors are now offering EM38 survey services to aid in vineyard design and
EMI surveys prior to vineyard establishment are becoming a common occurrence in Australia. Again
however there is little support offered to the data and little understanding of how to best extract and
utilise the information in the data. The maps of soil apparent electrical conductivity (ECa) are used
primarily to identify areas of salinity and for some basic site-directed soil surveying. Currently no
method exists to standardize these surveys and incorporate them into existing soil survey protocols.
1.6.2 International
France and the USA are the two main countries involved with precision viticulture outside of Australia. The French machinery manufacturer, Pellenc, Pertuis, France, is actively involved with researchers at the Institut National de la Recherche Agronomique (INRA), Montpellier, France, in the
development of a yield/quality sensor. As well as the design of yield monitors, the group at
Montpellier, headed by Dr Bruno Tisseyre, is involved in the development of a sensor to detect
canopy size and density as well as investigating the spatial variability in the vineyard (Paoli et al.,
2003).
In recent years there has been little published research come out of the USA. However in the mid to
late 1990s research was conducted into the use of aerial imagery for site-specific viticulture. This
was a joint effort between a large viticultural company and the National Aeronautics and Space
Administration (NASA) (Johnston et al., 1998). More recently the Centre for Spatial Technologies
and Remote Sensing (CSTARS) at UC Davis, USA, have become interested in mapping vineyard
canopy density remotely (Dobrowski et al.,, 2002). Further research has been undertaken at the
University of Washington, Oregon, into the use of digital cameras to detect disease (Lang et al.,
2000) and investigations into yield variability and precision management (Wample et al., 1998).
The recent commercialisation of a load cell based yield monitor and its subsequent testing in Spain
has seen an increase in PV on the Iberian peninsula in the past 18 months. As well there has been
interest from Chile in the establishment of a PA and PV research centre and preliminary work is now
emanating from there on spatial variability of grape quality and quantity (Ortega et al., 2003). At the
recent European Conference on Precision Agriculture there was also a contributed paper on the
adoption of precision viticulture in Slovenia (Lakota et al., 2003)
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Chapter 2: Vineyard Site Selection
2.1 Introduction
Production from a vineyard is dependent on two main factors - the siting of vines and vineyard
management. The initial high capital investment required for viticultural production often precludes
the relocation or redesign of a vineyard once established. The climatic and environmental factors at
a location are often very difficult or impossible to change or control except through initial site selection. Thus the initial site selection and vineyard design is critical in determining the potential wine
quality and quantity. Vineyard management and winemaking techniques will also help determine the
final wine quality however these can be more easily altered throughout the life time of the vineyard.
Thus site selection and vineyard design are the most critical decisions when establishing a new vineyard (Gladstones, 1992).
Section 1 of this chapter seeks to outline some of the climatic
and environmental factors that need to be considered in site
selection. This is followed in Section 2 by a review of current
practices used in site selection and vineyard design.
SECTION 1
2.2 Climatic Site Selection Factors
Climatic suitability is perhaps the most important factor in site
selection. With the exception of low rainfall (which can be
offset by irrigation) most climatic factors such as, temperature,
frost, humidity and incident sunshine are impossible or cost
prohibitive to control. The susceptibility of winegrape yield
and quality to abnormal climatic events differs with the stage
of development of the vine. The major phenological events in
grape development are bud break, floraison (flowering),
veraison (berry colour) and harvest, with climate at veraison
the most critical in determining grape quality (Jones and Davis,
2000).
The climate around a grapevine can be considered at different
scales; macro-, meso- and micro-climate. Various authors differ on the interpretation of these terms, however, the definitions of Smart (1977) are widely accepted. According to Smart
(1977) macro-climate refers to the mean regional climate as
measured by one or more weather stations within the region.
These measurements are usually available for many years (often >40 years). Meso-climate refers to the climate at a site
Figure 2.1: The stages of development of the grape vine
(from Johnson and Robinson, 2001)
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and accounts for the local effect of topography and environmental modifications of the macroclimate. Micro-climate defines the climate within and around the vine and accounts for the effect of
vine growth and management on the meso-climate. The micro-climate of the grape is perhaps the
most important of the three however it is influenced by the macro- and meso-climatic conditions,
thus all three are of significance.
2.2.1 Temperature
Temperature, particularly in the month prior to ripening, plays a large role in the style of wine production, with great wine regions tending to be characterised by low diurnal fluctuations in temperature around harvest (Gladstones, 1992). Generally the lower the variation in temperature around the
mean the greater the grape flavour, aroma and pigmentation at a given maturity level. For good table
wines the rule of thumb states that the month leading up to harvest needs to be characterised by
mean temperature of around 15-21°C (Johnson and Robinson, 2001).
Broadly speaking providing the climate is warm enough to allow grape maturity, quality is generally
inversely related to the warmth and length of summer (Jackson and Lombard, 1993). Warmer
temperatures usually result in higher soluble sugar content (Jackson and Lombard, 1993) that tend
to produce wines high in alcohol and short on taste and aroma (Becker, 1977). Extremely high
temperatures (>33°C) however result in reduced sugar assimilation by impeding transpiration and
photosynthesis. The optimum temperature for net assimilation is 25°C (Alleweldt et al., 1993) and
90-100% efficiency is achieved between 18-33°C (Kliewer, 1970). Efficiency declines markedly
beyond these limits. Jackson and Lombard (1993) report conflicting studies on the importance of
temperature at various stages of growth on final sugar content. Some research suggests that temperature during stages I and II are more important while others state that Stage III temperatures are
more relevant (re Figure 2.1 for an indication of grape physiology at each stage of development).
Gladstones (1992) identifies berry ripening (veraison to harvest) as the critical stage.
The acid and pH content of the must (grapejuice) have also been shown to be temperature dependent and the poorer quality often associated with warmer climates may in part be associated with low
acid and pH production (Jackson and Lombard, 1993). Warmer temperatures also tend to increase
phenolic content of the must (Herrick and Nagel, 1985) producing harsher wines. Given cooler
temperatures at ripening, wines, in particularly white wines, are fresher, more acidic and finer in
bouquet and aroma (Jackson and Lombard, 1993). For red wines the situation is complicated by the
fact that must/wine colour has also been shown to be partially temperature dependent with anthocyanin production optimised between 17-26°C (Coombe, 1970). Thus warmer average temperatures
are preferred for good colour development. However Kliewer and Torres (1972) noted in Pinot Noir
and Cabernet Sauvignon that warm night temperatures were more important in determining wine
colour and high daytime temperatures (>30°C) during ripening were detrimental.
Vegetative vine growth seems to be optimised by mean temperatures of 23-25°C (Buttrose, 1969)
which coincides with optimal net assimilation. Fruitfulness tends to be improved by high temperatures during early bud development in late spring (Gladstones, 1992) and reduced by exposure to
cooler temperatures near flowering (Ebadi et al., 1996). Budburst is sensitive to fluctuations in air
temperature (Martin and Dunn, 2000). Low temperatures coinciding with budburst have been reported to increase flower numbers but May (2000) indicates that further research is needed to under18
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stand this phenomena.
Vineyards in areas with a sustained foliated period post-harvest (such as climates with warm autumn
temperatures) are able to re-accumulate carbohydrates prior to defoliation. This improves bud and
inflorescence differentiation and supports spring growth in the following year (Shaulis and Pratt,
1965). The effect of temperature on bud initiation is cultivar dependent with Sultana reported as the
most sensitive (Sommer et al., 2000).
The use of mean temperatures to describe a localities climate and its effect on growth may produce
misleading statistics. Elevated daytime temperatures may actually suppress photosynthesis and net
assimilation however the mean daily records may not recognise this (Happ, 1999) resulting in an
inflated estimate of grape maturity. Grape productivity is also dependent on actual temperatures,
not just mean temperatures, and in particular the frequency and severity of extreme events. While
different grape cultivars respond differently to cold temperatures there are many cultivars that are
cold hardy. Despite this temperatures below -25°C will kill most cultivars and Prescott (1965) quotes
a range of -15 to -18°C as the limit below which vines suffer severe damage. Jordan et al. (1980)
recommend that any site with two or more occurrences of temperature events below -26°C in a tenyear period are unacceptable for grape production. Often of more concern than absolute lows are
sudden temperature drops accompanied by frost after a period of warm weather (Gladstones, 1992).
This can occur even in regions of relative high mean temperature. A severe frost after budburst can
devastate the seasons production. Cooler temperatures near flowering will reduce fruit set (Ebadi et
al., 1996). Similarly extreme heat events, often associated with hot winds and low humidity can
cause damage especially around veraison. At most risk are red varieties and berries that are well
exposed (Carbonneau, 1985).

CHAPTER II

2.2.2 Solar Radiation
Wine grapes require a photosynthetic-active radiation (PAR) > 700Em-2s-1 for optimum photosynthesis. Below ~30Em-2s-1 carbohydrate consumption will outstrip production (Smart, 1973). In
Australia solar radiation is usually not limiting and much of Australia’s viticulture production is
greatly facilitated by high light intensity (Howell, 1999). Clear skies have a PAR of ~2500Em-2s-1
and overcast skies between 300-1000Em-2s-1 (Jackson and Lombard, 1993). High light intensity
favours production throughout the entire season however it appears most beneficial during spring
and the period leading up to and at veraison (Gadille, 1967). In general higher levels of radiation,
either intensity or duration, result in increases yield and/or sugar content (Jackson and Lombard,
1993). Increased light intensity also reduces the amount of leaf area required to ripen a crop (Howell,
1999). Conversely, in cool climate viticulture, continued overcast conditions have been shown to
reduce net photosynthesis (Kliewer 1970; Howell, 1999). Ebadi et al. (1996) noted that as shading
increased then yield decreased. Shading also promotes decreased sugar content and increased acid
content in berries (Smart et al., 1988 and Morrison 1988). From these studies it can be inferred that
100% solar saturation is desirable. While this is true in cooler climates, very sunny climates are often
characterised by high temperature variability and low relative humidity. Therefore Gladstones (1992)
prefers to describe the influence of solar radiation on production as positive provided temperature
variability and relative humidity remain favourable.
As well as influencing yield, sugar and acid content, incident radiation can strongly influence grape
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flavour. Sun exposed berries tend to have higher phenolic and anthocyanin concentration however
overexposure can produce undesirable wine aromas (Carbonneau, 1985). These undesirable aromas
are due to an alteration in phenolic compounds within the grape producing detrimental rather than
optimal anthocyanins (Haselgrove et al., 2000). Growers therefore need to properly manage the vine
canopy in conjunction with the local meso-climate to ensure that the grapes are not over- or underexposed to solar radiation.
While temperature rather than solar radiation appears to the determining factor for wine quality,
Gladstones (1992) has reported some recommended minimum criteria for solar radiation. For early
maturing varieties at least 1200 growing season sunshine hours are required. For cool climate viticulture if the region is warm enough then it is likely that this threshold will be exceeded. Cool climate
regions with less than 1600 sunshine hours produce only table wines with the body and alcohol
content of the wine usually positively related to temperature units. In warm climates once 1700
effective day degrees is exceeded then temperature is no longer limiting and sunshine hours begin to
dominate berry sugar concentration and wine style. In these climates a minimum threshold of 1500
-1600 sunshine hours is needed and below 1750 sunshine hours only table wines are generally produced. From 1750-2000 sunshine hours fortified and low-acid table wines can also be produced.
Hot climates with >2000 sunshine hours readily produce raisining and usually poor quality table or
fortified wines. There is evidence (Halliday, 1993) to suggest that in warmer climates more sunshine
hours to reach optimum maturity. This is attributed to increased respiration consuming higher levels
of assimilate at increased temperatures.

CHAPTER II

2.2.3 Wind
The obvious detrimental effect of wind is the physical damage to the canes which is most serious in
spring (Hamilton, 1988) and can lead to reduced shoot growth, leaf size, stomatal density (Takahashi
et al., 1976) and lower yield (Kliewer and Gates 1987; Hamilton, 1988). Wind also reduces transpiration (Kobriger et al., 1984) and photosynthesis leading to lower soluble sugar levels (Jackson and
Lombard, 1993). Winter winds may serve to reduce the heat budget for a site and thus increase cold
injury (Dry and Smart 1988). Cooling winds during the season have been reported to reduce stomatal conductance, transpiration and photosynthesis (Kobriger et al., 1984).
Wind may also have a positive effect on vine growth and grape quality. Light breezes maintain air
circulation around the berries stopping the buildup of humidity and maintaining an even temperature
within the canopy. Photosynthesis is also enhanced through internal leaves receiving more direct
sunlight (Kreidemann et al., 1973) although shaded leaves do not tend to achieve the same level of
photosynthesis as unshaded leaves. The hazard of frost damage is also reduced during windy periods
(Gladstones, 1992, Trought et al., 1999).
2.2.4 Frost
Growing season length is another critical parameter for vineyard site selection. Jordan et al. (1980)
have defined growing season as the number of consecutive days where the minimum temperatures is
above 29oF (-2oC). They classify sites as either unsuitable (< 165 days), marginal (166 - 180 days),
preferable (> 180 days). Jorgensen et al. (1996) use 31oF (-0.5oC) as a temperature threshold below
20
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which frost damage will occur. The actual limit is fuzzy as temperature will differ at different heights
in the canopy. However sub zero temperatures will produce frost events. Frost events may be caused
by an advection event (horizontal movement of a cold air mass), or a radiation event ( loss of heat
into the atmosphere) (Jorgensen et al., 1996). Regardless of the cause, frost may impact vine production at any time in the growing cycle (Gladstones, 1992) and the number of frosts per season has
been shown to be a significant determinant of final wine quality (Nemani et al., 2001).
Frosts however tend to occur at the start (spring) and end (autumn) of the growing cycle. Spring
frosts after the initiation of bud development may severely damage the potential fruiting load for the
season (Trought et al., 1999) while autumnal frost will directly damage the canes and maturing berries. Damage to canes and leaves leads to premature senescence and a lack of post harvest assimilate storage to support the following seasons spring growth (Shaulis and Pratt, 1965, Trought et al.,
1999).
The best method of avoiding frost damage is by good site selection and vineyard layout (Snyder et al.,
1992, Trought et al., 1999). Early season varieties should be planted at higher elevations with an
easterly aspect to promote rapid warming in the morning (Snyder et al., 1992). Cultural practices
such as maintaining soil moisture, trimming or eliminating inter-row ground cover, using elevated
cordons, employing late spur pruning to delay bud break, retaining extra canes as a risk management
that can be later pruned and avoiding cultivation
will reduce the risk of frost (Snyder, 1992; Trought
et al., 1999). Some reports have been published
into the chemical delay of bud break (Di Cesare,
1968; Dami et al., 1996; Myers et al., 1996) however the mode of retardation is unclear and the
lack of commercialization would indicate that results are unreliable (Trought et al., 1999).
The likelihood of a frost event has been linked in
New Zealand to the daily temperature at 3pm
(Trought et al., 1999). If a frost is likely then active measures such as overhead sprinklers or butane heaters may be employed in susceptible vineyards. Overhead irrigation takes advantage of the
thermodynamics of water that results in a slight
warming as ice is formed. Thus by encasing the
buds/florets in ice some protection is afforded
(Wilson, 1998; Trought et al., 1999). Heaters work
by direct radiation but also by setting up convection currents within the vineyard. The moving
airmass retards the development and severity of
Figure 2.2: Heaters (chaufferettes) in opera- the frost event (Wilson, 1998; Trought et al., 1999).
tion in France (top) and overhead sprinklers Wind machines and helicopters have also been
providing an ice covering for the vines (bot- used successful to mix warmer upper air strata
tom) (courtesy of Chablis-geoffrey.com).
with the cool air of the vineyard to impede frost
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development. In areas with low frost risk helicopters are generally preferred to wind machines as
they have low labour cost, low operational cost per unit area and require no ongoing maintenance
(Trought et al., 1999). It is important to note that wind machines and helicopters are only effective in
reradiation frosts and under advection events may actually increase frost damage (Trought et al.,
1999)
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2.2.5 Humidity
Humidity and relative saturation deficit may play a major role in fruit quality. Very high and very low
humidities can adversely influence grape development.
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2.2.6 Rainfall

In very arid hot climates, with low humidity, transpiration demands outstrip root water uptake thus
even with adequate soil moisture vines will close stomata and cease photosynthesis to conserve
moisture (Freeman et al., 1980). As the saturation deficit increases it has also been shown that the
moisture:carbon dioxide ratio increases thus growth (yield) per unit of water transpired is decreased
(Barber, 1985). This may not necessarily be a problem for moisture stress if adequate irrigation is
available however the amount of potassium accumulating in the vine (and fruit) is proportional to
the amount of water absorbed from the soil (Barber 1985). Thus low humidity will promote increase
potassium content in the grapes (resulting in lower tartaric acid concentration) and decreased must
quality, especially in warm to hot climates where must acid is naturally low (Gladstones, 1992).
High relative humidity will promote fungal infection. This is exacerbated with excess rain, low solar
radiation and high temperatures. Gladstones (1992) suggest a relative humidity between 50-65% as
the ideal level for the ripening of grapes for table wine and slightly lower (40-50%) for fortified
wines. Most of the inland wine regions of Australia tend to have insufficient humidity and/or
summer/autumn rain for disease propagation.

Lack of rainfall can be a severe influence on grape productivity in the absence of good quality
irrigation water. Johnson and Robinson (2001) recommend a minimum level of rainfall/irrigation of
500mm, higher if the growing season is characterised by high evapotranspiration rates. Excess rainfall is also a problem and most quality wines are produced in regions where annual rainfall does not
exceed 700-800mm (Jackson and Schuster, 1987). However it is the timing of the excess rainfall
that is of more consequence than the amount and examples of successful vineyards in high rainfall
areas exist, for example the Galicia region in northern Spain (Johnson and Robinson, 2001).
During the differentiation of fruitful buds in late-spring/early summer the vine is susceptible to
moisture stress. Indirectly heavy spring rain can promote vigorous growth which suppresses bud
differentiation and fruit setting by monopolizing plant assimilates and causing overshading (Johnson
and Robinson, 2001). Flowering and berry set are moisture sensitive and stress at this stage can
markedly affect yield. Excess rain at flowering may also suppress yield. Adequate moisture supply
up until veraison has been shown to increase yield and lower final sugar content (Alleweldt and
Ruehl, 1982 ). From bud differentiation until the week or two before veraison, moisture stress is well
tolerated by the vine. Severe moisture stress in the few weeks up until and after veraison has been
shown to inhibit both berry and flavour development (Carbonneau and Hughlin, 1982), however,
22
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moderate stress at this stage appears to be favourable for colour and flavour by limiting berry size,
ceasing vegetative growth and redirecting assimilates to the fruit (Ludvigsen, 1987; Mathews and
Anderson, 1988). Stress at this stage does not alter the ripening rate (Mathews and Anderson, 1988).
From the period post veraison to harvest it is essential that the vines avoid moisture stress if yield is
to be optimised. Stress leading up to ripening reduces photosynthesis and thus the movement of
sugar to the berry but may also increase the movement of potassium from the leaves to the fruit. The
higher potassium:sugar ratio tends to increase must pH and lower wine quality (Freeman et al., 1982;
Iland, 1988). Generally by this stage vegetative growth has been discouraged and the fruit is the
dominant sink for assimilates. However in cool wet climates vegetative growth may continue and
affect productivity, especially in under cropped vines. Excess rain in this period is also undesirable as
it may promote berry splitting, especially in hotter, drier climates (Galdstones, 1992). The presence
of moisture may promote fungal diseases, particularly botrytis (Jackson and Lombard, 1993).
The threat of excess rain may also have a secondary detrimental effect by forcing growers to pick the
crop while grapes are still immature as a risk management strategy (Jackson and Lombard, 1993).
Excessive rainfall (or irrigation) has also been shown to delay ripening even in hot climates (Jackson
and Cherry, 1987).
Sufficient moisture from harvest to natural leaf fall is important to maintain root growth, photosynthetic activity and assimilate for the following vintage. A good build up of assimilate post harvest
will ensure a vigorous, even budburst and early growth in the following spring (Gladstones, 1992).
In general the best rainfall environments for grapes are either those with an even rainfall distribution
and moderate temperatures and sufficient sunshine or Mediterranean climates with dry hot summers
and regular winter rainfall coupled with sufficient soil moisture stores or irrigation (Gladstones, 1992).
Bohmrich (1993) notes that the majority of the viticultural regions in Europe, Australia, South Africa , USA and Chile are characterised by one or the other of these rainfall patterns.
The pattern of rainfall had also been observed to have a significant effect on the influence of soil on
wine quality. In Mediterranean climates soil plays a comparatively small role as a wine quality determinant compared to temperature. In regions with considerable rainfall during the season, soil is a
major component in determining the terroir of a site (Bohmrich, 1996). This may not be solely due
to rainfall, as summer temperatures are often higher in Mediterranean climates, but the observation
helps to explain some of the disagreement in terroir between the “new world” (predominantly Mediterranean) and the old world (which includes many famous northerly regions such as Bordeaux,
Burgundy and Germany with relatively constant year round precipitation) (Bohmrich, 1996).
2.2.7 Impact of Global Warming
Global warming, with its associated predicted increases mean temperatures, UV radiation and atmospheric CO2 concentration, is set to have a profound effect on the global wine industry. While the
degree of average temperature rise over the next year is open to conjecture there is a consensus that
actual warming will be unequally distributed (Tate, 2001). Warming will be greater toward the poles,
at night and during winter. This has some serious detrimental as well as beneficial effects on grape
production.
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The poleward shift of temperature isotherms will make current marginal wine regions more secure
and less susceptible to severe winter damage. In Europe the expansion north, estimated at 10-30m
per year (Kenny and Harrison, 1993) will not be as simple as shifting isotherms but will depend on
local climatic influences (Tate, 2001).
Initial predictions (Kenny and Harrison, 1993) on viticultural production in Europe forecast an expansion of the European viticultural industry eastward into the Ukraine rather than north where
sunlight is likely to still be limiting despite increased temperatures. This complements the view of
Shultz (2000a) who identifies the increased risk of drought as having a dramatic impact on grape
production in the Iberian peninsula and foresees a movement of grape growing eastward. Even in
areas where precipitation is not predicted to markedly decrease, an anticipated increase in
evapotranspiration rates have lead to predictions
of a 20-30% reduction in available soil moisture
in the Mediterranean region where water is already
scarce (Shultz, 2000b). Warmer winter temperatures may also effect existing viticultural regions
where the winter dormancy period is already marginal.
Studies of predicted temperature rises in Australian viticultural regions at the CSIRO (McInnes et
al., 2003) indicate an expected mean temperature
increase of between 0.3-1.7C° by 2030 and 0.85.2C° by 2070. Increased minimum temperatures
will promote earlier budbreak and flowering but
also reduce the number of frosts and increase the
growing season length producing an overall decrease in frost risk (Nemani et al., 2001). Mean
temperatures are expected to increase in all seaFigure 2.3: Example of a shift in cultivar suitability in Germany due to climate change sons but less so in winter. Annual precipitation
is expected to decrease in the south-west and
(from Shultz 2000b).
south-east of the continent and some parts of
Queensland however the model results for the rest of the continent including much of eastern Australia are uncertain (McInnes et al., 2003). There is a projected general shift for most viticultural
areas to lower winter/spring rainfall and higher summer/autumn rainfall. An increase in extreme
daily rainfall is also forecast which will result in heavier rainfall events and longer dry spells (McInnes
et al., 2003)
Possibly the most contentious problem with rising temperature is a shift in localities that are ‘ideal’
for particularly varieties. This is particularly relevant to cool climate production where cool night
temperatures are required for acidity retention. If mean temperatures rise 5C°, and this increase is
weighted toward night-time temperatures will Burgundy still be the ideal location for Pinot Noir?
While it may no longer be ideal for Pinot Noir it may well be suitable for a different variety. Shultz
(2000b) illustrates that the suitable varieties for Geisenheim in Germany have already shifted from
24
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Reisling, Pinot Gris and Pinot Noir to Merlot or
Cabernet Franc when using the Huglin climate
index calculations for the periods 1960-1990 and
1989-1999. This may create serious problems in
countries like France where flexibility in grape production is difficult due to industry regulation
(Tate, 2001).
As vines are able to move into previously inhospitable areas so too will pests and diseases. Tate
(2001) hypothesises that Pierce’s disease will move
into the Oregon and Washington wine regions
where it is currently suppressed by winter temperatures. Trends towards increasing humidity and
air temperature indicate a increased future threat
from fungal and vector borne diseases for agriculture in general (Watson et al., 1998). Researchers
in Australia are also concerned with the potential
spread of pests and diseases and are attempting
to model the potential spread given current estimates of global warming and knowledge of the
lifecycle of pests and diseases (Emmett et al.,
2000). As well as a possible increased pest/disease threat, global warming may also nullify or
invigorate current integrated pest management
strategies and these must also be reassessed with
climate change (Emmett et al., 2000). It is unclear how rainfall will be distributed, however, regions that experience increased autumnal rain will
suffer from increased disease and pest pressure
(Gladstones, 1992)
Rises in sea-level without remedial action may also
significantly influence viticulture especially in Europe. Like temperature, the degree of sea-level
rise is debatable but the general consensus is that
it will occur. For Australia, sea level rise will have
little impact on viticulture as the majority of grape
growing regions are located inland. Some smaller
coastal regions, for example the Swan and
Figure 2.4: Predicted temperature and
rainfall changes for Australia for the next
Margaret rivers of Western Australia and the
70 years (from McInnes et al, 2003).
Mornington Peninsula in Victoria may be affected
(Tate, 2001). From a global perspective the vineyards of Bordeaux which includes some of the most
recognisable names in the world would flood if sea level rises in the 3-5m range. This increase may
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flood a large part of the riverplain between Bordeaux and the Atlantic creating a large waterbody that
will further influence the meso-climate of the Bordeaux region (Tate, 2001).
Increased atmospheric CO2 concentration is usually perceived as beneficial to plant growth but independent studies of the combined effect of higher CO2 concentrations, temperatures and solar radiation indicate that yield may actually be depressed (Shultz, 2000a). Research is still lacking on the
effect of CO2 on assimilate (sugar and starch) accumulation in the fruit and vine, the timing of
budbreak and flowering and the final composition of the fruit (Tate, 2001). Predicted increases in
solar radiation especially UV-B radiation are expected to impact on grape composition and flavour by
altering secondary metabolites such as flavenoids, amino acids and carotenoids (Shultz, 2000b; Keller,
2000). Keller (2000) also report that vine growth is altered and water use efficiency depressed under
increased levels of UV-B radiation
Global warming is predicted to increase the variability of extreme weather events thus viticultural
regions should anticipate more drought years and more flood years. Australia already endures a
highly variable climate due to the impact of short-term events, such as the El Nino phenomena, and
the variability in rainfall is expected to increase even in areas where annual rainfall is predicted to
decrease slightly (McInnes et al., 2003) However while globally climatic variability is expected to
increase, McInnes et al. (2003) predict relatively small changes in future temperature variability for
Australia. They forecast that temperature extremes will shift with changes in average maximum and
minimum temperatures. Thus more extreme heat events are expected but also less freezing events.
The results of these changes will lead the Australian viticultural industry into a situation where the
winter dormancy will be reduced thus the season will begin earlier and thus ripening earlier during
the hotter summer months. Higher temperatures at ripening may depress quality and will shorten the
harvest window for premium quality wines (McInnes et al., 2003). Less water is likely to be available, due to either or both increased evapotranspiration and lower precipitation, and yield/quality
variability is likely to increase creating a higher economic risk for the producer.

Figure 2.5. Example of katabatic flow over a landscape (courtesy of Environment Canada
http://www.ec.gc.ca).
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2.3 Topographic Site Selection Factors
The topographic characteristics of a site are recognised as having an affect on vine production by
influencing the meso-climate of the site (Gladstones, 1992). Topography can also affect vine production through its influence on the evolution of soil type at a site. From an analysis of premium
vineyards from around the globe Gladstones (1976; 1977) found that premium vineyards tended to
have a reduced diurnal fluctuation in temperature due to two or more of the following topographic
characteristics:
1. Located on slopes with excellent air drainage and situated above the fog level
2. The slopes are on projecting or isolated hills and have outstanding air drainage.
3. Directly face the sun during part of the day (Part easterly aspects are common)
4. Tend to be close to large lakes or rivers if located inland
Therefore the dominant topographic features that influence vine performance appear to be slope,
aspect and waterbodies.
2.3.1 Slope
The location of the vine on a slope is more important that the degree of the slope as location will
determine how the vine is affected by the katabatic drainage of air. At night colder denser air tends
to settle toward the base of a slope. Directly above this cold layer a ‘thermal zone’ of warm night air
is established on the low- to mid-slope. Higher up the slope the temperatures drops again in response
to altitude however the diurnal temperature range is still reduced. This effect is especially pronounced in isolated hills and projecting ranges. Gladstones (1992) identifies this as the dominant
topographic effect in Australia and the best approach to trying to minimise diurnal temperature
range. Slopes also have the advantage of better drainage and a reduced risk of waterlogging
(Bohmrich, 1996).
At higher latitudes the angle of the slope becomes more important as radiation interception becomes
more limiting. Steeper slopes will receive more radiation per square metre provided they have a
suitable aspect. Steep slopes (greater than 15%), however, can create problems with machinery being
difficult, if not dangerous, to operate. The potential for soil erosion is also increased (Wolf, 1997).
2.3.2 Aspect
Aspect is more important in higher latitudes where radiation is weaker, due to the angle of the sun,
and light interception may be limiting to growth. With the possible exception of Tasmania, Australian vineyards receive sufficient radiation regardless of aspect. Despite this, research has shown that
sun-facing aspects are favourable even in lower latitudes (Gladstones, 1992). In the Northern Hemisphere east, south and west facing slopes are preferred while in the Southern Hemisphere east, west
or north facing aspects. Of these east and south or north (dependent on Hemisphere) are preferred
(Wilson, 1998). This is partly attributed to westerly winds and storms, in both hemispheres, that can
damage vines up until flowering (Gladstones 1992). Easterly aspects also receive the first of the
morning radiation warming canopy and soil temperatures fastest when temperatures are generally at
their lowest and most limiting (Wilson 1998, Gladstones 1992). Conversely they are less exposed
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during the hottest part of the day (early-mid afternoon) when westerly slopes bear the brunt of both
wind and sun exposure. Sun-facing aspects can also be problematic in areas where late frost events
are common. Increased warming during winter will promote advanced budbreak, increasing the risk
of frost damage. In colder climes heating during the day followed by sudden severe drops in temperature at night can also lead to bark splitting and cold damage (Wolf, 1997).
2.3.3 Water bodies
A waterbody can have a large effect on the local climate due to its relative temperature inertia
compared with the surrounding land masses (Magarey et al., 2000). While reduced temperature
variability is pronounced near the ocean, large inland waterbodies such as lakes and rivers, can influence temperature up to a few kilometres away. This provides protection against frost and high
afternoon temperatures (Gladstones, 1992). The Finger Lakes and Lake Erie Belt regions of New
York State, USA, is a prime example of a region where grape production is only possible due to the
influence of the lakes (Magarey et al., 1995). This phenomenon is rare in Australia due to the lack of
permanent inland waterbodies. Maritime influences are more common in coastal regions, like the
Hunter Valley and Margaret River regions, however the majority of Australian vineyards are located
inland away from maritime influences.
2.4 Soil Site Selection Factors
The debate on the influence of soil on wine quality is a long and at times colourful one, often centred
around the concept of terroir and the influence of soil chemistry on grape quality. The importance
of soil type on the quality of wine has long been appreciated. Gladstones (1992) documents several
19th and early 20th reports of soil influence on wine. These reports comment on the production of
delicate, light wines from sandy soils that are often lacking in strength and colour but perfumed and
lively. Wines from limestone soils have increased alcoholic strength while clay soils tend to acidic,
less delicate grapes, high in tannins that produce deep, rich red wines. All 19th century reports found
by Gladstones quoted that rocky, stony or chalky soils gave the best wines. However all these
reports focus on the physical characteristics of the soil.
In a study of 54 experimental sites in Italy, Poni et al., (1996) found that the most fertile soils resulted
in overproduction and the worst viticultural and oenological results. The best results were reported
on moderately fertile soils with some pedological limitations. The poorest soils produced the most
variable results and were heavily dependent on climatic influences. Despite these general trends,
Winkler et al., (1974) note that good to excellent quality grapes have been produced for numerous
varieties on practically all soil types, except very heavily textured soils.
2.4.1 Chemical Properties
While soil type has long been appreciated as a wine quality determinant the direct influence of soil
chemical properties on must and wine quality is a contentious area. Traditionally vineyard sites are
picked on soil physical properties rather than chemical ones. Good viticulture soils are often infertile
leading to a belief that soil chemicals are not important for good grape production. Certainly the
concentration of certain ions in the must is important in determining must quality however the
relationship between chemical concentrations in the soil and the must have not been well under28
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stood. Halliday (1993) observes that from his experience, Australian viticulturists tend to disbelieve
in a relationship between soil mineral composition and must and wine quality. Seguin (1986) also
notes that knowledge on the relationship is lacking and if the knowledge did exist it would be possible to produce great wines with chemical additives.
The exceptions to this general lack of chemical knowledge are potassium and nitrogen which have
been documented as influential on wine quality. In the past 10 years researchers have started to fill
this knowledge gap and investigate the effect of other ions on grape production. However the
correlation of organoleptic wine qualities with soil chemistry is still considered circumstantial by
most in the industry and little credence has been given to the research (Bohmrich, 1996). Despite
this many prominent industry figures in Australia and internationally have not discounted the possible contribution of soil minerals to wine flavours and aromas (Robinson, 1994).
Potassium is a dominant element in the determination of must quality. Its concentration in the fruit
is dependent on several climatic factors. In cool climates excess soil potassium is tolerable as the
climatic conditions are not favourable for uptake by the vine. However K deficiency may be a
problem as it reduces vegetative growth and yield and increases the vines susceptibility to fungal and
bacterial infection (Huber and Arny, 1985, Baveresco, 1989). Cool climates, often associated with
low light intensity, are already susceptible to fungal attack. Robinson (2000) notes that most soils in
Australian viticultural regions supply adequate K. In hot climates excess K is a problem as it can be
hyperaccumulated by the vine, especially if there is a large flow of water through the plant (Ruhl,
2000). Research has shown that the correct choice of rootstock can minimise the uptake of K (Ruhl
and Walker, 1990; Ruhl, 2000).
An excess availability of nitrogen is generally detrimental as it promotes excessive vegetative growth.
This in turn promotes disease by increasing shading and canopy humidity and may also create deficiencies by increasing the vegetative demand for micro-nutrients (Bavaresco, 1989). Nitrogen deficiency is also undesirable and leads to reduced grape sugar and wine quality (Gladstones, 1992,
Keller et al., 2001). Increasing nitrogen supply to grapevines (cv Muller-Thurgau) has been shown to
improve fruit set and decrease inflorescence necrosis, however increased bunch-stem necrosis and
Botrytis cinerea bunch rot were also observed (Keller et al., 2001). This study highlights the need to for
viticulturists to understand the vines response to the soil in their vineyard. Of particular importance
is the ability to match nitrogen inputs to vine response to achieve the desired level of vegetative
growth for the trellising system used (A case for PV and VRT!). Both nitrogen and potassium are
most actively taken up prior to veraison and uptake is reduced from veraison to full ripeness when
translocation of ions from vegetative to reproductive organs is more common (Schaller, 1999).
Calcium and magnesium inhibit the translocation and uptake of potassium in the plant. In cool
climates where this may be a problem the advantages of calcareous soils are actually preferred as
their other advantages, good structure, drainage, moisture supply and thermal conductivity, outweigh this disadvantage (Winkler, 1962). Experiments with phosphorous fertigation have shown
increased cluster numbers, must free monoterpene content, and higher scores in sensory evaluation
(Bravdo, 2000; 2001)
Trace elements are required for enzyme reactions in the plant and deficiency may limit production
however excess levels do not appear detrimental (Robinson, 2000). The grapevine is very tolerant of
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soil pH and the main influence of pH may be its influence on the availability of trace elements
(Gladstones, 1992). Heavy metal concentration in vine organs is not related to soil concentrations
(Stockley et al., 1997) and the majority of heavy metals taken up by the roots are immobilised within
young feeder roots (Angelova et al., 1999). Heavy metal concentration in the vine appears more
closely related to atmospheric aerosol concentrations (Angelova et al., 1999 ). In general most
viticultural soils in Australia supply adequate levels of trace elements although alkaline soils may be
Zn or Mn deficient and acidic soils low in Cu and Zn (Robinson, 2000).
Organic matter in the soil plays several key roles including nutrient supply, improving soil moisture
storage and improving soil structure. Fresh material may over supply nitrogen and weathered material is preferable (Gladstones, 1992). Porter (1999) reports that organic matter applied as mulch can
be effectively used to protect vines against fungal pathogens, loosen heavy soils, weed and pest
control, improve nutrients and increase yield.
Salt is perhaps the largest soil chemical problem in Australian agriculture. Salt-affected soils are a
major threat to production in many Australian viticultural regions, particularly through the Victoria/
South Australian riverlands and the irrigation districts in Southern NSW (Cass et al., 1995). Salt can
impact on viticultural production systems through salinity (overall concentration of soluble salts) or
sodicity (the relative concentration of sodium to magnesium and calcium) (Cass et al., 1995). Many
of Australia’s viticultural soils are naturally sodic but naturally saline soils are rarer and generally
associated with inland salt lakes and estuarine conditions (Fitzpatrick et al., 1992). The current
problems of salinity threatening Australian agricultural land are more closely associated with sodic
soils that have become saline as a result of land clearing and irrigation practices (Fitzpatrick et al.,
1995).
General threshold values for the influence of ECse on plant yield are given in Table 2.1 (after Cass et
al., 1995 and Finnigan, 1999). The generally accepted threshold at which salinity begins to impact
on vegetative growth and yield is 2 dS/m (ECse) however reports have shown that this figure may be
around 1.5 for own rooted vines on heavier textured soils (Cass et al., 1995). In general vines on
heavier textured soils have been shown to be more susceptible to salinity (Stevens, 1996).
Salinity affects vine production by lowering bunch numbers and berry weigh thus reducing yield. It
also impacts on quality by increasing the chloride concentration and pH of the must but does not
appear to affect sugar levels (Prior et al., 1992). In measuring the terpene concentration of Cabernet
Sauvignon grapes grown in moderately saline and non-saline treatment plots, Bravdo (2001) reported a significant difference in 16 of 36 terpenes measured. A sensory analysis noted a distinct
character in the wine from the saline plots but did not find a significantly different quality score.
Stevens and Harvey (1994) experimented with different salt concentration in irrigation water for an
entire season. They found that as the salt concentration increased from 2mM to 60mM, yield was
decreased by 51%. Experiments with transient soil salinisation through irrigation water did not
impact on growth or yield but did increase leaf petiole sodium and chloride contents (Stevens and
Harvey, 1990). However sustained irrigation with saline water between veraison and harvest impacted on yield (Stevens et al., 1995) but the influence of saline irrigation water is minimal when
used pre-veraison or post-harvest (Stevens et al., 1995, Stevens, 1996). This may have serious con30
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sequences for irrigation management if a growers irrigation supply is supplied from multiple sources
with different levels of contamination.
Salinity Hazard ECse
(dS/m)
Non-saline
<2
Slightly saline
2-4
Moderately saline 4-8
Very saline
Highly saline

8-16
>16

Effect on Plant yield

Effect on vines

Negligible effect
Negligible effect*
Very sensitive plants affected Own rooted vines affected
Many plants affected
Own rooted vines severely affected.
Rootstocks affected to varying degrees
Salt tolerant plants unaffected Vines non productive
Salt tolerant plants affected
Grapevines cannot survive

Table 2.1: Effect of soil salinity (ECse)on plant and vine performance (adapted from Cass et
al., 1995 and Finnigan, 1999).
Grapes are able to more readily absorb sodium through leaf tissue than the root system. Therefore
the impact of overhead irrigation with saline water on yield loss compared with drip irrigation has
been reported as 6 fold and the uptake of salt into must and leaf tissue is 5-15 times greater (Stevens
et al., 1995). The impact of salinity is much more serious when it is combined with even mild cyclic
waterlogging from irrigation (Stevens, 1996). Judicious use of rootstocks in saline areas can help
minimise the uptake of salt into a vine (Stevens et al., 1995)
The effect of excess sodium in a soil promotes soil dispersion resulting in reduced water infiltration,
reduced soil hydraulic conductivity (increased waterlogging) and surface crusting. Thus sodicity tends
to create problems with vineyard water management (Fitzpatrick et al., 1992). However salinity in
a soil will negate the adverse effects of sodicity (Cass et al., 1995). Thus when considering the
sodicity of the soil the salinity of the soil must also be considered. Strongly sodic soils which are also
highly saline will return reasonable soil structure however the saline situation is likely to make them
unusable.
2.4.2 Physical Properties
Viticultural soils have traditionally been chosen by their physical properties. Moisture storage and
drainage are considered important for good grape production, especially in areas where irrigation is
unavailable or not permitted. Shallow, poorly drained soils tend to be susceptible to waterlogging
and moisture deficiency with only average fluctuations in rainfall (Gladstones 1992). Waterlogging
has been linked to high must acidity and low phenolic constituents while sudden dramatic increases
in soil moisture promotes berry splitting (Seguin 1983, 1986, Johnson, 1971). By contrast, deep
soils allow the development of an extensive root system. This buffers the plant against fluctuations
in rainfall allowing for a more consistent grape quality from year to year. In Mediterranean type
environments the ability of the soil to maintain moisture is crucial for good grape production especially in the absence of irrigation (Gladstones, 1992). Waterlogging, even for brief periods (1-2
days) following irrigation has been shown to depress yield (Stevens and Harvey 1994) and inhibit the
plants ability to moderate salt uptake in saline soils (Stevens, 1996).
The primary soil property that determines a soil’s moisture holding capacity is texture. Estimates of
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soil moisture can be obtained by accounting for the texture and depth of horizons in a soil profile
(Wetherby, 2000; Cass, 1999). Secondary soil properties that influence moisture holding capacity,
but are seldom considered in moisture holding capacity calculations (Cass, 1999), include aggregate
structure, ped structure, bulk density (air filled porosity), soil strength, chemical toxins and rooting
distribution (depth). These secondary factors mainly determine the accessibility of soil water to the
plant rather than moisture holding capacity (Cass, 1999). Stevens and Cole (1987) studied the effect
of different soil matrix moisture regimmes, ranging from 740 to 1342mm over the season, on yield
and must composition in vineyards in the Riverland region of South Australia.. They showed that
increased moisture stress depressed yield and berry weight but had no significant effect on must
Brix°, pH, TA, tartrate and potassium concentration in the berries (Stevens and Cole, 1987). The
implication from this study is that irrigation management is not really affecting grape quality but is
impacting on yield. It is not indicated how large the yields were, however this study runs contrary to
popular opinion especially in traditional wine producing countries.
Regardless of whether water is supplied through rainfall or irrigation the need for good drainage is a
constant for vineyard selection. For optimal production roots require at least 15% air filled porosity
(Cass, 1998, 1999). This is particular important in areas of high and late winter to spring rainfall
where waterlogging can affect the early growth period. Brown et al. (2001) found that in heavy clay
soils excessive water logging from a wet year can cause cane dieback and result in poor vine growth
for several years after the event. This can be remedied by tiling and improved drainage ( Brown et al.,
2001). Soil colour can provide a guide to the drainage regime of the soil when designing vineyards
(Cass, 1998).
There are a wide range of soil profiles with diverse pedological origins that are capable of fulfilling
the moisture requirements of the vine. These include gravelly alluvial soils, limestone based soils
and even clays if they are well structured and well drained (Gladstones, 1992). Unless large quantities of irrigation or rainfall are available sands are not particularly suited due to their poor moisture
retention. Vines also perform poorly in soils that have a wet soil strength of >2MPa as measured by
a penetrometer (Cass, 1999)
The preference for stony or rocky soil surfaces has long been recognised as a favourable characteristic for viticulture. Soil infertility is often lower in these soils and they have advantages with soil
infiltration due to their uneven surface which inhibits runoff. This permits greater infiltration and
reduces the loss of topsoil through erosion. The thermal properties of stony soils are also recognised
as being beneficial. Stony soils often have good thermal conductance thus heat absorbed during the
day is radiated deep into the profile. At night this heat is re-radiated, decreasing the diurnal temperature variability around the vine and prolonging the period at which enzymic process occur (Gladstones
1992). Even in hot climates stony soils are preferable. Day temperatures are often above optimum
and nights may be suboptimum. In these conditions physiological ripening at night may be important. Good thermal conductance also allows earlier subsoil warming in spring. This promotes root
growth, an earlier, more even budburst and rapid early growth culminating in more fruitfulness
(Gladstones, 1992). Continued deeper subsoil warming through summer coupled with lower temperature extremes tends to promote better vine balance and cytokinin supply to the fruit (Gladstones
1992). The presence of ground cover acts as an insulating layer inhibiting exchanges between the
atmosphere and soil (Pradel and Pieri, 2000).
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2.4.3 Classifying Australian vineyard soils
A wide variety of soil classification systems exist in Australia and worldwide (Stace et al., 1968;
Northcote 1979; Isbell 1996; FAO World Reference Base for Soil Resources 1998; USDA Soil Taxonomy and Soil Classification Working Group 1991) and many of these have been applied at different stages to wine producing regions (Maschmedt et al., 2002). These formal soil classification
systems are complex and/or technically orientated and not user-friendly for people without a soil
science background. This led to a call from the Australian viticulture industry for a soil key that was
applicable and accessible by Australian viticulturists (May, 1994).
The result has been a bifurcating key that focuses on viticulturally important and visually diagnostic
features (Maschmedt et al., 2002). General soil characteristics such as waterlogging, depth to restrictive layers, presence of cracking, texture trends and calcareousness are used to group soils into 9
broad classes after which further classification is based on consistency, colour and structure into one
of 36 subclasses. The terminology used reflects common terminology rather than that of a particularly classification system and the key contains a glossary of terms. The final soil subclasses from the
key have also been classified as near as possible in the main classification systems used in Australia
and a comparative table is provided with the key (Maschmedt et al., 2002).
SECTION 2
In Section 1 the climatic, edaphic and topographic needs of the grapevine were discussed. This
section reviews methods developed to put this knowledge into practice. Planting a vineyard is a two
step process. 1) The identification of a suitable climate and 2) matching local soil and meso-climatic
conditions to suitable varieties. The first looks at site selection and is mainly an exercise in broadscale mapping of climatic variables. The second deals with vineyard design and varietal layout once
a suitable site has been found.
2.5 Vineyard Site Selection
2.5.1 A Brief History of Australian Production.
Grapevines were introduced to Australia with the early settlers and due to the efforts of James Busby
and William Macarthur a large variety of cultivars were grown (Halliday, 1993). These early vines
were used as much for fresh and dried fruit as wine and the quality issue was secondary. As the
population increased commercial production became viable and pioneering viticulturists found the
premium areas for grape production essentially by trial and error (Halliday, 1991). While Australian
wine producers have had success internationally with noble varieties in cool climates, it was mainly
warm climate cultivars that dominated in the early 20th century. Most of the production at this time
was based on high-yielding varieties along the Murray and Murrumbidgee rivers for modest quality
fortified wines and low yielding crops for table and fortified wines in dryland areas such as the
Barossa, Clare and Hunter Valleys (Halliday 1993).
Despite the availability of land, up until the 1950s, viticulture remained essentially a small-scale
enterprise due to the influence of European settlers, particularly Silesians, Germans, Italians and
Dalmatians. These settlers brought the traditional small family approach to viticulture when they
immigrated (Halliday 1993). Wine production up to this stage was also dominated by fortified wines
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with only 30% of the bottled wine produced in the 1950s being table wines (Halliday 1993). In the
1950s, 1960s and 1970s wine consumption increased in Australia, due partly to a rationing of beer
post World War II. The 1980s saw domestic consumption plateau and even dip in the middle of the
decade. At this stage vines were actually removed and the overall area under production decreased.
However this proved to be a “lull before the storm” with viticultural production under going a
revolution in the late 1980s and 1990s towards large scale commercial production. This expansion,
which has seen the industry almost triple in 15 years has been driven almost solely by the development of an export market. Domestic consumption has varied little over the past 20 years (Figure
2.6)
2.5.2 The Appellation system - a traditional classification system
The delineation of regions based on wine quality is not a new concept and was practised during the
Roman Empire and again by Benedictines and Cistercians who revived the wine culture during the
middle ages (Bohmrich, 1996). In the early 19th century the vineyards and wineries of Bordeaux
were classified mainly on market value, hence the classification was skewed toward the most famous
estates (Bohmrich 1996).
However the marriage of varieties and terroir really came to fruition in the 1930s with the development of the Appellation d’Origine Controlée (AOC) system. Based on the notion of identifying and
isolating unique terroirs these laws quantified the centuries of experience gained by trial and error in
French viticulture. The AOC was established following the devastation of the French winegrape
industry by phylloxera and the following widespread fraud and surplus production that threatened
many of the best known wines (Bohmrich, 1996). The AOC not only delineated wine regions but
also determined the varieties, densities, pruning, yield and alcoholic strength that can be grown.
The AOC has provided the French wine industry
with a powerful marketing tool for the sale of their
wines (Celine, 1998). The AOC system provides
consumers with information on the raw materials
and methods of production of the wine thus consumers are able to make a decision not only on the
end product but also the whole process. This marketing advantage has made certification and labelling with AOC information more common in French
wines over the past 25 years (Celine, 1998). The
AOC tends to be viewed as an environmentally
friendly approach to wine making. Since the terroir
is so fundamental to the AOC system the “cahier des
charges” or guidelines for production tend towards
environmental protection (Celine, 1998). Traditionally vineyards outside the AOC areas were referred
Figure 2.6: Compaison of Domestic and Ex- to as Vin de Table and had no restrictions on producport wine sales for Australia for the past 35 tion but likewise commanded no premiums. In reyears (courtesy of the Australian Wine and cent years two additional classifications have been
Brandy Corporation. www.awbc.com.au). added. Vins Delimites de Qualite Superieure (VDQS)
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which are areas that may be promoted to AOC status and Vin de Pays or “country wine” which is a
level above the Vin de Table. Vin de Pays wines are essentially superior table wines that have excelled
enough to earn a geographical context without impinging on the AOC or VDQS classification (Johnson
and Robinson, 2001)
The AOC system however does have additional costs in production. The “cahier des charges” usually increase production costs and producers must conform to standardized norms for packaging and
retail. The adoption of new technology or production practices is also restricted until such practices
are incorporated into the “cahier des charges” (Celine, 1998).
2.5.3 Climatic Classification and Modelling for Viticulture
As has been pointed out in the previous section the dominant determinant for grape production is
climate. The climate of a site will not only determine which grapes can be grown there but also what
management strategies are required to maximise grape potential. The first step in determine a vineyard site therefore must be the selection of a location with a suitable climate.
Plants need warmth and sunlight to grow and as early as 1855 the threshold limit of 10°C had been
established as the point below which grapes do not actively grow (Halliday 2000). However despite
this knowledge it was not until the landmark paper of Amerine and Winkler (1944) that a quantitative index for temperature was developed for viticultural production. Amerine and Winkler (1944)
summed the degrees above 10°C (50°F) for an assumed growing season length as an indication of the
available heat for production. A set of cutoff temperature sums were established and linked to wine
styles (Table 2.2).
Region
Region I
Region I
Region II
Region IV
Region V

day degrees (C) Wine Style
>1389
Best table wines, light to medium body and good balance
1389 - 1667
Best table wines, light to medium body and good balance
1667 - 1944
Full-bodied dry and sweet table wines lighter bodied dessert wines
1944 - 2222
Dessert wines and low quality table wines
2222 - 2500
Bulk wines and fortified wines. Fresh and dried grapes

Table 2.2: Temperature Summation (day degrees) and associated winestyles for California
(after Amerine and Winkler, 1944).
The method of Amerine and Winkler (1944), although designed for California has been used to
classify Australian (Gladstones, 1992) and South African (Carey et al., pers. comm.) viticultural areas.
However the approach is simplistic and its reliance on heat summation without adjustment for extremely high temperatures has been criticised (Bentryn, 1988; Due, 1995). As a result in the past 20
years a variety of universal and regional specific climatic indices have been developed.
2.5.3.1 Universal classification systems
For generic classification of regions for viticulture, Jackson (1987) has proposed a 2 zone classification, alpha and beta, based on temperature at ripening. Alpha regions are classed as those where
maturation occurs under cool nights and moderate days, and where the mean temperature at ripen35
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ing is 9-15°C. Beta zones are characterised by areas where maturation occurs well before temperatures drop below 10°C and have a mean temperature of 16°C and above during maturation.
Production in alpha zones (cool climates) is advantaged by warm seasons or mesoclimates. Warmer
day temperatures ensure good sugar content in the must while cool nights are optimum for pH, acid,
colour and flavour compounds. In beta zones warm seasons or mesoclimates offer no advantage as
temperature is not a limiting factor.
The determination of a region as either alpha or beta is often dependent on the variety. For example,
for short growing season varieties such as Pinot Noir, the Barossa Valley would be considered a beta
zone. However the Barossa could also be considered an alpha zone for late ripening varieties such as
Cabernet Franc. Many short to medium growing season varieties are suitable for production in both
zones. However the resultant wine style will differ.
Another method of characterising climate is through the use of a latitude-temperature index (LTI).
Jackson and Cherry (1988) compared a variety of climatic indices and found it to be the best at
differentiating selected sites from around the world according to their grape ripening capacity especially for cooler climate areas. Jackson and Cherry initially suggested the use of
LTI =

MTWM * (75 - latitude)

where

Equation 2.1

MTWM = Mean Temperature of warmest month

CHAPTER II

Jackson and Cherry (1988) used the LTI to delineate four climatic zones (Table 2.3). However it
should be noted that warmer climates may be suited to cool climate cultivars as well.
Kenny and Shao (1992) mapped LTI (equation 2.1) across Europe using 30 year mean climatic data.
This map was adjusted by Kenny and Harrison (1992) to include a winter severity constraint to
exclude areas where winters are too harsh for vines. Regions with a mean minimum temperature less
than -3°C were considered unsuitable regardless of MTWM.
Group
Unsuitable
Group A

LTI
0 - 380
380 - 460

Group B
Group C

460 - 575
575 - 700

Group D

> 700

Cultivars
No suitable cultivars
Cool climate cultivars e.g. Gewurztraminer, Pinot Noir,
Chardonnay, Mullar Thurgau
Warmer climate cultivars e.g. Riesling, Pinot Noir (full bodied)
Warm climate cultivars e.g. Cab. Sauvignon, Semillon, Sauvignon
Blanc
Hot climate cultivars e.g. Grenache, Shiraz, Sultana, Zinfandel

Table 2.3: Climatic zones after Jackson and Cherry (1988) indicating LTI thresholds and
cultivar suitability.
Kenny and Harrison (1992) found that the LTI gave an adequate reflection of wine cultivar in Europe based on ripening capacity. Some problems occur due to the coarse resolution of the data and
the use of average climatic data. By using yearly data rather than 30 year means Kenny and Harrison
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(1992) calculated the LTI from 1951 - 1980. This allows for climatic risk assessment and areas of
high climatic variability which Gladstones (1992) considers the most important climatic criteria.
Interestingly Kenny and Harrison (1992) note the predominance of France to have a high frequency
of years climatically suitable for a wide range of cultivars. Spain, Portugal and Italy, powerhouses of
‘old world’ viticulture are also identified as suitable.
Like Jackson and Cherry (1988) who were critical of heat summation indices, Bentryn (1988) proposed an index based the mean low temperature of the coldest month, mean high temperature of the
hottest month, diurnal temperature ranges, annual rainfall and hottest month rainfall. This index is
based on identifying areas where the heat summation is slow and even rather than total eat summation. Bentryn argues that slow, even maturity produces the best wines.
2.5.3.2 Climate Classification in Australia
Gladstones (1992) attributes the visitation by Professor Harold Olmo of the University of California
as the first step forward for Australian viticulture in accepting climate as a major criterion. Since
then a variety of classifications have been developed.
A simple approach to climate classification is a homoclime comparison. Since viticultural regions
(appellations) are well defined in Europe and have evolved over several centuries, Smart (1977) and
Dry and Smart (1987) have tried to match Australian climates to those of established European
viticultural regions. By finding similar environs they hoped to identify premium viticultural regions
in Australia. Despite using several different climate indicators this approach was only marginally
successful.
The failure of the homoclime approach led Smart and Dry (1980) and Dry and Smart (1988) to
develop a classification for viticultural production in Australia based on five climatic indices: average mean temperature of the hottest month, continentality (difference in average mean temperatures
for January and July), total sunshine hours for October -March, aridity (total rainfall minus 0.5 of pan
evaporation from October-March) and average relative humidity at 0900 for the period OctoberMarch.
Gladstones (1992) has suggested a biologically effective day degree summation that is a combination
of heat summation with adjustments for mean temperatures above 19°C, latitude, day length and
diurnal temperature range. Like Bentryn’s index Gladstones (1992) index aims at locating areas with
low temperature variability; a criteria they consider the most important during ripening. Anecdotal
evidence in warm climates shows that the best vintages are in cooler years. This has lead to the
traditional belief that long cool ripening periods are preferable (Halliday, 1993). However in cooler
years, temperature variability is reduced and Gladstones (1992) argues that warm temperatures are
as preferable provided the variability is low. Halliday (1993) considers Gladstones approach to be
the most complete and convincing index for Australian conditions.
2.5.4 Alternative approaches to climate classification
All of the classifications discussed so far have relied on mean or summed climatic parameters; however, day-to-day weather events, especially extreme ones, can have a significant impact on quality
and quantity of the harvest. To incorporate this daily variability, Jones and Davis (2000) have used
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synoptic climatic techniques to examine the climate-vine interaction in the Bordeaux region of France.
They argue that by using air mass based approaches they are eliminating any a priori decisions about
which variables are the important determinants in production. By dividing the growing season into
four distinct phenological stages Jones and Davis (2000) have correlated air mass circulations to
grape production. This not only identifies how the climate affects the timing and duration of phenological stages but also which air masses are most influential on yield and quality. While this is not
strictly a classification system, this approach could be used in the future to help classify regional
climates.
In a similar vein, studies into the influence of global-scale climatic anomalies on overall vintage
quality have been recently carried out. Rodo and Comin (2000) in a 30-year study show a high
probability of high-quality harvests in Spain being linked with an El Nino event in the same or
previous year. Studies in California (Nemani et al., 2000; Nemani et al., 2001) have also linked the
winter Pacific sea surface temperature to wine quality in the following vintage. These studies demonstrate that the macro-climate is impacting on year-to-year quality variations.
2.5.5 Broad-scale Digital Terroir Prediction
Site selection has traditionally been empirically based or influenced by climatic suitability. In more
recent times the influence of the soil-climate interaction on wine style and to a lesser extent wine
quality has been more widely accepted (Iacono, 2000). As a consequence more focus has been
placed on soil parameters, particularly soil moisture, in recent times. This has resulted in a more
systematic approach to vineyard selection that accounts for environmental and climatic factors as
well as managerial factors (Iacono et al., 2000). This approach is now gaining wide acceptance in
European viticulture (Iacono et al., 2000) although the majority of work on this area is being done
outside of Europe.
The push towards a more systematic approach has been facilitated by the increased availability of
broad-scale digital elevation and digital soil surveys. Having digitised data has allowed the integration of landform and soil data with the climatic data to produce a predicted “digital terroir” classification. Digital terroirs can be predicted at different scales. In this section the prediction of digital
terroir at the macro-climate scale is discussed. Meso-climatic scale digital terroirs are discussed in
Vineyard design. The micro-climatic scale, as defined previously, is too small for digital terroir
prediction and precision management.
Researchers (Carey et al., pers. comm.) at the University of Stellenbosch have adapted the “land-type”
classification of MacVicar et al., (1974) to derive a predicted digital terroir map for the South Western Cape region of South Africa. MacVicar et al., (1974) define a land type as a class of land, that
may or may not be contiguous, where the macroclimate, terrain form and soil patterns display a
marked degree of uniformity. I would argue that it is the meso- rather than macroclimate that is
important however Mac Vicar et al. (1974) do not make it clear what they consider to be meso- and
macro-climates. The land-type classification was developed to ascertain the potential for any agricultural production. When it is applied specifically to viticulture it can be considered a digital terroir
prediction.
The main data sources Carey et al. (pers. comm.) used are growing degree day maps, a soil map with
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derived soil characteristics (soil depth, clay content, moisture holding capacity and degree of wetness) and a 50m digital elevation model with derived secondary topographic parameters (slope, aspect, drainage, profile type and percentage level land). Historical records for yield were matched to
known land types and an algorithm developed to predict yield potential across the South western
Cape. Attempts are under way to model the climate-cultivar interaction to predict wine quality
(Carey et al., pers. comm.).
A similar approach has been adopted by researchers at Cornell University to map agricultural and
vineyard suitability in New York State on a 1km square grid (Magarey et al., 1996). Magarey et al.
(1996) produced a series of suitability maps for land use, climate and soil based on a range of
attributes. Threshold values for attributes were used to determine if a location was suitable for each
of the maps. The results were weighted and rescaled according to the importance of the particular
attribute to produce a final prediction map (Figure 2.7).
In France the majority of research into terroir, at both macro- and meso-scales, is occurring at Institut
National de la Recherche Agronomique - Unité Vigne et Vin (INRA-UVV), Angers. While their approach is again systematic there is a lot more physical sampling and data collection used in their
studies. There is also a real consideration of the human factors of terroir (Rioux et al., pers. comm.).
The approaches of Carey et al. (pers. comm.) and Magarey et al. (1996) rely on existing digital data
rather than new surveys and ignore the social aspect of terroir. Given the importance of the terroir
concept in French viticulture it is not surprising that more effort and expense is made to accurately
delineate terroirs. The work at Angers focuses on identifying d’Unite Terroir de Base (Basic Terroir
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Figure 2.7: Map of Vineyard suitability in New York State, USA (from Magarey et al., 1996).
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Units or UTB) in the Loire Valley from landform attributes, soil information and geology (Rioux et
al., pers. comm.; Guilbault et al., 1998). Climatic data was not incorporated into the UTB predictions..
The resultant UTB maps have been used to match suitable rootstocks to terroirs and optimise management (Rioux et al., Guilbault et al., 1998). By intensively studying the terroirs around Angers they
hope to establish a protocol to facilitate the mapping of other viticultural ‘communes’ in France.
While climatic indices are not part of the current classification process a series of precocity indices
have been developed at Angers to time the phenological development of the vine (Barbeau et al.,
1998).
In Australia there have also been attempts to classify areas for viticultural production. Geographic
Indications (GIs) have been established by the Australian Wine and Brandy Corporation in 1993
along the same principle as the AOC in France. However GIs are much less restrictive in terms of
vineyard management and exist mainly to protect the regional name under international law. Any
wine label with a particular GI must source at least 85% of the fruit from that GI (www.awbc.com.au).
GIs can be defined (www.awbc.com.au) as either:
i)

Zones - area of land, without any particular qualifying attributes

ii)
Region - A region must be a single tract of land, comprising at least five independently
owned wine grape vineyards of at least five hectares each and usually produce five hundred tonnes
of wine grapes in a year. A region is required to be measurably discrete from adjoining regions and
have measurable homogeneity in grape growing attributes over its area
iii) Sub-region - A sub-region must also be a single tract of land, comprising at least five
independently owned wine grape vineyards of at least five hectares each and usually produce five
hundred tonnes of wine grapes in a year. However, a sub-region is required to be substantially discrete within the region and have substantial homogeneity in grape growing attributes over the area.
Regional and sub-regional GIs may be registered as trademarks for marketing purposes. New GIs are
determined by a Geographic Indications Committee primarily as a result of applications from growers/grower groups. Criteria for selection includes history, geology, climate, harvest dates, drainage,
water availability, elevation and the traditional use of the area and proposed name (www.awbc.com.au).
These criteria and GI definitions require a clarification of uniformity or distinctiveness however
methodologies to provide this information are generally lacking in Australia (Tesic, 2003). Published maps of wine zones and regions in Australia are shown in Figures 2.8 and 2.9.
Tesic et al., (2002) has used results of previous studies in the Hawkes Bay region of New Zealand to
develop a Site Index (SI) for vineyard selection. (Equation 2.2). This SI together with the percocity
indices of Barbeau have been applied in a recent study to vineyards within the Cowra and Mornington
Peninsula grape-growing regions (Tesic, 2003). The results show that the Mornington Peninsula is
highly variable and would benefit from further classification into specific sub-regions. Cowra showed
less variability, particularly in the SI due to its more uniform elevation and climate. Tesic (2003)
suggests that the SI and indices of Barbeau (1998) can be useful in segregating sites within a region.
While he cautions against the heavy regulation enforced in the AOC, Tesic (2003) observes that a
similar level of classification in Australia would provide an advantage in branding certain wine styles
particularly in the European market. This would provide Australia with a culture of “vineyard
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Figure 2.8: Wine Zones in Australia (published by AWBC, www.awbc.com.au).
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Figure 2.9: Geographic Indications for viticulture in Australia (published by AWBC.
www.awbc.com.au).
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wines” as well as “brand” wines to sell in export markets. Australia also has an opportunity to base
these sub-regions on scientific relationships rather than the whims of individuals (Tesic, 2003).
Gp
)
100
SI =
RS • 1 + C S • RD
(t o + t j ) 2 • (1 +

where

Equation 2.2

to = mean air temperature in October (°C)
tj = mean air temperature January (°C)
Gp = gravel percentage in topsoil
RS = seasonal rainfall (October to April in mm)
CS = ratio of clay percent to silt percent in the 35-70cm zone
RD = maximum depth of rooting zone.

Figure 2.10: NSW homoclimes of
Montpellier in Southern France. Red =
most similar, Yellow = similar (Adapted
from Tunstall and Sparks, 2001).

A separate study in the wine-growing region of WestGippsland has been performed by researchers at University of Melbourne and Department of Natural Resources and Environment, Victoria (Itami et al.,
2000). Their approach mirrors that of Magarey et al.
(1996), where climate, soil and terrain maps have
been derived from a combination of digital sources
using an Analytical Hierarchy Process (AHP). These
maps were then analysed in Catchment Decision Assistant (CDA) (Itami et al., 1999) to determine suitability for viticultural production. Interestingly the
CDA output showed a strong soil effect on landscape
suitability possibly due to a relatively uniform climate and /or much coarser resolution in the climatic
data (Itami et al., 2000). This study was done primarily as a case study on the use of AHP in determining landscape suitability rather than an attempt to
define regional or sub-regional GIs. The resultant
maps have yet to be ground-truthed.

A commercial service for selecting vineyard sites was offered by Environmental Research and Information Consortium (ERIC) based in the ACT (Tunstall and Sparks, 2001). This was based on analysing climatic data, terrain attributes and frost risk to identify homoclimes within Australia that are
similar to established districts in Europe (Figure 2.10). Detailed mapping of local frost risk was
performed using DEMs and night-time thermal imagery (Tunstall and Sparks, 2001). The homoclime
approach has already been discredited (Gladstones, 1992, Smart and Dry, 1980, Dry and Smart,
1988) and this service appears no longer to be available.
2.6 Vineyard design
Once a site has been selected a suitable layout is needed for the vineyard. While site selection is
determined from the disaggregation of broad-scale data, vineyard design is usually made on finescale data that is aggregated to the vineyard size. The manner in which vineyard design is achieved
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is ever changing as technology improves.
2.6.1 Traditional approach
As mentioned earlier vineyards were traditionally established by trial and error. The climate and soils
of Australia are very different to European conditions that were familiar to early viticulturists. As
growers came to understand the environment and its influence on wine grape quality they became
more adept at designing vineyards. However vineyard site selection was still subjective, thus, as new
viticultural regions were colonised this knowledge had to be re-learnt. Soil evaluation for vine growth
was also often overlooked and if soil tests were taken they usually ignored the rigours of soil science
(Cass, 1998). At this stage an established protocol for soil description in the vineyard did not exist.
2.6.2 The Wetherby-ICMS system
In the late 1980s and early 1990s Ken Wetherby in conjunction with Irrigated Crop Management
Services (ICMS) developed an industry protocol for soil survey and description for the establishment
of vineyards. The survey was based initially on soil pits, generally dug with a back-hoe, on a 75m
grid (this has recently been expanded to a 100m grid for larger vineyards for economic reasons although Wetherby (2000) advises against that). The following characteristics of each horizon observed in the pit are recorded (Wetherby 2000). These measurements, listed below, are based on the
methodology in the Australian Soil and Land Survey Field Handbook (1990) and modifications by
Wetherby (2000a).
Horizon thickness (cm)
pH (Raupach method)
Soil texture
Percentage of coarse fragments (gravel)
Pedality (Structure and aggregation)
Potential vine rootzone depth
Depth and salinity of watertable

Presence of soil carbonate (1M HCl test)
Carbonate layer class
Topsoil depth (cm)
Geology
Soil moisture status
Rootzone Readily Available Waterholding capacity

Other variables of note may also be recorded according to the surveyors discretion.
The main emphasis of the Wetherby-ICMS system is the estimation of the moisture holding capacity
in the soil. Map units derived from the Wetherby method are heavily weighted toward readily available water (RAW) values. In the field, the RAW is derived by multiplying the thickness of a horizon
by a moisture holding coefficient based on the horizon soil texture. This is summed for all horizons/
depths up to the identified root zone depth. In the laboratory the RAW for a horizon can be determined by:
RAW = (θFC − θ60kPa )*D (mm)
where

Equation 2.3

θFC = field capacity water content (mm of water/m of soil)
θ60kPa = 60kPa soil matrix suction water content (mm of water/m of soil)
D

= Depth of horizon or effective depth of rootzone (m)

The coefficients used for the calculations were empirically derived from 360 samples taken from the
Murray, Mallee and Barossa valleys in South Australia. Over the past 10 years the concept of RAW
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Figure 2.11: Comparison of RAW, TAW, DAW and SAW with traditional measurements in
kPa of soil moisture (from Cass, 1999).
has been adopted globally, particularly in ‘new world’ viticulture. It has also given rise to a variety of
associated indices, total available water (TAW), stress available water (SAW) and deficit available
water (DAW) that are illustrated in Figure 2.11 (Cass, 1998 and 1999). Improvements have also
been made to the initial values to account for carbonate layers and to better define the rootzone
depth (Brooker et al., 1995)
Rapid adoption of the protocol by the viticulture community provided the industry with a good
platform for vineyard design for the rapid expansion of the industry that occurred during the 1990s.
It is undoubtedly one of the contributing factors to the export success Australian wine is currently
enjoying.
While this preliminary survey has given the Australian wine industry a major advantage, concerns
over the use of a fixed 75m x 75m grid have been identified (Brooker et al., 1995, Brooker and
Warren, 1997). Fixed grids do not account for any anisotropic variation (Brooker et al., 1995). The
choice of optimal grid size was determined using soil from a viticultural region in South Australia
(Wetherby 2000). It is unreasonable to assume that all viticultural soils in Australia exhibit the same
level of variation. Grid systems do not maximise the value of data collected by failing to account for
the intrinsic variability in the soil system. In studies in South Australia Brooker and Warren (1997)
found that the vineyards were oversampled and the same level of information could be derived by
optimal location of the soil pits. Extensive research in the area of Precision Agriculture has also
shown that grid systems poorly identify boundaries in the soil system compared to site directed soil
surveys with ancillary information (Pocknee, 2000). The coefficients for RAW determination are
also based on South Australian soils and may not be correct for other regions. A further disadvantage
is the use of hand texturing which is subjective on the surveyor.
In the past 3-5 years many vineyards have also been surveyed with Electro-magnetic Induction
(EMI) instruments (such as the Geonic EM38) to provide a finer scale picture of soil variability and
help to identify the location of soil boundaries. However there is no industry protocol for the use of
EMI data and the information is usually not properly ground-truthed and used sparingly. The data is
not directly used in the determination of soil maps which are still derived solely from the soil survey
but may be used in vineyard layout. The addition of ancillary data with soil survey data to improve
soil maps will be discussed in later chapters.
2.6.3 Meso-climate Modelling
Considering the emphasis placed on climate very little was found in the literature on modelling and
measuring climate at the meso-climatic (vineyard) scale for viticulture. The collection of meso- and
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micro-scale climatic data is probably the biggest constraint to identifying suitable vineyard sites
(Magarey, 2000).
Trambouze and Voltz (2001) measured transpiration across a vineyard. They found that the intensity of transpiration varies greatly between vines and the pattern of variation is strongly linked with
soil water storage whereas the magnitude of the variation was linked to light interception, a function
of the pruning strategy. However it was noted that seasonal variation of transpiration is predominantly uniform across the vineyard (Trambouze and Voltz, 2001).
Magarey et al., (1996) identified the coarseness of climatic data as a major limitation to their prediction of vineyard suitability in New York State (Figure 2.7). To rectify this they have used a high
resolution atmospheric model called Local-area Agricultural Weather Simulation System (LAWSS)
to map climate at 25-100ha scales. LAWSS was found to be superior to interpolation methods for
prediction of local temperatures and significantly improved the predicted map of vineyard suitability
in respect to areas prone to severe frost damage (Magarey, 2000).
2.6.4 Vineyard-scale Digital Terroir Prediction
Most attempts to produce meso- or vineyard-scale “terroir” maps have focused on a “top-down”
approach (Tesic 200, Magarey et al., 1996, Itami et al., 2000, Guilbault et al., 1998). Despite the
uptake of proximal and remote soil and crop sensors in viticulture in the past 5 years (Hall et al.,
2002, Lamb, 2000, Ortega, 2003) and the proliferation of soil surveys no reports on a “bottom up”
approach to “digital terroir” prediction were found in the literature. Vineyard design in Australia is
still being driven primarily by expert knowledge rather than quantitative modelling.
The intensive studies around Angers by researchers at the UVV (Guilbault et al., 1998, Rioux et al.,
pers. comm.) is the finest-scale study that has been found cited in the literature. This work however is
targeted at differentiating sub-regions or “communes” to classify a production region rather than
specifically for the design of a vineyard.
2.7 Summary and Conclusions
Whether it is due to climatic, soil chemical or soil physical properties or a combination of the three
there is no doubt that different regions (terroirs) produce different flavours in identical varieties.
These differences are often unique enough for professional tasters to identify the region of production by taste and the majority of the great wines of the world are produced from distinct terroirs.
However great wines can also be produced from a blend of grapes produced on differing soil types
rather than grapes from a single vineyard or terroir (Bohmrich 1996). Grange Hermitage is a classic
example of a premium blended Australian wine that is produced from grapes sourced from vineyards
over a wide geographical area (Bohmrich, 1996).
When selecting a vineyard location it is important to ensure that any limiting factor is not above or
below a threshold value that will impede production. If the environment or climate is not limiting
then ultimately it is up to the grower to ensure that the vineyard management is tailored to produce
the desired grape quality.
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Chapter 3: New Technologies and Opportunities for
Australian Viticulture
3.1 Introduction
Precision Agriculture is based on information technology. For the successful implementation of PA
farmers will need production information provided to them in an accurate, efficient and cheap
manner on a variety of seasonally stable and variable production parameters. Over the past decade
a myriad of environmental and crop monitoring equipment has been marketed to growers. These
range from hand-held to satellite-borne systems. This chapter looks at some of the new technologies
now available for viticulturists to collect site-specific environmental and production information on
their vineyards.
3.2 Yield Monitoring
One of the main production attributes of interest to most farmers is quantity (yield). For winegrapes
however, yield is not as influential on profitability as it is in many other crops (Smith, 2003). This is
due mainly to the relatively large price differential between quality grades which makes quality a
major determinant in profitability. Despite this it is still important for a grower to understand how
yield is varying across the vineyard. The ability to improve yield without compromising quality
should be a goal of the grower. While knowledge of winegrape quantity and quality are both important in viticulture this section will only focus on measuring quantity. The issue of winegrape quality
monitoring is deliberately avoided here and will be addressed later in Chapter 8.
Traditionally winegrapes were hand harvested. However, since the development of the mechanical
harvester in the 1960s more and more vineyards are opting for mechanical harvesting (Morris, 2000).
Machine harvesting generally has a considerably lower cost than hand harvesting and also requires
less labour resources which may be problematic in rural areas (Corby, 2001). The recent expansion in
scale of the Australian viticulture industry has been possible through increased mechanization, particularly mechanized harvesting. Nowadays the majority of Australia’s grape harvest is machine
harvested and hand harvesting is restricted to super premium or boutique wines and small family run
vineyards. While many large companies have invested in limited yield monitoring capabilities there
is only one current contract harvesting company offering the system as standard for smaller growers
(Smith, 2003). This is expected to change as the larger wine companies put more pressure on contract growers to deliver a more consistent harvest.
3.2.1 Mechanical Harvesting
Although various approaches have been tried, the most successful mechanical harvesters have been
over-the-row harvesters that shake berries from the vine (Morris, 1994). In Australia shaking is
usually done with flexible horizontal strikers (bow rods) mounted on both sides of the vine. The
efficiency of mechanical harvesting is strongly influenced by the machinery settings, in particularly
the number of bow rods, rpm of the striking mechanism and ground speed (Morris, 1994). The
tuning of the harvester requires a particular level of expertise and adjustments often have to be
made between varieties and canopy management strategies. The efficacy of harvesters is also reliant on the setup of the vineyard. This includes not only correct row and vine spacing but trellising
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systems and pruning strategies (Morris, 2000). Most harvesters have a mechanical guidance systems
to ensure that the harvester is centred on the row to minimise damage to the vines.
When the vine is shaken by the harvester, fruit is usually dislodged as individual berries or clusters.
The dislodged fruit is caught on paddles suspended below the vine. The fruit is then pushed onto a
series of conveyor belts and bucket elevators before it is off-loaded into a support bin (see Figure 3.1
for a pictorial explanation). Newer models released in Australia now contain small inbuilt bins that
allow the harvester to operate even while support bins are being changed over. In Europe where
vineyard rows are shorter and yields lower, these harvesters are the norm and usually operate without a support bin by off-loading grapes at the end of rows. Extractor fans are located at critical
points on the conveyor belt to remove any leaf or cordon material from the fruit before it is offloaded. The presence of a magnet is also important to remove any metallic artifacts which can cause
serious problems later in the vinification process (Morris, 1994).
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The dislodgement of berries rather than clusters exposes more of the berries to the environment and
hastens the onset of enzyme activity. Fruit should be transported as soon as possible to the winery
to avoid oxidation (colour loss), browning, off-flavours and microbial growth (Morris et al., 1979).
To avoid this situation grapes should be picked at low grape (not atmospheric) temperature and
delivered to the winery within 12 hours of harvest, preferably sooner. For machine harvested sparkling wines even time periods of 30 minutes from harvest to crush have resulted in distinct differences in wine styles (Corby, 2001). The addition of SO2 even at low concentrations (100ppm) will
slow the onset of bacterial spoilage and oxidation (Morris et al., 1979).

CHAPTER III

3.2.2 Yield Sensors
While protocols have been developed for yield mapping hand harvested crops (Schueller et al., 1999)
the process is often slow and time consuming. Recent advances in product tracking technologies
(Praat et al., 2003) have automated part of the process however mechanical harvesting still provides
the best opportunity to mount real-time automated yield sensors. There are numerous sensors that
may be used to measure yield in crops. For grain crops impact sensors are preferred, cotton yield
monitors utilise light arrays while horticultural crops generally use load cell sensors. If linked to a
positioning system, typically a Differential Global Positioning System (DGPS), the output from these
sensors can be georeferenced and mapped. Once the sensors are installed and calibrated they usually
require very little attention.
The first attempt at winegrape yield monitoring in Australia was undertaken by engineers at the
University of Melbourne in conjunction with SouthCorp Pty. Ltd. during the 1998 vintage (Hamilton, 2003). They used load cells mounted on a bin gondola to measure the increase in mass as the
crop was unloaded from the harvester into the bin (Figure 3.2). For winegrapes this is an imprecise
system. The vibration of the bin as it moves along the row produces an error signal that is of a
similar magnitude to the harvest signal. The system was set up for research purposes only and not
considered viable for commercial applications (Hamilton, 2003).
The first attempt at a commercial system for grapes was developed by HarvestMaster Pty. Ltd.
HarvestMaster have a commercial load cell system, HM-500, developed for yield monitoring of
horticultural crops particularly root crops. This was adapted to measure the mass of grapes transversing
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Extractor Fans
(C)
Cross Conveyor Belt

(C)

Rear view of a
Gregoire (right) and
Nairn (left) harvester. NB the
buckets in the
Gergoire are enclosed
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Bucket Elevator

(E)
(D)

Figure 3.1: The process of mechanical harvesting - The vine is shaken by the beater rods (A)
causing the fruit to fall onto paddles (B) suspended under the vine. The motion of the harvester shuffles the grapes onto a conveyor belt (B). The conveyor belt transports the grapes
to the back of the harvester where they are carried up the back of the harvester in a bucket
elevator (C) and deposited on a cross conveyor belt (C). Extractor fans (C) remove any leaf
debris and the grapes are conveyed to the discharge conveyor belt (D) and into a bin (E).
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the discharge conveyor of the grape harvester. However due to the small mass of winegrapes on the
sensor and vibrations from the movement of the harvester, the signal:noise problem described above
resulted in the scrapping of the load cell system and the adoption of an ultrasonic system (Davenport et al., 2001).
As a result of the problems with the HM-500 an ultrasonic grape yield monitoring system , HM-570,
was developed by HarvestMaster in conjunction with researchers at Washington State University in
1996-97 (Wample et al., 1998). The HM-570 utilises an array of 3-5 ultrasonic sensors suspended
over the discharge conveyor belt (Muffoletto, 1998) (Figure 3.3). The ultrasonic sensors record the
height of material on the conveyor by measuring the time for the ultrasonic pulse to rebound to the
(A)

(B)
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(C)
Figure 3.2: Images of the Gondola weighing system developed by the University
of Melbourne and Southcorp wines showing (A) the complete system, (b) the location of the load cells on the gondola and
(C) the mobile field computer used for
data collection mounted in the tractor cab.
(Cour tesy of Richard Hamilton,
SouthCorp Pty. Ltd.) .
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Figure 3.3: Components of the HM570 Yield monitoring system (clockwise from below) DGPS unit, on-board
data logger, Ultrasonic sensor system
mounted on the discharge conveyor
and the control box.
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sensor. Height is inversely related to the return time of the ultra sonic pulse. The system produces
an instantaneous volumetric, rather than mass, measurement. The conversion of the volumetric
measurement to a mass requires density (which is assumed constant). Harvest bins are physically
weighed and a calibration co-efficient determined to adjust the output from the sensor. The sensor
output is then georeferenced with the output from a DGPS and stored in a mobile field computer.
The use of a constant density will introduce error into the yield estimate. Varietal differences in
berry size and grape moisture content as well as the stage of ripeness and the grape:must ratio in the
harvester will affect the density of the harvested material. Varietal differences are particularly problematic and the yield sensor requires re-calibration when moving between varieties (Robert Bramley,
CSIRO Land and Water, Adelaide, pers. comm.). The HM-570 was commercially released into Australia in the 1999 and 2000 vintages by Gregoire Australia however the system was not a commercial
success and is no longer supported in Australia. Use by researchers at CSIRO and the University of
Sydney found the system to require very high maintenance. The sensors needed to be constantly
monitored to ensure they were working correctly. Recalibration between varieties was also problematic. If the system was nursed then good results were obtainable however commercial applications
cannot justify the level of attention given by researchers.
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Figure 3.4: Images of the Farmscan Grape
Yield monitor: (top) the weight bridge located
in the discharge conveyer, (middle) a close
up of the load cells and (bottom) the Canlink
3000 mounted in the tractor cab. (Courtesy
of Computronics Pty. Ltd.)

A third system has been developed by Farmscan
Pty. Ltd. Australia based on a return to the use
of load cells. They used research from a previous attempt to develop a small grain load cell
sensor to solve the problem of signal:noise ratio
by increasing the frequency of sampling (Ole
Hanson, Computronics, Perth, pers. comm.). Installation of the system involves removing a section of the bed of the discharge conveyor and
inserting a load cell weight bridge that is slightly
elevated above the bed (Farmscan, 2001). As
the belt traverses over the weight bridge measurements are taken and an estimation of yield
derived. This system is a direct mass measurement thus the volumetric to mass conversion
problems encountered with the HM-570 are
avoided. The use of load cells however introduces a new error from the yaw and pitch of the
discharge conveyor. This can be corrected
through the incorporation of a tilt sensor on the
discharge conveyor (Farmscan, 2001) Results
from trials in Spain and Australia have been promising and the system is now available for limited
commercial release in Australia and has been
trialled in the United States of America for the
2003 vintage. From personal experience the
Farmscan system is much more robust, both in
its construction and the calibration, thus requires
less maintenance than the HM-570. A direct
comparison of the two systems has yet to be performed to my knowledge.

In France, Pellenc Pty. Ltd. have also been developing an in-house yield and quality monitor for use
on their harvesters. While the previous systems described are designed to be retro-fitted to various
makes of harvesters, this system has been developed specifically for Pellenc models with onboard
storage bins and will be factory fitted. It is likely that this system will come as a standard feature on
future Pellenc harvesters in much the same way that impact yield sensors are now standard on grain
combine harvesters. At the time of writing little material was available publicly on the Pellenc
monitors. To my understanding the system also uses a load cell array. Unlike the Farmscan it is
unable to measure a continuously moving belt and requires the conveyor belt to stop while the
reading is taken. The load cells are located under the conveyer just prior to the fruit being deposited
into the onboard bins. A reference load cell with a known weight is located near the sensor to correct
for the errors induced from vibrations and the pitch and roll of the machine. A sensor system is
required for each onboard bin thus typical two sensors are needed per harvester. The principal
advantage of the reference weight is the ability to fix the calibration of the sensor in the factory.
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When operating yield measurements are obtained at 1s intervals. (Bruno Tisseyre, ENSAM,
Montpellier, pers. comm.).
As mentioned previously some protocols for yield mapping hand-harvested crops have been developed (Scheuller et al., 1999, Gillgren et al., 2003). In the future these protocols may not be necessary.
Work has begun at the University of Adelaide on the development of a grape harvesting mobile
robot to mechanically hand harvest premium grapes (Sabetzadeh et al., 2001). If successful, a yield
sensor and GPS could easily be incorporated into the robot and yield mapping done automatically.
3.2.3 Yield convolution and data filtering
Yield convolution (mixing) within harvesters has been identified as an error factor in grain yield
estimation/measurement (Whelan, 1998, Blackmore, 2003). While no research on convolution in
grape harvesters was found it would seem that the effect is small compared to that observed in grain
crops. There is obviously a degree of mixing within the length of the harvesting unit (~2m) however
the fairly fast off-load speed (typically 8 -12s) and slow ground speed (0.5-0.8ms-1) produces only a
small area over which the error will be present. There is little opportunity and no evidence that
grapes become “trapped” in the harvester and are recirculated as has been noted in other harvesters
(Whelan, 1998, Boydell et al., 1999)
While convolution has not been reported as a large problem, some expert filtering of the data is
required to remove artifacts that may be caused by variations in harvester speed, noise from machine
vibration and uneven terrain and coarse resolution (Lamb et al., 1995). There are a variety of filters
available that automatically remove erroneous data (Blackmore and Moore, 1999, Pringle, 2001,
Thylen and Giebel, 2000, Noack et al., 2003) and some have been incorporated into existing GIS
packages for easy use like the ERDAS compatible filter of McGuire (2004). If two harvesters are
operating in the same block then the data needs to be standardized to negate any machine or calibration specific effects (Blackmore and Moore, 1999). For the use of low-cost GPS units re-alignment
of the data onto the rows is a possibility using dead-reckoning or “map-matching” algorithms (Taylor
and Blewitt, 1999 ).
3.2.4 Quality Sensors
The only on-the-go quality sensor development, for which some results have been shown, is being
privately funded by Pellenc Pty. Ltd. to be paired with their yield sensor (Bruno Tisseyre, ENSAM,
Montpellier, pers. comm.). Again the general application of this sensor may be limited as it is being
designed for factory fitting rather than retro-fitting to older or other models. Davenport et al. (2001)
in their review were unaware of any quality sensors. While no real-time sensors are commercially
available (the Pellenc system is expected soon) the issue of grape quality and rapid measurement
with new techniques is one being actively pursued in Australian viticulture and will be discussed
later in Chapter 8. The development of an on-the-go quality sensor that can be retro-fitted is of
major importance for the continued development of precision management in Australia.
3.3 Variable-Rate Technology (VRT) in the Vineyard.
Excluding harvest, the main machinery operations in the vineyard are the maintenance of interrow
cover crops, soil management (for example fertilization, aeration and mowing) and canopy manage61
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ment (such as spraying, mechanical thinning and pruning). While some of these management
practices do not require variable-rate capabilities (such as intercrop mowing), many will (for example
pruning, pest spraying, fertilisation). This section will focus on possible applications of VRT that
are specific to vineyard operations. Generic issues like variable-rate fertilization are not discussed.
For more information on generic VRT issues and applications topics readers are directed to the
proceedings of the International and European
Conferences on Precision Agriculture (Stafford,
1997, Stafford, 1999, Grenier and Blackmore,
2001, Robert et al., 2002, Robert et al., 2000,
Robert et al., 1998, Robert et al., 1996).
3.3.1 Controllers
Variable-rate application is often possible with
existing machinery that is retro-fitted with a variable-rate controller. A variety of controllers that
can be retro-fitted are already commercially available, for example Dickey-John Land Manager,
Mid-Tech Legacy/TASC/AgLogix, Hiniker
8605,Micro-trak MT-3405 F/MT-9000, Rawson
Control Systems’ Accu-rate, AgLeader
PFadvantage, TeeJet 854, Raven Viper, Valmont
Acc-Pulse to name a few. The previous development of these variable-rate controllers and the
associated technology for broadacre production
should allow for the rapid adoption of the technology in the viticulture industry. However, as
is often the case the limiting factor in adoption is
our level of knowledge and decision support capabilities rather than the technology (Searcy,
1995).
3.3.2 Variable Rate Vineyard Machinery
A principal piece of vineyard machinery that will
benefit from VRT is the sprayer. Spray applications for a variety of reasons, particularly pests
and diseases, are regularly applied to the vine- Figure: 3.5 A camera-based spot sprayer
yard. The effectiveness of spray applications is in operation under vines (courtesy of
a function of canopy size, shape and density Avidor) (top) and a mechanical pruner in
opertaion (bottom) (courtesy of Pacific
(Manktelow and Pratt, 2000). The vigour and
Northwest National Laboratory).
shape of vine canopies can be ascertained by remote sensing (Dobrowski et al., 2002, Hall et al., 2003) thus this information should be useful in
varying spray pressure and amount through the vineyard to improve the effectiveness of application.
The potential risk of many diseases, particularly fungal pathogens, is related to the micro-climate of
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the canopy (Ellis, 1994; Ellis and Erincik, 2002). The identification of enclosed, potentially humid
and still canopies should help identify potential disease hotspots and allow directed risk management
spray applications. This approach has yet to be tried in vineyards, possibly due to the fact that only
recent developments in remote sensing have allowed canopy quantification however it would seem a
logical step in precision vineyard management. A further hindrance, as Manktelow and Praat (2000)
observed, is that most current agrichemical labels, thus spray applications, fail to account for differences between sprayer types, canopy structures or the degree of pest/disease risk.
When linked to a multispectral camera, sprayers have been developed to identify and selectively
spray weeds/plant material at resolutions of <1cm2 against the soil background (Hanks, 1995).
This has permitted a reduction in herbicide use of up to 85% in some instances. While initially
developed for fallow broadacre usage these sensors have been adapted for row crops and commercial
sprayers are available like the Avidor Weedseeker (Figure 3.5). These selective sprayers are particularly important in non irrigated vineyards where weeds under the canopy compete for soil moisture or
it is desirable to spray suckers and shoots beneath the vine canopy.
Another major vineyard management practice that may potentially profit from VRT is mechanical
pruning. Over 80% of Australian vineyards are now mechanically pruned (Morris, 2000). Pruning
is an important vineyard management technique for controlling vine growth and the quality and
quantity of production (Smart and Robinson, 2001). Hand pruning affords the grower precise control over the number of buds that are left however mechanical pruning is cruder and usually requires
a subsequent hand-pruning to tidy up the vines. Incorporation of information on canopy growth,
from either remote or proximal sensors (see the following section) within season may allow for more
targeted mechanical pruning thus reducing the effort needed in the subsequent hand pruning. Research is also being conducted in France to automatically measure the amount of site-specifically
pruned material in the vineyard (Bruno Tisseyre, ENSAM, Montpellier, pers. comm.). Pruned cane
weights have been correlated to leaf area (Cohen et al., 2000) and yield (Morris and Cawthorn, 1981).
Fruit thinning and leaf removal are other vineyard processes that are becoming increasingly mechanized (Morris, 2000). Mechanical thinning, when used properly and prudently, has been shown to
advance maturity, increase acidity and anthocyanin concentration, lower pH and stabilise yield (Petrie
et al., 2003). The development of sensors or calibrations to estimate crop load may help in the
development of variable rate thinning.
3.3.3 Variable-Rate Irrigation
Over the past 5 years considerable research has gone into the development of variable-rate irrigation
(VRI) sprinkler systems (Evans et al., 2000, Sadler et al., 2000). This research has concentrated on
overhead- or drop-sprinklers particularly on centre-pivot irrigation systems. These systems use bermad
(or asco) valves to shut off the supply of water to the sprinkler head thus are essentially binary
systems. Application rates are controlled by turning sprinklers off or varying the speed of the pivot
as it walks around the field. Sprinkler heads are generally banked along the pivot so that one solenoid will control several sprinkler heads. This is done to minimise the hardware and cost of the
system. To date trials with this system have been very promising (Perry et al., 2002) and commercial
systems do not appear too far off (Pocknee et al., 2003).
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For many vineyards in the western USA this technology will be immediately applicable to vineyards
due to the proliferation of overhead sprinklers. For the Australian viticultural industry, drip irrigation is the most common form of irrigation making the majority of the industry incompatible with
existing technology. Drip systems are much more difficult to site-specifically control due to the large
number of drippers. The use of different sized apertures provides one way that irrigation can be
varied, however this is a permanent situation and once installed the grower has little flexibility in
altering irrigation rates without replacing drippers. While this may be beneficial for water use at
certain stages of growth it is likely to be adverse at others and may create problems with fertigation
and any other management strategies implemented through irrigation (Sadler et al., 2000). Precision
drip irrigation appears to be less suited to VRT than sprinkler irrigation. Ideally aperture size would
be able to respond to the soil moisture around the dripper.
3.4 Remote Sensing
3.4.1 Introduction
Remote sensing can be defined as “the science and art of obtaining information about an object,
area, or phenomenon through the analysis of data acquired by a device that is not in contact with the
object, area, or phenomenon under investigation” (Lillesand and Kiefer, 1994). This definition does
not specify the distance that the sensor is located from the object of interest which may range from
millimetres to thousands of kilometres. Often the term ‘proximal sensor’ is used for terrestial based
sensors while ‘remote sensor’ is reserved for air- or space-borne sensors. For the first section of this
discussion on the background of remote sensing the term remote sensing will be used to encompass
both proximal and remote sensors. In the second section on “Applications to viticulture” remote and
proximal sensors will be discussed separately.
Most remote sensing techniques utilise the electro-magnetic (EM) spectrum. Sensors are designed
to detect and record the reflectance or emission of radiation from an object. This radiation may
range from the Visible-UV wavelengths through the Near-, Mid- and Far-Infrared (NIR, MIR and
FIR), microwave and gamma ray regions of the EM spectrum. Passive sensors utilise radiation from
naturally occurring sources, such as sunlight or radioactive decay, whilst active sensors generate their
own radiation. The reflectance or emittance of radiation from an object is captured by a sensor at a
specific wavelength (or range of wavelengths) and nowadays generally stored digitally. However
remote sensors do not necessarily have to be digital, that is conventional cameras may be used and
images from these sensors can be digitised by scanning (Davenport, 2003). This allows existing ‘hard
copy’ images or data to be utilised. However these images require the presence of standard colour
cards if they are to be “calibrated” to light wavelengths (Davenport, 2003)
The applications of remote sensing to agriculture, environmental sciences and natural resource management are numerous and too extensive to describe here. Remote sensing has been used for converting point samples to whole field maps, mapping crop yield, mapping soil properties, monitoring
seasonally variable soil and crop characteristics, determining the causal effects of observed variability in production, addressing time critical crop management, mapping climatic/meteorological conditions and producing digital elevation models (DEM) from stereopairs (Moran et al., 1997). The aim
of this review is to briefly provide a background to remote sensing, the application of remote sensing
to viticulture to date, discuss the types of remotely sensed information currently available to viticul64
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turists and outline future directions and concerns with
the use of remotely sensed data in viticulture.
3.4.2 Background
3.4.2.1 The Question of Resolution
When discussing remote sensing the topic of resolution is always at the fore. The resolution of a particular sensor can be described in four different ways spatial, temporal, radiometric and spectral resolution
(Lamb et al., 2001, Verbyla, 1995). If the resolution
of the data for any of these attributes is incorrect for
the target application then the usefulness of the data
is compromised.
Spatial resolution refers to the smallest detectable
object on the ground (Hall et al., 2002) and in digital
remote sensing this equates to the final image pixel
size (Verbyla, 1995). Image pixel size is a function of
the available image-forming pixels in the sensor and
the height of the sensor above the ground. The interaction of these two parameters determines the overall area in the image, also referred to as the image
footprint. For a given sensor there is a trade off between spatial resolution and footprint size. The higher
the altitude of the sensor the larger the footprint and
the coarser the spatial resolution (Verbyla, 1995). Satellite sensors with a fixed elevation provide data at a
constant footprint and spatial resolution that varies
with the sensor. Aerial platforms are more flexible
and can create images with decimetre spatial resolution (Lamb et al., 2001). However they are generally
Figure 3.6: An example of the different flown to produce ~100ha footprints at 1-2m spatial
spatial resolutions obtained from different resolution (Hall et al., 2002).
sensors used on a vineyard in the Hunter
Valley, NSW. From the top a Landsat 7 Temporal resolution refers to the revisit time of the
image (25m2 pixels), a Spotlite panchro- sensor (Verbyla, 1995). For satellite sensors the rematic image (10m2 pixels and an aerial visit time is determined by their orbital path. Some
photo (~2m2 pixels).
modern satellites are now able to direct the sensor
off-nadir to decrease the revisit time however this usually substantially increases the cost of the data. Revisit time is also proportional to latitude with
higher latitudes having greater image overlap (Verbyla, 1995) thus shorter temporal resolution. The
presence of cloud/haze may also complicate imagery and decrease the effective temporal resolution. Aerial platforms are generally much more flexible for temporal resolution. They are also less
susceptible to cloud interference as they may be able to fly below high cloud layers (Hall et al.,,
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2002).
Radiometric resolution is specified by the number of values available to record the intensity of
radiation at a given wavelength for a given pixel (Lamb, 2001). Remote sensors usually operate at
either 8-bit (28 = 256 values) or 10-bit (210 = 1024 values) (Hall et al., 2002).
Spectral resolution refers to the number of wavebands that can be simultaneously recorded at each
pixel in the image (Hall et al., 2002). It may also refer to the bandwidth of the wavebands being
measured (Verbyla, 1995). Sensors are usually categorised as either panchromatic (1 waveband),
multispectral (2-10 wavebands) or hyperspectral (>10 wavebands). Panchromatic and multispectral
sensors tend to have much wider bandwidths (with panchromatic broader than multispectral) (Verbyla,
1995) to pick up broad trends in the reflectance spectra while hyperspectral bandwidths tend to be
narrower (2.2-12nm) (Arkun et al., 2001, Hall et al., 2002) to allow more precise analysis. The term
hyperspectral is used quite loosely in remote sensing. Most hyperspectral remote sensors typically
record between 10-60 wavebands due to limitations in data processing. Thus while the camera itself
may have hyperspectral capabilities (>200 bands) the image is only dekaspectral. The term
superspectral is becoming more commonly associated with these dekaspectral sensors.
With current technology there is often a trade off between the types of resolution - especially spectral and spatial. Sensors are only capable of collecting a certain amount of data. Thus if more
spectral resolution is required then spatial resolution must be sacrificed to keep the amount of data
being processed below a maximum threshold. The converse is also true. This trade off generally
occurs only with hyperspectral sensors as multispectral sensors do not have sufficient spectral resolution to create problems with data flow through.

CHAPTER III

3.4.2.2 Correction
As well as resolution the other main concern with remotely sensed data is the issue of data correction. This proceeds on the assumption that the sensor has been properly calibrated prior to use.
Satellite sensors nowadays tend to be well calibrated, however, sensors based on aerial platforms are
more problematic and care must be exercised when using aerial digital or video data (Moran et al.,
1997). Data correction is needed for atmospheric interference, off-nadir effects, cloud screening,
frame registration and data mosaicing and geometric correction (Verbyla, 1995).
Most atmospheric data correction of satellite images nowadays has been simplified and sped up
through the development and use of automated radiative transfer models (Ouarzeddine and Belhadjaissa, 2000). Off-nadir effects, especially in aerial based sensors are generally corrected using the
bidirectional reflectance distribution function (Moran et al., 1997). When taking aerial images it is
important that the altitude of the sun is sufficiently high to negate shading effects and that the image
is taken on the principle solar plane (flying toward or away from the sun) (Arkun et al., 2001).
Generally, for satellite imagery, a simple single geometric registration can be used for an entire region
due to the large footprint of the image (Moran et al., 1997). Geometric rectification is generally
performed using either affine coordinate transformations or polynomial models (Verbyla 1995). For
very high spatial resolution satellites and aerial sensors geometric registration and mosaicing of multiple images can be problematic and time consuming (Moran et al., 1997). Automatic registration
can be done if the pitch, yaw and roll of the plane are accounted for, however the accuracy of such
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a geo-rectification is generally of the order of 20 pixels (Moran et al., 1997). For aerial data in
particular it is recommended that the end user proceed with their own geo-rectification using known
ground control points (GCPs) from either previously rectified images or a GPS receiver (Verbyla,
1995).
In general the correction of aerial data lags behind satellite (Moran et al., 1997) however the disadvantages are offset by desirable characteristics such as low cost, real-time capabilities, flexible spectral bands and band widths and data redundancy with overlapping frames (Mausel et al., 1992).
3.4.3 Applications to Viticulture
3.4.3.1 Remote Sensing - Optical Sensors
In Australia, remote sensing data has been by far the most sought after viticultural production information. Problems with reliability and usefulness of yield and proximal crop sensors in horticultural
crops have led to a greater reliance on remotely sensed imagery. Since the inception of the Cooperative Research Centre for Viticulture’s Precision Viticulture program in 1999, the area of viticultural
imagery purchased in Australia has grown from ~200ha (mainly for research) to ~30,000ha for the
2003 vintage (David Lamb, University of New England, NSW, pers. comm.). This represents ~15%
of all plantings in Australia. Furthermore, with modern satellite sensors the entire viticultural area
has been imaged and archived thus this figure could rapidly increase with the retrospective purchase
of images.
A variety of imagery is available to viticulturists with a wide variety of spatial and temporal resolutions, however choice in spectral and radiometric resolution is much more limited (Table 3.1). Investigations by researchers at Charles Sturt University have identified imagery with a spatial resolution
equivalent to the interrow spacing (generally 3-3.3m) as sufficient for vineyard blocks (Lamb et al.,
2001, Hall et al., 2002).
When the spatial resolution approximates the interrow space then the
image pixel is a mixed pixel of the canopy and interrow response. The mixed pixel contains information about both canopy size and density (Lamb et al., 2001). Visually this resolution produces a clear
differentiation of areas of different vigour. Imagery with a coarser resolution, for example 25m2
Landsat or 20m2 SPOT imagery, is unacceptable as the small nature of many vineyard blocks, 1-2ha,
results in the generation of insufficient pixels per block for adequate analysis and interpretation (see
Figure 3.6). Imaging at finer resolutions (<1.5m) provides much more information, especially on the
interrow. However these images may be visually disorientating and/or create distortions (Lamb et
al., 2001). For fine resolution data to be utilised it requires further post-processing to remove noise
for example the “Vinecrawler” algorithm of Hall et al. (2003). Such methods are able to identify and
eliminate the interrow response and then identify both the size and shape of individual vines. This
approach may allow for the spectral response of individual vines to be matched to vine growth or
production measurements (particularly quality). This capability will become more important as
hyperspectral imagery becomes more freely available.
With so much imagery currently being purchased by industry what is and can be done with the
information? The primary interest to growers appears to be the mapping of vigour within and across
blocks (Hall et al., 2002). Thus, the images currently supplied often focus on indices of plant growth
such as Normalised Difference Vegetation Index (NDVI), Relative Vigour Index (RVI), Plant Cell
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Density Ratio (PCD or PCR), Photosynthetic Vigour Ratio (PVR), Plant Pigment Ratio (PPR) or
some proprietary index based on the response in the red and NIR regions of the electro-magnetic
spectrum (Figure 3.8 illustrates some examples of these indices). Vine vigour is of interest to the
grower as differences in vigour are often influenced by variable environmental conditions and can
produce variability in the quality and quantity of production (Hall et al., 2002). This causal link has
lead to the investigation of the relationship between remote imagery and grape quality at various
organisations around the globe (such as Vintage 2001, Cooperative Research Centre for Viticulture
(CRCV)) although results of these studies are only now starting to be published.
Vigour in viticulture generally refers to the rate of vine (shoot) growth. From a remotely sensed
perspective vigour is a factor of both vine size and photosynthetic activity (or the photosynthetically
active biomass (PAB) (Hall et al., 2002)). Vine vigour (as traditionally measured) and PAB are
correlated as vigorous vines are generally characterised by larger and/or denser canopies. The estimation of PAB is most easily achieved by using imagery with a spatial resolution equivalent to the
interrow spacing (Hall et al., 2002). This allows the canopy spectral signature and canopy size to be
combined into a signal measurement (demonstrated in Figure 3.7).
Efforts have also been made to correlate remote sensing with the leaf area index (LAI) of vines
(Montero et al., 1999, Nemani et al., 2001, Johnson et al., 2001, Johnson et al., 2003, Johnson 2003).
Knowledge of the spatial variability in LAI of a vineyard is desirable as LAI has been linked to grape
characteristics and wine quality (Smart and Robinson, 1991). LAI is also an important parameter in
many ecosystem models as a key variable in estimating water loss, photosynthesis and radiation
penetration (Nemani et al., 2001). Traditional ground based methods of canopy measurement are
often time and scale limiting thus there is a strong interest in developing cheaper, faster measurements, like remote sensing, that are applicable at multiple scales (Dobrowski et al., 2002). All studies
to date on the use of remote sensing in viticulture have found strong linear relationships between
vegetative indices (usually NDVI) and LAI with both airborne (Nemani et al., 2001, Dobrowski et al.,
2002) and satellite-borne (Montero et al., 1999, Johnson et al., 2003) sensors. The relationships
appear to be insensitive to trellis type and vine spacing (Nemani et al., 2001) however the LAI of the
vineyards was relatively low. Johnson et al. (2003) warn that this linear trend may not hold in higher
LAI vineyards and NDVI saturation could occur in unpruned or minimally pruned vineyards.
Dobrowski et al. (2002) in comparing NDVI and RVI as predictors of canopy leaf area in Vertical
Shoot Positioned (VSP) vines, found that the NDVI response was curvilinear over a wide range of
leaf areas and concluded that the RVI was preferable as its response was linear over the same leaf
area range. The popularity of no- and minimally-pruned vines in Australia may require an independent study to see if the NDVI/RVI-LAI relationships observed in the USA hold true for Australian
viticulture. As well as LAI and vigour, vegetative indices have also been correlated to a variety of
other canopy parameters such as pruning weights (Johnson et al., 1996, 1998, Dobrowski, 2000),
canopy density (Dobrowski, 2002) and canopy transmission (Johnson et al., 1998).
Mapping canopy properties using remote sensors has the advantage that there is less error in measurement compared with traditional canopy measurements (Nemani et al., 2001). The level of detail
in a remotely sense imagery is usually greater than that of interpolated ground measurements. There
are however disadvantages to the use of remote sensors. If imagery from multiple dates is used then
sensor calibration, soil colour (moisture), sun angle and viewing geometry must be considered as
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Despite pixels falling at different locations the same
combined vine signature is obtained if pixel size is
compatible with vine spacing

Figure 3.7: Visual representation of
the mixed pixel approach advocated
by Lamb et al., 2001 (adapted from
Hall et al., 2002).

potential error sources (Nemani et al., 2001). VSP
vineyards are problematic as the canopy width
(~0.5m) is very narrow in relation to the interrow
spacing (~2.5m) thus the spectral response is often
dominated by the background characteristics such as
groundcover, soil colour or shading (Dobrowski et al.,
2002, Johnson, 2003). This may result in a
“linearizing” effect and reduced sensitivity of the
vegetative index to canopy changes (Dobrowski et al.,
2002). Variable background cover will also create
error in the image if a mixed pixel approach, such as
that proposed by Lamb et al. (2001), is used (Johnson,
2003).

In their 1998 paper, the observed relationship between NDVI and vine growth parameters led Johnson
et al. to attempt a differential harvesting strategy in the 1997 vintage based on the NDVI response in
a 3ha block of chardonnay. The block was subdivided into areas of low, moderate and high vigour
and a variety of vine and grape characteristics measured within each subblock. The subblocks were
harvested on different days according to the grape characteristics and fermented individually so that
the resultant wine could be evaluated and compared. The high vigour subblock produced an inferior
(District, varietal) wine compared to the moderate and low vigour subblocks. The low and moderate
vigour wines were significantly different (P<0.05) but both were classed as reserve quality wines. In
the 2002 vintage a similar experiment was trialled in Western Australia using plant cell density im-

Colour

NDVI

PCD

False Colour
0m
300m

PPR

PVR

Figure 3.8: Examples of different vegetative indices derived from an aerial NIR image of a
vineyard near Cowra. Images are (from the top left clockwise) Colour (B,G,R), NDVI, Plant
Cell Density (PCD), Photosynthetic Vigour Ratio (PVR), Plant Pigment Ratio (PPR) and
False Colour (B,G,NIR).
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ages in Cabernet Sauvignon (Bramley et al., 2003). In this trial, separation of the vineyard into high
and low vigour area produced two different wine styles with a 50% price mark up on the superior
wine. However, like Johnson et al. (1998) there was no attempt to quantify the vegetative indexwine quality relationship. The methods employed by Johnson et al. (1998) and Bramley et al. (2003)
are quite simplistic and only look at relative differences in vegetative indices. However this approach has been adopted by several large wine companies in Australia and the USA and it is now
common practice in many vineyards to attempt to segregate blocks prior to harvest (Carothers, 2000,
Smith, 2003). Results from this commercial utilisation are rarely reported and concerns have been
raised in Chile where segregation of blocks into harvest zones using NDVI has produced mixed
results over a variety of blocks (Ortega and Esser, 2003). Ortega and Esser (2003) observe that
harvest segregation using imagery is best suited to blocks containing strongly contrasting soil. In
areas with low soil variation statistical differences in grape quality are not observed although yield
differences generally are.
Vigour and quality/quantity mapping are not the only applications of remote sensing in viticulture.
High resolution (<1m) mapping can be used for vine row definition (Hall et al., 2002, Bobillet et al.,
2003) and vine mapping (Hall et al., 2003) as well as identification of missing vines (gaps) (Arkun et
al., 2001). Even slightly coarser resolution (2-3m) can be used for vine identification if the dimensions of the block are known (Gillgren et al., 2003). Hyperspectral high resolution imagery has been
used to identify varietal misplantings to avoided unintended grape mixing at harvest (Arkun et al.,
2001). While this service was offered in the early 2000s to Australian growers, a lack of response
has seen it removed from the market. With the exception of premium blocks, the remote identification of misplantings appears to be of little interest to producers.
Investigations into the use of remotely sensed images for the detection of disease in vineyards,
particularly phylloxera, have been occurring sporadically in the USA for 20 years. In 1983, Wildman
et al. first reported the use of mulitspectral aerial photographs taken between 1977 to 1980 to identify and characterise the spread of phylloxera within a Californian vineyard. Analysis of the tempo-

Figure 3.9: Relative vegetation index images from a 12 acre phylloxera infested vineyard
near Oakville, Ca. for 1993 (left), 1994 (middle) and a relative vegetation difference image
(right). Green areas indicate high vegetative matter and brown low. In the difference image
the red and yellow areas indicate where relative vegetation has declined between the years primarily due to an increased phylloxera population (Adapted from Johnson et al., 1996).
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ral images and the patterns of infection also allowed the researchers to identify a secondary disease
in the vineyard that was not as aggressive as the phylloxera. Following on from this work a variety of
reports (Johnson et al., 1996, Lobitz et al., 1996, Salute et al., 194) have been produced from a Grapevine Remote sensing Analysis of Phylloxera Early Stress (GRAPES) collaboration between NASA,
Californian Universities and Mondavi vineyards. Again images from two seasons, 1993 and 1994,
were converted into relative vegetation index and combined to determine the spread of the phylloxera
(Figure 3.9). This information, together with ground-truthing was useful for evaluating the ability of
particular fields to cope with phylloxera stress and prioritising replanting decisions (Johnson et al.,
1996)
3.4.3.2 Remote Sensing - RADAR/LIDAR
No reported studies on the use of RADAR (RAdio Detection and Ranging) or LIDAR (LIght Detection and Ranging) sensors in vineyards was found. RADAR may offer some advantages over optical
sensors as it is not limited by cloud cover or atmospheric pollutants.
3.4.4 Proximal sensing
As well as remote sensing, a lot of information is collected by proximal sensors. Proximal sensors are
located generally within 1-5 metres of the object being measured and are terrestially mounted. The
most common proximal sensors in use in precision agriculture are yield monitors (discussed previously §3.2.2) and soil sensors. However a wide variety of other sensors have and are being applied
in viticulture.

CHAPTER III

3.4.4.1 Soil Sensors
Soil sensors, in particular apparent soil electrical conductivity (ECa) sensors, are probably the most
commonly used proximal sensors in viticulture. Numerous studies (Luck, 2002, Lund et al., 2002,
Bobert et al., 2001, Dabas et al., 2001, Dalgaard et al., 2001, Gilbertsson, 2001, Nehmdahl and
Grieve, 2001, Luck and Eisenreich, 2001, Clark et al., 2000, Hartsock et al., 2000, Lund, 2000 and
Drummond et al., 2000) have been presented at International Precision Agriculture conferences on
the application and usefulness of proximal soil ECa measurements. Soil ECa is affected by soil
moisture, clay percentage, clay type, the ionic concentration of the soil matrix, bulk density and soil
temperature (Dabas et al., 2001). Of these, the first four variables are the most influential on the ECa

Figure 3.10: The Veris 3100 EC cart in a vineyard near Cowra NSW (left) and using a ground
penetrating radar (GPR) to map soil in a vineyard (right) (courtesy of S. Hubbard, Lawrence Berkeley National Lab, Ca., USA.).
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Figure 3.11: Raw (left) and kriged (right) Veris 3100 ECa soil measurements (0-90cm) for a
block of Cabernet Franc (left-hand side) and Merlot (right-hand side) grapes near Cowra,
NSW (NB These are the same blocks shown in Figure 3.8).
measurement. The strong effect of variation in the ionic concentration of the soil solution has been
used to identify areas of salinity and sodicity with proximal soil conductivity sensors (Williams and
Baker, 1982). Soil is rarely, if ever, uniform thus the qualifier “apparent” is used as the electrical
conductivity value is assumed for a uniform soil (Dabas et al., 2003). Soil ECa data is a highly sought
after data layer in a production system as it permits a quantification and mapping of soil properties
with limited soil sampling (Luck and Eisenreich, 2001)
In vineyards the soil ECa is usually measured using electro-magnetic induction (EMI) prior to vineyard design to gain additional information about soil variation (Ormesher, 2001). EMI instruments
operate by establishing an electro-magnetic (EM) field. This EM field penetrates the soil producing
a secondary EM field. The strength of the secondary field is measured by the EMI instrument and
the ratio of the two fields converted to an ECa reading. A variety of EMI instruments are available
that measure the soil ECa to different depths. For vineyard soil surveys, shallower readings (~1m)
are generally more applicable to crop production hence a preference for instruments such as the
Geonics EM38. Commercially there are a number of contractors who will provide ECa mapping for
vineyards.
In established vineyards ECa mapping is generally done with EMI instruments however some contractors prefer to use contact soil resistivity sensors , for example the Veris 3100 Cart (Fig. 3.10) or
MuCEP (Multi-Depth Soil Imaging System). This is because the EMI instruments produce a magnetic
field that radiates above as well as below ground and the presence of metallic objects will influence
the strength of the secondary EM field. Vineyards are full of metal, principally wire but also sometimes posts, thus there is some debate over how applicable EMI instruments are in established vineyards. Evans (1998) however has mapped established vineyards with the EM38 instrument. By
keeping to the middle of the row and limiting depth to ~1-1.2m Evans argues that the wire trellis
does not influence the EM fields. Soil resistivity sensors operate by injecting a direct electrical
current (DC) into the soil and measuring the resulting voltage to determine electrical resistivity (1/
conductivity). By varying the spacing between electrodes, generally disc coulters, different depths
of measurement can be obtained (Luck and Eisenreich, 2001).
In comparing EMI and DC instruments Dabas et al. (2001) preferred the latter instruments as the
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calibration is more stable and less sensitive to error from soil heterogeneity. This is in part due to the
fact that DC instruments provide absolute measurements of resistivity and do not require calibration
(Luck and Eisenreich, 2001). The pattern of soil ECa with both methods however has been shown
to be relatively stable over large areas (Lund et al., 1999, Short, 2000). By having more than two sets
of electrodes many DC instruments are also able to provide multiple depth measurements in a single
pass (Lund, 2000). The principle advantage of EMI is the ease of use of instrumentation and the
cost. These factors are probably a result of the widespread use of EMI over the past 20 years. As
DC instruments become more excepted it is likely that their user friendliness will increase and the
cost decrease. The main draw back to the DC sensors are problems when the soil exhibits a high
contact resistance, that is when it is either very dry or frozen (Dabas and Tabbagh, 2003; Luck and
Eisenreich, 2001).
Despite the widespread use of soil ECa sensors, particularly Geonics EM38, in vineyard design
there are very few published reports on the use of these sensors in viticulture. Evans (1998) has
shown that mapping ECa to various depths, with appropriate calibration, is useful in determining the
amount and location of salt in a saline affected vineyard. EM38 measurements have been used to
determine the relative soil depth in terra rossa soils in the Coonawarra region of South Australia
(Bramley, 2001). However the unique nature of these soils, a weathered soil with a sharp boundary
to limestone parent material, means this application of EM38 is probably only valid on this soil type.
No comparisons of the effectiveness of EMI vs DC instruments on prospective or established vineyards were found in the literature. Such a study, particularly in established vineyards, would be of
interest to see if the presence of wire in the vineyard is effecting the EM field..
Grote et al. (2004) have shown that ground penetrating radar (GPR) can be used as an alternative to
soil ECa sensors to proximally estimate soil moisture. Their studies on topsoil (0-10cm) moisture
have shown a strong correlation between GPR estimations and gravimetric measurements although
the relationship becomes less stable in very dry soils. By varying the frequency of the radar signal
multi-depth estimations of soil moisture may be possible. As a result studies into the estimation of
topsoil soil moisture in vineyards have been undertaken in California (Hubbard et al., 2003). Results
are promising but still preliminary.
3.4.4.2 Canopy sensors.
As mentioned previously the use of remote sensing on vineyards with narrow canopy management,
such as vertical shoot positioning, may be problematic due to the large percentage of background
signal in the image (Dobrowski et al., 2002). To avoid this experiments have been established to map
canopy properties from a tractor using digital images to determine canopy porosity (Praat and Irie,
2003, Bruno Tisseyre, ENSAM, Montpellier pers. comm.). Tractor based mapping would be extremely
useful as vineyard management frequently requires the traversing of tractors along rows. By mounting sensors on tractors, information could be gathered with no time-cost and at different stages of
vine development.
In preliminary studies, strong visual correlations existed between aerial infrared images and the raw
proximally sensed camera data (Praat and Irie, 2003). However the similarities have yet to be quan75
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tified or linked to actual traditional measurements of canopy measurement. Quality measurements
of fruit from areas of high, moderate and low vigour areas in the block showed an increasing trend in
malic acid concentration with increasing canopy density but little effect on pH, TA or Brixº. This is
consistent with a similar experiment performed by Johnson et al., (1998) using aerial imagery.
The development of tractor-based sensors is also proceeding in broadacre crops and many of these
would be easily adapted to viticulture. Various sensors are being developed to determine the nitrogen requirement of a plant on-the-go. Bredmeier and Schmidhalter (2002) utilised active laser sensors at 640nm to detect chlorophyll fluorescence at 680 and 740nm. The ratio of F680/F740 is
inversely correlated to chlorophyll content and can be used to differentiate fertilizer levels. The
Hydro N-Sensor (Link et al., 2002), a multispectral scanner, has also been developed as a tractor
mounted nitrogen sensor. It utilises a combination of the reflectance properties of the crop canopy
to calculate a spectral index which is converted into an optimal Nitrogen fertilizer rate. As it is a
passive sensor it is susceptible to variations in ambient radiation thus requires an irradiance correction. Similar multispectral systems are under development at various locations globally (Sung et al.,
2002, Schmidhalter et al., 2003) .
The ability of NIR sensors to detect early signs of stress in plants has also been put to use. Research
into a proximal above canopy digital NIR sensor for the detection of ‘blackleaf ’ disease was begun in
the late 1990s at Washington State University, USA (Lang et al., 2000). A digital NIR camera was
able to identify areas of infection long before the disease was visually expressed. Further studies in
the same area (Silbernagel and Lang, 2002) have shown that the spatial structure of blackleaf expression is temporally unstable and most obvious at the beginning and end of the growing season.
The ability to detect early- to mid-season environmental stress will allow growers to better and
differentially manage the crop.
3.5 Decision Support Systems, Software and Product Tracking
3.5.1 Vineyard Management
Several record keeping programs specifically designed for viticultural management have been developed over the past 5 years (Rofe, 2001). The majority of these have originated from, and are designed for, the North American market and in general have a strong product tracking, winery quality
assurance and sales management slant. Two programs that do cater for vineyard management are
Vintners Advantage from MIS (www.miscorp.com) and PC-Blend from Blend Winery Software. A
summary of their capabilities is given in Table 3.2. None of these currently offer site-specific mapping capabilities and are essentially bookkeeping services for on-vineyard management.
In Australia the dominant viticulture decision support software has been AusVit, a joint collaboration between Charles Sturt University, Departments of Agriculture in NSW, VIC and WA and the
University of Adelaide. The aim of AusVit is to assist overall management by providing information
and recommendations about pests and diseases. Its main goal is to minimise the use of chemicals in
vineyards to a sustainable and highly efficient level (http://www.csu.edu.au/research/rpcgwr/ausvit).
The other viticulture specific software available in Australia is PAM Ultracrop - Viticulture Specific
Version from Fairport Technologies. This is an adapted version of the PAM QA Plus system that
allows site-specific mapping and analysis. At the end of 2003 Fairport Technologies and the CRCV
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announced a joint project to amalgamate PAM and AusVit. The new program is due in early 2004
and should provide AusVit with some site-specific capabilities. The current capabilities of Pam
Ultracrop - VSV and AusVit are also listed in Table 3.2.
3.5.2 Product Tracking
The issue of product marketability and traceability is becoming an important part of maximising onfarm profitability. In general agricultural profit margins are decreasing and economics of scale are
increasing. To survive, growers need to increase the scale and efficiency of their enterprises and/or
the quality of their product. Many growers are now realising that the bidirectional flow of information along supply chain lines can help maximise product quality. Information flow allows the grower
to better understand the consumers demand but also allows the consumer access to information on
the production system behind the commodity. By selling information with their crop, growers are
able to command a premium (Taylor et al., 2003)
Examples of the flow of information along supply chains are becoming more common however they
are not being reported in the scientific literature. In Australian viticulture the outstanding example is
Banrock Station. They have been actively marketing their “brand” wines into European markets
with the logo “Fine Wine Good Earth” to promote their “clean and green” image
(www.banrockstation.com). By pursuing conservation farming methods and then conveying this
information through to the consumer they are able to command a premium for their wines. In general
Australian wines are considered to be “clean and green” by Europeans. However with the threat of
salinity and general degrading of agricultural land in Australia the ability to demonstrate that our
viticulture has a low environmental footprint may be crucial in maintaining overseas market share
(Reedman, 2001).
The technologies to track product through supply chain systems, for example radio frequency identification (RFID) tags and barcode scanners are already developed for the service industry. Their
application to horticultural production is still in its infancy but shows great promise (Praat et al.,
2003). To my knowledge there has been little site-specific application of these technologies in
viticulture. However product tracking and marketing software is freely available, for example Oenolog,
Wine Production Management, The Winemakers database, PC-Blend and Breckenridge Winery Management Software (Coggan, 2000). Again these programs are primarily North American driven to
provide quality assurance within the wine making process, however the opportunities for information flow are starting to be exploited (Coggan, 2000).
3.6 Information Providers for Australian Viticulture
There are a wide variety information and service providers that are currently supporting the movement to precision viticulture. Table 3.3 provides an indication of who the major information gatherers and distributors are. It is by no means an exhaustive list and no recommendation on information
or service quality is implied.
3.7 Summation and Future Research
There is no doubt that the global interest in Precision Viticulture technologies is very high. The
intensive nature of viticultural production appears well suited to the application of new and emerg78
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ing technologies. The opportunities and money available in viticulture will ensure that private
companies continue to develop and market new products. However, as with the broadacre industries, most of the technology to date has been aimed at measuring production variability rather than
trying to understand and respond to the variability. Although it is still young, the precision viticultural
industry in Australia has seen service providers come and go because their service is tailored to a
specific sensor or information and not to growers needs.
Growers are collecting spatial information on their production system. The next step is to turn this
information into decisions. Growers need to adopt on-vineyard experimentation to determine the
site- or zone-specific responses within their production systems. New and existing DSS also need to
be adapted to operate site-specifically once this information is available.
Service

Company

Product

Aerial Imagery

Terrabyte
Specterra
Fugro
Geoscience Australia (United Photo and Graphic)
ARA

Satellite Imagery

Terrabyte
Agrilink/SKM
Raytheon Australia

Weather

Adcon (Agrilink)
Weather Pro (Industrial Pyrometers)
Esis

Soil Surveys

Precision Land Monitoring
ICMS
Ken Wetherby
Adelaide Hills vineyard services
Cass and Associates

Farmstar
Quickbird
Spot image

Soil ECa/Elevation Provisor
Farrer Centre/Terrabyte
Sunraysia Environmental
Advanced Soil Mapping (Dennis Ormeisher)
University of Sydney
Yield Mapping

Precision Cropping Technologies
Provisor

Consultants

Precision Cropping Technologies
Provisor

Table 3.3: Table of Australian spatial information suppliers for viticulture
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Chapter 4: How Variable is Vineyard Production?
4.1 Introduction
Site-specific crop management (SSCM) is an aspect of precision agriculture that relates to the
differential management of a crop production system to
i)
ii)
iii)
iv)

maximise production efficiency
maximise quality
minimise environmental impact
minimise risk

From a scientific point of view the success of SSCM in a particular field rests on disproving two
null hypotheses (after Whelan and McBratney, 1999).
i)
ii)

Management of variability at a finer spatial resolution than is currently undertaken would
not be an improvement on uniform management
Given the large temporal variation evident in crop yield relative to the scale of a single
field, then the optimal risk aversion strategy is uniform management

The first hypothesis relates to the magnitude and spatial structure of crop variation and our ability
to quantify this variation. If the magnitude of variation is too small to economically justify the
additional capital investment and on-going information costs of SSCM then uniform management
is the preferred management strategy. The magnitude of yield variation required to justify SSCM
will differ between production systems depending on the value of the crop and the cost of the
technology. As well as the magnitude of variation the spatial structure of variation will also
determine whether SSCM is preferable to uniform management. If a field exhibits little spatial
structure, that is its variability is random or akin to white noise, then given the spatial limitations
of current technologies SSCM is unfeasible. Fields exhibiting strong spatial structure, such as broad
trends or large contiguous zones of similar crop production, are more conducive to SSCM. Pringle
et al (2003) provide a more detailed explanation of these concepts.
The second hypothesis tests the stability of this spatial variation over time. Currently much of the
data collected on crop production is either retrospective, like yield mapping, or done too late in
the season, for example aerial imagery, to allow for within season differential corrective management
or alternatively the management strategy is determined before crop emergence or bud-break, for
example pre-emergent fertilizer and planting density. This creates a reliance on archived data to
provide a blueprint for crop development in future seasons. This reliance is based on the assumption
that some of the variability is linked to intrinsic environmental properties that are temporally stable
such as soil texture, moisture holding capacity and topography. Thus, given a certain level of spatiotemporal stability in crop variability, agronomists should be able to use archived records to predict
site-specific responses for future crops. However if temporal variability is high then historical data
cannot be used with confidence for predictive management strategies. Therefore, even with a
significant magnitude and spatial structure in the crop variability, SSCM is difficult as the location
of the variability is uncertain. Quantification of the temporal stability of variation is therefore
just as important as the magnitude and structure of spatial variation.
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The spatial structure of crop production is assumed to consist of a small-scale stochastic (random)
structure and a large-scale deterministic structure (Cressie, 1993). Pringle et al. 2003 refers to this
small-scale random variation as unmanageable and consisting of the intrinsic variation and any
variation at scales finer than can be measured. This includes measurement errors such as yield
convolution and sensor drift. This large-scale or auto-correlated variation is potentially manageable
(Pringle et al, 2003). Roel and Plant (2002) argue that the small-scale structure is determined by
temporally dynamic factors such as weed infestation, disease pressure, weather fluctuations while
temporally stable environmental effects determine the large-scale structure such as soil properties
and topography. It is hypothesized that due to their temporal stability the influence of large-scale
factors on crop variability is easier to quantify. I do not totally concur with Roel and Plant on
these definitions. Ecological data often tends to exhibit nested variation (Kerry and Oliver, 2001)
indicating a short- and long-range component to the variation. While temporally dynamic factors
may be influencing the inherent random variability in the system their main influence is in determining
the structure of the short-range variation associated with the large-scale deterministic variation.
Determinants of long-range variation will generally be easier to quantify than short-range
determinants however the ability to manage this variation is not necessarily easier and will be
dependent on the environmental property involved.
Therefore, the question posed in the heading of this chapter is “how variable is vineyard production?”. The real question may be “how much of the variation in my data is unmanageable (smallscale apparently stochastic) and how much is potentially manageable (large-scale deterministic)?”.
Furthermore what is the magnitude and spatial structure of this manageable variation?.

CHAPTER IV

4.1.1 Scales of Variation
Just as climate can be considered at different scales within the viticulture system (Smart 1977) so
too can winegrape variability. Trought (1997) divides the sources of variation within the vineyard
into:
- berry to berry variation within a bunch,
- bunch to bunch variation within the vine,
- vine to vine variation within the vineyard.
Continuing to scale this up examinations could be made of:
-vineyard to vineyard variation within a region,
- region to region variation either nationally or globally.
An analysis of the berry-size distribution of identical cultivars and clones in different vineyards in
the Canterbury region of New Zealand revealed distinct differences and may partly explain the
difference in winestyles (Trought, 1997). However the variability within the vineyard is the main
concern of this investigation. Of these sources of variation the bunch-to-bunch variability appears dominant (Dunn and Martin, 2000).
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Very few published reports on within vineyard variability were found. With the advent of yield
monitors winegrape spatial variability papers have been published recently (Lamb, 2000, Bramley,
2001, Bramley and Lamb, 2003, Oretga and Esser, 2003) however published hand sampled analyses are few. The emphasis placed on developing accurate sampling protocols for the Australian
viticulture (Dunn and Field, 2003) in the past decade would have required the collection of this
data. However much of this was not georeferenced or remained unpublished as internal reports.
Reports and papers that have come from the recent application of precision agricultural practises
in viticulture have produced a variety of maps indicating the variability of a range of vine parameters (including yield, Brixº, anthocyanins, potassium, pruning weight, pH and TA), however, there
has not been any prior published geostatistical data on this variability.

HOW VARIABLE

4.1.2 Yield
Reports on the temporal stability of general crop yield indicate that temporal variation maybe significantly greater than spatial variation (McBratney et al, 1997 ). Data presented in the literature
indicates that vineyard yields are temporally unstable (Krstic et al, 1998a) however no direct comparisons of spatial and temporal variability were found. In a study of irrigated vines in South
Australia, Bramley and Lamb (2003) noted that temporal spatial yield patterns were fairly consistent over three years however the level of yield was not. Under irrigation temporally stable patterns may be expected as the effect of moisture availability is controlled. Actual yield values tend
to rely more heavily on vine management and vine-climate interactions (Reynolds et al, 1994). The
temporally stable patterns observed by Bramley and Lamb (2003) may not be necessarily hold true
in non-irrigated vineyards.
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For a Chardonnay and Cabernet Sauvignon block, Dunn and Martin (2000) have calculated a Coefficient of Variation (CV) of 38% and 46% respectively for the period 1982-1999. Sixty to seventy percent of this variation has been attributed to variation in bunches/vine, while berries/bunch
and berry size explain approximately 30% and 10% of yield variation respectively (Dunn and Martin,
1998). Krstic et al, (1998b) found similar relationships for their study of chardonnay in the Sunraysia
district in Victoria. Dunn and Martin (2000) examined the variability of yield along a row. A 130
m row of Cabernet Sauvignon exhibited a CV of 35% even though the vineyard appeared flat and
uniform.
Yield estimation is an important part of viticulture management. Accurate yield estimation is required for planning harvest (Dunn and Field, 2003). Currently this is done simplistically on a block
by block basis assuming a CV and a level of confidence to determine the number of samples needed
(Dunn and Martin 1998). Recent studies into precision viticulture (Bramley and Lamb, 2003, Ortega
and Esser, 2003) have produced hand sampled data sets on classical statistics of yield variability
within blocks. From these reports the CV for 19 individual blocks (some fields were represented
over several years) ranged from 28.9 - 65.0 with a mean of 43.5. The associated yield maps, from
both hand and machine harvested data, show that yield variability may have a strong spatial structure (Bramley and Lamb, 2003, Ortega and Esser, 2003). Since yield estimation is done on a block
basis this spatial variation is not accounted for.
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4.1.3 Quality
Utilising data from a previous experiment, Johnstone (1998) investigated the vine-to-vine and within
vineyard variability of grape Brixº and grape colour. At selected locations within a vineyard Johnstone
(1998) identified and independently harvested three vines in close proximity to each other. However, the distance between vines or spatial location is not indicated. The grapes from the vines
were crushed on a per vine basis and the must collected for analysis. This was done on 6 vineyards
at different periods of development over two vintages (1992-93). Johnstone (1998) found that in
77% of the cases the brix of a vine differed by 0.5 from the mean of the three vines to which it
belonged. While this is not a particularly rigorous statistical approach it does indicate that vines in
close proximity are correlated.
As well as looking at vine-to-vine interactions, Johnstone (1998) investigated Brix data from bin
samples from 293 blocks over three vintages (1996-98). Results were similar to the vine-to-vine
analysis. Approximately 75% of bins were found to have a Brix value within 0.5 of the mean of
the bins from the block from which it came. Again, no indication of the number of bins used per
block is given. The similarity of the variation observed between the vines and bins indicates that
the short- and long-term variability in the vineyard is similar and there is little opportunity for SSCM
of sugar.
The same analyses were applied to the anthocyanin content (colour) of a random sample of 50
grapes from each vine and two 1.0 kg samples from each bin within a block. Colour was described
as being much more variable than Brix on a vine-to-vine basis and the variability across the vineyard is greater than the short-term vine-to-vine variability. Thus while SSCM of berry sugar appears unfeasible, berry colour may be suitable for site-specific management.
A transect along a vineyard row by Trought (1997) found considerable variation in the mean bunch
Brixº along a row of Riesling grapes. This variation was correlated to the vine trunk circumference, however the variation was observed to be
a function of bunch weight which in turn was
related to the bunch position on the shoot rather
than the shoot vigour (Trought, 1997). As well
as yield, the recent studies of Bramley and Lamb
(2003) and Ortega and Esser (2003) have also
focused on grape quality characteristics. In the
same 19 vineyards the CV of berry soluble solids (sugar) ranged from 2.6 - 8 with a mean of
5.25. This is considerably lower than the yield
CVs. Less data is available on anthocyanin content and titratable acidity however these characteristics tend to have CVs ranging from 9 21,which lie between the sugar and yield values.
Figure 4.1: Plot of change in soluble solids The low sugar CVs recorded tend to support
(sugar) and trunk circumference in a vine- Johnstone’s view that sugar is not particularly
yard in Rapaura, New Zealand (from Trought, variable, however, the use of a zonal approach
1997).
to harvesting has shown that the spatial pattern
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of sugar variability maybe significant (Ortega and Esser, 2003, Bramley et al, 2003)
All of the above studies reported a large amount of variability in the data collected. However no
indication of the spatial variability of the data has been presented except for a series of maps.
The degree of variability in the fruit quality is important as increased variability tends to depress
wine quality (Sinton et al, 1978).
4.1.4 Classical Methods of Measuring Variation
Classical statistical theory provides a variety of statistics to describe the variation present in a data
set. These statistics are summarised in Table 4.1. While these statistics are very well understood
by the scientific community they are built on premises that do not hold for many ecological data
sets. Normal distribution and independency is assumed between data (Barnes, 1988: Rossi et al,
1992). This is rarely seen in ecological data and Rossi et al (1992) propose that the assumption of
spatial dependence is more practical and realistic. These classical statistics also provide no information on the “scale” of the data. Pringle et al (2003) point out that this is of particular concern
for the coefficient of variation statistic which is commonly used in precision agricultural and ecological research. In the review of literature (§4.1.2 and §4.1.3) the CV statistic was the most common statistic found. Pringle et al (2003) remark that no consideration is given to the size of the
area over which the variation is occurring. Intuitively a 1000ha field should be more variable than
a 1ha field. Classical statistics, including the CV, are non-spatial and do not differentiate between
field sizes. Nor do these statistics differentiate between auto-correlated variation (manageable) and
stochastic variation (unmanageable). The CV may be used to gain an indication of temporal variance for a field if the spatial scale does not vary.
Barnes (1988) also identifies the issue of spatial correlation in datasets, its affect on the determination of variance and the inability of classical statistical methods to compensate for spatial correlation. The calculation of variance (Table 4.1) requires a knowledge of n (the number of independent samples). However for spatial correlated data N (the actual number of samples) needs to
be converted to an ‘equivalent’ N, Neq (the number of uncorrelated or independent samples) (Barnes
1988). CV is a function of variance (Standard deviation = square root of variance). Thus a true
CV statistic is dependent on an accurate derivation of variance (and the true number of samples
in the data).
4.1.5 Spatial Description
Classical statistics does not provide an indication of the spatial nature of variation. However
geostatistics or spatial statistics is a fairly well developed field of mathematics (if not used extensively) that does account for spatial correlation in datasets. Developed initially for the forestry
industry but expanded and refined by the mining industry, geostatistics is now being commonly applied again in agricultural and environmental studies. The adoption of geostatistics by a large variety of ecological disciplines has created some concerns (Rossi et al, 1992) regarding the proper
application of geostatistics and understanding of the underlying theory and assumptions.
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Name

Symbol

Formula

Mean

m

m=

Median

M

M = q 0.5

Variance

ó

1 n
σ = ∑ ( z (α ) − m) 2
n α =1

Coefficient of Variation

CV

CV =

ó

σ ij =

Covariance

1 n
∑ z (α )
n α =1

2

2

σ
m

1 n
∑ [( z i (α ) − mi ) • ( z j (α ) − m j )]
n α =1

Table 4.1: Common classical statistics used to describe variation and their formulae (adapted
from Goovaerts, 1997).
4.1.5.1 The semi-variogram
The most common measure of spatial continuity now being found in agricultural papers is the
variogram (see McBratney and Pringle, 1999 for a review), which models the average degree of
similarity between data points as a function of their separation distance (Rossi et al, 1992). A
variogram cloud is produced to which a theoretical model is fitted. Typically exponential or spherical
functions are used, however, a wide variety of different functions may be used. The best function
fit is generally determined by an information criterium such as the Akaike Information Criteria
(Webster and McBratney, 1989). Variograms may be computed omnidirectional (where the lag measure h is scalar) or in a specific direction (where the lag measure h is a vector). This allows the
variogram to be used to identify any anisotropy in the data, that is, does variability differ along different axes.
The variogram produces several useful practical measurements to define the degree of spatial varir2
C2

Semi-variance

r

Semi-variance
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C1

r1
C1

C0

A

C0

B

lag (m)

lag (m)

Figure 4.2: Fitted variograms using a single model (exponential, A) and double model (double spherical, B) for wheat yields. The double model accounts for nested variation in the
data.
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ability in the data. Figure 4.2 illustrates the variogram cloud and fitted variogram functions for
wheat (A) and winegrape (B) yield data. In general, single theoretical variogram models produce
three parameters that help describe spatial variation. The nugget (C0) or semi-variance observed
as lag (h) approaches 0, the sill (C1) or the maximum semivariance observed and the range or lag
distance (a or r) at which C1 occurs. The ratio of the nugget semi-variance (C0) to the total semivariance (C0+C1) provides a good indication of the ratio of stochastic (unmanageable) to autocorrelated (manageable) variation (Cambardella et al, 1994). This ratio can be standardised by dividing the semivariance by the variance of the data. The range also provides an indication of the
distance over which variation is autocorrelated. For variogram clouds that exhibit nested variance
(as exhibited in Figure 4.2) more complex theoretical models can be fitted like double spherical or
double exponential models. These produce a second sill (C2) and range (a2 or r2) component. (Other
theoretical models, such as power, gaussian, linear with sill, are deliberately not discussed here as
they are not used in this study. For more information on these and other models see Webster and
Oliver (1990) and Isaaks and Srivastava (1989).
4.1.5.2 The Opportunity Index and its components
As indicated previously the use of the CV statistic as a spatial statistic is problematic. Recent
work (Pringle et al, 2003) has shown how the parameters from variogram models can be used to
produce an areal Coefficient of Variance (CVa) statistic that overcomes the problem of comparing
variation among differing field sizes. The CVa statistic contains a term (g(V)) that is double integrated to a nominal area (V). Pringle et al (2003) chose V = 1000ha as most agricultural fields are
smaller than this. The CVa also excludes the nugget or autocorrelated variance as C0 is considered
to be stochastic and unmanageable (Pringle, 2002).
 γ (V ) 
100
CVa = 
 µ (x )  .
i



γ (V ) =

where

≈

1
V2
1
N2

Equation 4.1

∫ ∫ {γ (x − x' ) − C } dx dx' ,
0

V V'

∑∑ {γ (x
N

N

i =1 j =1

i

)

}

− x j −C0 ,

CVa provides an indication of the magnitude of variation in the data however not the “spatial structure” (how is the data arranged). McBratney and Taylor (2000) suggested that spatial variation is
a function of both the magnitude and spatial structure (S) of the data. Pringle et al (2003) further
refined this to define the spatial structure of a dataset as “the largest average area of
autocorrelation”. This can be determined by (after Pringle et al 2003);

S = Pt A + (1 − Pt ) J a ,

Equation 4.2

where,
A

=

Area of the field in hectares
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Pt

=

the proportion of total variance explained by a quartic trend surface of the form

 Int. + E + N + E 2 + N 2 + EN + E 3 + N 3 + E 2 N
Y (E , N ) = 
 EN 2 + E 4 + N 4 + E 3 N + E 2 N 2 + EN 3


E

=

Easting coordinates of yield (with the minimum
subtracted to prevent numerical overflow);

N

=

Northing coordinates of yield (again, with minimum
subtracted);

Y (E , N )

=

yield as a function of its Eastings and Northings (i.e.,
the vector xi

Int.

=

intercept of regression; and,

ε

=

error term (residuals).

Ja = is the integral scale of the trend surface residuals (e) that has been adapted by Pringle et
al., (2003)

 ∞  γ (h )  
 hdh 
2 ∫0  1 −
Sill   ,


Ja ≈
10000

Equation 4.4

where,
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γ (h )

=

theoretical semivariogram of yield residuals;

Sill

=

sill of the residual’s theoretical semivariogram

10000 is a conversion coeffient between metres2 to hectares.

Together the CVa and S statistics provide information on both the magnitude and spatial structure
of the data. By comparing these to minimum thresholds an indication of the opportunity for precision management can be derived. Pringle et al (2003) suggest an opportunity index (Oi) of

 CVa  S 
  E .
O i = 
 q 50 [CVa ]  s 

Equation 4.5

where,
E

=

q50CVa

=

economic coefficient
the median value of known all known datasets
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s

=

the minimum area to which differential actions can be applied

=

s=

βντ
10000

,

Equation 4.6

where,

β

=

width of application swath (m);

ν
τ

=
speed of vehicle (m/s);
=
time required to alter application rate (s); and,
10000 is a conversion coeffient between metres2 to hectares.
Currently the E term in equation 4.5 is an unknown factor and the Oi is effectively an indicator of
the spatial opportunity of site-specific crop management. It is recognised by the original authors
that the Oi has limitations. In particular the current reliance on a median CVa value as a threshold.
This assumes that only 50% of global production has sufficient magnitude of variation for SSCM.
More research into crop-specific minimum magnitude threshold values is required. Despite this
the Oi permits a ranking of the opportunity for successful implementation of SSCM in different
production systems.
4.1.6 Aims
This aim of this chapter is to investigate the level of variability observed in winegrape yield and
quality and determine if the magnitude and spatial structure is sufficient to permit management at
a sub-block level.

CHAPTER IV

SECTION 1: YIELD
4.2 Methods
4.2.1 Data Collection
Yield monitoring was carried out for three successive vintages (1999-2001) at Richmond Grove
Vineyard, Cowra, NSW. The data was collected using a HarvestMaster HM570 Grape Yield
monitor. In 2002 yield data was collected at Parkers Field Vineyard, Mildura using a Farmscan
Grape yield monitor. All data was georeferenced with a Differential-GPS (DGPS) at the time of
measurement. The data from Parkers Field was collected by a contract harvester. In each vineyard only one type of yield monitor was used. This negated the need to calibrate between sensors.
All operators were considered very experienced. Operators using the Farmscan system reported it
to be very easy to use and had no major problems during harvest once the sensor was properly setup and calibrated. The HM-570 system caused constant problems for the harvester operator at
Cowra and was often turned off due to abnormally low or high readings.
4.2.2 Data Preparation
The first step in data preparation was the removal of erroneous data. Blocks that had severe yield

95

HOW VARIABLE

IS

VINEYARD PRODUCTION?

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

monitor or GPS failure were removed completely. For the remaining fields the data distribution
was plotted as a histogram in the statistical package JMP® (SAS Institute, 2002) and remote outliers
were manually removed from the data. These outliers are generally artifacts from vegetative material, sensor error (both yield and speed) and/or lag effects at the beginning and end of rows. If
numerous outliers (>~50) were observed the data was plotted to determine if there was any spatial pattern to these outliers. Once these outliers were removed the data was trimmed to ± 3 standard deviations from the mean (Pringle et al, 2003). Due to difficulties in calibration of the HM570
yield sensor data in 2001 was manually adjusted to the mean of the field.
All data sets were standardised using normal score transformation (Goovaerts, 1997). Normal score
transformation was preferred as some data sets exhibited bimodal distributions.
The location of each yield point was converted from geographic coordinates (Latitude, Longitude)
into Eastings and Northings (UTM, WGS84) in the coordinate calculator extension of Erdas IMAGINE® (Erdas LLC, 2002). This returned a data set for each field comprising of
Easting,

Northing,

Yield,

Standardised yield

While reports on the amount of yield convolution within the harvester have not been reported,
some of the data exhibited artifacts due to the time lag between fruit removal and fruit measurement. From our measurements this was typically 8-12s for a sensor located on the discharge conveyor. The HM-570 unit accounted for this delay however the Farmscan sensor did not. Yield
data from the Farmscan units was realigned manually using a JMP® (SAS Institute, 2002) script.

CHAPTER IV

4.2.3 Statistical Analysis
A description and classical statistics for each field (name, the location, year of harvest, area, mean
yield, variance and CV) were derived in SPLUS® (StatSci, 2002) and are presented in Appendix 1.
A summary of these statistics is presented in Table 4.2 and Figure 4.3.
Variograms for each field were calculated using the original yield data and fitted in Vesper (Minasny
et al, 2000). The Akaike Information Criteria (Webster and McBratney, 1989) was used to determine the best model fit. Models used were spherical, exponential, double spherical and double
exponential. Fields that exhibited trend and were linear with no apparent sill were fitted with
spherical models and the range was assumed to be the longest transect of the field and the sill the
semivariance at this lag distance. Details of the models fitted are given in Appendix 2. The nugget
semivariance for each field was standardised by dividing by the total semivariance (C0 + C1 in the
case of single models and C0 + C1 + C2 for double models). The range value of the exponential
models (r) was standardised to the spherical range (a) using the following relationship
a = 3r

Equation 4.7

The Opportunity Index (Oi) and its components (Pt, Ja, S, s, CVa and qCVa) were determined by
the method of Pringle et al (2003) and are presented in Appendix 3. Variograms parameters from
the trend surface residuals are given in Appendix 4.
Analysis of Variance (ANOVA) was conducted on these statistics to investigate the temporal (1999
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and 2000), yield monitor (HM-570 and Farmscan) and location (Canowindra, Cowra and Mildura)
effects on the classical and spatial statistics. Temporal analysis could only be conducted on the
Cowra data as data from multiple years was unavailable for Mildura and Canowindra. A brief discussion on the comparison of Oi statistics between broadacre and vineyard is given. A threshold
probability level of 0.05 was used for all ANOVAs.
The temporal analysis is provided here although it should be noted that only two years of data
were available for Cowra due to problems with sensor drift in the third year. Also different parts
of the vineyard were harvested in the two years. However the data in both years covers a large
part of the vineyard and provides an insight into temporal differences when the management input
is kept constant.
4.2.4 Mapping yield data
The standardised yield for each block was mapped as point features (uninterpolated) in ArcMap®
8.1 (ESRI, 2001) using a standard legend. All fields are shown in Appendix 5.
4.3 Results and Discussion
4.3.1 Classical Statistics
After removing blocks with erroneous data 75 individual blocks remained from 4 years of yield
mapping. Of these 75 blocks, 15 were harvested in 1999, 17 in 2000, 1 in 2001, 16 in 2002 and
26 in 2003. The distribution of varieties was Chardonnay 32 blocks, Shiraz 18, Cabernet 16 (made
up of 2 Ruby Cabernet, 5 Cabernet Franc, 6 Cabernet Sauvignon and 3 Cabernet), Semillon 7,
Merlot 1 and Verdhelo 1. Of the three localities used 33 came from Cowra, 26 from Canowindra
and 17 from Mildura.
The distributions of mean yield (Mg/ha), CV and block area (ha) are shown in Figure 4.3 and comparative statistics shown in Table 4.2. The mean yield for the data was 9.8 Mg/ha. This is high,
especially by European standards and reflects the emphasis on bulk production at the Cowra and
Mildura vineyards. All 8 blocks that yield more than 15 Mg/ha came from Cowra and were spread
over the 1999 and 2000 vintages. The mean yields at Mildura and Cowra were not statistically
different although the variability at Cowra was much greater. The lower yields at Canowindra can
probably be attributed to heavier pruning and more rigid management of yield potential. From my
experiences in the Cowra and Canowindra vineyards, vine management was more casual at Cowra
which may explain the higher variance in mean yields.
In general the block areas harvested at Mildura were larger than those at Cowra and Canowindra.
The CV of yield was significantly greater at Cowra but there was no difference between Canowindra
and Mildura. The range (13.1 - 54.1) and mean (27.3) CV from the data were slightly lower than
that recorded in previous studies (Bramley and Lamb, 2003, Ortega and Esser, 2003).
For the temporal comparison of data from 1999 and 2000 at Cowra there was no statistical difference in mean yields or area harvested. The CV was statistically different (P<0.05). In 2000 more
attention was paid to the yield monitor during harvest and this may account for some of the decrease in the variance of the data. Climatic differences and a difference in the blocks monitored
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between the two years may also contribute to the
different CVs.
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The comparison of data from the two yield sensors
used showed that the mean yields and CV are lower
in blocks harvested by the Farmscan Grape yield
monitor. Visually the maps from the Farmscan system appear less noisy however the effect of management on the data cannot be removed as both
sensors were not used on any one particular vineyard or in conjunction. The HM-570 was only run
at Cowra where, as stated above, management was
more lax. However other experiences with the HM570 system (Robert Bramley, CSIRO Land and
Water, Adelaide pers. comm., Davenport et al, 2001)
indicate that the system is prone to drift and noise.
The sensor used in Cowra also exhibited drift and
noise. The higher CV for HM-570 data may possibly be partly attributed to a noisier sensor system.
4.3.2 Spatial Statistics
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A comparison of the calculated spatial statistics is
presented in Table 4.2. The standardised nugget effect (C0std) was statistically different between the
Figure 4.3: Distributions of mean yield
(Mg/ha), yield CV and block area (ha) for HM-570 and Farmscan systems (P<0.001). The
nugget effect indicates the amount of stochastic
the blocks used in this study.
variation in the data (Cressie, 1993) which is composed of micro-scale random autocorrelated variation ( ξ 3 (x i ) ), (the variation at scales smaller than
the sampling interval), and random, uncorrelated variation ε (x i ) such as measurement errors (Pringle,
2002) which may be operator induced errors in vine managment or data collection. The larger C0std
for the HM-570 systems may be attributed to a larger influence of the ε (x i ) effect indicating that
the HM-570 measurement system is inferior and/or the harvester/sensor operators were less skilled.
Considerably more time was spent on the HM-570 than the Farmscan sensor to ensure it was
working properly and the harvester operator, using the HM-570, was very experienced. The statistical difference in C0std between 1999 and 2000 again is probably due to the increased attention
that was paid to the HM-570 monitor during the 2000 vintage depressing C0std in 2000. There was
no statistical difference for C0std for Cowra and Mildura however Canowindra was significantly
smaller than both. The higher C0std at Mildura may be due to the system being run on a commercial contract harvester rather than a privately owned machine, as is the case at Canowindra and
Cowra, thus the system gets less attention. The mean C0std at Mildura was lower than Cowra but
not statistically so.
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In contrast the standardised range (Astd) (Table 4.2) showed no statistical difference between locations, yield monitors or years. The Astd is not affected by sensor noise as it is an indication of the
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distance over which auto-correlated variation occurs. The mean Astd for the 75 fields was 115m
while 64% and 55% of blocks had Astd of <100m and <75m respectively. Since soil surveys are
carried out on ~75-100m2 grids it would seem that the majority of the surveys are not accounting
for variation in yield determining factors. Some of the fields used may have shortened ranges due
to noise in the data however Astd values of less than 100-120m have serious implications for soil
surveys which will be discussed in later chapters.

HOW VARIABLE

The comparison of the Oi statistics showed no difference between locations, yield monitors or years
for the CVa. This indicates that the magnitude of variation observed in vineyards is fairly constant. The lack of significant difference in CVa between sensing systems is expected as the CVa
statistic does not consider the nugget variance ( ξ 3 (x i ) + ε (x i ) ), which accounts for sensor error.
The lack of significance between location and years indicates that the CVa statistic is unaffected
by management. The magnitude of the data appears more driven by large-scale factors such as
soil properties or mesoclimatic conditions.
The spatial structure (S) observed at Mildura was significantly larger than both Cowra and
Canowindra. The improved spatial structure of the Mildura data is evident in the raw yield maps
(Appendix 5). This larger S is probably due to the larger average block area at Mildura since area
is intrinsic to the calculation of S (Equation 4.2). Temporally S was significantly different at Cowra.
This may be due to different areas being harvested producing different responses in different parts
of the vineyard. The influence of noisy data on the trend analysis may also be depressing the S
statistic in 1999. Given the similarity in CVa across treatments, the Oi statistic follows the variation observed in the S statistic. The point to point accuracy of yield monitors was identified as a
significant contributor to the validity of the Oi values by Pringle et al (2003). The results from this
study illustrate this statement.
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4.3.3 Comparison of CV and Oi statistics
From the review of literature in the introduction the most common statistic given in published
work to describe the amount of variation in the production systems is the CV. The reasons for
this approach being less than optimal have been outlined previously. Figures 4.4 and 4.5 and Table 4.3 show selected examples from the data set highlighting the problem with the use of the CV
statistics. The three blocks in Figure 4.4 have CV values ranging from 49.5 - 54.1 while Figure
4.5 has CV values ranging from 34.32 - 38.1. Without viewing the images, and believing that the
CV was useful, the blocks in Figure 4.4 would seem to have more variation thus be potentially
more suitable for PV. From the figures the opportunity clearly lies in Figure 4.5, primarily because
of the strong spatial structure in the blocks. The CVa statistics indicate that the magnitude of variation is greater in the blocks in Figure 4.5.
4.3.4 Comparison of Vineyard and Broadacre Oi statistics
The results from this study were compared to the broadacre results from Pringle et al (2003). Although 20 fields were used in their original calculations, the three vineyard blocks in their study
have been removed leaving 17 broadacre fields. The mean and range of grape CVa found in this
survey was smaller than that observed by Pringle et al (2003). This indicates that the effective
magnitude of variation in vineyards is less than that observed in broadacre crops even though yields
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4.16
2.75

49.50
49.70
54.10
38.10
34.32
34.83

Variance CV

Area
(ha)
1.70
0.60
3.80
11.90
6.40
3.40

23.10
20.25
23.78
27.92
39.63
41.00

CVa

0.14
0.07
0.57
3.82
3.48
1.45

6.16
4.11
12.40
34.93
39.68
26.05

Oi

Table 4.3: Comparison of location, sensor, classical and Oi statistics for six fields to highlight the difference between the CV and CVa statistics. Standardised yield maps are shown in Figures 4.4 and 4.5.

Variety

Field

S

VINEYARD PRODUCTION?

Table 4.2: Means and ANOVA results from comparion of classical and spatial statisitcs compared between years, vineyards
and sensor type.

Mean Yield
(Mg/ha)
6.5a
11.4b
12.3b
27.6

Classical
CV
Mean Area
(ha)
21.8a
2.77a
33.3b
3.36a
23.9a
7.43b
18.7
16.5
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South 23
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Standardised Yield

"
"
"
"
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-2 - -1
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0-1
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South 11

< -2

Figure 4.4: Standardised raw yield maps of blocks from the entire data set exhibiting a relatively high CV statistic compared with the other surveyed data (Mean CV is 51.1).

Canowindra 17

Standardised Yield

"
"
"
"
"
"

< -2
-2 - -1
-1 - 0
0-1
1-2
>2

Mildura A

Canowindra 2

Figure 4.5: Standardised raw yield maps of blocks from the entire data set exhibiting a relatively low CV statistic compared with other surveyed data (Mean CV is 35.75).
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are higher and as Bramley (2001) states “four-fold differences” in yield are common. The lower
CVa in vineyards may be due to a larger percentage of variation being associated with the nugget
effect ( mean COstd is 0.30 and 0.56 for Pringle et al (2003) and this study respectively). A definitive threshold value for CVa is yet to be determined. Pringle et al (2003) have utilised the median
CVa (qCVa ) value (25.6%) in their Oi. They acknowledge that this is an interim “best guess”
approach. There is no reason that the qCVa should be a universal constant across crops. Until a
better estimate is produce then the qCVa from this study (18.8%) can be used for future vineyard
analyses.
The mean S statistic in vineyards (0.97) is only a fraction of that calculated by Pringle et al (2003)
for broadacre crops (17.1). This is due in part to the much smaller areas involve in viticulture (mean
areas were 4.0ha for viticulture and 62ha for broadacre crops). In smaller units more homogeneity
would be expected thus less spatial structure. This would indicate less opportunity in vineyards
however this is offset by the ability to manage much smaller areas in viticulture. As a result the
difference in Oi is significant (13.1 and 20.4) but not as significant as may be expected from the
lower CVa and S statistics observed in vineyards. Pringle et al (2003) proposed an Oi of ~20 as a
threshold for deciding if a field was suitable for SSCM. Using this criteria only 17% of the fields
in the survey were considered suitable. Further investigations into the data is required to see if
this threshold level is valid. The use of a constant for the E term in Equation 4.5 is also biasing
the results. The large profit margins in viticulture may mean that even small variations in a field
are worth managing differentially. Furthermore the Oi does not recognise that in variable fields,
without spatial structure, there may be an opportunity to implement management strategies to minimise variation and improve wine quality (Sinton et al, 1977).

CHAPTER IV

SECTION 2: QUALITY
4.4 Methods
4.4.1 Data Collection
While grape yield monitors are commercially available in Australia, grape quality monitors are not
(see Chapter 3 for further discussion on this topic). Investigations on the variability of grape quality were therefore restricted to hand sampled surveys.
The first survey was conducted on an 11.5 ha area of Shiraz grapes in the Hunter Valley in 2001
and the second survey on Cabernet grapes on a vineyard near Canowindra in 2002. The Hunter
vineyard utilised a site directed sampling with nested transects (described in more detail in Chapter
8). For the Canowindra property no ancillary information was available at the time of sampling.
A randomised design based on row numbers and position along the row (left, right or middle) was
used. From these locations 10 sites were then randomly chosen to have nested transects (Pettitt
and McBratney, 1993) along them. The location of vines sampled was recorded with an Omnistar
3000 DGPS.
At each sampling site within both vineyards grapes were sampled from the centre of the fruit zone
and 3-5 bunches per vine were picked. Bunches from the Hunter Valley vineyard were frozen and
analysed two months later. In the Canowindra vineyards grapes were analysed for Brix, pH and
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TA immediately. The Orlando-Wyndham protocol (Louise Deed, pers. comm.) was used for the
grape quality analysis.
4.4.2 Statistical Analysis
Summary classical statistics were derived in JMP® (SAS Institute, 2002) for the quality characteristics for both vineyards and are shown in Table 4.4. Variograms were derived in Vesper® (Minasny
et al., 2002) and the resultant parameters shown in Table 4.5. The nugget semivariance and range
was standardised as described in section 4.2.3. The C0std and Astd values are also shown in Table
4.5. The standardised variogram structures are shown in Figure 4.6.
4.4.3 Mapping quality variables
The derived variogram parameters were used to krige the quality parameters onto a 3m2 grid of the
vineyard blocks. The interpolated data was mapped in ArcMap® 8.1 (ESRI, 2001) and the resultant maps are shown in Figures 4.7 and 4.8.
4.5 Results and Discussion
4.5.1 Classical Statistics
The summary statistics given in Table 4.4 are similar for other hand-harvested surveys reported
(Bramley and Lamb, 2003, Ortega and Esser, 2003). However as has been noted in the previous
section these statistics mean little in a spatial context and will not be discussed further.

CHAPTER IV

4.5.2 Spatial Statistics
The variogram parameters (Table 4.5) show that for most parameters ~50% of the variation observed is stochastic and ~50% is auto-correlated. The exceptions are must pH and TA at
Canowindra (35% and 14% stochastic variation respectively). In both studies the longest standardised range (Astd) was associated with must pH. The pH Astd was 55% and 32% longer than the
other variables at Canowindra and Pokolbin respectively the Astd was considerably longer. This
indicates that the area over which the autocorrelation is occurring is different for different quality
attributes. This is consistent with the findings of Bramley (2001) who observed that quality attributes showed differing spatial patterns. For shiraz grapes in the Pokolbin district, the dominant
quality indicator is pH (James Manners, WInemaker, Orlando-Wyndham, pers. comm.). The greater
Astd may indicate a stronger spatial pattern that is more amenable for zonal management. It also
indicates that sampling for pH could be done less intensively than for Brix and TA without significant loss of resolution. Unfortunately no other published variogram parameters for grape quality
were found in the literature. Further studies are needed to establish if the longer range associated
with pH is unique to this study or a common occurrence in vineyards.
Figures 4.7 and 4.8 show that visually the individual grape quality characteristics have different
spatial patterns. This has serious implications for differential harvesting as quality consists of all
the properties of a product that combine to meet consumer requirements (Giomo et al, 1996). This
issue will be discussed in more detail in Chapter 8.
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Pokolbin 2001
pH
3.809
0.143
0.013
130.0
0.020
3.745
4.170
3.805
3.390
3.834
3.784

Mean
Std Dev
Std Err Mean
N
Variance
CV
Maximum
Median
Minimum
upper 95% Mean
lower 95% Mean

TA
7.301
0.350
0.031
130.0
0.123
4.795
8.320
7.300
6.390
7.362
7.240

Canowindra 2002

Brix
19.081
1.368
0.120
130.0
1.872
7.170
22.630
19.070
15.400
19.319
18.844

pH
3.696
0.109
0.010
127.0
0.012
2.941
3.980
3.700
3.370
3.715
3.677

TA
5.694
0.931
0.083
127.0
0.867
16.353
8.400
5.400
4.100
5.858
5.531

Brix
23.669
0.806
0.072
127.0
0.650
3.407
25.500
23.800
20.600
23.811
23.528

Table 4.4: Summary statistics for hand sampled winegrape quality characteristics (Brixº, pH
and TA) for two vineyards in Canowindra and Pokolbin, NSW.
Canowindra
Model
Brix
Exponential
pH
Spherical
TA
Spherical

C0
0.37
0.00
0.15

C1
0.33
0.01
0.95

A1
50.57
334.60
130.20

Astd
151.71
334.60
130.20

C0std
0.53
0.35
0.14

C0
0.95
0.01
0.08

C1
1.05
0.01
0.05

A1
86.20
84.14
57.32

Astd
86.20
252.42
171.96

C0std
0.48
0.46
0.59

Pokolbin
Brix
pH
TA

Model
Spherical
Exponential
Exponential

Table 4.5. Variogram parameters for hand sampled winegrape quality characteristics (Brixº,
pH and TA) at two vineyards in Canowindra and Pokolbin, NSW.
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1.1
1
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0
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400

Lag (m)
Cano. pH
Pok. pH

Cano. TA
Pok. TA

Cano. Brix
Pok. Brix

Figure 4.6: Standardised variograms for for handsampled winegrape quality data (Brixº, pH
and TA) at two vineyards in Canowindra (Cano.) and Pokolbin (Pok.), NSW.
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Figure 4.7: Interpolated maps of Brixº, pH and TA (mg/L) for 2 blocks of Cabernet grapes
at Canowindra, NSW.
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Figure 4.8: Interpolated maps of Brixº, pH and TA (mg/L) for 6 blocks of Shiraz grapes at
Pokolbin, NSW.
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The Oi statistics were not calculated for quality parameters. The methodology of Pringle et al (2003)
is designed for dense yield monitor data. With the development of real-time quality sensors and the
collection of denser data sets, the calculation of a quality opportunity index would be very useful,
especially when determining management zones.
4.6 Conclusions
The aim of this chapter was in investigate the level of variation in yield and quality in vineyards and
determine if there was sufficient variation to warrant SSCM. Using the Oi suggested by Pringle et al
(2003) approximately 17% of blocks monitored have a good opportunity for SSCM. In general the
magnitude (CVa) and spatial structure (S) of grape yield was lower than that observed in broadacre
crops. For some blocks the Oi value may be suppressed due to noise in the yield monitor. The Oi
should also improve in relation to broadacre crops when a true assessment of the economic benefit
of SSCM is understood. Manageable variation occurs in some but not all vineyard blocks and the
implementation of SSCM should be concentrated on suitable blocks to optimise return from PV
investments.
The fallacy of using CV for spatial analysis has been illustrated with winegrape yield data. Hopefully
this will encourage researchers in the PV field to adopt geostatistical measures when quantifying
variability in vineyards.
Variogram parameters for both grape yield and quality have been presented for future reference. An
analysis of the nugget effect of yield variograms indicates that the Farmscan Grape Yield Monitor
appears to produce a much cleaner signal than the HM-570 yield monitor. It was also easier to
operate and maintain.
Results of standardising the range of the yield data indicated that yield is autocorrelated on average
over a distance of ~115m. This may mean that standard grid sizes used for soil mapping may not be
adequate for viticulture. Quality characteristics were autocorrelated over larger distances particularly must pH. Differences in the variogram parameters for individual quality characteristics indicates that different quality attributes should be collected at different scales. Further research is
needed to confirm this observation.
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Location

Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra

Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra

Name

1999
North C1
North C2
North C3-8 low
North C3-8 high
North D6-8
North D mid
North D3-4
North D9-11
North Emid
South 1-3
South 7-10
South 16-20a
South 16-20b
South 21
South 23
South 25

2000
North A2
North A2a
North C9-11
North C12
North D1-2
North D5
North F1-5
North G1-2
North G3-5
South 1-3
South 5-7
South 8-10
South 11
South 12
South 13-14
South 16-20
South 22-24

110
Shiraz
Cab. Franc
Semillon
Chardonnay
Ruby Cab.
Merlot
Ruby Cab.
Cab. Franc
Cab. Sauv
Chardonnay
Cab. Franc
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Shiraz
Chardonnay

Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Cab. Franc
Chardonnay
Ver/Sem
Chardonnay
Chardonnay
Semillon
Shiraz
Chardonnay
Chardonnay
Chardonnay

Variety
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9.11
8.14
9.36
16.14
11.48
13.85
13.82
9.26
16.86
11.01
17.62
8.64
5.38
7.77
8.91
8.92
7.42

10.01
11.26
25.52
18.83
8.61
9.26
19.94
9.13
9.49
19.48
17.87
17.83
7.89
8.18
9.46
8.95

Mean

9.00
8.10
9.30
15.77
11.30
14.10
13.20
9.10
15.70
11.00
17.60
8.80
5.02
7.80
8.80
8.70
7.40

9.90
11.50
25.60
18.80
8.50
9.10
19.60
9.30
9.50
19.60
18.00
18.00
7.70
8.00
9.80
8.90
3.29
2.81
2.17
3.02
3.40
4.37
4.57
2.31
6.92
2.95
3.22
2.19
2.91
2.21
2.32
2.39
1.92

3.46
3.57
5.14
7.08
3.30
2.90
7.63
3.31
2.70
7.72
7.01
6.92
3.90
4.07
3.98
3.35

Median Std Dev

IS

10.80
7.88
4.71
9.09
11.59
19.10
20.93
5.36
47.89
8.67
10.35
4.80
8.46
4.89
5.39
5.72
3.68

11.98
12.77
26.46
50.06
10.90
8.40
58.27
10.99
7.31
59.57
49.15
47.89
15.23
16.53
15.86
11.22
0.36
0.34
0.23
0.19
0.30
0.32
0.33
0.25
0.41
0.27
0.18
0.25
0.54
0.28
0.26
0.27
0.26

0.35
0.32
0.20
0.38
0.38
0.31
0.38
0.36
0.29
0.40
0.39
0.39
0.49
0.50
0.42
0.37
5.2
2.9
3.4
0.9
1.9
2.2
7.1
4.1
6.4
3.1
5.9
1.8
3.8
5.6
1.5
5.5
2.9

1.2
2.9
6.8
5.9
4.0
2.0
5.4
4.3
1.6
2.2
1.8
1.9
3.6
1.7
0.6
2.8

Area (ha)
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Appendix 4.1 - Classical Yield Statistics
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Cowra

Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura

Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra

2001
North D3-4

2002
Mildara A
Mildara B
Mildara C Nth
Mildara C Sth
Mildara D
Mildara E
Midara F
Mildara G
Mildara H
Mildara I
Mildara I Sth
Mildara J
Mildara M
Mildara N
Mildara O
Mildara Q

2003
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block

1
2
3
4
5
6
7
8
9
11
12
14

Location

Name

Semillon
Semillon
Shiraz
Shiraz
Shiraz
Shiraz
Cabernet
Chardonnay
Chardonnay
Chardonnay
Shiraz
Shiraz

Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Cab. Sauv
Chardonnay
Chardonnay
Chardonnay
Cab. Sauv
Chardonnay
Shiraz
Cab. Sauv
Cab. Sauv
Shiraz
Cab. Sauv

Cab. Franc

Variety

CHAPTER IV

6.52
5.94
7.01
3.75
7.21
3.78
4.29
8.21
8.53
6.85
5.86
6.19

10.38
12.07
13.67
13.65
12.99
14.05
10.56
13.62
12.51
10.95
11.73
11.01
12.10
12.52
10.99
13.50

5.59

Mean

6.53
5.79
6.98
3.77
7.17
3.70
4.24
8.21
8.56
6.86
5.86
6.07

10.12
12.09
14.09
13.70
12.95
14.44
10.55
14.06
12.57
11.18
11.81
10.71
12.15
12.63
10.71
13.59

5.50

1.31
2.04
1.20
0.95
1.49
1.14
1.04
1.35
1.25
1.07
0.81
1.28

3.96
2.33
3.50
2.45
2.71
2.58
2.24
3.54
2.52
3.30
2.27
3.81
2.24
3.05
2.84
2.99

2.12

Median Std Dev

IS

1.70
4.16
1.44
0.90
2.22
1.31
1.08
1.83
1.56
1.15
0.66
1.63

15.68
5.45
12.26
5.98
7.32
6.68
5.03
12.50
6.34
10.86
5.16
14.49
5.03
9.31
8.06
8.96

4.51

20.01
34.32
17.14
25.38
20.66
30.28
24.26
16.47
14.66
15.68
13.82
20.65

0.38
0.19
0.26
0.18
0.21
0.18
0.21
0.26
0.20
0.30
0.19
0.35
0.19
0.24
0.26
0.22

0.38

1.4
6.4
4.8
3.1
2.5
2.1
1.6
2.9
1.6
5.3
1.6
2.9

11.9
1.9
5.6
2.9
11.6
8.7
6.0
10.1
9.4
8.6
11.1
1.6
1.0
9.5
18.0
1.0

4.9

Area (ha)
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Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra

Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Location

Name
Shiraz
Cabernet
Semillon
Shiraz
Shiraz
Shiraz
Shiraz
Cabernet
Cabernet
Shiraz
Chardonnay
Shiraz
Semillon
Semillon
Chardonnay

Variety

CHAPTER IV

7.72
5.89
4.76
7.12
6.29
5.30
5.50
6.69
7.83
7.20
7.23
7.00
6.62
7.41
7.03

Mean
7.61
5.92
4.74
6.58
5.92
5.03
5.15
6.67
7.82
7.25
7.20
6.85
6.63
7.43
7.06

1.63
1.51
1.66
2.30
1.71
1.50
1.74
1.11
1.04
1.18
1.18
1.89
1.39
0.97
0.97

Median Std Dev

IS

2.65
2.28
2.75
5.30
2.91
2.26
3.03
1.24
1.09
1.38
1.38
3.58
1.93
0.95
0.94

21.11
25.65
34.83
32.33
27.16
28.35
31.71
16.62
13.33
16.33
16.26
27.01
20.98
13.14
13.80

9.2
2.5
3.4
2.8
1.6
1.9
2.5
0.9
2.3
0.6
1.4
1.5
3.0
1.8
2.1

Area (ha)
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Data set
1999
North C1
North C2
North C3-8 low
North C3-8 top
North D6-8
North D mid
North D3-4
North D9-11
North E mid
South 1-3
South 7-10
South 16-20a
South 16-20b
South 21
South 23
South 25

Model

C0

C1

A1

C2

A2

Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Exponential
Dble Exp

9.75
10.80
21.76
34.56
8.00
6.85
32.00
8.44
5.50
31.20
34.00
44.67
12.50
13.10
12.60
7.70

2.30
2.08
8.02
18.16
3.20
1.19
19.40
15.54
1.41
24.67
8.00
3.59
2.03
3.60
3.70
1.30

15.5
13.0
77.8
62.0
28.0
15.8
13.0
800.0
31.8
60.0
20.6
39.7
9.4
24.8
16.0
10.0

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
8.13

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
400.0

2000
North A2
North A2a
North C9-11
North C12
North D1-2
North D5
North F1-5
North G1-2
North G3-5
South 1-3
South 5-7
South 8-10
South 11
South 12
South 13-14
South 16-20
South 22-24

Spherical
Spherical
Exponential
Dble Sph
Spherical
Spherical
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Spherical
Spherical
Dble Exp
Exponential

4.80
4.69
3.10
5.38
5.79
8.99
13.10
4.10
11.00
6.60
7.40
3.70
6.60
2.40
3.96
3.98
2.42

3.96
3.80
1.65
1.62
10.51
22.59
7.73
1.20
11.69
2.08
2.82
1.55
1.65
3.32
1243.81
0.35
1.40

99.1
98.7
82.9
9.9
240.0
293.0
39.3
20.0
42.1
12.4
41.6
58.0
25.0
202.6
100000.0
10.0
20.1

0.00
0.00
0.00
3.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.06
0.00

0.00
0.00
0.00
215.1
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
101.3
0.00

2001
North D3-4

Spherical

2.56

2.35

192.7

0.00

0.00
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2002
Mildara A
Mildara B
Mildara C Nth
Mildara C Sth
Mildara D
Mildara E
Midara F
Mildara G
Mildara H
Mildara I
Mildara I Sth
Mildara J
Mildara M
Mildara N
Mildara O
Mildara Q

Spherical
Dble Sph
Spherical
Spherical
Exponential
Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Spherical
Spherical
Spherical
Exponential
Exponential

8.20
3.66
7.52
4.40
4.20
5.65
3.55
6.40
3.25
3.60
2.79
9.50
3.70
4.70
6.56
6.70

8.47
0.66
8.05
1.76
2.98
1.39
1.32
8.55
3.52
13.88
2.24
4.90
3.40
4.93
1.19
3.80

197.9
31.6
260.0
91.7
41.7
47.9
26.6
113.8
43.6
400.0
24.2
15.0
180.0
89.1
37.4
70.0

0.00
2.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
233.4
0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Data set
Block 1
Block 2
Block 3
Block 4
Block 5
Block 6
Block 7
Block 8
Block 9
Block 11
Block 12
Block 14
Block 15
Block 16
Block 17
Block 18
Block 19
Block 20
Block 21
Block 22
Block 23
Block 24
Block 25
Block 26
Block 27
Block 28
Block 29

Model
Exponential
Spherical
Exponential
Spherical
Spherical
Exponential
Dble Sph
Exponential
Exponential
Spherical
Exponential
Spherical
Exponential
Spherical
Spherical
Spherical
Spherical
Spherical
Exponential
Spherical
Exponential
Spherical
Exponential
Exponential
Spherical
Spherical
Spherical

C0
0.6486
1.21
0.8393
0.4731
1.105
0.448
0.4176
1.254
1.044
0.7645
0.4562
0.8363
1.439
1.159
1.125
2.187
1.476
1.072
1.365
0.6417
0.7702
0.7796
0.8508
0.865
0.952
0.7291
0.7324

C1
1.19
5.601
0.6731
0.4614
2.193
0.8798
0.1903
0.923
0.5803
0.4899
0.2022
0.8186
1.353
3.752
3.84
4.699
2.975
1.571
2.425
0.928
0.3355
0.966
0.6442
3.016
1.464
0.4482
0.457

A1
16.93
377.9
59.33
69.55
245.1
28.37
10.01
63.95
30.72
127.6
19.1
78.63
77.16
250
326.7
174.3
226.3
121.6
62.6
102.9
17.98
97.13
25.8
24.39
174.8
211
257.9

C2
0.00
0.00
0.00
0.00
0.00
0.00
37.87
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

A2
0.00
0.00
0.00
0.00
0.00
0.00
10000
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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2000
North A2
North A2a
North C9-11
North C12
North D1-2
North D5
North F1-5
North G1-2
North G3-5
South 1-3
South 5-7
South 8-10
South 11
South 12
South 13-14
South 16-20
South 22-24

Name
1999
North C1
North C2
North C3-8 low
North C3-8 high
North D6-8
North D mid
North D3-4
North D9-11
North Emid
South 1-3
South 7-10
South 16-20a
South 16-20b
South 21
South 23
South 25
Shiraz
Cab. Franc
Semillon
Chardonnay
Ruby Cabernet
Merlot
Ruby Cabernet
Cab. Franc
Cab. Sauv
Chardonnay
Cab. Franc
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Shiraz
Chardonnay

Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Cab. Franc
Chardonnay
Ver/Sem
Chardonnay
Chardonnay
Semillon
Shiraz
Chardonnay
Chardonnay
Chardonnay

Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra

Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra
Cowra

Variety

Location

21.75
23.85
13.66
14.23
28.12
34.17
20.03
11.78
20.20
13.04
9.49
14.35
23.78
23.35
65.14
17.32
15.88

15.09
12.76
11.05
22.54
20.69
11.73
22.00
42.51
12.46
25.39
15.76
10.58
17.98
23.10
20.25
33.35

CVa
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17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3

17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3

Q50CVa

0.386484
0.291760
0.236203
0.192410
0.296655
0.424377
0.233907
0.076101
0.695999
0.066043
0.131116
0.230087
0.147371
0.356630
0.125253
0.182907
0.122952

0.061114
0.071109
0.110015
0.148720
0.153577
0.100277
0.230582
0.129528
0.145382
0.322003
0.271400
0.029117
0.065643
0.083670
0.113868
0.191341

pT

0.002161
0.005342
0.001407
0.000327
0.001688
0.004551
0.002064
0.000627
0.132566
0.001064
0.003304
0.294212
0.000284
0.001531
0.000125
0.000754
0.001397

0.000235
0.000137
0.001433
0.002192
0.000509
0.000287
0.000728
0.000177
0.001575
0.008343
0.000000
0.000169
0.000223
0.000126
0.000148
0.002229

Ja
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2.025884
0.843002
0.798024
0.165967
0.567561
0.929629
1.660075
0.310919
4.476041
0.208500
0.772417
0.648129
0.565498
1.993120
0.186285
1.001191
0.363147

0.073680
0.209557
0.749377
0.880087
0.614739
0.200732
1.249392
0.557798
0.230236
0.714063
0.476036
0.055626
0.236523
0.143694
0.073098
0.534419

S

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

s

22.57
15.25
11.23
5.23
13.58
19.16
19.61
6.51
32.33
5.61
9.21
10.37
12.47
23.20
11.84
14.16
8.17

3.58
5.56
9.78
15.14
12.13
5.22
17.82
16.56
5.76
14.48
9.31
2.61
7.01
6.19
4.14
14.35
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Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura
Mildura

Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra

2002
Mildara A
Mildara B
Mildara C Nth
Mildara C Sth
Mildara D
Mildara E
Midara F
Mildara G
Mildara H
Mildara I
Mildara I Sth
Mildara J
Mildara M
Mildara N
Mildara O
Mildara Q

2003
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block

1
2
3
4
5
6
7
8
9
11
12
14
15
16
17

Cowra

2001
North D3-4

Semillon
Semillon
Shiraz
Shiraz
Shiraz
Shiraz
Cabernet
Chardonnay
Chardonnay
Chardonnay
Shiraz
Shiraz
Shiraz
Cabernet
Semillon

Chardonnay
Chardonnay
Chardonnay
Chardonnay
Chardonnay
Cab. Sauv
Chardonnay
Chardonnay
Chardonnay
Cab. Sauv
Chardonnay
Shiraz
Cab. Sauv
Cab. Sauv
Shiraz
Cab. Sauv

Cab. Franc

16.65
39.63
11.65
18.06
20.45
24.71
74.69
11.65
8.90
10.17
7.64
14.57
15.01
32.75
41.00

27.92
14.09
20.67
9.68
13.23
8.36
10.83
21.35
14.94
33.85
12.71
20.02
15.18
17.66
9.88
14.38

27.31

CHAPTER IV

17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3

17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3

17.3

0.211322
0.539731
0.182581
0.156845
0.294867
0.282016
0.306941
0.169169
0.125332
0.150497
0.108028
0.310360
0.284503
0.343580
0.426870

0.321504
0.203800
0.267556
0.147225
0.228674
0.136875
0.116047
0.347852
0.264948
0.496250
0.149151
0.104962
0.110573
0.295097
0.087177
0.263406

0.260047

0.004312
0.021165
0.007478
0.006292
0.005374
0.011231
0.005254
0.000516
0.007745
0.002999
0.000451
0.000662
0.002297
0.002708
0.004881

0.002107
0.000363
0.001060
0.000414
0.006987
0.019111
0.000529
0.000961
0.002733
0.003987
0.006995
0.001006
0.000120
0.003074
0.000172
0.000000
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0.307768
3.475732
0.890553
0.491729
0.731639
0.611155
0.509173
0.486823
0.207832
0.803899
0.170503
0.887838
2.618303
0.848943
1.448692

3.823212
0.388895
1.498769
0.425244
2.668252
1.209991
0.693965
3.517549
2.499303
4.256459
1.663616
0.169134
0.110149
2.803936
1.567670
0.266988

1.271630

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.005

7.70
39.91
10.95
10.13
13.15
13.21
20.97
8.10
4.62
9.72
3.88
12.23
21.31
17.93
26.20

35.13
7.96
18.92
6.90
20.20
10.81
9.32
29.47
20.77
40.81
15.63
6.26
4.40
23.93
13.38
6.66

20.04
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Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block
Block

18
19
20
21
22
23
24
25
26
27
28
29

Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra
Canowindra

Shiraz
Shiraz
Shiraz
Shiraz
Cabernet
Cabernet
Shiraz
Chardonnay
Shiraz
Semillon
Semillon
Chardonnay

30.32
27.31
23.56
28.22
14.33
7.37
13.59
11.06
24.70
18.21
9.00
9.58

CHAPTER IV

17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3

0.420231
0.326358
0.355163
0.341904
0.296427
0.067181
0.275616
0.193261
0.384074
0.294300
0.069001
0.121192

0.003354
0.004154
0.001530
0.002943
0.002146
0.001434
0.000731
0.002074
0.004548
0.004315
0.000943
0.000688
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1.157874
0.532608
0.681266
0.846645
0.275853
0.153550
0.162564
0.278809
0.563127
0.877234
0.122541
0.258090

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

20.15
12.97
13.62
16.62
6.76
3.62
5.05
5.97
12.68
13.59
3.57
5.35
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Appendix 4.4 - Residual Variogram Parameters
Data set
1999
North C1
North C2
North C3-8 low
North C3-8 top
North D6-8
North D mid
North D3-4
North D9-11
North E mid
South 1-3
South 7-10
South 16-20a
South 16-20b
South 21
South 23
South 25

C0

C1

A1

Exponential
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Spherical

7.799
6.621
16.5
30.29
6.086
3.464
27.7
5.954
2.785
28.41
0.000318
11.79
6.333
8.056
6.795
6.176

3.474
5.411
6.754
10.24
3.147
4.034
17.6
3.308
3.301
20.66
0.01
35.29
7.603
6.8
7.672
2.966

3.635
1.96
9.52
13.63
4.851
2.446
5.138
2.741
5.69
16.2
0.01
1.452
2.13
1.855
1.777
10.64

2000
North A2
North A2a
North C9-11
North C12
North D1-2
North D5
North F1-5
North G1-2
North G3-5
South 1-3
South 5-7
South 8-10
South 11
South 12
South 13-14
South 16-20
South 22-24

Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Spherical
Exponential

4.568
4.556
2.805
4.406
6.258
7.483
9.51
3.405
8.545
4.382
4.722
1
4.827
1.956
3.56
2.927
2.139

1.844
1.375
0.8891
2.546
1.598
3.892
7.241
1.487
21.66
3.842
5.114
78.28
2.409
1.13
0.978
2.019
1.144

11.81
23.41
11.52
3.633
15.35
14.45
7.874
6.016
42.02
5.289
8.529
49.7
3.706
7.868
3.894
5.006
7.869

2001
North D3-4

sph

2.452

1.349

35.68
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Appendix 4.4 - Residual Variogram Parameters
2002
Mildara A
Mildara B
Mildara C Nth
Mildara C Sth
Mildara D
Mildara E
Midara F
Mildara G
Mildara H
Mildara I
Mildara I Sth
Mildara J
Mildara M
Mildara N
Mildara O
Mildara Q

Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential

4.599
2.831
5.754
3.965
3.159
2.537
3.001
4.775
2.456
3.645
2.11
6.104
3.482
4.024
6.53
6.374

5.758
1.521
3.049
1.245
2.398
0.7763
1.405
3.01
2.333
1.875
2.328
7.036
0.973
3.013
0.7379
0.3842

6.451
4.002
6.893
6.298
14.51
43.75
5.274
5.93
8.186
13.62
12.32
4.595
3.753
9.69
15.15
3.754

Data set
Block 1
Block 2
Block 3
Block 4
Block 5
Block 6
Block 7
Block 8
Block 9
Block 11
Block 12
Block 14
Block 15
Block 16
Block 17
Block 18
Block 19
Block 20
Block 21
Block 22
Block 23
Block 24
Block 25
Block 26
Block 27
Block 28
Block 29

Model
Spherical
Exponential
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Spherical
Exponential
Exponential
Spherical
Exponential
Spherical
Spherical
Exponential
Exponential
Exponential
Spherical
Exponential
Spherical
Spherical
Exponential
Exponential
Spherical
Spherical

C0
0.7773
0.933
0.8005
0.4133
1.139
0.4602
0.4401
1.055
0.6856
0.729
0.4284
0.8165
1.422
1.233
1.045
1.615
1.123
0.806
0.992
0.6384
0.695
0.7153
0.7175
1.102
0.7806
0.6333
0.6083

C1
0.5783
1.064
0.3488
0.3415
0.382
0.5577
0.3408
0.4484
0.2945
0.235
0.1495
0.3059
0.4167
0.2873
0.5898
1.479
0.91
0.69
1.04
0.2302
0.3299
0.2667
0.4337
1.313
0.6397
0.2238
0.2025

A1
22.48
21.16
20.81
13.22
32.71
15.07
12.46
5.562
21.39
24.8
6.026
6.91
22.51
21.32
26.01
18.73
10.84
6.412
8.154
20.12
8.602
11.6
16.59
9.65
10.99
13.44
11.74
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Appendix 4.5 - Standardised Yield Maps
- Cowra 1999

Metres

Standardised Yield

"
"
"
"
"
"

CHAPTER IV

HOW VARIABLE

IS

VINEYARD PRODUCTION?

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

120

< -2
-2 - -1
-1 - 0
0-1
1-2
>2

Appendix 4.5 - Standardised Yield Maps
- Cowra, 2000

HOW VARIABLE

IS

VINEYARD PRODUCTION?

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

Metres

Standardised Yield

CHAPTER IV

"
"
"
"
"
"

121

< -2
-2 - -1
-1 - 0
0-1
1-2
>2

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

HOW VARIABLE

IS

VINEYARD PRODUCTION?

Appendix 4.5 - Standardised Yield Maps
- Midura, 2002

Metres

CHAPTER IV

Standardised Yield

"
"
"
"
"
"

< -2
-2 - -1
-1 - 0
0-1
1-2
>2

122

Appendix 4.5 - Standardised Yield Maps
-Canowindra, 2003
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Chapter 5: A protocol for mapping vineyard soil surveys
This chapter is the first in a series of three linked chapters dealing with digital terroir prediction
within vineyards. In this chapter a protocol is proposed for extracting spatial information from
existing vineyard soil surveys. Chapter 6 examines how new information sources can be incorporated with existing information to provide more accurate and precise vineyard maps. Chapter 7 then
utilises the data from the preceding two chapters with some additional ancillary information to predict “digital terroirs” within the vineyards. These predictions are tested against vine response in the
form of Vis-NIR imagery and/or yield mapping.
5.1 Introduction
Australian vineyards in the past 10 years have been surveyed and designed based on the ICMS/
Wetherby system developed in South Australia by the Loxton Irrigated Crop Management service
(ICMS) and Ken Wetherby (McKenzie, 2000). Based on a 75 m grid, soil pits are excavated and field
observations recorded. These observations are then used to derive indices to evaluate the suitability
of a site for viticulture. The main index derived is Readily Available Water (RAW). Derived relationships between texture and soil moisture and a visual inspection of the potential rooting depth is
used to calculate the amount of water that is readily available for plant growth. While highly subjective and qualitative this approach has allowed viticulturists to roughly delineate areas of differing
moisture potential and improve vineyard and irrigation design and layout. In the past few years
modifications have been proposed such as the SOILpak-PLM system (McKenzie, 1999). Based on
the ICMS/Wetherby system it incorporates some basic field tests developed in the cotton industry to
produce soil improvement maps. Rather than just recording the local soil conditions, these maps
highlight where remedial soil management, such as deep ripping, gypsum-lime application, drainage/
mole pipes, may be useful in improving soil and the crop production system. A similar system has
also apparently been developed by the Rellney Group in South Australia (McKenzie 2000).
While the ICMS/Wetherby system has been very effective it does have limitations. Many soil attributes are recorded as linguistic rather than numeric variables, for example texture and colour. This
makes the interpolation of data more difficult. As a result the data, even numeric data, tends to be
presented in point form (see Figure 5.1). Presentation in this form allows a lot of data to be conveyed on a single map however it is difficult to visualize and interpret the maps. Expert knowledge
is required to interpret these maps and delineate potential “digital terroirs”. Basic soil physical
properties are also not recorded, for example soil hydraulic conductivity, bulk density, field capacity
and permanent wilting point. Most of these parameters are too difficult and/or time consuming to
measure in the field. Over the past 10-15 years a variety of pedotransfer functions (PTFs) have been
derived for various soil types and properties to overcome this problem. A PTF is simply a predictive
function for a certain soil property that utilises other soil properties that are more easily, routinely or
cheaply measured (Minasny, 2000). Minasny (2000) has collated and documented over 270 Australian soil profiles and derived PTF’s for numerous soil attributes.
The aim of this chapter is to utilise known pedotransfer functions to produce a protocol to convert
An excel macro for converting soil survey data into qualitative data will shortly be available from
the ACPA website.
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field surveyed soil information into quantifiable soil properties that can be readily mapped, manipulated and modelled.
5.2 Methodologies
5.2.1 Data Collation
5.2.1.1 Sites
Three soil surveys, all conducted based on the ICMS/Wetherby system, were collected from two
distinct viticultural regions in NSW. Data was digitised for a survey of 240 pits on a 100 ha site at
Cowra (148.6990E°, -33.8347N°) by the Irrigated Crop Management Services (ICMS) in 1993. A
130 ha site at Canowindra (148.6598E°, -33.5587N°) was surveyed with 227 soil pits by Ken Wetherby
in 3 phases from 1994 to 1997. In the Hunter Valley (151.3617°E, -32.8419°N), 85 ha of OrlandoWyndham’s Pokolbin Vineyard was digitised from a survey of 89 soil pits conducted by ICMS in
1994.

A PROTOCOL

5.2.1.2 Digitisation of Data
Archival information was retrieved in the form of point maps and tabulated data from each vineyard. Tabulated data for each soil survey pit site for the three vineyards was manually entered. This
data included horizon depths, textures, pH, Munsell soil colour, root zone depth and readily available water (RAW). The point vineyard maps, which include the vineyard boundary, were digitised by
scanning or taking a digital photographed depending on size. Existing aerial or satellite imagery of
the vineyards was also obtained. For hard copy image data where a soft copy did not exist the image
was again scanned or digitally photographed.
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5.2.2 Data Manipulation
Some of the soil survey data was recorded in numeric form including information on depth of soil
horizons, estimation of rooting zone depth and RAW. This data required no further manipulation
before mapping. Other information such as soil texture and soil colour did require manipulation into
quantitative soil attributes before mapping.
5.2.2.1 Texture and Particle Size Distribution
Field soil texture was recorded as a linguistic variable, for example sandy clay, clay loam. The
texture class assigned is subjective to the surveyor and varies with the classification system being
used, in this case the Australian Soil Texture triangle (Marshall, 1947). The Australian Soil Texture
Triangle consists of eleven textures. However, soil surveyors tend to be more adventurous with
their gradings and in total the three surveys yielded 37 different texture descriptions, including classifications of underlying bedrock. This created a need to reclassify and simplify the survey data.
Underlying rock was classed as bedrock (BR) regardless of the rock-type identified. Several classes
carried additional qualifiers. Gravelly (G) and coarse (K) qualifiers were ignored and the texture
reclassified into the basic texture class thus GLC becomes LC. However fine (F) and light (L)
qualifiers were retained. This reduced the number of texture classes to 20. Two of the texture
126
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Figure 5.1: An example of the current protocol for displaying vineyard soil surveys as point maps. Point 58 has been enhanced to show
the level of detail in the map with horizon depths, textures and colour simultaneously displayed. (Figure 5.1 updated June 2007 using the
original vineyard image kindly supplied by Mr Desmond Elliot, DUNHESS P/L, Hillcrest, SA)
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classes, BR (bedrock) and WT (watertable), were considered to have no particle size distribution
(PSD) and removed. This left 18 remaining textures from the soil surveys. From Marshall’s texture
triangle two textures, Loam (L) and Silty Loam (ZL) were not included and therefore they were
added to the classification to give 20 final textures. The surveyed textures and resultant reclassifications
are shown in Table 5.1. (NB. The texture class clay (C) from Marshall (1947) was dropped as it was
not used in any of the surveys and has been superseded by more specific descriptions- light clay
(LC), heavy clay (HC), light medium clay (LMC) and medium clay (MC)).
From previous studies of the relationships between texture triangles, hand texture grading and particle size analysis, Minasny and McBratney (2001) have produced estimations of the median PSD for
soil texture classes for Australian soils. These median values have been assigned to the simplified
texture grades extracted from the survey data (Table 5.2). For texture grades from the vineyard
surveys that were not identified in their study some expert knowledge and the existing median location of related textures were used to estimate the PSD. The median location of the 20 texture
grades, identified in Table 5.2 have been plotted on the Australian Texture Triangle (Figure 5.2).
Minasny and McBratney (2001) observed a discrepancy between field textures using Marshall’s texture triangle and laboratory analysis of PSD and suggest that the Australian texture triangle is really
a “boomerang”. This accounts for the mismatches observed in Figure 5.2.
5.2.2.2 Prediction of individual soil properties
Once known, the particle size distribution (PSD) can be used to predict other soil properties. For
this study we are using the pedotransfer functions (PTF’s) of Minasny (2000) which have been
derived for Australian soils. The
particle size distribution (PSD) was
used to estimate the moisture characteristic curve for each horizon
and to predict bulk density. A neural network simulation model,
NeuroTheta (Minasny and
Abbreviations
McBratney, 2002), has been develHC = Heavy Clay,
MC = Medium Clay
LMC = Light MC,
LC = Light Clay
oped in conjunction with the NSW
ZC = Silty Clay,
SC = Sandy Clay
CL = Clay Loam,
ZCL = Silty CL
Department of Infrastructure,
SCL= Sandy CL,
ZCL = Silty CL
SL = Sandy Loam,
FSL = Fine SL
Planning and Natural Resources
LS = Loamy Sand,
L = Loam
CS = Clayey Sand,
S = Sand
(DIPNR) to approximate the moisture retention curve of a soil given
its PSD. Estimating the soil moisture characteristic permits the prediction of available water at different moisture potential including
field capacity (-10kPa) and wilting
point moisture (-1500kPa). For
Sand%
North American soils a similar
Figure 5.2: The Australian Texture Triangle (after
lookup table has been developed
Marshall, 1947) showing the median location of soil texbased on the work of Saxton
tures found in Minasny’s (2000) study.
Clay%

CHAPTER V

A PROTOCOL

FOR

MAPPING VINEYARD SOIL SURVEYS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

128

CHAPTER V

A PROTOCOL

FOR

MAPPING VINEYARD SOIL SURVEYS

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

Survey textures
95% SHALE
CKS
CL
CLFS
CLS
CS
FSCL
FSL
FSLC
GFSCL
GKS
GKSL
GLC
HC
KSL
LC
LFS
LKS
LMC
LOOSE SAND
LR
LS
LSCL
MC
MHC
ROCK
SANDSTONE
SC
SCL
SHALE
SL
SLATE
SLC
SLMC
WATER TABLE
ZC
ZCL

Reclassified textures
95% Shale
Clayey Coarse Sand
Clay Loam
Clay Loam, Fine Sandy
Clay Loam, Sandy
Clayey Sand
Fine Sandy Clay Loam
Fine Sandy Loam
Fine Sandy Light Clay
Gravelly Fine Sandy Clay Loam
Gravelly Coarse Sand
Gravelly Coarse Sandy Loam
Gravelly Light Clay
Heavy Clay
Coarse Sandy Loam
Light Clay
Loamy Fine Sand
Loamy Coarse Sand
Light Medium Clay
Sand
Loose Rock
Loamy Sand
Light Sandy Clay Loam
Medium Clay
Medium Heavy Clay
Rock
Sandstone
Sandy Clay
Sandy Clay Loam
Shale
Sandy Loam
Slate
Sandy Light Clay
Sandy Light Medium Clay
Water table
Silty Clay
Silty Clay Loam

Bedrock
Clayey Sand
Clay Loam
Clay Loam Fine Sandy
Clay Loam Sandy
Clayey Sand
Fine Sandy Clay Loam
Fine Sandy Loam
Fine Sandy Light Clay
Fine Sandy Clay Loam
Sand
Sandy Loam
Light Clay
Heavy Clay
Sandy Loam
Light Clay
Loamy Fine Sand
Loamy Sand
Light Medium Clay
Sand
Bedrock
Loamy Sand
Sandy Clay Loam
Medium Clay
Medium Heavy Clay
Bedrock
Bedrock
Sandy Clay
Sandy Clay Loam
Bedrock
Sandy Loam
Bedrock
Sandy Clay
Light Medium Clay
Water table
Silty Clay
Silty Clay Loam

BR
CS
CL
SCL
SCL
CS
FSCL
FSL
SC
FSCL
S
SL
LC
HC
SL
LC
LS
LS
LMC
S
BR
LS
SCL
MC
MHC
BR
BR
SC
SCL
BR
SL
BR
SC
LMC
WT
ZC
ZCL

Loam
Silty Loam

L
ZL

Unused Texture Classes (from Marshall, 1947)
L
ZL

Loam
Silty Loam

Discarded Texture Classes (From Marshall, 1947)
C

Clay

Table 5.1: Classification then simplification and reclassification of the soil textures used by
surveyors in the three soil surveys used in this study.

129

130

4
6
9
12
16
16
16
17
18
19
24
25
26
28
34
40
44
45
53
55

Sand
Loamy Sand
Clayey Sand
Sandy Loam
Silt Loam
Fine Sandy Loam
Sandy Clay Loam
Loam Fine Sandy
Light Sandy Clay Loam
Loam
Silty Clay Loam
Clay Loam
Fine Sandy Clay Loam
Sandy Clay
Silty Clay
Light Clay
Light Medium Clay
Medium Clay
Medium Heavy Clay
Heavy Clay

3
5
8
10
30
15
10
25
18
20
30
20
19
8
32
14
14
17
15
14

Silt %

Fine
Coarse
Sand % Sand %
40
53
38
50
42
41
46
32
45
10
45
24
38
36
44
13
44
21
44
17
36
10
39
16
35
19
34
30
29
5
31
15
28
14
27
11
23
9
23
8

Sand
%
93
89
83
77
55
69
74
58
65
61
46
55
55
64
33
46
42
38
32
31
(cm3/cm3)
0.06
0.07
0.77
0.10
0.14
0.12
0.12
0.15
0.14
0.15
0.19
0.18
0.18
0.17
0.26
0.23
0.25
0.26
0.29
0.29

(cm3/cm3)
0.19
0.21
0.24
0.26
0.33
0.29
0.27
0.32
0.3
0.31
0.36
0.33
0.33
0.29
0.42
0.35
0.36
0.38
0.39
0.39

(mm/cm)
0.733
0.726
0.326
0.817
0.834
0.709
0.690
0.740
0.757
0.747
0.599
0.669
0.702
0.534
0.555
0.519
0.452
0.461
0.359
0.308

RAWq

1.39

1.44
1.46
1.42
1.45
1.47
1.53
1.3
1.44
1.39
1.42

1.5
1.51
1.46
1.49

BD
(Mg/m3)
1.52
1.51
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Table 5.2: A look-up table for particle size distribution (PSD), available water content, RAWq and bulk density derived from the
reclassified textures in Table 5.1 using the PTFs of Minasny (2000).

Clay %

Texture Class
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(1986). Due to differences in particle size thresholds between texture classifications, PTFs are not
directly transferable between classification systems (Minasny and McBratney, 2001).
For ease of interpretation across the vineyards and to coincide with sampling strategies and ancillary
data sources, the clay and sand percentages for the depth increments 0-30 cm, 0-90 cm and 30-90 cm
were calculated using horizon depth and texture (PSD) information from the soil survey.
5.2.2.3 Calculation of crop available soil moisture
A knowledge of the field soil texture allows the surveyor to approximate the readily available water
content of the soil using the available water content (AWC) lookup table of Wetherby (2000). A
range of water deficits is available however the range from -8 to -60kPa or -8 to -200kPa is generally
used for the calculation of RAW. The lookup table of Wetherby (2000) is a basic PTF as it predicts
available waterholding capacity from soil textures. Wetherby’s lookup table however is restrictive as
it only identifies 10 texture grades and has been based only on soil profiles from South Australia and
a heavy clay at Kununurra.
For this study an alternative approach to estimating soil moisture capacity was tried using NeuroTheta.
As described earlier NeuroTheta predicts the parameters of the soil moisture curve for a given PSD.
These parameters were then used to calculate the available water capacity (AWCRAW) between -10
and -200kPa for each horizon at each soil pit site. The AWCRAW was converted into the standard
RAW units, mm/cm, by applying a coefficient of 10. The RAWq was calculated using the depth and
AWCRAW of each horizon up until the soil survey observed rootzone depth. To avoid confusion the
Wetherby derived RAW will be referred to as RAWW and the NeuroTheta derived RAW as RAWq.
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Texture
S
LS
CS*
SL
LSCL
L
SCL
CL
Clay
HC**
*
**

-8 to -20kPa
0.33
0.45
0.46
0.45
0.39
0.31
0.27

-8 to -40kPa

-8 to -60kPa

0.36
0.52
0.55
0.59
0.65
0.69
0.61
0.53
0.46
0.25

0.37
0.55
0.60
0.64
0.74
0.84
0.71
0.65
0.57
0.41

-8 to -200kPa
0.46
0.65
0.74
0.84
1.03
1.00
1.01
1.03
0.90
0.49

-8 to -1500kPa
0.62
0.86
1.01
1.15
1.37
2.34
1.43
1.48
1.49
1.20

Interpolated value
Derived from a heavy clay at Kununurra

Table 5.3 Wetherby’s Readily Available Water (RAWW) lookup table (Adapted from Wetherby,
2000).
The calculation of RAWq analysis has been summarised for the nineteen main texture classes identified in Table 5.1. in a lookup table (Table 5.2). For field surveyed data the lookup table provided
(Table 5.2) is sufficient for estimating soil properties as there are inherent errors in the field estima-
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tion of texture e.g. experience of the surveyor, time constraints. For laboratory analysis of PSD the
clay, sand and silt percentages should be used as a direct input into the PTFs to obtain an estimate of
soil properties. As well as NeuroTheta there are arrange of freeware programs available to apply
PTFs to Australian soil data. These have been developed at the University of Sydney in collaboration with the NSW Department of Infrastructure, Planning and Natural Resources (DIPNR).
5.2.3 Mapping soil properties
5.2.3.1 Georectification
Ground control points (GCPs) were logged around the vineyard boundary and at any significant
internal vineyard features using a DGPS. The geographic coordinates (latitude, longitude) from the
DGPS were converted to projected coordinates (Eastings, Northings) (UTM WGS84) in the Coordinate Calculator of ERDAS IMAGINE® (Erdas LLC, 2002). The point soil survey maps were georectified with the vineyard property boundary using the GCPs in ERDAS IMAGINE® (Erdas LLC,
2002). Georectification of the survey map permitted each soil survey pit site to be allocated a
geographic location. Pit sites were georeferenced with both geographic and projected coordinates.
5.2.3.2 Interpolation of soil attributes
A 3m2 grid was established for each vineyard based on the vineyard layout. The soil survey data and
PTF derived data was interpolated using punctual ordinary kriging (POK) in Vesper® (Minasny et al,
2002) with a global variogram. The variogram structure was fitted in Vesper®. Exponential, spherical and linear with sill models were tried and the Akaike Information Criteria (AIC) used to select the
best model. The variogram parameters are given in Appendix 5.1.

CHAPTER V

5.2.3.3 Production of maps
The kriged output from Vesper® was collated into a single comma-delimited text file, one file per
vineyard, and imported into ArcView® 3.2 where it was mapped using the Spatial Analyst extension.
For each vineyard maps of PTF manipulated data (clay %, sand %, RAWq) and non-manipulated data
(Rootzone Depth, Topsoil depth, RAW) have been displayed (Figures 5.5 - 5.8). The protocol for
mapping the soil survey data from the vineyards is summarised in Figure 5.3.
5.2.4 Model/Protocol Validation
The protocol described above produces continuous maps of soil properties. The efficacy of the data
manipulation and interpolation was tested against an independent validation dataset.
5.2.4.1 Sample site selection
The ordinary kriged clay content, topsoil depth and RAW data was subjected to a 2, 3, 4 and 5 hard
k-means cluster analysis in JMP® (SAS Institute, 2002) . Cluster analysis seeks to divide the data into
n clusters by maximising the difference between the cluster means whilst minimising the within
cluster variation (Hartigan, 1975). The results from each of the analyses were mapped and the
means of the clusters compared (Appendix 5.2). An optimal number of zones was selected by the
operator based on the differences between cluster means and the observed spatial structure of the
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Digitization of exisiting tabulated
soil survey data

Digitisation (scanning/photography)
of vineyard maps

Derivation and estimation of soil
properties using

Geo-rectification of vineyard maps
and soil survey points

-conversion of linguistic variables into
numeric form using look-up tables or PTF
programs.

Establishment of a common grid for
interpolation

Data trimming and clean-up
(if required)

-delineation of blocks/vineyards
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Interpolation of vineyard soil attributes onto a common grid
-Punctual kriging with a global variogram

Consolidation and mapping of interpolated data layers

Digital terroir prediction and vineyard design (to be discussed later)

Figure 5.3: Schematic of the process of converting existing point orientated vineyard soil
surveys into interpolated raster images. The next step in the process, the prediction of
digital terroirs, is also indicated.
clusters. For Cowra and Canowindra three zones were considered optimal and five for Pokolbin.
Fifteen validation sample sites were randomly allocated with the number of sites in each cluster
roughly proportional to the cluster size. Figure 5.4 illustrates the selected clusters and sample site
locations.
5.2.4.2 Soil analysis
At each site a soil core was drilled and two soil samples taken in the range of 0-30 cm (topsoil) and
60-90 cm (subsoil). The location of the sample sites was logged with a 5 minute average of a
Garmin GPS unit in geographic coordinates and converted into projected coordinates in ERDAS
Imagine® (Erdas LLC, 2002). Laboratory analysis was performed at the University of Sydney. Particle size analysis was performed using the pipette method (Gee and Bauder, 1986). Measurements
of pH and electrical conductivity (EC) were performed on a 1:5 soil:water mixture after the method
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Figure 5.4: Clustering analysis and location
of soil samples taken for model validation for
the three vineyards in the survey.
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of Rayment and Higgenson (1992).
5.2.4.3 Data manipulation
Using the same approach described previously the soil survey attributes were interpolated onto the
fifteen independent soil sample sites. The rootzone depth at each of the validation sites was assumed to be the interpolated rootzone depth. This was deemed necessary as it is difficult to determine effective rooting depth from a single core.
The PSD for the 0-30 and 60-90 samples from the validation sample sites was converted into a soil
texture class using the median values of Minasny (2000) rather than the traditional soil texture triangle. Soil texture and interpolated rootzone depth were used to estimate RAWW using Table 5.3.
Similarly an estimation of RAWq was obtained using NeuroTheta and rootzone depth as described
previously.
Thus at each validation site a laboratory measured PSD and kriged PSD estimate from the soil
survey data existed for the 0-30 cm fraction and the 30-90 cm fraction. RAWW and RAWq values
also existed firstly from the interpolation of the soil survey data and secondly direct application of
Tables 5.2 and 5.3 to the validation site PSDs.
Two statistical approaches to compare the measured and predicted soil properties were used. Firstly
scatter plots of the measured versus interpolated soil properties were produced for each soil property
in each vineyard (Figure 5.8). The coefficient of determination for a linear fit to the data is shown in
the plots. The scatter plots are a good graphical image of how the predicted soil properties compare
to the measured properties. However the linear fit is not constrained to pass through the origin with
a gradient of 1. The Root Mean Square Error (RMSE) statistic (Equation 5.1) accounts for this and
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is a common statistic used for comparing measured ( Yi ) and predicted ( Yˆi ) sample data.

RMSE =

(

)

N
2
∑ Yˆi − Yi
i =1
N

Equation 5.1

5.3 Results and Discussion
5.3.1 Discussion of Maps

A PROTOCOL

The interpolated maps for the three vineyards are shown in Figures 5.5 - 5.8. The maps from Cowra
shows a strongly consistent trend that coincides with the elevation of the vineyard. The western
portion of the vineyard is part of the second terrace of the Lachlan river and characterised by heavy
alluvial clay soils. The gully that runs through the vineyard from the SE corner to the NW is characterised by deeper wetter soils. The slopes that lead into this gully are characterised by shallower
sandy soils especially on the upper slopes. The strong trended spatial pattern is reflected in the
variograms with long ranges (~220 - <1000 m) and relatively small nugget variance.
The Pokolbin vineyard exhibits quite smooth trends across the vineyard for sand and clay. Soil
texture is dominated by sandy profiles in the SE and NW corners that lie in different parts of the
landscape. The SE corner is an alluvial sand beside a creek while the NW corner is near the crest of
the slope that dominates this part of the vineyard. The variogram parameters are intermediate
between Cowra and Canowindra (ranges of ~150 - 600m). There is a lot of variation in RAWW that
is consistent with the variability observed in the rootzone depth map. A topsoil depth map was not
possible for Pokolbin as the data was not recorded in the soil survey.
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The Canowindra vineyard exhibits the opposite relationship between elevation and soil texture that
is evident in the Cowra vineyard. Higher elevations tend to have higher clay content than lower lying
areas. While trends are evident the interpolated maps are noisier than Pokolbin and Cowra with
some spotted patterns in the maps caused by neighbouring points with low autocorrelation. The
lesser autocorrelation within the data is reflected in the variogram structures with shorter ranges
(~100 - ~250m) and a higher relative nugget than the Cowra vineyard.
For Cowra and Canowindra there is much greater variability in the subsoil clay than the topsoil. For
Pokolbin this is reversed with the subsoil clay very consistent over the majority of the vineyard. The
RAWW and RAWq tended to strongly follow the rootzone depth maps with the exception of the
Pokolbin RAWq map.
The maps shown in Figures 5.5 to 5.8 are certainly easier to interpret than that shown in Figure 5.1.
Where the soil survey contains more than 70-80 points interpolation with kriging is preferably to
simpler interpolation methods e.g. nearest neighbour , inverse-distance weighting and contour plots
(Laslett et al., 1987, Gotway et al., 1996), all of which have been used to present soil survey data in
the viticultural industry. Kriging is already being actively encouraged in precision viticulture by the
CRCV (Bramley and Williams, 2001) and there should be no problems with adoption of this interpolation method. The primary objective for this chapter was to convert the point maps and tabulated
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data from vineyard soil surveys into raster maps. These maps are derived from manipulated and
interpolated data and as such are subject to errors in the soil survey and/or the interpolation method.
These errors and the accuracy of the maps are discussed below.
5.3.2 Accuracy of Maps
Scatter plots of the measured vs predicted soil properties for each vineyard are shown in Figure 5.9.
RMSE statistics for the same properties are shown in Table 5.4. For all the scatter plots the range of
the predicted variable is less than that of the measured variables. This is due to the use of median
values initially in determining PSD and the interpolation method which tends to condense the range
of the predicted variable.
From the scatter plots the texture fits for Pokolbin are very linear and the r2 values high (0.59 - 0.83)
The Cowra plots exhibit two distinct populations in the predicted values which shows the difference
between the river terrace and the hill slopes. The distinction is not evident in the measured validation set population however the trend between the predicted and measured sets is quite clear for all
texture properties except the subsoil clay (r2 0.38). The Canowindra texture plots do not show the
same degree of linear trend (r2 range of 0.25-0.4) as the other two vineyards. The scatter plots for
RAWW tended toward linearity with some outliers. The outliers tended to drastically depress the r2
values and when removed r2 increased for both Pokolbin and Cowra (Figure 5.9). For RAWq the
scatter plots showed little linearity with r2 values ranging between 0.03 - 0.45.
The Canowindra data set produced the highest RMSE for all attributes except for the topsoil and
subsoil sand where Cowra had the worst RMSE despite a strong linear trend in the scatter plots.
Cowra produced the lowest RMSE values for both RAWW and RAWq and for topsoil clay. For all
other attributes the Pokolbin vineyard had the lowest RMSE. The RAWW estimation provided lower
RMSE than RAWq in all three vineyards.

Cowra
Canowindra
Pokolbin

Sand %
Sand %
Clay %
(0-30 cm) (30-90 cm) (0-30 cm)

Clay %
RAWW
(30-90 cm)

RAWq

12.97
12.17
11.84

11.17
16.58
7.98

12.18
17.45
15.21

15.76
13.75
13.62

5.33
8.82
7.64

9.32
16.41
12.39

Table 5.4: RMSE of prediction for predicted soil properties (topsoil and subsoil Clay% and
Sand%, RAWW RAWq) tested against independent soil samples for the three study vineyards.
The protocol outlined in this chapter has produced maps of vineyard soil properties. The scatter
plots and RMSE for Cowra and Pokolbin from the validation sampling indicate that the major trends
in soil properties, particularly in texture, are correct. The Canowindra data appears less accurate.
There are several major potential error sources in the data. As previously mentioned there will be
error associated with the field description of texture and the subsequent use of median texture PSDs.
Spatial error will also be present from the georectification. The vineyards were all surveyed in the
early to mid 1990s and not georeferenced at the time. The pit sites were identified from the vineyard
maps that were georeferenced from the property boundary. No information on the accuracy of
mapping either the vineyard boundary or the location of the pit sites on the soil map is known thus
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Figure 5.5: Interpolated maps of RAWW (left) and RAWq (right) for Cowra (top), Pokolbin
(middle) and Canowindra (bottom).
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Figure 5.6: Interpolated maps of topsoil (left) and subsoil (right) clay % for Cowra (top),
Pokolbin (middle) and Canowindra (bottom).
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Figure 5.7: Interpolated maps of topsoil (left) and subsoil (right) sand % for Cowra (top),
Pokolbin (middle) and Canowindra (bottom).
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Figure 5.8: Interpolated maps of topsoil depth (left) and rootzone depth (right) for Cowra
(top), Pokolbin (middle) and Canowindra (bottom). (NB topsoil depth was not recorded in
the Pokolbin survey).
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Figure 5.9: Scatter plots of Interpolated vs Measured soil properties from the 15 validation
sites plotted individually for the three sturvey vineyards.
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soil sites could possibly have a significant error in geo-location. The adoption of GPS to log sites is
negating this error now however for past surveys the error remains.
The use of generic 75-100 m grids has been shown to be inadequate for vineyard soils (Brooker et al.,
1995, Brooker and Warren, 1997). In recent years directed soil sampling has been shown to be more
effective at characterising management zones (digital terroirs) than blanket grid surveying (Pocknee,
2000). While sampling at a density of 1 - 2 samples per hectare is intensive for broadacre industries
there appears to still be a lot of information that is being missed. This is illustrated in Figure 5.10
showing a subsoil ECa map (from the Veris 3100® ECa cart) and the interpolated subsoil clay content
from the soil survey draped over a digital elevation model (DEM) of part of the Pokolbin vineyard.
Even though the Pokolbin vineyard had the lowest RMSE for subsoil prediction it can be clearly seen
that the grid survey map of subsoil clay has not identified the finger-like protrusions of high ECa due
to a change in soil type. The Normalised Differences Vegetative Index (NDVI) image in Figure 5.10
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Figure 5.10: Comparative maps of soil survey interpolated 30-90cm Clay % (top), 30-90cm
Veris ECa (middle) and NDVI for part of the Pokolbin vineyard draped over a DEM. The
total area shown is 11.3 ha.
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does exhibit similar patterns to the Veris 30-90 cm ECa measurement indicating that subsoil properties are impacting on vine performance.
The collection of ancillary information, primarily digital elevation and EM surveys, is becoming
common practice for new vineyard sites in Australia (Ormesher, 2001). This information can be
collected much faster and at a higher resolution producing more detailed data. The illustration in
Figure 5.10 indicates the potential value of this information. Despite the widespread collection of
ancillary data there has been no push from the industry to standardise the collection and analysis of
this data. Nor has there been any effort to integrate the ancillary and soil survey information to
improve vineyard maps. This will be the focus of the next chapter.
5.3.1 RAWW versus RAWq
The RAWq on average was 29.1 - 49.6 mm per profile greater than the RAWW estimation. The higher
values from Minasny’s approach can primarily be attributed to a different response in sandy soils.
Figure 5.11 illustrates the different response of RAWW and RAWq at low Clay % (high sand %). As
mentioned previously Minasny’s data set came from 270 samples gathered nationally while Wetherby
relied on 360 samples originating between the Barossa Valley and Murray Mallee region. Wetherby
(2000) states that the RAW values in Table 5.3 are derived from “detailed field and laboratory studies” but does not indicate what analysis was performed. The PTFs of Minasny (2000) operate by
simulating the moisture characteristic curve for a given PSD. Since the RAW is calculated between
a very narrow range of potentials (-10kPa to -60kPa) RAWq is susceptible to the gradient of the
moisture characteristic in this range. The narrow range means that the RAW is easily influenced by
the shape of the moisture characteristic at high potentials. At moisture potentials of <~100kPa the
majority of water in sand is available thus we would expect a large RAW value. However at potentials
<~100kPa the majority of moisture has been lost. Conversely clay soils tend to hold water more
tightly at high potentials however are able to maintain moisture at much lower potentials thus are
able to supply moisture to the plant over a greater range of potential. If RAW was specified for a
more effective range e.g. -10kPa to -400kPa a more parabolic structure may be seen in the plot of
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Figure 5.11: Graph of Clay% vs RAWW and RAWq ( for the range -10 to -60 kPa) highlighting
the different response between the approaches of Wetherby and Minasny at low clay %.
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texture vs RAWq. Even though high potentials are used Wetherby may be accounting for the perceived lack of moisture storage at lower potentials in sandy soil in his RAW values.
For vineyard planning the absolute value is not as important as the pattern of RAW. No laboratory
analysis of soil moisture was performed to check the actually available soil moisture between -10
and -60kPa at the validation sites. Regardless of the RAW value, as long as areas with similar RAW
values are identified and aggregated then irrigation management can be alter to suit the plants needs.
Thus if a plant requires a RAWW of 35 mm under Wetherby’s system it may need a RAWq of 70-75
mm. In this regard the widespread adoption of Wetherby’s system has allowed for a lookup table of
RAWW required for certain production systems (Wetherby 2000). The most important point is to
identify areas of similar RAW
The RAW patterns between the Wetherby and Minasny (2000) approaches produce visually similar
results in the Cowra and Canowindra vineyards but not in Pokolbin where the Wetherby approach
shows a lot more variation. When clustered into 2 and 3 clusters, using a hard k-means clustering
algorithm in JMP® (SAS Institute, 2002), the κ statistics (coefficient of similarity) for Cowra and
Canowindra ranged between 0.37 - 0.39 and 0.42 - 0.52 while the Pokolbin κ values were 0.1 and
0.02 for the 2 and 3 cluster analysis respectively.
From this data set without further soil sampling it is hard to determine whether it is preferable to use
RAWW or RAWq. RAWq should offer more detail as it accounts for more texture grades. However
when designing vineyards the level of detail required is unknown and RAWW measurements have
certainly served the industry well to date. There is an opportunity for soil surveyors to try both
approaches over the next couple of years and Table 5.2 will allow them to rapidly calculate and
evaluate RAWq.
5.4 Conclusions
A protocol for conversion of routine soil survey data into raster maps has been presented. The maps
are coherent with the expected variability in the vineyards although the range of environmental
variables is condensed. An alternative lookup table has been proposed for use in soil survey that
incorporates a wider variety of soil texture classes to produce more definition in soil texture maps. A
new set of RAW values, RAWq, has also been introduced that differs to the conventional approach,
RAWW, for soils with a low clay%. Further use of the new lookup table, across various geographic
indications, is required to assess its value compared to the lookup table of Wetherby. An excel
spreadsheet will soon be available to automate the conversion of linguistic soil survey data into
quantitative soil variables using either Wetherby’s lookup table or the new lookup table presented
here.
Ancillary data collected in vineyards indicates that considerable variation in soil and vine response
can occur at small-scales. The incorporation of ancillary data into the prediction of soil properties
may help improve the detail and accuracy of soil maps.
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Appendix 5.1: Variogram Parameters
Pokolbin
Attribute
30clay
30sand
90clay
90sand
3090clay
3090sand
RZdepth
TSdepth
RZRaw
RZRAW (PTF)

Model
Sph
Dble Sph
Sph
Sph
Sph
Sph
Exp
Sph
Sph
Sph

Nugget
30.61
24.59
22.46
23.69
17.46
67.07
60.00
42.28
55.00
79.64

Sill
59.89
54.46
36.31
37.80
161.0
232.7
623.9
21.31
138.1
245.2

Range
232.6
147.4
284.7
569.4
1523
1738
68.63
722.4
147.4
1642

Sill 2

Range 2

652.9

10000

Model
Dbl Exp
Exp
Dbl Exp
Exp
Exp
Sph
Exp
Exp
Exp
Dbl Sph
Sph
Dbl Sph
Exp

Nugget
13.95
47.69
10.49
14.45
10.22
31.54
56.98
92.10
38.30
13.12
0.2413
0.8455
0.1272

Sill
17.02
168.8
8.62
51.08
22.32
21.35
204.9
140.2
87.17
15.88
0.3129
0.4285
0.4485

Range
81.34
212.9
107.5
337.9
73.75
375.2
124.2
119.6
140.1
188.9
219.5
108.5
139.9

Sill 2
404.2

Range 2
10000

104.6

7979

13.29

1220

1.057

1940.7

Model
Sph
Dbl Sph
Dbl Sph
Exp
Dble Sph
Sph
Dbl Exp
Exp
Dbl Sph
Exp

Nugget
14.18
29.94
8.628
18.14
22.12
15.02
52.42
67.08
109.4
24.02

Sill
15.14
48.27
10.02
11.07
8.02
30.01
158.4
116.9
77.03
41.97

Range
214.6
189.5
117.3
93.28
112.8
140.5
32.33
74.73
114.3
57.90

276.1
16.55

10000
10000

1.784

821.0

484.4

10000

290.5

10000

Cowra
Attribute
30clay
30sand
90clay
90sand
3090Clay
3090sand
RZdepth
TSdepth
RZRaw
RZRAW (Budi)
Colour Red H1
Colur H2
ColourH3
Canowindra
Attribute
30clay
30sand
90clay
90sand
30-90clay
30-90 sand
RZdepth
TSdepth
RZRaw
RAW(PTF)
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Appendix 5.2: Vineyard cluster means for soil properties used in determining the soil sampling scheme.
Means of clay%, topsoil depth (cm) and RAW (mm) for the clusters derived from hard k-means clustering
to derive a soil sampling scheme for the three vineyards. Cluster numbering relates to the legends in Figure
5.4.
Topsoil
Clay%

Subsoil
Clay%

Topsoil
Depth (cm)

RAW
(mm of water)

38.75
29.50
37.55
35.22
19.25

42.37
30.73
39.97
36.17
22.94

89.76 *
76.70 *
88.26 *
86.90 *
90.41 *

43.68
41.45
45.23
43.96
49.86

16.61
18.84
28.55

29.17
31.98
37.45

45.27
35.14
25.01

61.92
52.39
44.68

21.08
19.00
19.88

39.01
37.01
38.29

29.53
35.69
32.27

27.21
40.51
33.49

Pokolbin
Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5
Cowra
Cluster 1
Cluster 2
Cluster 3
Canowindra
Cluster 1
Cluster 2
Cluster 3

______________________________________________________________________________
*
Topsoil depth was not recorded at Pokolbin and Rootzone depth (am) has been used instead in this
analysis
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Chapter 6: Improving the accuracy and spatial resolution of vineyard soil
maps using regression kriging
6.1 Introduction
As illustrated in Figure 5.1, data from viticultural/horticultural soil surveys has traditionally been
presented in point form at each pit site rather than as a raster map. The use of 75-100 m grids
produces point maps with a lot of empty space. In recent times this has given way to raster maps
with a pixel size equal to the survey grid. This provides no additional information but, while still
coarse, is easier to visualize. As outlined in Chapter 5, this approach is due to the use of the linguistic variables in the survey, a general lack of knowledge in the industry about spatial interpolation
techniques and the fact that maps have always been presented this way so people have become use
to them. The current point maps produced have two main limitations 1) it is difficult to visual the
data on the map and 2) the scale is incompatible with other data layers. The protocol presented in
Chapter 5 has addressed some of these problems, however, the level of detail in the maps is still
restricted to the density of the soil survey. Analysis of within vineyard production variability (Chapter 4) indicates that considerable variation in production, particularly yield, occurs at ranges <75 m.
The introduction of precision viticultural technologies, such as yield monitoring, remote sensing
(aerial or satellite), electromagnetic induction (EMI) surveying and GPS-based elevation surveying,
is now providing soil and production information at much finer scales than the 75-100 m grid soil
survey. This new ancillary data may allow for more accurate mapping of environmental parameters
and improved efficacy of vineyard and irrigation design. Of particularly interest in this study is the
recent adoption of soil apparent electrical conductivity (ECa) and GPS-based elevation surveys prior
to vineyard design. The potential benefits of this data in helping to describe plant environs or
“digital terroirs” is illustrated previously in Figure 5.10.
While the industry has a widely-used protocol for soil surveying and interpretation there is no protocol on the collection and analysis of these new ancillary data. Currently new fine-scale ancillary data
is only visually compared with the soil survey data to confirm the soil pit findings. A lack of standards in cartography and ground-truthing has created some confusion and an over-expectation in
what the ancillary data can provide. This in turn has lead some surveyors to ignore or distrust
ancillary data (McKenzie, 2000). With correct analysis and a defined protocol this confusion should
be avoided and the value of the ancillary information maximised. Ancillary data sets, particularly
elevation, may be useful for soil prediction even though they are not direct soil measurements. This
is due to the influence of many factors on the development of soil profiles. This was first outlined by
Jenny (1941) with the CLimate Organism Relief Parent material and Time (CLORPT) model of soil
pedogenesis. Building on the CLORPT model, McBratney et al. (2003) have proposed a Soil (or soil
attributes), Climate, Organisms, Relief (topography), Parent material, Age (time) and Space (n)
(SCORPAN) model as a basis for soil digital mapping.
Multivariate geostatistical techniques, such as universal kriging, co-kriging and regression kriging,
have been developed over the past 30 years that allow multiple data layers to be combined and
interpolated across an area even if the data are not collected at the same scale (McBratney et al.,
2000). This chapter focuses on regression kriging that has been shown to be most suited to localscale soil mapping when a large number of predictor variables are available (Odeh et al., 1995,
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Bishop and McBratney, 2001, Knotters et al., 1995). Co-kriging with more than 4-5 variables is
problematic as the interpolation becomes increasing complex as more variables are added to the
model (Odeh et al., 1995). Regression kriging also provides more flexibility in the interpolation as a
variety of different regression techniques may be used,for example linear models, generalised linear
models (GLM), generalised additive models (GAM), regression trees or neural networks (McBratney
et al., 2000).
The aim of this chapter is to incorporate the soil data derived in Chapter 5 with ancillary information
(ECa and elevation data) using regression-kriging to provide a more accurate and finer resolution
understanding of the within-vineyard environment. A range of approaches to regression analysis
will be investigated to evaluate their effectiveness for vineyard soil survey data.
6.2 Methodologies
6.2.1 Survey Sites
The vineyards used in this study are the same as those described previously in section 5.2.1. Due to
the constraints with data (see §6.2.3) only 77 and 212 sites were used for Pokolbin and Canowindra
respectively. All sites were used for Cowra.
6.2.2 Soil Survey Data
The soil survey data was analysed as described in section 5.2.2. For this study only three soil variables were examined; 0-30 cm clay%, 0-90 cm clay% and RAWW. As RAWW is the current industry
standard it was preferred in this study to the alternate RAWq estimation described in Chapter 5.

CHAPTER VI

6.2.3 Ancillary Data
In 1991 a registered surveyor, using a theodolite, conducted an elevation survey of the Cowra vineyard. Approximately 3000 height measurements were taken over the vineyard site. The elevation of
the Pokolbin and Canowindra vineyards was mapped with an AshTech RTK-GPS mounted on a
4WD vehicle.
The three vineyards were mapped for apparent soil electrical conductivity (ECa) using the Veris
3100Ò soil electrical conductivity cart. This provided a measurement of the topsoil (~0-30 cm),
subsoil (~30-90 cm) and whole profile (~0-90 cm) ECa. The vineyards were mapped on ~12 m
swaths along the rows. Problems occurred in the Canowindra and Pokolbin vineyards with the use of
the Veris 3100®. The Pokolbin vineyard was under redevelopment at the time of the Veris survey
and some blocks were unable to be mapped. An attempt to map the Canowindra vineyard was made
in 2002 however the soil was too dry and the machine unresponsive. This is a known drawback of
direct current ECa instruments (Dabas et al., 2003). In 2003 parts of the vineyard were inaccessible
at the time of surveying due to late pruning.
6.2.4 Validation Sites
The fifteen validation sites used in Chapter 5 were again used as an independent validation set for
this study. Validation site selection, sampling and soil analysis is described in section 5.2.4. Due to
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the missing ancillary data at both Pokolbin and Canowindra only 12 and 11 of the validation sites
could be used respectively. All 15 sites at Cowra were used.
6.2.5 Ordinary Kriging and DTM attribute derivation
Soil survey data was interpolated using punctual ordinary kriging with a global variogram in Vesper
(Minasny et al., 2002), onto the 3m x 3m grids used previously. The grids for Canowindra and
Pokolbin were trimmed to areas covered by the ancillary data (particularly the Veris data).
The primary ancillary datasets (elevation and Veris 3100 data) were trimmed of any outliers by
visually plotting a histogram of distribution and manually removing extreme values. For the Veris
data a distribution of the raw data was used while for the AshTech data the RMSE associated with
the measurement was used. The contracted surveyed elevation data was not trimmed. The ancillary
data was interpolated using block kriging in Vesper onto the same 3m x 3m grid used above with a
local exponential variogram structure.
The ordinary kriged elevation data for each vineyard was imported into Arc/INFO and converted
into a “grd” file. Using standard Arc/INFO commands primary landform attributes were derived at
each grid node including aspect, slope, flow direction, upslope and downslope flow, planar and profile curvature and flow accumulation. From the primary attributes the secondary landform attribute,
topographic wetness index (twi) (Moore et al., 1991) was derived. The landform attributes were
mapped in ArcGIS and the upslope flow, downslope flow and twi found to be nonsenscical. The
elevation surveys were confined to the vineyard thus no external information on the surrounding
landform was available. These three digital terrain model (DTM) attributes require information on
the locality of the vineyard in the landscape to be effective. Without this information the vineyard
boundary is an effective zero point and erroneous results ensue. Upslope and downslope flow and
twi were removed which left eleven ancillary variables; Veris ECa 0-30 cm, Veris ECa 0-90 cm, Veris
ECa 30-90 cm, elevation, aspect, slope, flow direction, profile curvature, planar curvature, Eastings
and Northings.
The ancillary landform data was extracted to the 3m x 3m interpolation grid using the “Pixel to
ASCII” function in ERDAS IMAGINE (Erdas LLC, 2002) and combined with the interpolated
Veris data to form an “interpolation” set. Similarly the landform attributes and Veris data were
extracted to the soil survey sites. This was combined with the measured and PTF manipulated soil
data to form a “regression” dataset that was used to derive all the regression models. The ancillary
data was also extracted to the validation sites and combined with the laboratory measured soil properties to form a “validation” set.
The derived DTM attributes and interpolated Veris data was imported into ArcGIS and mapped for
each vineyard.
6.2.6 Regression Kriging
Regression kriging (RK) is a multivariate interpolation approach that, as the name suggests, combines kriging with regression analysis. The approach was initially developed and applied in hydrosciences
(Delhomme, 1974, 1978 in Knotters et al., 1995) and later in soil science by Knotters et al., (1995)
and Odeh et al., (1995). Regression kriging recognizes that the realization of an intrinsic random
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function, Z(x), is uncertain and this uncertainty is expressed as

Z ( x) = z ( xi ) + ε ( xi )

Equation 6.1

where Z(x) is the intrinsic random function, z(xi) is the true value and ε(xi) is the residual error that
represents the uncertainty in the system. This uncertainty may not necessarily be due entirely to the
result of the regression prediction but also to other factors e.g. measurement error (Knotters et al.,
1995) and the broader term “kriging with uncertain data” has been suggested (Ahmed and DeMarsily,
1987). The residual errors, ε(xi), are assumed to be unsystematic, uncorrelated among themselves
and uncorrelated with the variables. Initially the residual errors were incorporated into the ordinary
kriging system by replacing the variances in the diagonal of the A matrix and the kriging equation
was subsequently modified.
In situations where the ancillary variables are known at all the prediction points Odeh et al. (1995)
have proposed an alternative approach which does not need modification of the A matrix. The
regression model is established and the residuals extracted. The model is applied to the ancillary
variables at each point on the raster to form an initial prediction. The residuals are kriged onto the
raster and summed with the initial prediction to get a final prediction. This process is shown in
Figure 6.1.
As for any regression analysis care must be taken to avoid co-linearity within the variables. This can
be minimised through stepwise procedures or the application of a factor analysis to produce composite indices or Principal Components for use in the regression model (Hengl et al., 2004).
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6.2.6.1 Models
Regression kriging may utilise a wide variety of different regression methodologies and three different techniques have been used in this study to identify a preferred approach. These techniques are,
Linear Regression, Generalized Additive Models and Neural Networks.
Multiple Linear and Stepwise linear regression (MLR/SLR): This approach utilises linear relationships to
try and model the predictor variables to the dependent or target variable. Many of the variables used
in the model may be strongly correlated, e.g. 0-90 cm ECa and 30-90 cm ECa or DTM attributes, or
not correlated at all to the target variable and therefore redundant in the model. Multiple linear
regression (MLR) was first run using all variables in the model. Stepwise linear regression (SLR) is a
technique that allows the removal of ineffective predictor variables from the model to improve the
parsimony of the model. A model is initially defined and then an iterative process of adding or
subtracting predictor variables from the model and assessing the impact on the model against some
assigned criteria is employed to remove ineffectual predictor variables (SAS institute Inc., 2002).
SLR was performed in JMP® using a mixed model approach (i.e. both forward and backward stepping) with all variables initially entered in the model.
The data used was not transformed as the landform variables did not exhibit skewed distributions.
Hengl et al. (2004) have proposed that logit transformation is required for landform variables however the problematic variables, upslope/downslope areas and secondary DTM attributes such as twi,
are not used in this study.
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Generalised Additive Model (GAM): The purpose of generalized additive models is to maximize the
quality of prediction of a dependent variable from various distributions, by estimating unspecific
(non-parametric) functions, often smoothing splines or loess (local regression), of the predictor variables that are “connected” to the dependent variable via a link function (SAS institute Inc., 2002).
They are a melding of traditional additive models and generalized linear models. For further information on GAM readers are directed to Hastie and Tibshirani (1990).
The GAM analysis was performed in S-PLUS with three different approaches. Initially the model
was run with all parameters (GAMall) using smoothing splines functions only. A stepwise GAM
analysis (sGAM) in S-PLUS was then employed to improve model parsimony and avoid overparameterisation that can be problematic in non-parametric techniques. All variables were entered
and modeled either linearly, as smoothing splines or removed from the analysis. Minimisation of the
Akaike Information Criteria (AIC) was used to identify the best model. An alternative approach to
avoiding over-parameterisation is the use of principal component analysis (PCA). PCA was performed in JMP® on 9 of the ancillary variables (Eastings and Northings were excluded from the
PCA) and 9 principal components stored. A Stepwise GAM analysis (sGAMpca), as described above,
was run using the 9 principal components and Eastings and Northings as input variables.
Neural Network Analysis (NNA): NNA is an alternative method of fitting the predictor variables to
the target variable non-parametrically. It is a method that seeks to simulate the human learning
process using linear and S-shaped functions (SAS Institute Inc., 2002). The NNA was performed in
JMP® using one layer with 3 hidden nodes. The NNA model was initially run with all parameters
(NNAall) and subsequently using the output from the PCA (NNApca). Unlike the GAM approach a
stepwise reduction of parameters was not available for NNA. Instead a correlation analysis was
performed and the principal components which had a correlation of >0.1 or <-0.1 with a particular
dependent soil property were chosen in the NNApca model for that particular soil property.
6.2.6.2 Interpolation
Seven different models were tried for regression kriging of soil property prediction; Multiple linear
regression (MLR), Stepwise linear regression (SLR), GAM with all parameters (GAMall), Stepwise
GAM (sGAM), Stepwise GAM using PCA outputs (sGAMpca), NNA with all parameters (NNAall)
and NNA with PCA (NNApca). In addition the results from ordinary kriging (OK) (from Chapter 5)
Regression Model predicts
Z on a fine grid where
ancillary data is known
Regression of target
variable (Z) with
ancillary variables

Predicted values of
target variables
(Zpr*)
Summation
(Zpr* + ε*)

Model Residuals (ε) are
ordinary kriged onto the
same grid as the ancillary
data

Final Prediction
(Z*)

Kriged values of the
residuals (ε*)

Figure 6.1: Steps involved in the regression kriging approach of Odeh et al. (1995) (adapted
from Odeh et al, 1995)
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were also included for discussion.
Regression equations were derived for each soil property for each approach using the “regression”
dataset based on the soil survey points. The regression equations for each approach are given in
Appendix 1 and the fit of the models shown in Table 6.1. The regression equations were applied to
*
the prediction set to form an initial prediction (Zpr ) across the vineyard. The residuals from the
models were extracted and kriged onto the prediction grid using punctual ordinary kriging with a
global variogram in Vesper (Minasny et al., 2002) The interpolated residuals (e*) were then added to
*
*
(Zpr ) to form the final prediction (Z ). This process was repeated with the “validation” set to form
a prediction for each soil property at the validation sites.
2

2

Results of the fit of the models and the validation data are presented as r values and RMSE. The r
and RMSE for the regression models were ranked and an analyses of the mean rank vs standard
deviation of rank performed (Laslett et al., 1987)
6.3 Results and Discussion
6.3.1 Fit of Models
Table 6.1 gives details of the fits of the regression models. In general the linear regression (MLR and
SLR) produced the worst fits, the neural network approaches (NNA, NNApca) the best and the
GAM models (GAMall, sGAM and sGAMall) were inbetween. This is expected and reflects the
complexities of the models used to fit the “regression” dataset.
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6.3.2 Validation of Models
The r2 and RMSE values for the three vineyards are given individually in Appendix 6.3. The full
model outputs have been ranked from 1 to 7 in order of best fit and the summed ranking is presented
in Appendix 2. Table 6.1 presents r2 and RMSE statistics for the combined data from all three
vineyards. Maps of all soil properties for each vineyard are shown in Appendix 3.
The rankings of the r2 and RMSE values for all the models (Appendix 6.1) were very similar indicating that they are providing similar information on the fit of the data. Given this the following
discussion will focus on the RMSE statistic.
The Neural Network methods produced the largest RMSE results for topsoil and subsoil clay estimation at both Cowra and Pokolbin. In contrast, at Canowindra they produced the best fit to the
validation data however, when mapped, the data is noisy. In general the patterns observed in the NN
maps were less spatially coherent and did not always follow the trend shown in the OK maps. The
NNA and NNApca models also tended to produce over- and under-predictions in the datasets,
particularly for Pokolbin. The large inconsistency in the response from the NN models (high standard deviation of ranking in Figure 6.2) would also indicate that Neural Networks are unsuited in this
situation for combining soil and ancillary data in vineyards. Neural networks require an extensive
training set for accurate results and there may be insufficient data in the regression datasets. Little
emphasis was put on the analysis and different permutations of layers and nodes were not tried
which, if attempted, may have helped to improve the final fit. Neural Networks have been used
successfully previously for field-scale studies (McBratney et al., 2000) however results from these
154

V INEYARD

three vineyards indicate that NNA is not suitable in vineyards.

Standard Deviation of Ranks

MAPPING WITH

R EGRESSION K RIGING

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

3
NNA

The MLR and GAMall models, where all data
2.5
layers were incorporated into the model, proNNApca
duced the highest mean ranks (Figure 6.2). In
GAMall
contrast the stepwise GAM and SLR ap2
sGAM
proaches produced the three best mean rank
sGAMpca
MLR
results. The NNApca model was also superior
1.5
to the NNA model with all parameters inSLR
cluded. This emphasises the need for data re3
3.5
4
4.5
5
duction in these models to avoid overparametising and co-linearity between variMean Rank
ables. From Figure 6.2 the sGAM and
Figure 6.2 Plot of Mean Rank against the
sGAMpca produced the two lowest mean ranks
Standard deviation of Ranks for the seven
with the sGAMpca marginally better. The SLR
regression kriging models used in this study.
model showed the most consistent response of
the models (lowest standard deviation). When
the data from the three vineyards are combined the sGAMpca produced the best fit for two of the
three soil variables (30 cm clay and RAW). SLR produced the best combined fit for 30-90 cm clay.
On this basis the sGAMpca approach is considered to be the preferred method for regression kriging
mapping of vineyard soil data.

CHAPTER VI

6.3.3 Regression Kriging vs Ordinary Kriging
A comparison of the final maps from OK and RK (sGAMpca) are shown in Figures 6.3 - 6.5. In this
study the OK approach produced lower RMSE than the sGAMpca RK method for all soil properties
in the combined data set (Table 6.1). This contrasts with previous studies (Odeh et al., 1995, Bishop
and McBratney, 2001, Knotters et al., 1995 and Goovaerts, 1999) who all reported improved predic-

Clay%
(0-30cm)
Combined (n=38)
MLR
0.578
SLR
0.624
NN
0.438
Nnpca
0.093
GAMall
0.556
sGAM
0.469
sGAMpca
0.652
OK
0.763

r2
Clay%
RAW
(30-90cm) (mm)

Clay 30
(0-30cm)

RMSE
Clay 90
RAW
(30-90cm) (mm)

0.120
0.205
0.000
0.088
0.024
0.111
0.060
0.544

7.984
7.542
9.215
11.708
8.191
8.955
7.251
5.980

13.354
12.691
14.233
13.590
14.062
13.424
13.797
9.615

0.034
0.050
0.055
0.021
0.051
0.051
0.190
0.236

9.475
9.349
9.370
9.539
9.391
9.390
8.677
8.427

Table 6.1: Combined r2 and RMSE of RK model responses to soil properties (topsoil clay%,
subsoili clay% and RAW (mm)) for the soil validation data from Pokolbin, Canowindra and
Cowra vineyards dataset from all vineyards.
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Figure 6.3: Predicted maps at Cowra for RAW (top), 0-30cm Clay% (middle) and 30-90cm
Clay% (bottom) using OK (LHS) and sGAMpca RK (RHS).
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Figure 6.4: Predicted maps at Canowindra for RAW (top), 0-30cm Clay% (middle) and 3090cm Clay% (bottom) using OK (LHS) and sGAMpca RK (RHS).
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Figure 6.5: Predicted maps at Pokolbin for RAW (top), 0-30cm Clay% (middle) and 3090cm Clay% (bottom) using OK (LHS) and sGAMpca RK (RHS).
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tions using RK. There are several possible reasons for the contradictory results in this study:
i) Vineyard surveys are more intensive than the studies used previously for comparisons of RK and
OK. The RMSE of RK prediction for clay was similar to that observed by McBratney et al. (2000)
and it appears that the denser data favours OK especially when the soil survey sites are not site
directed (see below)
ii) The mixture of field and laboratory measurements used for the soil survey and the validation set
may also have introduced some error and bias in the analysis. The influence of the different methodologies could be eliminated by jack-knifing or boot-strapping (Bishop, 2003) the soil survey data to
produce a validation set.
iii) The OK approach maintained predicted values within the range of the original soil survey data
and showed the broad trends in the data. The regression predictions had a range greater than the soil
survey data. A problem with the methodology used is that the soil surveys were done independently
of the ancillary surveys. As a result the soil survey locations were not directed to account for the
variation observed in the ancillary data. In practice, ancillary data is usually collected prior to the
soil survey. If a site-directed approach is used for some of the soil sites, to account for the range of
variability in the ancillary data, then the data range of the regression predictions should approach
that of the soil survey and improve predictions.
While the RMSE is higher the RK methodologies did produce more detail in the final maps. However the validity of the extra detail needs to be questioned especially given the higher RMSE values.
Certainly there are some artifacts in the maps from the presence of erroneous data in the original
ancillary data. However this extra detail may help to better design the vineyard layout even if the
accuracy of prediction within the blocks is lower. Correctly defining the areas of similarity within
the natural environment (or digital terroirs) is as important, if not more so, than properly measuring
the environment within these “digital terroirs”. In the case of the Cowra vineyard it appears that the
extra detail is unlikely to help improve vineyard design greatly. No new soil features were uncovered.
Soil boundaries have possibly been more accurately defined but given the size of blocks and other
constraints to vineyard design (sucha s roads and waterways) this may have little effect on the final
design. The strong catenary patterns in this vineyard mean regression kriging has little advantage
over ordinary kriging. However in more soil heterogeneous vineyards regression kriging may provide
better information for vineyard design. Certainly in the Canowindra vineyard there is a lot more
detail in the soil texture maps derived from sGAMpca analysis. The Pokolbin vineyard also demonstrates more variability in the RK maps.
The RMSE statistic does not help us identify if the OK interpolation is properly defining soil/
environmental boundaries. Since the object of vineyard design is to minimise variability within
blocks the best indication of whether or not a vineyard has been well designed is to investigate the
vines response within the block. Unfortunately this data is not usually available when designing
vineyards, unless the vineyard is being redeveloped. However vine response, in the form of canopy
imagery and yield monitoring, can be used to test the validity of digital terroir predictions in existing
vineyards.
Regression kriging with a Stepwise GAM model using Principal Components was found to be the
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best model for regression kriging. However several other models and ‘hybrid’ geo-statistical approaches were not tried and should be tested in future studies. Co-kriging has been found to be
inferior to RK (Odeh et al., 1995, McBratney et al., 2000) however should be tested to validate this.
Alternative regression models such as Generalised Linear Models (GLM) and Regression Trees have
not been tested.
6.4 Conclusions
The aim of this study was to try and incorporate ancillary data with traditional soil survey data to
improve our knowledge of soil properties prior to vineyard design. The replacement of ordinary
kriging with regression kriging produced more detail in the maps however the models produced
inferior fits to the ordinary kriging when compared to the validation dataset. Over-parametrisation
was a problem in the models and the best result from the regression kriging results were produced
from stepwise models (SLR, sGAM and sGAMpca). The soil survey was also done independently of
the ancillary data and there may be discrepancies in the spatial variability between the soil and
ancillary data that is contributing to the poor RK responses. In new vineyards, the soil sampling
should reflect the information in the ancillary data and thus the soil and ancillary datasets should be
more complimentary.
The RK methodology is a fairly complex geostatistical approach. In this regard it is not easily adopted
by a lay person. In this regard the methodology is limited to those with access to data analysts with
a geostatistical background. Currently these people are in short supply in the agriculture sector
however with an increased demand this niche should be filled. Also, similar to OK, the RK methodology requires a certain number of data (>70 data points), thus is suited to larger vineyards.

CHAPTER VI

The validity of the extra detail in the RK maps for defining “digital terroirs” is still unclear. This will
be investigated in the next chapter using aerial imagery and yield maps.
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Appendix 6.1 - Regression Equations
For the GAMall approach the same equations was used for each Vineyard. The Neural Network
equations are not given. Due to nodal equations these are quite convoluted and the failure of the
approach makes them some what irrelevant. For the other approaches, the regression model equations
are listed under the vineyard.

Universal equations

V INEYARD

GAMall
Clay30 ~ s(V30) + s(V90) + s(V3090) + s(elevation) + s(aspect) + s(slope) + s( X) + s(planc) +
s(profc) + s(Y)
Clay90 ~ s(V30) + s(V90) + s(V3090) + s(elevation) + s(aspect) + s(slope) + s( X) + s(planc) +
s(profc) + s(Y)
RZRAW ~ s(V30) + s(V90) + s(V3090) + s(elevation) + s(aspect) + s(slope) + s(X) + s(planc) +
s(profc) + s(Y)

Cowra
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30-90cm Clay% = (-11103.298932487) + -0.000872280922562966 * :X + 0.00187087640990793
* :Y + 0.0260071955311905 * :elevation + 0.00819630576449054 * :aspect + 0.482284261946008
* :slope + 0.0007915141694789 * :flowd + -5.22867842007033 * :profc + -1.65449779399077 *
:planc + -0.0544470167858797 * :V30 + -0.0243104875124756 * :V90 + 0.175485320121808 *
:V3090

MLR
0-30cm Clay% = (-7288.21173902268) + -0.00335647046281367 * :X + 0.00151318743250676
* :Y + 0.152715645393666 * :elevation + 0.0123004318388898 * :aspect + -0.687268425821615
* :slope + -0.00295744168475389 * :flowd + 3.4344074069128 * :profc + -0.576852157592946
* :planc + 0.0739547080504255 * :V30 + 0.823906731797491 * :V90 + -0.454776999195015 *
:V3090

RAW = 21323.6852143531 + 0.00922587000827356 * :X + -0.00433534348959897 * :Y + 0.698340743126899 * :elevation + -0.00558852683677011 * :aspect + -1.91231669463404 *
:slope + 0.0197635828710486 * :flowd + 10.7642182065199 * :profc + 0.773474118764151 *
:planc + 0.313249731404086 * :V30 + -1.19599758007894 * :V90 + 0.535722524126046 *
:V3090
SLR
0-30cm Clay% = 2034.41603437609 + -0.00313353905520471 * :X + 0.114008339008906 *
:elevation + 0.013873940342518 * :aspect + -0.689856545937654 * :slope + 0.966289600004594
* :V90 + -0.548027045187141 * :V3090
30-90cm Clay% = (-10449.2062139997) + 0.00167589775609224 * :Y + 0.00761936717569967
* :aspect + 0.548318734289852 * :slope + -4.01100409069783 * :profc + 0.153496324582221 *
:V3090
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RAW = 22306.9824166719 + 0.00912925271696523 * :X + -0.00448285315242564 * :Y + 0.69596510860798 * :elevation + -1.94338264072288 * :slope + 0.0302756476250088 * :flowd
+ 10.0671127031632 * :profc + -0.386601649691214 * :V90
sGAM
Clay30 ~ aspect + s(slope) + s(planc) + V90 + s(V3090) + X
Clay90 ~ s(elevation) + aspect + s(slope) + s(V90)
RZRAW ~ elevation + slope + s(planc) + profc + s(V30) + V90 + X + Y
sGAMpca
Clay30 ~ s(Prin1) + s(Prin2) + s(Prin4)
Clay90 ~ s(Prin1) + Prin2 + s(Prin3) + Prin4 + Prin7 + Prin8
RZRAW ~ s(Prin1) + Prin2 + s(Prin3) + Prin4 + Prin7 + X

Canowindra
MLR
0-30cm Clay% = (-10272.7579084567) + 0.00344526346602669 * :X + 0.00128018858051144 *
:Y + 0.0456885246798395 * :elevation + -0.00407035576973728 * :aspect + 0.353758750961685
* :slope + -0.00247288646293319 * :flowd + 1.88226350877652 * :profc + 2.20089571127647
* :planc + -0.335666290073337 * :V30 + 2.64885554007646 * :V90 + -1.9124663528251 *
:V3090
30-90cm Clay% = (-4424.44051912363) + 0.00314235767955931 * :X + 0.000385805796456219
* :Y + -0.018390210142314 * :elevation + -0.00424699308811194 * :aspect + -0.19557610488601
* :slope + -0.00269425721509297 * :flowd + -0.856099563239785 * :profc + 3.40449305949756
* :planc + 0.166036454899804 * :V30 + -0.202725808092715 * :V90 + 0.200156091684391 *
:V3090
RAW = (-6626.91104092006) + -0.000381199443699272 * :X + 0.00111895778665659 * :Y + 0.347522905825029 * :elevation + 0.00190555387691101 * :aspect + 0.2063004701625 * :slope
+ 0.0206647427700119 * :flowd + 0.551091276980998 * :profc + 2.86200280727824 * :planc +
0.425934687960023 * :V30 + -1.93728288568341 * :V90 + 1.51244439765821 * :V3090
SLR
0-30cm Clay% = (-3332.23302190107) + 0.00517113181553377 * :X + 1.82575709097714 *
:V90 + -1.38589957640295 * :V3090
30-90cm Clay% = (-2529.46003528479) + 0.00394733114358254 * :X + 4.07204921933393 *
:planc + 0.0775612533257957 * :V3090
RAW = 166.275161420507 + -0.372178315672615 * :elevation + 0.175245576546392 * :V3090
sGAM
Clay30 ~ elevation + V90 + V3090 + s(Y)
Clay90 ~ elevation + aspect + s(planc) + s(Y)
RZRAW ~ elevation + s(profc) + V3090 + s(Y)
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sGAMpca
Clay30 ~ Prin1 + Prin2 + Prin4 + Prin5 + s(Y)
Clay90 ~ s(Prin3) + s(Prin4) + X
RZRAW ~ Prin1 + Prin2 + Prin5 + s(Prin7)

Pokolbin
MLR
0-30cm Clay% = (-237437.316896067) + -0.509737853442759 * :elevation + 0.00061561162058188 * :aspect + 0.906139318717722 * :slope + -0.0263140901010238 * :flowd
+ 1.82946317059815 * :profc + 0.593829501483071 * :planc + -0.196627750759402 * :V30 +
0.184114928880525 * :V90 + -0.0717659658431589 * :V3090 + -0.00283016498747716 * :X +
0.0373984643270482 * :Y
30-90cm Clay% = (-207177.941213001) + -0.468498655502209 *
:elevation
0.0066126445486503 * :aspect + 1.79588670469082 * :slope + 0.0338505358179851 * :flowd
1.18204397840833 * :profc + 4.64501999714331 * :planc + -0.0652692704278525 * :V30
0.316600477201543 * :V90 + -0.233055499717982 * :V3090 + -0.00318629482737473 * :X
0.0326704762373793 * :Y

+
+
+
+

RAW = 45181.9454477285 + -0.0300962996746195 * :elevation + -0.021177327557501 * :aspect
+ 1.21222475146004 * :slope + -0.0163392372706334 * :flowd + 0.906161372964967 * :profc
+ -6.86554039457406 * :planc + -0.135592471619576 * :V30 + -0.309813186779561 * :V90 +
0.289963475734334 * :V3090 + 0.00582232787526414 * :X + -0.00738456473124274 * :Y
SLR
0-30cm Clay% = (-239464.85917179) + 0.0375662270691156 * :Y + -0.449103292792099 *
:elevation + 0.981316757887239 * :slope + -0.0316010884841454 * :flowd + -0.158593044132458
* :V30 + 0.0740260391802708 * :V90
30-90cm Clay% = (-211726.822582739) + 0.0332149070877793 * :Y + -0.403892177869599 *
:elevation + 1.89797086645907 * :slope + 3.6295155735105 * :planc
RAW = (-2970.12034532094) + 0.00896915563813847 * :X + 0.97139490512123 * :slope + 7.01889914856742 * :planc + -0.247379092350317 * :V30 + 0.0829533893122906 * :V3090
sGAM
Clay30 ~ elevation + s(Y)
Clay90 ~ s(elevation) + X
RZRAW ~ s(elevation) + s(slope) + V90 + V3090
sGAMpca
Clay30 ~ s(Prin4) + s(Y)
Clay90 ~ s(Prin3) + s(Prin4) + X
RZRAW ~ Prin1 + Prin2 + Prin5 + s(Prin7)
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Clay%
30-90cm

RAW
Clay
(mm/cm) 0-30cm

Clay
30-90cm

RAW
(mm/cm)

0.552
0.548
0.798
0.667
0.679
0.502
0.521

0.466
0.463
0.721
0.612
0.617
0.580
0.617

0.463
0.460
0.675
0.608
0.585
0.519
0.514

4.960
4.985
3.334
4.281
4.205
13.111
13.074

3.792
3.805
2.742
3.234
3.218
3.367
3.218

8.148
8.171
6.336
6.960
7.172
7.715
7.753

Canowindra (n=11)
MLR
0.101
SLR
0.90
NNA
0.457
NNAPCA
0.132
GAMall
0.265
SGAM
0.124
SGAMPCA
0.115

0.078
0.066
0.404
0.168
0.257
0.102
0.100

0.114
0.110
0.384
0.270
0.302
0.110
0.130

5.35
5.38
4.16
5.25
4.86
5.28
5.31

4.67
4.70
3.76
4.44
4.25
4.62
4.62

9.13
9.15
5.86
8.29
8.15
9.15
9.06

Pokolbin (n=12)
MLR
0.320
SLR
0.324
NNA
0.972
NNAPCA
0.467
GAMall
0.704
SGAM
0.462
SGAMPCA
0.554

0.444
0.420
0.983
0.883
0.710
0.569
0.549

0.147
0.126
0.867
0.711
0.711
0.419
0.458

9.25
9.29
1.88
8.25
6.26
8.30
7.62

7.94
8.11
1.40
3.64
5.77
7.02
7.15

13.56
13.73
5.36
7.89
8.24
11.31
10.98
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Clay%
0-30cm

V INEYARD

Appendix 6.2 - Fits (r2 and RMSE) of Regression Models to the
‘Regression’ dataset
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Cowra (n=15)
MLR
SLR
NNA
NNAPCA
GAMall
SGAM
SGAMPCA
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Appendix 6.3 - Regression Kriging Model Fits (R2 and RMSE) for
Individual Vineyards to the “Validation” dataset

Clay%

r2
Clay%

Clay 30

RMSE
Clay 90

RAW

(0-30cm)

(30-90cm)

(mm)

RAW

(0-30cm)

(30-90cm)

(mm)

Cowra
MLR
SLR
NNA
NNApca
GAMall
sGAM
sGAMpca 0.7012
OK

0.5285
0.5914
0.2177
0.3246
0.6013
0.7351
0.4403
0.731

0.4691
0.4602
0.4007
0.4275
0.4306
0.4314
0.2322
0.426

0.1786
0.2134
0.3341
0.2183
0.1267
0.2045
4.3192
0.265

5.4215
5.0484
6.9867
6.4886
4.9843
4.0641
7.3243
4.097

7.1311
7.1922
7.5807
7.4066
7.3925
7.3834
8.2152
7.418

8.5016
8.3154
7.6521
8.2903
8.7657
8.3645

Canowindra
MLR
SLR
NNA
NNApca
GAMall
sGAM
sGAMpca 0.0457
OK

0.0854
0.0696
0.3232
0.3431
0.0755
0.1103
0.1524
0.751

0.1117
0.1175
0.3562
0.4381
0.1175
0.1653
0.0115
0.265

0.0154
0.0193
0.1351
0.0312
0.0026
0.0017
5.8227
0.179

5.7004
5.7506
4.9032
4.8291
5.7305
5.6213
15.2124
2.973

15.5727
15.5256
13.2562
12.3851
15.5185
15.0943
9.3685
14.165

9.3534
9.3343
8.7651
9.2732
9.4146
9.4167

Pokolbin
MLR
SLR
NNA
NNApca
GAMall
sGAM
sGAMpca 0.3993
OK

0.1115
0.2294
0.0766
0.0837
0.5991
0.4382
0.8521
0.537

0.3573
0.7352
0.0247
0.0276
0.2435
0.3474
0.0482
0.814

0.0086
0.0473
0.0174
0.0135
0.0037
0.1241
9.9603
0.032

12.1075
11.2794
12.3457
12.3016
8.1361
9.6272
5.6431
8.741

11.7643
7.5572
14.4927
14.4776
12.7655
11.8524
9.6272
6.331

9.8246
9.6323
9.7824
9.8015
9.8537
9.2341
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Appendix 6.4 - Cowra Topsoil (0-30 cm) Clay
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Appendix 6.4 - Cowra Subsoil (30-90 cm) Clay
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Appendix 6.4 - Cowra Readily Available Water
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Appendix 6.4 - Canowindra Topsoil (0-30 cm)
Clay
1

1 POK, 2 MLR, 3 SLR, 4 NN, 5 NNpca, 6
GAMall, 7 SGAM, 8 SGAMpca
0m

700m

2

3

4

5

6

7

8

170

R EGRESSION K RIGING

1

MAPPING WITH

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

2

3

4

5

6

7

Appendix 6.4 - Canowindra Subsoil (30-90
cm) Clay
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Appendix 6.4 - CanowindraReadily Available Water
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Appendix 6.4 - Pokolbin Topsoil (0-30 cm) Clay
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Appendix 6.4 - Pokolbin Subsoil (30-90 cm) Clay
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Appendix 6.4 - Pokolbin Readily Available Water
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Chapter 7: Predicting Digital Terroirs to aid Vineyard Design
7.1 Introduction
As discussed in the Prologue, digital terroirs are really management zones. Precision Agriculture in
general is currently operating under a management zone strategy rather than as a continuous sitespecific management strategy (re Figure 1.2). Management zones are generally derived using a cluster algorithm which may utilise a hard k-means or a fuzzy k-means algorithm. The continuous nature
of many environmental variables, particularly soil attributes, make these approaches preferable as
they produce an estimation of class association. In the case of hard k-means this is a probability
while fuzzy k-means produce partial class memberships (Boydell and McBratney, 1999). Clustering
algorithms have been applied to a variety of variables to delineate areas including digital terrain
model (DTM) attributes (Jones et al., 1989, Sudduth et al., 1997), yield data and ECa (Cupitt and
Whelan, 2001), yield and soil data (Shatar and McBratney, 2001), satellite imagery (Stewart and
McBratney, 2001), ECa data (Fleming and Buchleiter, 2002), aerial imagery and farmer knowledge
(Fleming and Buchleiter, 2002) and ECa, aerial and satellite imagery and yield (Franzen and Nanna,
2002).
The previous two chapters have discussed methods of transforming data collected at a vineyard
location onto a common raster. By aggregating or disaggregating data onto a common raster the
information can be simultaneously analysed and some inferences about potential “digital terroirs”
made. Aggregation (or disaggregation) of data presents several considerations for data analysis (see
McBratney, 1998 for a more detailed discussion). One of the main considerations is what the appropriate scale of data, raw or aggregated/disaggregated, for the analysis. Modelling prior to aggregation may produce a different result to modelling after aggregation (Van Beurden and Douven, 1999).
Modelling followed by aggregation appears the more sensible option as it allows analysis at the
appropriate scale for the data. However environmental modelling, which draws on several baseline
data sources, is usually done after aggregation/disaggregation (Van Beurden and Douven, 1999).
This ensures all data are at the same scale and produces faster results. McBratney (1998) suggests a
third approach whereby the modelling process also scales the output. This allows for the input of
raw data and minimises the propagation of errors in the initial aggregation/disaggregation of data.
The use of clustering algorithms is fairly straightforward and has been widely adopted for management zone delineation in Precision Agriculture. The choice of inputs is not as simple and a wide
range of parameters have been used (as illustrated above). Generally a crop response layer e.g. yield
or canopy reflectance is used as the focus in most cropping industries is on plant production. However for a new vineyard design this data is usually unavailable. It is possible that previous cropping
history at the site may be used however the value of this information is uncertain and is only now
starting to be assessed in whole farm studies (Robert Bramley pers. comm.). In the past few years
anecdotal accounts have been reported regarding the use of pasture imagery, in both New Zealand
and Australia, as a surrogate indicator of soil variability (David Lamb, The University of New England, pers. comm.)While no crop response is available the interpolated outputs from soil and ancillary
surveys provide a wealth of data that can be utilised. The major problem is which data layers to
choose? It is likely that the optimal layers for vineyard design will vary from site to site and some
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expert knowledge may be useful in determining the cluster analysis input. Generally clustering is
done with as many variables as are available. However variables are not weighted and co-linearity
between attributes may bias the analysis. It is important that singular but independent data sources
are not penalised by correlation between other properties.
An alternative option to clustering large numbers of variables to convert the data into an index prior
to clustering. A regional site index for viticultural has been recently proposed (Tesic et al., 2002) and
the option for a local index to help in vineyard design is explored here.
7.1.1 Of Zones and Classes
The terms “management zone” and “management class” are frequently used in PA and often as
interchangeable terms. However these terms are not identical and are defined here to clarify their
meaning. A management class is defined as the area to which a particular treatment may be applied.
A management zone is defined as a spatially contiguous area to which a particular treatment may be
applied. Thus a management class may consist of numerous zones however a management zone can
only contain one management class. A digital terroir would be defined as a management class.
The aim of this chapter is to investigate different approaches for determining the optimum number
of digital terroirs at a site using a range of data inputs. The validity of the digital terroir predictions
will be assessed against crop response in the vineyard.
7.2 Methodologies
7.2.1 Data Manipulation
Two vineyards, Cowra and Canowindra (described previously) were used for this study. Ordinary
kriged data from Chapter 6 (Clay0-90cmOK, Clay0-30cmOK, Sand0-90cmOK, Sand0-30cmOK and
RAWOK, Rootzone DepthOK and Topsoil DepthOK), regression kriged output from Chapter 7 (Clay090cmRK, Clay0-30cmRK, RAWRK) as well as interpolated Veris data (0-30 cm 0-90 cm and 30-90 cm),
multispectral aerial imagery (B, G, R, NIR) (Cowra only) and yield and standardised yield data from
Chapter 4 were used for the analyses.
The multispectral imagery was converted into the following 4 vegetative indices (after Metternicht et
al., 2002)
Normalised Differences Vegetative Index (NDVI)
Plant Cell Ratio (PCD)
Plant Pigment Ratio (PPR)
Photosynthetic Vigour Ratio (PVR)

(NIR-R/NIR+R)
(NIR/G)
(G/B)
(G/R)

Table 7.1: Vegetative Indices used in Precision Agriculture
Climatic data was generated using the SRAD program (Wilson and Gallant, 1997). The interpolated
DEM for the vineyard was used as an input into the program. Climatic averages were generated from
a 37 year average of Bureau of Meteorology averages at Cowra Airport (http://www.bom.gov.au/
climate/averages/tables/cw_065091.shtml) and a 117 year average at Canowindra (http://
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www.bom.gov.au/climate/averages/tables/cw_065006.shtml). The input files for the SRAD program are given in Appendix 7.1. The mean temperature for October and January were derived as was
the mean daily and summed net radiation (Watts/m2) for the period from 1/9 to 31/3.
All data, including Eastings and Northings, was collated into a single spreadsheet. The vineyards
were classified separately according to blocks and varieties. Most vineyards have multiple varieties
of grapes planted. Differences between varieties means that it is difficult to relate crop response
across varieties. For this reason the analysis and discussion will focus on discrete varietal areas
within the vineyards. For Cowra two areas were used - Chardonnay (blocks 11, 12, 21 and 25) and
Shiraz (blocks 5-7. For Canowindra two areas were also used, Semillon (blocks 17,27 and 28) and
Cabernet (blocks 16 ,22, 23 and 34). Maps of the varieties present in the Cowra and Canowindra
vineyards are given in Figure 7.1.
The 30-90 cm silt fraction was determined by OK and RK as described in Chapters 5 and 6 respectively.
Vine phenology and architecture are important in determining the response of remote sensing
(Dobrowski, et al., 2002, Johnson et al., 1996). The Cowra and Canowindra vineyards have been
established on Australian Sprawl with machine pruning followed by hand pruning. Australian Sprawl
produces large canopies, with the aim of shading the fruit from the summer sun. The large canopies
extend well into the interrow which minimises the error from background noise in the remotely
sensed imagery. This is a major problem in vertical-shoot positioned vineyards (Dobrowski et al.,
2002)
7.2.2 A Local Site Index for Viticulture
When determining vineyard design it may be useful to have a simple indication of the potential of a
site for plant response. A regional Site Index (SI) for viticulture has been proposed by Tesic et al.
(2002) to characterise the potential of different sites for viticulture. In this regard it is a broad index
for the identification of a vineyard site rather than for vineyard design. The SI was originally designed in NZ however it has been applied successfully to the characterisation of viticultural conditions in Australian (Tesic, 2003). While the SI was originally designed for the comparison of different wine regions or subregions it has been altered here to a local site index (LSI) for application at a
vineyard scale. The original index as proposed by Tesic et al. (2002) is

Gp
)
100
SI =
RS • 1 + CS • RD
(t o + t j ) 2 • (1 +

where

Equation 7.1

to = mean air temperature in October (°C)
tj = mean air temperature January (°C)
Gp = gravel percentage in topsoil
RS = seasonal rainfall (October to April in mm)
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Figure 7.1: Vineyard varietal maps for Cowra (top) and Canowindra (bottom)
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CS = ratio of clay percent to silt percent in the 35-70 cm zone
RD = maximum depth of rooting rone.
For this study knowledge of the gravel % in the topsoil was not recorded. The Gp factor was used by
Tesic et al. (2002) as an indication of the thermal and moisture-holding conditions of the soil. For
the Hawkes Bay region of NZ, where the SI was developed, gravel in the soil is generally considered
beneficial for vine growth. This is due to its better thermal properties which permits roots, and the
vine, to start metabolism earlier. A higher gravel content also improves moisture drainage in a cool
and humid environment. In the majority of Australian viticultural regions gravel appears to play a
smaller part in vine performance due to the warmer climate, lower rainfall and presence of irrigation.
As a substitute a measure of net solar radiation at the site has been substituted into the equation.
As well as incident solar radiation, this also indicates aspect and the opportunity for early morning
radiation that provides faster canopy and soil warming when temperatures are lowest and most limiting (Wilson, 1998, Gladstones, 1992). The site-specific net radiation in the vineyard was obtained
from the SRAD model (Wilson and Gallant, 1997). The net solar radiation is converted to a Relative
Net Radiation (NRrel) Value with a range of 0-1 i.e. the same scale as the Gp. The seasonal rainfall
statistic, an estimate of moisture, has been replaced by the site-specific RAWw estimate . The adjusted local SI equation (LSI) is
LSI =

where

(to + t j ) • (1 + NRrel )

Equation 7.2

RAWW • 1 + CS • RD

 NRi − NRmin 

NRrel = Relative Net Radiation at site i 
 NRmax − NRmin 
RAWW = Readily Available Water calculated using the method of Wetherby (2000)
and interpolated using OK or RK
RD = Rootzone Depth (interpolated using OK)
CS = 30-90cm Clay/30-90cm Silt and may be interpolated using OK or RK.

The LSI is based on known climatic and environmental variables that are influential in determining
crop response. It has the advantage of producing a singular number that can be more easily analysed
and interpreted by lay users.
A LSI was calculated using the OK data from Chapter 5 (LSIOK). An alternative LSI was also calculated from the RK output from Chapter 6 (LSIRK). Both of these were used in the analyses to
determine if there was a benefit to using either the OK or RK data.
7.2.3 Cluster Analysis
Data was clustered in FuzMe (Minasny and McBratney, 2002) using a fuzzy k-means algorithm. This
produced partial membership classes for each point and associated indices of performance (FPI and
MPE). Clustering was performed on a variety of different combinations of data including the ordinary kriged data from Chapter 5, the regression kriged data from Chapter 6, ancillary data sets, LSI
and combinations of all three. All the approaches were also tried with and without spatial coordi-
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nates (Eastings and Northings). A list of the different approaches and the input variables are given
in Table 7.2. Only the 0-90 cm Veris measurement was used directly in this analysis (other measurements were used indirectly in the RK methodology). This was done to imitate the output from an
EMI instrument which is the more common sensor used for vineyard ECa suveys.
The spatial coordinates were included to try and introduce a usable spatial structure into the clustering process. For functionality vineyards still require a structure that is compatible with machinery
use and management. The focus on spatial contiguity produces a significant difference in the output
as the clusters are potentially zones not classes. When the spatial coordinates are not used management classes are not spatially constrained and may consist of multiple zones. It is hypothesised that
the use of spatial coordinates will result in a higher optimal cluster number than the non-spatial
approach, although the final number of zones may not necessarily be higher. For this reason the nonspatial approaches were analysed with 2-10 clusters and the spatial approaches with 2-15 clusters.
Approach

Variables

OKall

Clay0-90cmOK, Clay0-30cmOK, Sand0-90cmOK, Sand0-30cmOK RAWOK, Rootzone
DepthOK and Topsoil DepthOK
Clay0-90cmOK, Clay0-30cmOK, Sand0-90cmOK, Sand0-30cmOK and RAWOK
Rootzone DepthOK, Topsoil DepthOK and Eastings and Northings
LSIOK
LSIOK , Eastings and Northings
RAWOK and Elevation
RAWOK, Elevation, Eastings and Northings
RAWOK, Elevation, Clay0-90cmOK and Veris 0-90 cm
RAWOK, Elevation, Clay0-90cmOK, Veris 0-90 cm, Eastings and Northings
Clay0-90cmRK, Clay0-30cmRK and RAWRK
Clay0-90cmRK, Clay0-30cmRK, RAWRK, Eastings and Northings
LSIRK
LSIRK, Eastings and Northings
Clay0-90cmRK, Clay0-30cmRK, RAWRK, Elevation, and Veris 0-90 cm
Clay0-90cmRK, Clay0-30cmRK, RAWRK, Elevation, Veris 0-90 cm, Eastings and
Northings

OKall_xy
LSIOK
LSIOK_xy
OK1
OK1_xy
OK2
OK2_xy
RKall
RKall_xy
LSIRK
LSIRK_xy
RK1
RK1_xy

Table 7.2: List of attributes used in each clustering approach
7.2.4 Determining the Optimal Number of Zones.
One of the biggest problems following cluster analysis of data is how to determine the optimal
number of classes for management. The number of clusters chosen is often done subjectively however some statistical approaches have been recently proposed.
7.2.4.1 Using MPE and FPI
When a fuzzy k-means clustering algorithm is utilised, the fuzziness performance index (FPI) and
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modified partition entropy (MPE) (Roubens, 1982) can be calculated to assess the optimal number
of classes. The FPI is a measure of the degree to which different classes share membership and is
constrained to values between 0 and 1. As FPI approaches 1, membership sharing increases. As the
FPI approaches 0, classes become more distinct and if FPI = 0 than classes are considered “hard”.
The MPE is an estimate of the amount of disorganization created by a specified number of classes
and is also constrained between 0 and 1. The number of classes can be considered optimal when the
FPI and MPE values are minimised (Boydell and McBratney, 1999, Fridgen et al., 2000). A detailed
explanation of these terms is available at on-line (http://www.usyd.edu.au/su/agric/acpa/fkme/
FuzME_Theory.pdf).
7.2.4.2 Class/Zone Opportunity Indices.
While the MPE/FPI approach provides a statistical indication of effectiveness of class classification
it does not indicate whether or not the classes are significantly different form each other in an agronomic sense. The determination of this significant difference is problematic and not well understood. A few approaches to this problem have been proposed in recent years. Fridgen et al. (2000)
have suggested a statistic for the comparison of within-zone variance relative to total field variance
(i.e. one management zone per field). They calculate the weighted variances for each zone as
S Z2 =

1
nz

nz

∑ (Y − m)
i =1

•

2

i

nz
nT

Equation 7.3

where
S2z = Weighted variance for zone Z;
Yi
m
nz
nT

= Yield measured for cell i;
= Mean of measured yield in zone Z;
= number of cells in zone Z;
= Total number of cells in the map.

and used the ratio of the sum of these variances to the total variance as an indication of the performance of the zonal model. This provides an indication of the variance explained by the zonal model
but not if the zones/classes are statistically different.
Cupitt and Whelan (2001) have proposed a confidence interval that utilises the kriging variance for
determining if two classes are statistically different from each. They argue that the most important
point for class delineation is having sufficient variability between classes to permit class-specific
management. They calculate the C.I. as
95%C .I . = µ ±

(σ

2

krig

• 1.96

)

Equation 7.4

)

Equation 7.5

and for statistically different zones
Yzone x − Yzone w ≥

(σ

2

krig

• 1.96 • 2

This appears a more valid statistic approach to determining if zones are relevant as it accounts for
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the auto-correlation between data points. However the objective for this statistic is to determine if
clustering is producing a significant crop response. For whole vineyard design, crop response is
currently difficult to use due to varietal and managerial influences. The individual environmental
soil properties can be analysed for significant class differences however crop response is a holistic
attribute and investigating the response of multivariate attribute, such as the LSI, may be more
beneficial. A potential drawback to the approach of Cupitt and Whelan (2001) is that it is currently
designed only for ordinary kriged data and is not applicable in its current form to raw data or other
methods of interpolations (including RK).
An alternative approach is a Management Zone Opportunity Index (Oz), based on the Opportunity
Index of Pringle et al., (2003). The derivation and rationale for the Oz is presented in Appendix 7.3.
This approach tests the hypothesis that the spatial structure of the zones is adequate for zonal
management. The spatial structure of the zones (Sz) (after Appendix 7.3) is determined by:

[

 A
Sz = r 2   + J a 1 − r 2
z

where

]

Equation 7.6

A = Area of field
z = number of zones
r2 = fit of the cluster model to the yield data and
Ja = the integral scale (Chapter 4)

This statistic differs from that of Fridgen et al. (2000) in that it considers the variability that is
accounted for by the clustering technique and also the residual variability that remains that may be
manageable. However, Sz is a management zone model statistic and is not applicable to management classes unless they are subdivided into discrete zones.
7.2.5 Evaluation of the Clustering Process
The MPE and FPI output was plotted for each clustering approach and the mean of the two values
calculated to determine when the two statistics have been minimised. Once the optimum number of
zones had been determined an ANOVA was performed on a varietal basis to determine the amount
of variation in the crop response that was explained by the clusters. Parts of the vineyard were then
mapped to visually compare how the clustering had accounted for variability in crop response.
7.3 Results and Discussion
7.3.1 Vineyard Site Index
The LSI for both vineyards using both OK and RK data are given in Figure 7.3 and 7.4. The LSI has
been mapped using quantiles. For Cowra both the LSIRK and LSIRK exhibit similar patterns which is
expected given the similarity in RK and OK data observed in Chapter 6. At Canowindra the LSIRK
and LSIOK also exhibit similar patterns with more detail and sharper boundaries shown in the LSIRK.
Both vineyards have blocks that show large differences in the LSI within the blocks
A noticable problem in the Cowra maps is the similar LSI values observed at different locations in
the landscape. The heavy clay alluvium on the river terrace (site A) produces a similar LSI value to
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Metres

A
B
Metres

Figure 7.2: Maps of LSIOK (top) and LSIRK (bottom) for Cowra. (Maps are displayed as
quantiles)
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Figure 7.3: Maps of LSIOK (top) and LSIRK (bottom) for Canowindra. (Maps are displayed as
quantiles)
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the sandy hill top (site B).
7.3.2 Class optimisation
From the output of the FuzMe analysis the FPI and MPE for each class determination for each
cluster approach was plotted (Appendix 7.2) and the mean of the FPI and MPE values calculated
(data not shown). For Cowra, all the spatially constrained approaches had a feature at both 7 and 10
classes. As a result both classes were investigated. The spatially constrained Canowindra analysis
was generally optimised at 5 classes. The optimal clusters as indicated from the FPI/MPE analysis
are given in Table 7.3. The non spatially constrained clustering approaches tended to produce a
lower number of clusters. This produced large areas, that were much bigger than block size, and
made thus makes it difficult to accurately site blocks.
For each variety in the vineyards for which adequate crop response data was available the r2 values of
an ANOVA of optimal clusters vs crop response are given in Table 7.4. The best responses for each
variable are highlighted in bold. The best fit for the data was the standardised chardonnay yield at
Cowra with the LSIOK_xy approach explaining 37.7% of the variation. Clustering showed no response to NDVI at Cowra with no r2 values above 0.1. The response to the plant photosynthetic
ratio (PPR) was mixed with a good response in Chardonnay but little in the Shiraz blocks. In general
the inclusion of spatial coordinates improve the cluster models. As expected it produced more
spatially contiguous patterns that are more useful when considering vineyard design. When the
spatial coordinates are not included the clustering tends to produce gradational clusters along data
contours. An example of this is shown in Figure 7.4. At Canowindra the r2 values were better in the
Cabernet blocks with the spatially constrained clustering again producing the best results.
To determine the effectiveness of the clustering parts of the vineyards were mapped with the two
best cluster models, yield data, ECa ( 30-90 cm) and NDVI or RVI. At Cowra the strong response in
Chardonnay is shown (Figure 7.5) while at Canowindra two blocks of Semillon are mapped (Figure
7.6). At both locations the clustering appears to have failed to capture the variability that can be
discerned in the yield, imagery and soil ECa maps. This is particularly evident in the Semillon blocks
at Canowindra. There is some weak correlation between the yield, RVI, ECa and LSIRK maps however the clusters do not pick up on this at all. At Cowra, the chardonnay gave the best fit of all
models tried however visually much of the variation in the ancillary maps has not been captured.
Although the clustering is not reflecting the variability in the yield and imagery, the LSIs, and particularly the LSIRK are. The exception is the NDVI image at Cowra which shows little spatial structure to
the other data.
From the information in Figures 7.5 and 7.6 the LSIRK appears to be reflecting the vine response.
The clustering approaches tried however appear unable to fully utilise this information. The spatial
weighting may be too strong and overriding the information in the LSI layer. This appears to be a
particular concern in the Cowra vineyard. When spatial coordinates are not included the data tends
towards forming contours which are not suitable for vineyard design. Further studies are required to
understand how clustering algorithms can help automate the prediction of digital terroirs.
Initially it was intended to test the cluster models using the statistics described in the methodologies.
However this has been foregone due to the poor fit of the models. It is still uncertain if the FPI/
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Method
OKall
OKall_xy
LSIOK
LSIOK_xy
OK1
OK1_xy
OK2
OK2_xy
RKall
RKall_xy
LSIRK
LSIRK_xy
RK1
RK1_xy

Cowra
3
7, 10
8
7, 10
3
7, 10
2
7, 10
5
7, 10
10
10
10
10

Canowindra
2
5
10
5
10
5
6
5
2
5
10
5
2
5

Table 7.3: Table of optimum clusters as determined by MPE/FPI
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Metres

Metres

Figure 7.4: Comparison of the influence of clustering without (left) and with (right) spatial
coordinates on the contiguity of managment classes.
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189

0.045
0.264
0.169
0.220
0.259
0.377
0.030
0.035
0.189
0.006
0.309
0.275
0.072
0.268
0.153
0.116
0.332

0.044
0.061
0.051
0.053
0.008
0.047
0.048
0.034
0.047
0.000
0.049
0.041
0.040
0.039
0.033
0.021
0.010

0.117
0.184
0.189
0.110
0.005
0.049
0.160
0.102
0.190
0.169
0.070
0.180
0.090
0.079
0.126
0.083
0.111

0.006
0.016
0.016
0.044
0.000
0.028
0.046
0.058
0.124
0.000
0.035
0.113
0.021
0.003
0.015
0.015
0.026

0.005
0.005
0.003
0.045
0.017
0.026
0.003
0.001
0.003
0.000
0.000
0.000
0.053
0.022
0.047
0.079
0.041

Std. Yield NDVI

Std. Yield NDVI

PPR

Shiraz

Cowra
Chardonnay
0.000
0.013
0.007
0.018
0.000
0.006
0.014
0.007
0.016
0.000
0.002
0.024
0.002
0.011
0.015
0.010
0.001

PPR

0.020
0.085
0.043
0.043
0.113
0.091
0.081
0.067
0.014
0.051
0.084
0.043

LSIOK (10)
LSIOK_xy (5)
OK1 (10)
OK1_xy (5)
OK2 (6)
OK2_xy (5)
RKall (2)
RKall_xy (5)
LSIRK (10)
LSIRK_xy (5)

Std. Yield
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0.062
0.189

0.001
0.137

0.146
0.209

0.162
0.210

0.058
0.237

0.001
0.080

Std. Yield

Cabernet

TO AID

Canowindra
Semillon

OKall (2)
OKall_xy (5)

Approach
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Table 7.4: r2 values from ANOVA of cluster models. (The best fits are shown in bold)

OKall (3)
OKall_xy (7)
OKall_xy (10)
LSIOK (8)
LSIOK_xy (7)
LSIOK_xy (10)
OK1 (3)
OK1_xy (7)
OK1_xy (10)
OK2 (2)
OK2_xy (7)
OK2_xy (10)
RKall (?)
RKall_xy (7)
RKall_xy (10)
LSIRK (10)
LSIRK_xy (10)
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MPE approach is suitable for selecting the optimal number of clusters in this case. Certainly the
models identified were not particularly good but it is not known if this is due to the input data, the
clustering algorithm or the MPE/FPI selection criteria. This should also be a focus for future studies.
While the clustering approach was unsuccessful, as an input into a human decision making process,
the LSIRK appears to be very useful in identifying where the vine:environment response is changing
and delineating digital terroir. There are some concerns about the production of similar LSI values
from differing environments. However these tend to be spatially separate and any decision on vine
selection/management should take into account local soil information as well as the LSI values. In
Figure 7.5 the LSIRK shows a strong response on the right-hand side of the southern portion (Block
25). The same area exhibits poor yield and low ECa. It is unclear if a LSIRK response >0.9 is detrimental for yield growth or the high response is erroneous. This highlights the need for the methodology to be tested further. Firstly to identify what sort of numbers are optimal or suboptimal and
secondly to determine how robust the model is by testing on other vineyards in other regions. The
model will also continue to be tested on crop response data as it comes to hand. In particular the LSI
model needs to be tested against winegrape quality parameters as well as yield.
In the previous two chapters the use of OK data has produced better fits than RK data. This was not
expected and contrary to previous studies. While the OK data has outperformed the RK data statistically, when mapped the RK data appeared to contain more detail and more information on environmental boundaries. In Figures 7.5 and 7.6 this information appears beneficial and provides the LSIRK
with a better estimation of site-specific vine response. The LSIOK maps are smoother and apparently
lack the necessarily detail to accurately define boundaries.

CHAPTER VII

7.4 Conclusions
A Local Site Index (LSI) for vineyards has been proposed for use in vineyard design. It is based on an
existing model that has been adapted for finer-scale surveys. The LSI appears to complement crop
response, particularly yield. The use of regression kriged variables in the LSI produced a more
coherent response than the use of ordinary kriged variables.
Attempts to cluster the data into digital terroirs or management zones were largely unsuccessful with
the clusters accounting for only a small proportion of the crop response variability. While an automated process is desirable, human (expert) input is always required to ensure that the result is plausible. Further work will continue into automating the clustering process and the derivation of indices to identify the optimal number and arrangement of classes. While clustering was not successful
the derived data layers, including the LSI layers provide a lot more information to the grower to aid
in vineyard design. The use of this information should promote better vineyard designs and also
contribute to lower within block variability.
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Appendix7.1 - SRAD Input Data

SRAD input for Cowra.
-33.7 -33.9
0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34
0.64 0.60 0.65 0.60 0.52 0.43 0.49 0.60 0.60 0.61 0.59 0.61
31.8 31.3 28 23.5 18.5 14.7 13.7 15.4 18.3 22.5 26.3 30.1
15.3 15.3 12.3 8.2 5.3 3 1.9 2.8 4.4 6.9 9.8 12.8
average
7.30 7.30 7.30 7.30 7.30 7.30 7.30 7.30 7.30 7.30 7.30 7.30
6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
1
2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25
10.0 0.96 0.00008 25
0.65 0.66 0.67 0.68 0.69 0.70 0.71 0.70 0.69 0.68 0.66 0.65
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SRAD input for Canowindra
-33.4 -33.8
0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34 0.34
0.64 0.60 0.65 0.60 0.52 0.43 0.49 0.60 0.60 0.61 0.59 0.61
34 33.3 30.5 24.9 19.6 15.6 15 17 21.1 25.2 28.9 32.5
15.6 15.3 12.6 7.9 4.5 2.4 1.6 2.4 4.6 7.8 10.8 13.4
average

1
2.25
10 0.96 0.00008 25
0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.7 0.69 0.68 0.67 0.65
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Appendix 7.2 - MPE and FPI plots for Cowra
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Appendix 7.3 - A Spatial Opportunity Index for Precision Agriculture
These are some thoughts on the derivation of a spatial opportunity index for Precision Agriculture
arising from the development of the continuous opportunity index proposed by Pringle et al. 2003.
The data used for this was a wheat field in Northern NSW that formed part of Pringle et al’s original
paper.
An index based on statistical parsimony (Lark, in press) derived from the Akaike Information Criterion could be used:
AIC = n·ln(RMS) + 2p
where:

n
= the number of observations
RMS = the residual mean square for the model fit
p
= the number of parameters in the fitted model.

In this context we could write the opportunity index as:
Ozs(z) = 2z – n·ln(r2)
where:

z
r2

= the number of zones or spatial units in the field.
= the fit of the model

In this situation z is not the number of classes that might be fitted by a (fuzzy) k-means algorithm but
rather the number of discrete contiguous spatial zones. These contiguous spatial zones can be formed
by including the spatial co-ordinates as well as the yield in the numerical classification. (N.B. these
zones are not the same as treatment classes). While individual zones may be discrete treatment
classes, other treatment classes may be composed of two or more zones (that are spatially discrete
from each other). An additional 2 zone model determined “by eye” (E2) was also added (discussed
later). For the example we have chosen West Creek 1997 as it has a high Oc and the large feature on
the left hand side indicates it is suitable for zone management.
The goodness of fit of the zone models (in describing yield variation) was determined from the r2 of
a one-way analysis of variance model. The use of n 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 n using 5000 data points. The number of zones (z), which
minimises Ozs, can be regarded as optimal.
From Table A we can see that Ozs becomes asymptotic after 7 zones indicating that there is little
benefit in managing additional zones. The amount of variation accounted for in the management
zones can be determined by comparing the yield variogram to that of the residuals. In this case a
spherical model has been fitted to the yield data and the exponential model to 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 B 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 variograms can be consid198
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ered 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 comparable to the r2 derived from the ANOVA of the cluster means however
they also include a spatial component.
z
1
2
3
4
5
6
7
8
9
10
E2

n
112
112
112
112
112
112
112
112
112
112
112

r2
0.002
0.061
0.181
0.484
0.582
0.616
0.660
0.692
0.700
0.257

O zs
389.51
189.67
158.87
140.09
124.57
49.86
48.82
49.33
48.84
156.17

Ozi
2.99
6.70
9.54
13.64
13.63
12.98
12.56
12.12
11.57
15.73

Table A. Estimates of Opportunity for managing different numbers of zones for West
Creek 1997.
While determining which model best describes variation the calculation of Ozs does not take into
account issues such as differences between means of zones, gross margins etc. Ideally a better opportunity index would be an economic one (Oze), measured in dollars (per hectare):

O

z G 
= ∑  i
ze i =1  A 
 i

where
Ai = the area of zone i.
Gi = the gross margin for zone i which is calculated from;
Gi = Pi – Ci – Fi
where:
Pi = value of production
Ci = agronomic cost of production
Fi = environmental cost of production (which is still difficult to calculate).
Here the assumption is that the zones are suitable for PA. This time, the optimal z is the number that
maximises Oze.
Currently, it may be difficult to obtain all the data to calculate Oze but developing methods to obtain
these data should be an aim of further research. In the meantime, we might think of using a compromise between the statistical and economic indices, which is really what our Oc is. If we replace S in
Equation 4.5 by
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[ ]

 A
S (z) = r 2   + Ja 1 − r 2
z
where
A = Area of field
z = number of zones
r2 = fit of the model and
Ja = the integral scale (Chapter 4)

it is possible to calculate Ozi, which should be maximised. Results of this are presented in Table 4.
Ozi values indicate that the optimal number of management zones in this field is either 5 or 6 (less
than that indicated by the Ozs analysis). It should be noted that these values cannot be compared
directly to the Oc values as they are situated on a different scale. From Figure A, maps with only 3
and 4 zones are reflecting the heavy weighting of the spatial coordinates in the analysis thus have
poor r2 values when compared with the yield. When compared with the yield map, diagrams 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 variablerate 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 feature into z1 and specify the rest of the field as z2 and analyse this model (E2). The r2
for the ANOVA between z1 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 variogram of the residuals
against the yield shows that this minimal segregation already accounts for 28% of the variation in
yield.
The Ozi for this model (15.73) is the highest of any of the models due to Sz being weighted to
minimise zones. As expected two large discrete contiguous zones provide a good opportunity for PA.
Whether it should have a higher Ozi than a more complex model that better fits yield variation is a
point for further research and discussion. The r2 Ozs and Ozi values from E2 highlight the need for a
better algorithm for deriving the discrete contiguous zones.
It should be emphasised that this is only a preliminary model and presented here as an example.
Considerable work still needs to be done especially 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 a true indication of the opportunity will be known.
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Figure A: Cluster maps of Yield, Eastings and Northings showing the spatial distribution of
potential management zones. 2, 3 and 9 zone models not shown.
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Figure B: Variograms of residuals from the 5, 6 and 7 zone models compared with the raw yield
variogram
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Chapter 8: Development of a fuzzy logic model for the prediction of
“total” grape quality from multiple must attributes

SECTION 1: A REVIEW OF LITERATURE - The “Quality” question
The relative availability of yield monitors compared with quality monitors has resulted in PA to date
being driven primarily by improvements in management with respect to quantity. The absence of
quality monitors is not due to the lesser importance of the management versus quality issue. Rather
it is due to the need for more complex sensor technologies to measure quality coupled with an
ambiguity in what is quality and the best way to measure it. The issue of improved quality is as
siginificant or even more so in some crops than improved quantity. Almost without exception there
is a pricing gradient in all agricultural produce based on indicative quality measurements. For example,
wheat is graded according to protein content and disease content, lucerne hay according to nutritional
status and weed seed status, cotton according to fibre length and strength, winegrapes according to
the sugar content, pH and titratable acidity of the must and fruit according to flavour and appearance.
If profitability is a function of product quality then quality information should form an important
data layer in any site-specific production system.
There are several aspects to the “quality” question in relation to PA and PV. Firstly what is meant by
“quality”? Secondly are current measurements of “quality” applicable to PA or is the development
of new or alternative methodologies required? Thirdly are these measurement systems compatible
with and robust enough for real-time monitoring? Finally how can the quality data be analysed and
interpreted to identify best management practices from the information received?

CHAPTER VIII

8a.1 The Meaning of Quality
The dictionary definition of quality (Collins Australian Pocket Dictionary (1981)) indicates that
quality has a variety of meanings including
- A characteristic attribute
- A degree of excellence
When applied to agricultural systems these definitions are somewhat vague and thus inadequate.
Giomo et al. (1996) have proposed some alternative definitions for agriculture. The first is a production
definition and the second an economic definition.
Definition 1: “Quality is the whole of those properties and characteristics of a product and/or a
service which combine to meet the consumers requirement”.
Definition 2: “Quality is not only a property but also a cost, which can be a burden on the production
and consumption”.
In general a producer is attempting to maximise the value of the produce by tailoring it to consumer
requirements, after all the “consumer is always right”. Thus traditional management practices during
production are geared towards producing quality as defined by Definition 1 above. From a business
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perspective the second definition is sensible as it identifies that the quality of the produce is linked
to the quality of the production system. Thus an improvement in end-product to fit consumer
demands is not necessarily an improvement in quality if the production system is degraded in the
process. As environmental auditing becomes more and more common, if not law, this economic
definition will take on more importance. The economic value of the “quality” of the production
system is already being shown in the premium offered for “organic” foodstuffs in western countries.
For the continued development of the Australian wine export market, particularly in European
markets, the demonstrability of high-quality production systems i.e. clean green vineyards, should
be a major goal for the industry as a whole (Reedman, 2001). The failure to be proactive in this area
could lead to a serious loss of market share overseas (Reedman, 2001).
For this research chapter (Part B) the production definition is used with an emphasis on how grape
properties combine to meet consumer expectations.
8a.2 The Determination of Quality (Quantifying Quality)
Having established how to define quality there is a need to be able to measure it. Traditionally the
quality of a product has been performed on a representative sample due to the fact that it is often
difficult to test all of the product, especially in broadacre crops which have a low value per single
unit. In crops where the value of a single discrete unit is relatively high and inexpensive measurements
techniques have been developed, the testing of individual product is more commonplace for example
NIR analysis of sugar content in temperate fruits at a rate of 3 pieces per second (Kawano, 1994). In
vineyards quality is currently measured on composite samples from within a block or vineyard (so
results are averaged across blocks). This approach is necessitated by the cost and particularly time
needed for current grape quality analyses.
Using the definitions of Giomo et al., (1996) “quality” is a very holistic concept encompassing a wide
variety of product and production attributes. As mentioned previously little attention is currently
afforded to the qualtiy of the production system in agriculture and this review will focus on the
quality of the product. As quality is often a function of a multitude of product characteristics
generally indicator variables are used. There are a variety of reasons why this may occur;
1) a quality attribute(s) is dominant
2) it is cost prohibitive or too difficult to analyse all potential quality attributes
3) the dominant quality variable(s) is difficult or expensive to measure and a correlated property
is cheaper/easier.
The use of an indicator variable relies on a calibration between variables and/or with consumer
preference. These calibrations may not be robust enough to encompass all varieties and all production
systems, thus disadvantaging some and advantaging others. In particular the ability to link consumer
preferences with quality measurements is vital to understanding how production can be altered to
improve quality. Research to data indicates that the robustness of generic grape quality models,
particularly between varieties but also regions, may be problematic (Esler et al., 2001)

8a.2.1 Quality indices of grapes/wine
It is current practice in vineyards to measure three quality indices to help viticulturists to determine
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the optimum time for harvest. These are must pH, titratable acidity (TA) and soluble sugar content.
These three characteristics have been chosen over time due to their ease of measurement in the
vineyard and correlations with wine quality espescially in cooler climate production (Creasy, 2000).
However Jackson and Lombard (1993) identify seven key grape/must characteristics that contribute
to wine quality. These are discussed below with reference to current measurements methods.
1. Soluble Sugar Content (SSC). This is measured traditionally using a hydrometer to determine
sugar content from the density of the must. Nowadays must SSC is more commonly measured
using a handheld digital refractometer. There are several different scales used for the measurement
of SSC. The three most common being Brix°, Baume and Oesche. SSC is an indication of the
potential alcohol percentage and residual sugars (sweetness) of the final wine (Jackson and
Lombard, 1993)
2. pH. Wine pH is considered to be limiting if it is >3.6. Lower pH tends to create a more
chemically and biologically stable wine with lower microbial activity producing a more even and
controllable sugar and malate fermentation. Higher pH leads to decreased colour intensity in
reds and often more ‘browning’ in white varieties. As pH increases so does microbial activity
producing unwanted fermentations that may affect the colour and/or flavour of the wine. As
well higher pH binds and inhibits the bacterioant SO2 further increasing microbial activity (Jackson
and Lombard, 1993).
3. Titratable Acidity. This is another measure of the content of acids in the must and is considered
to be best between 6-10g/L. Problems with TA can be corrected in the vinification process
through acidification/deacidification. Low TA is often associated with high alcohol content and
a burnt bitter and coarse after taste (Marais, 1987). The two dominant acids are tartaric and
malic which can be independently measured enzymically, or with HPLC (Jackson and Lombard,
1993)
4. Monoterpenes. These are the dominant flavour compounds in wine. There are two types, free
volatile terpenes (FVT) and potential volatile terpenes (PVT). FVT are the terpenes that can be
immediately detected by taste and smell whilst PVT are considered to be a flavour reservoir and
become detectable with the aging process (Reynolds 1997). Terpene content is usually measured
using gas chromatography/mass spectroscopy (Pollnitz et al., 2001).
5. Potassium. This is important as it tends to bind tartaric acid into potassium tartarate thus reducing
the TA of the must (Jackson and Lombard, 1993). High K levels have also been associated with
poor colour in red wines (Somers, 1975) Potassium has traditionally been mesured using an
Atomic Absorption Spectrometer (Gillespie, 2003) however recent studies have shown that K
can also be measured in plant tissue using NIR spectrospy (Ciavarella and Batten, 1998).
6. Anthocyanins. Anthocyanins are found predominantly in the skin of the fruit. They are especially
important in red wines as they are the primary colouring compounds in the must. The diglucosides
of malvidin, petunidin and cyanidin are predominantly responsible for the red colour in wine
(Ballinger et al., 1974). They are measured using HPLC or the wet chemistry method of Willams
(1985).
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7. Phenolics. These are derived from the skin, seed and rachis rather than the flesh of the fruit and
are more important in red wines. They are flavour determinants and like anthocyanins can be
measured using HPLC (Jackson and Lombard, 1993) or optical fibre evanescent field absorbance
(FIFA) (Lye et al., 2004).
As well as these individual characteristics some research has been done on ratios between individual
characteristics. Coombe et al. (1980) developed a ripeness ratio that links berry pH and sugar content
while more recently Ilane et al. (1996) derived the glycosyl-glucose (G-G) assay which provides an
indication of the ratio between influential and non-influential flavour compounds in the must. The
G-G assay is now commonly used in Australian viticulture (Gishen et al., 2001). Mixed approaches
have also been reported where measurement techniques are used conjointly to improve quality
prediction. Moio and Etievant (1995) have used gas chromatography to separate volatile components
prior to an olfactory rating by an expert sniffer.
8a.2.2 Quality and the Consumer
For viticulture the relationship between the consumer (winery) and producer (vineyard) is fairly strong
with the winery often contracting grapes with specific quality attributes. The grower then either
meets these specifications to gain the best price or is penalised with reduced prices. It is the connection
of these specifications with the end consumer’s requirements that is more difficult (Gishen et al. ,
2001). The relationship betwen wine quality and the consumer is fairly unique within agriculture.
Consumer preferences for wine tend to be dynamic thus wine and therefore grape quality can also be
dynamic. Wine quality is subjective and often relates to the tasters frame of view and personal
preferences. Consumers of wine also range enormously in their experience and perceptiveness which
influences their rating. The influence of marketing, expert opinions and wine competitions also
tends to shape consumer preferences (Gishen et al., 2001). Consumer sensory preferences can be
determined statistically (Lesschaeve et al., 2001), however this is rarely done with vigenerons often
producing wine to their preference rather then seeing if their product meets market requirements
(Gishen et al., 2001). The rise of “brand” wines for export market will place new emphasis on
understanding consumer tastes as companies will not only be looking to produce a consistent quality
of product but also ensuring that this quality adapts to changing consumer preferences (Reedman,
2001).
8a.3 Real-time sensing of Quality
The methods of analysis outline above are generally not viable for measurement of on-the-go grape
quality, for example, the use of a hydrometer for determination of sugar content, gas chromatography/
mass spectroscopy for terpenes. However there are other ways of measuring these characteristics,
such as Near-Infrared Spectroscopy (NIRS), which have potential for real-time sensing. In most
agricultural commodities there exists a challenge to develop quality sensors that are applicable for
site-specific mapping either pre–harvest or at harvest. This may take time as many quality tests are
industry standard and change is often hard to implement. Despite this the fairly rapid adoption of
new technology, particularly NIRS, in the grains and wine industry indicates that change is possible.
At the moment such technology is applied only on representative samples at collection depots (e.g.
siloes or wineries) however the ability to map quality should expedite the movement towards the use
of such technology in on-the-go real-time sensors.
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The ideal situation is to real-time sense quality at the same time as yield. Thus on-the-go quality
sensors need to be robust enough to be attached to harvesting equipment. Alternatively quality can
be sensed just prior to harvest either as point data or continuously. The resultant quality map can be
incorporated into the harvesting system to segregate yield. Perhaps, until the development of reliable
real-time quality sensors, this may be the preferred option. This approach using prior information,
rather than on-the-go data, has already been shown to be viable for selective harvesting (Johnstone et
al., 1998, Penn 1999, Carothers 2000, Bramley et al., 2003)
The development of quality sensors will necessitate the development of decision support systems
(DSS) that are able to segregate yield according to the information obtained from the sensors. The
incorporation of a quality sensor(s) with yield monitor produces new challenges involving how the
data from multiple sensors is fused and interpreted. The first part of this section looks at possible
sensor technology and the second at the issue of multi-data fusion.
8a.3.1 Types of Sensors
There are a wide variety of techniques that can be used to objectively measure the chemical and
physical attributes of grapes or must. The difficulty in designing sensors lies in a) the development
of robust calibration curves that work well outside of the laboratory environment and b) the engineering
problem of sensor mounting and sample presentation sensor. Currently the wine industry is focusing
on NIRS and the development of calibration curves (Gishen and Holdstock, 2000, Gishen et al.,
2001) for use in wineries rather than vineyards. It is expected that the knowledge gained from the
winery will be adapted for the vineyard at a later stage. The following section highlights some of the
potential approaches that could be taken for sensor development with an emphasis on the current
NIRS approach.
Light refraction – Refractometry has already become the industry standard for measurement of SSC
in must with several commercial types of digital refractometers available on the market. Unfortunately
refractometry requires a debris and bubble free solution to accurately measure SSC thus sample
preparation and delivery o the sensor is of utmost importance. If these problems are overcome then
refractometry is capable of producing accurate results. Inhouse research by Pellenc Ltd indicates that
an on-the-go refractometer SSC sensor is viable (Bruno Tisseyre, ENSAM, Montpellier pers. comm.).
ISFET/ENFET – Ionselective Field Effect Transistors (ISFETs) and Enzyme Field Effect Transistors
(ENFETS) have been around for several decades but are now becoming more popular as the
possibilities for their use are becoming better understood and more feasible. ISFET/ENFET sensors
are able to detect a large range of both inorganic and organic compounds depending on the particular
detector reagent or enzyme used. Work on an ISFET (Seo et al., 1996) and ENFET (Shul’ga et al.,
1994) Glucose sensor shows the possibility for the use of these sensors in detecting must sugar
content. ISFETs also exist for the detection of potassium and pH in solution and are commercially
available. Robust ISFET pH sensors have also been designed for the direct measurement of grape
pH (Sentron Inc, 2001) in the field however no applications have been tried in real-time situations.
Electronic noses - There are a wide variety of chemosensor technologies that have been developed
for use as electronic noses. These include conductometric chemosensors (metal oxide semiconductors
and conducting polymers), chemocapacitors, potentiometric chemosensors (e.g. Metal Oxide
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Semiconductor Field Effect Transistor), gravimetric chemosensors (Quartz Crystal Microbalances),
optical chemosensors (fluorescent sensors), calorimetric sensors, and amperometric sensors (Pearce
et al., 2002). Electronic noses are designed to detect complex aromas using sensor arrays. They are
of great potential as the organoleptic (aroma) properties of the must is the most sensitive indicator
of final wine quality (Scienza et al., 1996).
Of the chemosensors mentioned above the Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs) and Quartz Crystal Microbalances (QCM) sensors have been trialled as non-invasive inline monitors. MOSFETs have been used for process monitoring of E. coli fermentations (Haugen
and Bachinger in Pearce et al., 2002), for the classification of fruit juices (Winquist et al., 1999) and
assessment of the sensory appeal of coffee (Pardo and Sberveglieri, submitted) while QCM sensors
have been used for food and beverage quality assurance in fresh fish (Natalle in Pearce et al., 2002).
All of these trials have produced encouraging results. However observe that results are improved
when the sensor output is coupled with that of an artificial tongue. The use of sensor arrays produces
a problem of multi-sensor data fusion and this will be discussed further below. While no research
was found during this literature review on winegrapes, the development of the technology in other
areas should facilitate adoption in viticulture/oenology.
Near-Infra Red Spectroscopy – This is potentially the most useful tool as the NIR spectra may be
able to measure multiple quality characteristics simultaneously. Currently most work is being aimed
at the measurement of SSC using NIR transmission spectroscopy. Literature exists on the measurement
of SSC in many fruits, for example, peaches (Peiris et al., 1998), tomatoes (Peiris et al., 1998), pineapple
and mango (Guthrie and Walsh 1997), pawpaw (Greenshill and Newman, 1999) and nashi (Tanaka
2
and Kojima 1996). Most of this work has been able to predict SSC with r values greater than 0.70.
Studies by Huxsoll et al. (1995) have shown that NIR transmission spectroscopy has shown highly
positive relationships between measured and NIR predicted values of bulk density, visual grade and
moisture content in raisins. This work has recently been extended into winegrapes (Gishen and
Holdstock, 2000).
In particular extensive progress has been made recently in the use of spectroscopy for quality
determination at the winery. The advantage of spectroscopic analysis is that only the one sensor,
recording at different wavelengths, is needed to measure a multitude of properties. Instruments
such as the Foss WineScan FT120 have been developed to test a variety of must and wine quality
factors. NIRS calibration curves have been established for ethanol, total acid, pH, volatile acidity,
reducing sugars, tartaric, malic and lactic acids, red grape colour and G_G assay with good correlations
for all properties (Gishen and Holdstock, 2000, Gishen et al., 2001 and Kupin and Shrikhande,
2001) except the organic acids (Kupina and Shrikhande, 2001). Calibrations for pH, total anthocyanins
and SSC have been developed for different varieties and different regions within Australia as well as
a generic calibration for all varieties pan-Australia (Esler et al., 2001).
NIRS research to date has focused on the use of transmission spectroscopy where the sample beam
is passed through the sample before being analyzed. This requires a constant sample preparation
which is suited to laboratory analysis but not to field measurement. An alternative form of spectroscopy
is diffuse reflectance spectroscopy. This method intercepts and analyses the reflected radiation from
the surface of the object. Thus the opportunity exists to derive information on the content of a
substance e.g. must or grapes by scanning the surface of the substance. This will minimize or negate
208

GRAPE QUALITY FROM MULTIPLE GRAPE ATTRIBUTES

PREDICTING “TOTAL”
CHAPTER VIII

Precision Viticulture and Digital Terroirs:
Investigations into the application of information technology in Australian vineyards

the need for any sample preparation prior to analysis.
Some problems with the use of this methodology have been identified in the literature. The principle
concern outlined by Peiris et al., (1999) is the spatial variability of sugar within the fruit and the
inability of NIR spectroscopy account for this variability. Thus a standard point of measurement or
multiple scans are needed to allow comparisons between fruit. The small size of grapes compared to
other fruit measured, e.g. apples and peaches, may negate this effect.
For repeatable accurate field results, either the sample must be delivered in a homogeneous manner
to the sensor or the calibration must be robust enough to account for variability in the scans. Given
the inherent high variability between vines and even within bunches (Dunn and Martin, 2000) a
statistically valid sampling protocol is require to account for this variability. The number of
measurements required for a significant representative sample will depend on the rate of scanning
(i.e. the number of wavelengths) as well on the area scanned. Error sources and intrinsic nonlinearities such as debris (dust and leaf litter), fluctuating lighting, variable nature of the sample,
disease/pest artifacts etc need to be overcome (Sanchez et al., 2000). Some of these errors can be
overcome through engineering solutions and others through statistical manipulation of the data (e.g.
PLS, Genetic Inside Neural Networks analysis) (Sanchez et al., 2000).
Guthrie et al. (1998) found that the NIR calibration procedure was not robust enough to be used
between summer and winter crops of pineapple and between varieties. This may have a significant
influence in grapes due to the large number of varieties harvested and in particular the difference
between white and red grapes. Research from the AWRI (Esler et al., 2001, Gishen et al., 2001)
indicates that this may not hold true for winegrapes however varietal and regional calibration models
are being developed. These calibrations have been shown to be robust when transfered between
similar standardised spectrometers. However the simultaneous standardisation of multiple
spectrometers from different manufactors has been identify as a potential problem to the successful
use of the technology (Gishen et al., 2001)
8a.4 Multiple quality indicators and multi-data fusion
The ability to measure and geo-reference crop information is just one step of a site-specific
management system. As discussed in Chapter 1, Precision agriculture is not just data collection, it is
a holistic, cyclical approach involving measurement (data collection), analysis (data manipulation),
interpretation (decision support) and action (variable rate input/management) which is repeated
every production cycle (see Figure 1.2). As indicated earlier grape/wine quality is multiparametrical
thus the collection of multiple individual quality indicators may not and usually does not provide an
actual “total” quality estimate. Data must be analyzed and interpreted to achieve a true quality
measurement. From this literature search there is a general lack of understanding and research in
agronomic disciplines into how to analyse and interpret multi-sensor data. However research into
multi-sensor data-fusion is progressing elsewhere particularly in the area of robotics and mechatronics.
(For examples in the field of robotics readers are directed to the Proceedings of the NATO Advanced
Study Institute on Multisensor Data Fusion, Hyder and Waltz (2002)). For many crops the issue of
multisensor data fusion is minor as there is one dominant quality indicator e.g. protein in grains. For
viticulture, quality is a much more complex problem. Not only is quality a function of a variety of
different quality characteristics that may be uncorrelated (Creasy, 2000) but the relative weight
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(importance) of each characteristic to the overall quality may differ between varieties as well as
within varieties depending on the end use of the grapes.
The short history of Precision Agriculture has already shown that the main impediment to uptake is
a lack of decision support for the technology (Searcy, 1995). Given the successful development of
an on-the-go grape quality sensor(s) a decision support mechanism needs to be in place to facilitate
the adoption of the technology.
At the winery a decision must be made, based on field measurements, field tasting and winery analysis,
on the fate of grapes and the potential quality of the resultant wine. Whilst maturity and to a lesser
extent quality is determined analytically through Brix°, pH, titratable acidity measurements and
asociated indices (Creasy, 2000), the decision on the final quality is still strongly influenced by
traditional heuristic expert systems (e.g. a taster tasting in the vineyard, or traditional response from
a block) (Guilbaud-Oulton pers comm., 2001). Such undeterministic human expert systems may be
highly effective in selecting premium quality wines but from a scientific point of view they are
flawed. Measurements are subjective to the training and preference of the taster and no measurement
of imprecision is obtained thus risk assessment is difficult to determine (Russo and Rampani, 1994).
The first step in the building of a Decision Support System (DSS) often requires data manipulation
and/or reduction. It is likely that the output from the sensor(s) is either too large, in the wrong
format or at the wrong scale to be used as a variable in a decision making model, e.g. a raw NIR
spectra, or that each sensor has differing performance charactersitics which need to be corrected
(Chicolea and Dickstein, 2000).
A wide variety of signal processing and statistical techniques
exists for data reduction including principal components analysis (PCA), discriminant function analysis
(DFA), partial least squares (PLS), multiple linear regression (MLR), cluster analysis (CA), nearest
neighbour analysis (NN) and Genetic Inside neural Network (GINN) (Pearce et al., 2002). Chicolea
and Dickstein (2000) have also published a list of rules and criteria for data fusion, especially in
relation to non-destructive testing. It is not my intention here to describe these methods but to
identify that data manipulation/reduction is a principal step in a DSS.
The second step is to create a model that accepts the sensor data and is able to produce a decision.
Examples of multi-sensor models already exist in agriculture e.g. the three stage fuzzy logic model of
Verma (1996) for prediction of the optimum sell date for tomatoes and the land-cover classification
of Solaiman (1999). Zadeh (1994) champions the idea of soft computing, instead of just fuzzy
logic, in modelling human perceptions. Soft computing is a term used for the amalgamation of
techniques that are used in differing ways and combinations to simulate human thinking. It is an
attempt to exploit the tolerance for imprecision, uncertainty and partial truth of information to
achieve tractable, robust and a low cost solution. This is a process that humans perform everyday
when making decisions. This concept can be illustrated through the process of parking a car (Zadeh
1994). Car parking is generally easy as the final position of the car is imprecise. The more precisely
we specify the final position the harder it becomes to park. The increase in precision however does
not really improve the final outcome. Zadeh (1994) has proposed three basic components to the soft
computing approach - fuzzy logic, neural networks and probabilistic reasoning. Since the publishing
of that paper the study of biologically motivated systems has become wide spread and other techniques
e.g. self-organising maps (SOM), radial basis function (RBF), genetic algorithms (GA), wavelets,
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neuro-fuzzy systems (NFS) and adaptive resonance theory (ART) have been developed and expanded
(Pearce et al., 2002). These technologies for pattern analysis are especially attractive as they have the
potential to perform incremental learning and offer self-organizing and self–stabilizing potential.
(Pearce et al., 2002)
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Figure 8a.1: Diagrammatic representation of the process of multi data fusion and decision
making of winegrapes.
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SECTION 2: RESEARCH PAPER
8b.1 Introduction
A large percentage of the Australian crush is now bottled as “brand” wines rather than vineyard
specific wines. This changes the emphasis of production from a unique identifiable “vineyard”
vintage to a vintage of repeatable quality. The rise of “brand” wines is much more conducive to the
use of scientific research/methods in more extensive viticultural production systems. “Brand” wines
are often not premium thus it is economically unfeasible to exhaustively sample and categorize blocks
using expert tasters. The increased research into and adoption of NIRS analysis by the industry
provides the opportunity to quickly determine multiple quality characteristics. These data could be
used to construct a hard deterministic model of quality. However decision making in wine production
is not a hard science and usually relies on human expertise (often described by heuristic rules) to
interpret both hard (e.g. pH, Brix°) and soft data sources (e.g. tasters assessment). For situations
such as this, traditional deterministic and probabilistic models fail to account for the adaptive and
subjective human component in the decision (Ren and Sheridan, 1995). In the past 30 years a variety
of soft modelling techniques have been developed to overcome this limitation e.g. fuzzy systems,
artificial neural networks, probabilistic reasoning (Zadeh, 1994) and more recently self-organizing
maps (SOM), radial basis function (RBF), genetic algorithms (GA), wavelets, neuro-fuzzy systems
(NFS) and adaptive resonance theory (ART) (Pearce et al., 2002).
Deciding the potential of grapes is really a two-pronged question. Firstly a decision on the quality of
the grapes must be made and secondly a decision on the potential of the wine and the effort and care
required for vinification. These questions require different approaches. Attempts to model grape
quality are probably best served by fuzzy systems. While both fuzzy systems and neural networks are
applicable, the use of fuzzy systems (e.g. fuzzy logic, fuzzy decision trees) is generally preferred
when there is not an extensive training set or there is a strong reliance on “intuitive” or “expert”
knowledge (Janikow, 1998). Fuzzy systems try to mirror human thinking by recording expert knowledge
as linguistic variables within the model. Linguistic variables allow expert knowledge to be incorporated
quickly and easily and tend to provide the operator with a clearer understanding of the model operation
(Russo and Rampani 1994, Janikow 1998). A detailed model has been developed for the prediction
of sale date and quality in tomatoes (Verma, 1996) and a preliminary investigation into the prediction
of grape quality using fuzzy sets has already been carried out in France (Tisseyre and Mazzoni,
2001).
The existing fuzzy viticulture model of Tisseyre et al. (2001) is currently applied retrospectively postharvest. It is based on grape sugar content, maturity and vine vigour. The model does not need the
development of appropriate real-time on-the-go sensors to be effective. The methodology and theory
of these multi-sensor data-fusion models is constant regardless of whether the data is real-time or
laboratory sensed. Thus development of these models will aid growers now and also in the future.
With the successful development of robust calibrations and on-the-go quality sensors then, with the
further refinement of the existing model(s), a real-time decision support system can be quickly
developed and mounted with the sensor to record and manage the crop. If relationships between
proximal- and remote-sensed imagery and quality or quantity indicators can be reliably proven then
such data may also be incorporated into the model(s). Correctly sampled geo-referenced information
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on crop parameters, e.g. bud/bunch counts, crop load etc, may also be included. Forward thinking at
this stage will facilitate the adoption of the technology and correct interpretation of the resultant
information. Integrated models will allow for vertically orientated quality predictions where models
may be run repeatedly throughout the growing season as new information comes to hand. Thus
growers will have an indication of quality potential and spatial variability from early in the season
allowing them to perform differential management to improve overall quality. As the season progresses
the model output should reflect the effect of with-in season management.
The second question of what sort of wine to produce is a soft computing problem that may involve
a variety of techniques. Given that quality is a variable parameter dependent on consumer preferences
any model of the potential value of wine requires a learning capability. Thus as consumer preferences
and markets change the model is able to adapt to select the best fate of the grapes. Fruit quality
information needs to be combined with information on production costs, consumer preferences,
market forces to determine the potential profitability of the wine and the risks associated with it.
Of principal concern for this chapter is the development a model for the the prediction of overall
grape quality from quality indicators. Model development is not dependent on sensor development.
Laboratory and field measurements can be used as data sources to develop and test various models
prior to sensor development. The final version of the model will require some co-operation with
those developing the sensor system to ensure that the model mirrors the potential output of the
sensor.
8b.2 Methods
8b.2.1 Site and sample selection
The study was carried out at the Orlando Wyndham’s Pokolbin Vineyard (latitude 32º 43’ south,
longitude 151º 14’ east) in the Hunter Valley, NSW (approximately 180km North-West of Sydney).
Sample sites were determined using the stratified randomised design as described by Webster and
Oliver (1990). The strata were ‘ potential management zones’ and were obtained as follows. An
aerial photograph of the survey area was digitised using a Umax Mirage IIse scanner. The red, green
and blue bands of the digital image were clustered in JMP® using hard k-means clustering (Hartigan
and Wong, 1979). Assigning two clusters produced two distinct, fairly contiguous zones (Figure
8b.1). The 100 samples were then divided between the two zones based on percentage area.
Of these 100 samples, a further 10 sites were chosen randomly. At these 10 sites nested transects
(Pettitt and McBratney, 1993) were used to ensure that the variogram was accurately represented at
short lag distances. Samples were taken from the middle vine of the panel, the adjacent vine, the
middle vine of the next panel and the middle vine of the 4th panel along from the original sample
(Figure 8b.2). This produced a total of 130 vines. Vine location was recorded by block number/row
number/panel number/vine number and direction from which row was entered (E or W). Vine sites
were geo-referenced with a Garmin 1200XL GPS averaged for 1 min at each location and converted
to Eastings and Northings (UTM GDA) using the GEOD transformation program (LPI, 2001) The
area of the study was 11.7 ha.
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Figure 8b.1: Aerial image of the survey area and result of the 2-cluster analysis showing
winegrape sample sites.

Figure 8b.2: Diagrammatic representation of a nested transect sampling scheme. Numbers
indicate vines being sampled

CHAPTER VIII

8b.2.2 Sample preparation and analysis
Three bunches were picked from the fruit zone of each selected vine. Bunches high or low in the
canopy were not taken. Bunches were crushed in a mortar and pestle and strained through a 2mm
sieve to remove coarse grape debris. Samples were frozen immediately after crushing and analysed in
May, three months later. Three analyses were performed, pH, TA and Brix°. The must pH was
determined using a Radiometer analytical pH meter with a combined electrode. Brix° was determined
using an Atago digital handheld refractometer. Titratable acidity (mg/l equivalent of tartaric acid)
was determined using 0.1M NaOH to an end point of pH 8.2 (as per the standard method used by
Orlando-Wyndham (Deed pers. comm. 2001). The mean of the samples was adjusted to the mean
value of the blocks, as recorded at harvest, to negate any effect of the freezing process on the must.
An analysis of variance was performed on the data to see if the clustering approach had any effect on
the grape quality attributes.
8b.2.3 Fuzzy logic quality model.
The fuzzy logic model of grape quality was developed using the fuzzy toolbox extension of MATLAB
(Roger Jang and Gulley 1995). The model utilises Mamdani’s fuzzy inference method (Mamdani,
1975) with three inputs, pH, TA and Brix°. The fuzzy set for each input was defined by a membership
function (MF), denoting low, optimal or high input values. The threshold values for each input were
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obtained from James Manners, a winemaker at Orlando-Wyndham, are shown in Table 8b.1. Various
functions were tried to define the three MFs including (a) trapezoidal, (b) triangular and (c) gaussian
(Appendix 8.1). Five potential grades of fruit quality were identified – bulk, commercial, semipremium, premium and super-premium. The three input fuzzy sets with three levels of membership
produced 27 if-then rules (Appendix 8.2). The if-then rules were also formulated in consultation
with the winemaker. For shiraz grapes in this region pH is considered the most important must
property. The if-then rules reflect this by weighting pH above Brixº and TA. The fuzzy output from
the model was defuzzified into a crisp number using the centroid value of the fuzzy inference system.
The potential distribution of output from the models was tested by running different permutations
for pH, TA and Brix° values. Values of pH were tested at increments of 0.025 for a range of 3.4 3.7, Brix° at increments of 0.25 between 19 - 26 and TA at 0.25 increments for a range from 4 - 8 g/
L. A random subset of 50 samples was used to compare output from the models to the opinion of
the expert system (winemaker). The distribution of the model output and the correlation of the
sample set with the expert system (winemaker) was used to identify the best performed model.
Quality Attribute

MF

Range

pH

Low
Optimal
High
Low
Optimal
High
Low
Optimal
High

<3.5
3.5-3.6
>3.6
<22.5%
22.5-24.4%
>24.4%
<5.5 g/L
5.5-6.5 g/L
>6.5 g/L

Sugar (Brix°)

Titratable Acidity

Table 8b.1: Range of values for individual must quality attributes.
8b.2.4 Prediction and interpolation of grape quality and gross margin of production
Having identified and refined the best model, the sample data were used as inputs into the model.
The resultant output was then interpolated using punctual kriging, based on a global variogram, onto
Quality
Bulk
Commercial
Semi-premium
Premium
Super Premium

Price per Mg (AUD$)
325
750
1250
1600
2000

Quality score
0 – 25
25 – 45
45 – 65
65 – 80
80 – 100

Table 8b.2: Quality grades and respective price and model output range.
a 3m grid using Vesper (Minasny et al., 2002). The must properties were also interpolated with the
same method. Maps of individual must properties are shown in Figure 8b.6. The results of the
interpolation of the model output were mapped with a continuous numerical legend (Figure 8b.7)
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and with a linguistic quality legend, shown in the inset, according to the quality definitions in Table
8b.2. All maps were produced using ArcView® (Esri, 2001).
The gross margin was calculated (Equation 8.1) based on the average yield, as no yield maps were
available, with site-specific variable quality. Inputs and cost of production were considered uniform
for all parts of the production system. Cost of production was estimated at $5500/ha by the
vineyard viticulturists and value of resultant grapes is according to Table 8b.2. Average yield for the
vintage was 4.3 Mg /ha.
GM = (Yield * Price) - Cost of production
where

Equation 8.1

price is dependent on quality grade (Table 8b.2)
cost of production includes both fixed and variable costs

8b.3 Results and Discussion
8b.3.1. Results of Must analysis
Table 8b.3 shows the summary statistics for pH, Titratable Acidity (TA) and Brix° analysis of the
130 samples. The pH and TA values are above optimum and the Brix° below optimum. The high
TA and low Brix° was expected as the grapes were picked before they reached optimum maturity. As
berries maturity TA will fall as malic acid is metabolised and the concentration of tartaric acid
declines with increased berry water uptake (Jackson and Lombard 1993). Conversely Brix° tends to
increase as the berry becomes the preferred sink for photosynthate (Jackson and Lombard 1993).
Grape must pH also tends to increase with maturity especially in warmer climates (Jackson and
Lombard 1993) however the relatively high pH in the grapes is unexpected given the ripeness of the
grapes. The elevated pH may be due to the unique combination of climatic conditions for the season
or due to an external influence e.g. elevated potassium concentration in the grapes (Gladstones,
1994).
Statistic

pH

Brix°

TA

Mean
Std Dev
Median
Maximum
Minimum
Range
N

3.81
0.14
3.81
4.17
3.39
0.76
130

19.08
1.37
19.08
22.63
15.4
7.23
130

7.30
0.35
7.30
8.32
6.39
1.93
130

Table 8b.3: Summary statistics of the grape must analyses
In the Hunter Valley in 2001 the period from veraison to maturity was characterized by below average
temperatures and above average rainfall. Fruit from this part of the vineyard was picked before full
maturity to avoid further loss from predicted poor weather, the potential onset of fungal disease and
a further increase in grape must pH. The combination of bad weather and an early harvest produced
low quality grapes.
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8b.3.2 Significance of Clustering
The grape sampling design was based on a randomized stratified design derived from cluster analysis
of an existing colour aerial photo. Traditionally yield (vigour) and quality have been considered to be
inversely related to each other (Creasy, 2000). However recent site-specific studies have shown that
quality attributes may not be statistically different between areas of different yield/vigour (Bramley,
2001, Ortega and Esser, 2003). The validity of using this random stratified sampling system was
tested by ANOVA of the measured grape charateristics and the total quality prediction between the
predicted clusters. The comparison of the spread of the data, mean and standard deviation is shown
in Figure 8b.3 and the cluster means and probability statistics from the ANOVA is given in Table
8b.4.

Cluster 1
Cluster 2
Prob > F

pH

Brix°

TA

Total Quality

N

3.828
3.795
0.194

19.329
18.910
0.086

7.285
7.312
0.664

22.479
22.504
0.9916

52
78

Table 8b.4: Cluster means and summary of the ANOVA of winegrape attributes and total
quality between the two clusters. (Italics indicate significance at the 0.1 level)
All three grape characteristics and the predicted total quality were not sifgnificantly different between
the two clusters at the 0.05 level. Brix° was significantly different at the 0.1 level. The lack of
significance reinforces the results from concurrent studies that yield and quality do not show any
strong constant relationship. Given these results randomized stratified sampling based on plant
vigour imagery may not be suitable for studies of winegrape quality. Despite these findings the use
of plant vigour imagery has been shown to be effective for selective harvesting (Johnston et al., 1998,
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Figure 8b.3: Graphical results of ANOVA of winegrape properties and toral quality showing
spread of the data, cluster means and Students t-test comparison.
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Bramley et al., 2003, Carothers, 2000, Penn, 1999).
8b.3.3 Test of the model
Figure 8b.4 shows the distribution of output from the hypothetical permutations of must properties
for each model. The models with triangular and trapezoidal MFs ranged from 10 to 90 and the
gaussian MF model from 8 to 84. The gaussian MF model had very few permutations that produced
total grape quality higher than 75 and was discarded. The trapezoidal model produced a more even
spread of outcomes than the triangular model. This is consistent with previous work (Pedrycz,
1994) who found that triangular and traezoidal models produced the best estimation of the possibility
distribution when modelling an “expert” based system.
Figure 8b.5 shows the output from the three models versus the validation set from the winemaker .
The triangular and trapezoidal models produced a better fit (r2=0.58) than the gaussian model (r2=0.45)
(N.B. the linear regressions are fitted with the line passing through the origin). The trapezoidal model
was chosen as the best model based on a more even spread of output from the permutation set.
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Figure 8b.4: Distribution of permutation output from the three models ((A) triangular, (B)
trapezoidal and (C) gaussian.
8b.3.4 Determining site-specific quality
Individual must properties are displayed in Figure 8b. 6 ((a) pH, (b) Brix°, and (c) Titratable acidity
(TA)). The correlation matrix between the quality predictions and individual must properties for the
130 sample points are given in Table 8b.5.
When applied to the 130 sample points the trapezoidal MF model returned quality scores ranging
from 10.6 to 61.3 with a mean of 22.5. This value places the fruit in the bulk category (Table 8b.2).
(B) Trapezoidal model
100

80

80

Expert Opinion

100

60
40
20

R 2 = 0.58

(C) Gaussian model
100

Expert Opinion

(A) Triangular model
Expert Opinion
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0

0
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0
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80
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0
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Figure 8b.5: Comparison of output from the fuzzy models vs. expert opinion
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However only 73% of points were located in this grading with 19% graded as commercial and 8% as
semi-premium.
The corelation matrix shows that all three attributes are negatively correlated with final quality. pH
and TA show the strongest correlations with quality which is expected as the model is weighted
towards these properties. A negative correlation is generally expected for pH and TA. A high must
pH tends to produce unstable wines with higher microbial activity and weaker colour (Jackson and
Lombard 1993). Titrable acidity tends to be excessive following veraison and decreases with maturity
(REF). Brix° however is generally positively correlated with total quality (Gladstones, 1992).
While pH and TA are both negatively correlated to total quality they exhibit no relationship with
each other. The results show that Brix° is positively correlated with pH which is expected as they
both tend to increase during maturity (Jackson and Lombard, 1993). This positive correlation coupled
with the emphasis on pH and TA in the model, the unusual season and the poor development of
grape sugar probably explains the anomolous correlation between Brix° and Quality in Table 8b.5.

pH
Brix°
TA
Quality

pH

Brix°

TA

Quality

1.00

0.55
1.00

0.03
0.02
1.00

-0.56
-0.24
-0.44
1.00

Table 8b.5: Correlation matrix for individual must characteristics and overall predicted quality
(from model).
The absence of strong relationships between must properties e.g. TA and pH or TA and Brix° in this
study, is not uncommon in winegrapes (Reynolds 1997, Bramley, 2001, Creasy, 2000) and highlights
the reasons why multiple “quality” indicators are required. The reason for this lack of relationship is
due to the wide range of external factors that can affect the physiology of the berry – either directly
or indirectly by influencing vine-growth parameters (Jackson and Lombard, 1993).
8b.3.5 Mapping of fruit quality
The quality map resulting from the interpolation is shown in Figure 8b.7. This has been simplified in
the inset as a map of grape grade (using values from Table 8b.2). After interpolation the mean
quality value is 23 however 71% of the vineyards shiraz was considered to be of bulk quality and
29% of commercial or greater.
Visually the difference between the quality map and the individual must property maps highlights the
need for a picture of overall quality when considering differential harvesting. The maps visualize the
differences observed in the correlation matrix (Table 8b.5).
This analysis however has not considered the taster’s opinion of the blocks. Taste is the best indicator
of quality however it is a subjective variable and difficult to quantify hence the reliance on quantifiable
properties such as pH, Brix° or TA. Prior to harvest, winemakers physically visit vineyards to taste
and grade individual blocks. While it is not feasible to do this site-specifically a general knowledge
of the mean “taste” of the block will aid in any quality model. Grapes with different taste grades but
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Figure 8b.6: Interpolated maps of individual must properties.
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Figure 8b.7: Interpolated map of overall quality prediction from the fuzzy trapezoidal MF
model (showing simplified inset of wine grades).
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identical pH, Brix° and TA will have a different quality grade.
Without this additional information on “taste” the output from the model is incomplete. According
to the output from the model the grapes produced were predominantly of bulk grade. The blocks
however had a good taste and despite the early harvest and poor season still produced primarily
commercial fruit. The next step in the development of the fuzzy model proposed here is the inclusion
of the taster’s opinion into the model.
8b.3.6 Gross-margin analysis
The mean quality of the blocks indicates bulk quality grapes. However with over a quarter of the
vineyard able to be graded to a higher category it is obvious that there is an opportunity for differential
harvesting to improve profitability. The potential for differential harvesting is also helped by the
large discrete areas of higher quality grapes that minimizes the cost of differential harvesting (re
inset of Figure 8b.7). The area of semi-premium grapes is considered to be too small for differential
harvesting and recatergorised into the commercial grade.
The gross margin analysis for uniform harvesting shows a loss of $4,102.5 ha-1. Differential harvesting
into bulk and commercial lines (according to the inset in Figure 3) shows a loss of $4,102.5 ha-1 in the
bulk grade areas, $2,275 ha-1 in the commercial grade areas and $3,571 ha-1 overall. This figure does
not account for the increased cost of differential harvesting however an average saving of ~$600 ha221
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will easily offset this additional cost. The potential savings associated with differential harvesting
in this study are similar to those reported elsewhere (Bramley et al., 2003, Carothers, 2000, Penn,
1999).
1

8b.4 Conclusions
The aim of this chapter was to develop a model to help grapegrowers and winemakers to understand
the interaction of individual quality parameters on “total” quality and the spatial variation of individual
and toatl quality. This information should help improve the winemaking decision support system
The use of trapezoidal and triangular membership functions produced the best fuzzy models for the
prediction of overall grape quality. All models will benefit from the inclusion of additional information
especially the score given pre-harvest by an expert taster. The models represent a step towards a
decision support system for grape quality. Further research needs to be conducted to verify the
output from the model e.g. micro-vinification.
The output from the fuzzy model produced a map of overall quality that was different to the individual
quality parameters. The vineyard produced predominantly bulk grade grapes. A gross margin analysis
for uniform versus differential harvesting showed a saving of ~AUD$600 per hectare for differential
harvesting.
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Appendix 8.1 - Membership Functions for pH
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Appendix 8.2 - If-then rules for fuzzy grape quality model
Antecedent
If (pH is low) and (Brixº is low) and (TA is low)
If (pH is low) and (Brixº is low) and (TA is high)
If (pH is low) and (Brixº is high) and (TA is low)
If (pH is low) and (Brixº is high) and (TA is high)
If (pH is high) and (Brixº is low) and (TA is low)
If (pH is high) and (Brixº is low) and (TA is high)
If (pH is high) and (Brixº is high) and (TA is low)
If (pH is high) and (Brixº is high) and (TA is high)
If (pH is low) and (Brixº is optimum) and (TA is low)
If (pH is low) and (Brixº is optimum) and (TA is high)
If (pH is low) and (Brixº is low) and (TA is optimum)
If (pH is low) and (Brixº is high) and (TA is optimum)
If (pH is high) and (Brixº is optimum) and (TA is low)
If (pH is high) and (Brixº is optimum) and (TA is high)
If (pH is high) and (Brixº is low) and (TA is optimum)
If (pH is high) and (Brixº is high) and (TA is optimum)
If (pH is optimum) and (Brixº is low) and (TA is low)
If (pH is optimum) and (Brixº is low) and (TA is high)
If (pH is optimum) and (Brixº is high) and (TA is low)
If (pH is optimum) and (Brixº is high) and (TA is high)
If (pH is optimum) and (Brixº is optimum) and (TA is low)
If (pH is optimum) and (Brixº is optimum) and (TA is high)
If (pH is optimum) and (Brixº is low) and (TA is optimum)
If (pH is optimum) and (Brixº is high) and (TA is optimum)
If (pH is optimum) and (Brixº is optimum) and (TA is optimum)
If (pH is low) and (Brixº is optimum) and (TA is optimum)
If (pH is high) and (Brixº is optimum) and (TA is optimum)
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Consequent
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is bulk)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is commercial)
Then (grade is semi-premium)
Then (grade is semi-premium)
Then (grade is semi-premium)
Then (grade is semi-premium)
Then (grade is premium)
Then (grade is premium)
Then (grade is premium)
Then (grade is premium)
Then (grade is superpremium)
Then (grade is semi-premium)
Then (grade is semi-premium)
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Chapter 9: General Discussion and Future Work

More than 270 years Jethro Tull subtitled his dissertation on tillage (Horfe-Houghing Husbandry)
with “ A METHOD OF INTRODUCING A SORT OF VINEYARD-CULTURE INTO THE CORN-FIELDS”. Today the
trend is being reversed and technologies, first utilised in broadacre crops, are being “introduced”
back to viticulture with some exciting prospects. The ability to measure productivity site-specifically
within a field has given growers back the intimacy with their production systems that was lost with
the agricultural revolution in the 1950s -1970s. It has also produced a potentially powerful new tool
for implementing sustainable agricultural practices.
The potential of these emerging information technologies to revolutionise agriculture is widely acknowledged, the adoption of these technologies may be retarded, however, if i) they do not produce
what is promised or ii) there is no support to interpret and act on the information. To generalise, the
first point comes down to how much snake oil is being sold with the information and the second is an
issue regarding how much research (and the quality of the research) that is being committed to
understanding the agronomic significance of the information. Hopefully the outcomes from this
thesis will contributed to improving the second situation.
The first objective of this thesis was to identify the amount of variability that is being recorded in
viticultural production systems. This was primarily limited to an analysis of yield data as real-time
quality sensors are not yet commercially available. The premise for site-specific management is that
there is, i) a significant magnitude of variation in the target variable and ii) sufficient spatial structure
to the variation to permit differential management given current limitations in machinery technology. The analysis of 75 fields from 3 vineyards containing 6 different varieties (primarily Shiraz,
Cabernet, Chardonnay and Semillon) showed a large range in both the magnitude and spatial structure of the yield variation. This confirms that the opportunity for site-specific management is itself
field-specific. To ensure that the maximum short-term benefit is achieve, differential management
strategies should be directed at those fields that exhibit a large magnitude and a strong spatial structure to the variation.
In general the magnitude and spatial structure observed in this study was lower than that recorded in
a previous study of broadacre crops. However the ability to manage smaller areas more intensively
in viticulture means that some blocks would appear to suit and benefit from differential management. Further research into this area is required to understand exactly how the spatial statistics used
relate to potential agronomic intervention. Currently growers are able to rank their production units
(fields) however threshold values, to help producers determine if a site-specific or uniform approach
is preferable, do not exist. A collaborative study between researchers in Australia, Chile and France
has also been initiated to investigate if the level of variability observed in this study is consistent
with other national and international grape growing regions.
For grape quality only a perfunctory investigation into the spatial variability was performed as data is
currently restricted to hand-harvested surveys. The commercialisation of a quality sensor will precipitate further research into this area (and hopefully this occurs sooner than later). Different grape
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quality properties exhibited different spatial patterns and different ranges of autocorrelation. This is
consistent with other findings. The difference in spatial variation has significant implications for
site-specific management as wine quality is a factor of multiple must qualities. The management of
multiple quality factors spatially will require a well designed decision support system.
The yield data was analysed with both classical statistics and spatial statistics. The classical statistics
were shown to be suboptimal when applied in a spatial context. The majority of viticultural and
agricultural scientists and consultants are only trained in classical statistical analysis. For site-specific management to be successful the capabilities of existing scientists and consultants need to be
upgraded as well as future researchers and consultants trained in spatial data analysis. Incorrect data
analysis will result in improper use of the information and result in impeded technology adoption.
The second objective was to update the current methods of vineyard soil survey with new technologies (e.g. the Geonics EM38 that is used for soil electrical conductivity mapping and RTK-GPS that
is used for elevation surveys) and new methodologies (including pedotransfer functions and
multivariate interpolation techniques). To bridge the gap between the current point map approach
and more advanced multivariate interpolation techniques a protocol has been developed for univariate
interpolation of soil properties. This allows the point data on existing maps to be displayed as
continuous raster maps. Central to this approach are recent advances in pedotransfer functions that
permit the conversion of qualitative soil survey data into quantitative units. However univariate
interpolation is only viewed as an interim step and the ultimate goal is to utilise ancillary data (like
ECa and elevation data) in the interpolation of soil properties. Despite results to the contrary in this
study, multivariate interpolation (e.g. regression kriging) has been shown to generally outperform
univariate interpolation (e.g. ordinary kriging) (Odeh et al., 1995, McBratney et al., 2000). The statistical failure of regression kriging in this study may be due to a lack of validation points or poorly
chosen validation points. Further analysis will be undertaken once the number of independent validation sites has increased to check if this was the cause of the poor performance of regression
kriging. Alternatively the original soil survey data could be jack-knifed to form a validation set and
the accuracy of the univariate and multivariate interpolation tested. Despite the poorer statistical
performance visually the mulitvariate interpolation showed more detail and delineated soil boundaries more clearly.
Although not investigated in this thesis, there are also concerns about the continued use and preference for grid surveys by vineyard soil surveyors. Site-directed surveys have been shown to outperform grid surveys when some knowledge of soil variability is known (Pocknee, 2000). If soil ECa
and elevation surveys are performed prior to the soil survey then this data should be used to optimise
the level of information gained from the soil survey. This is not to say that ancillary surveys should
replace the soil survey but rather be used in conjunction with it. An ancillary survey that is not
ground-truth can be misleading. The lack of ground-truthing that accompanies present soil ECa
surveys has already lead some users to distrust the data (McKenzie, 2000).
Site selection and subsequent vineyard design are perhaps the most critical points in determining the
potential performance of the vineyard (Gladstones, 1992). The perennial nature of the crop and the
high cost of planting precludes a rapid turn over of plants, thus errors made in the initial vineyard
site selection and/or design will impact on production over several decades. The objective of inter230
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polation (either uni- or multi-variate) is to produce data layers, on a common raster, that can be not
only easily visualise but also modelled. Chapter 7 was an attempt to put these data layers to use to
predict digital terroir at a sub-vineyard level. Predictions of digital terroir using multivariate clustering, a common approach in broadacre cropping, were not particularly successful when compared to
yield and canopy response. A lot of research has been directed at methods for zoning data for precision agriculture without really producing anything useful. Algorithms for zoning are available however statistics for determining the optimum number of zones/classes, or significant differences between zones/classes are still lacking. The MPE/FPI approach has been used previously however
results from this study using this approach were not encouraging.
While the clustering approach was not successful the proposed “local site index” did show promise
when compared to plant response. Adapted from a regional model this provides a single layer that
incorporates a variety of climatic and soil factors which influence vine production. Condensing the
information into a single layer makes the interpretation easier however all available layers should be
examined to ensure that there are no anomalies that need to be accounted for in the vineyard design.
The goal of vineyard design should be to minimise variability within individual production systems.
If variation can be minimised by planting smartly, without compromising the efficiency of vineyard
operations, then less effort is required for ongoing differential management. When average must
properties are the same for different grape sources then wine from areas of low grape variability have
been shown to produce superior wines (Sinton et al., 1978). The key question that has yet to be
addressed is for what production variables (e.g. yield, must pH, sugar content etc.) should we be
trying to minimise the variation. It is likely that the variable of interest will differ between varieties,
between regions and on the end use of the grapes.
The final vineyard design is very much an “expert” orientated system with the layout determined
using knowledge gained from past experience and current surveys. The data resulting from the
proposed mapping protocols and the derived LSI should help “experts” to better design vineyards to
minimise within block variability. The advantage to these data is the ability to define areas of similar
“digital terroir”. How the grapevine will respond the digital terroir and how it should be managed are
agronomic issues that require either expert analysis or decision support tools (which are currently
nonexistent).
The issue of decision support tools is the reason behind the final objective and research chapter.
Without tools to act on the information the data are just digits or pretty images (and expensive ones)
In general the limiting factor to the adoption of precision agriculture is not the quality of the data or
the ability of machinery but the knowledge to interpret the information. In all cropping enterprises
a bottleneck is forming at the decision support nexus of the PA cycle. Viticulture has an opportunity
to learn from the current experiences in broadacre cropping and implement DSS research sooner
rather than later. The recent amalgamation of AusVIT, a whole vineyard decision support system,
with PAM, a PA orientated software package, is a good first step. It is essential that the industry
continues to take these steps. The ability to merge data layers, to produce an output to which a
management response can be gear to, should be a major objective of future work.
Chapter 8 has presented a framework for merging a variety of field-tested grape must quality parameters. It recognises that wine quality is a function of multiple must characteristics that need to be
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examined holistically not individually. Soft-computing techniques offer a way of merging different
data layers, including expert knowledge, into a decision support system. The individual grape quality
characteristics have been converted into a “total” grape quality value using a fuzzy logic model. This
has produced a map of where bulk, commercial and semi-premium wine quality grapes may be found
in the vineyard. The “total” quality map showed more spatial continuity than the individual quality
characteristics and a good opportunity for differential harvesting. However this research was performed retrospectively post-harvest and a selective harvest and micro-vinification was not performed
to validate the model. The research was done initially to demonstrate the potential of soft computing techniques and the need for DSSs. Research into this area is very minimal in agriculture in
general but is urgently needed. However the model now exists and it is hoped that a collaborator will
be found who is willing to trial the model on a selective harvest. The opportunity also exists to
expand the model to include other quality characteristics e.g. colour, anthocyanin content etc., as
these characteristics become more easily measured. The current model was developed for Shiraz
grapes in the Hunter Valley. For other varieties and regions it is likely that the model will need to be
adjusted to account for varietal and regional differences in plant productivity. There is also no
reason why the model cannot be adapted to a real-time situation rather than a post-harvest model.
The model presented in Chapter 8 provides a continuous prediction of “total” winegrape quality.
Fuzzy models however offer more flexibiliy in the model output. By extracting the level of membership of each sample to the 5 potential outputs before defuzzification, then a measure of the “certainty” of prediction can be made. Unfortunately the software used to model the fuzzy inference
system does not allow these memberships to be extracted thus this “certainty” map has not been
produced here. A “certainty” map would provide some extra information to the grower/winemaker
in delineating grape quality and is an area where further research can be undertaken.
The development and commercialisation of a grape quality sensor is the next major technological
step that is required for precision viticulture. In general the opportunity for product development
and sales will drive sensor technology. The most commonly used sensor technology used in viticulture is the multi-spectral digital camera (either satellite or plane mounted). With the research emphasis placed on this technology it is disconcerting to see the lack of support for the interpretation of
the data in the general community.
Although not discussed in this thesis future research in Precision Viticulture should also incorporate
on-farm (vineyard) experimentation and product auditing/tracking. Every vineyard is different. To
be serious about site-specific management the production system needs to be understood on a per
vineyard or block basis. The collection of this information can only occur through on-vineyard
experimentation. To do this growers need protocols for experimental design and analysis that will
allow them to quantify the variability in their production and to determine the crop response to a
target variable(s) without impacting on the profitability of the production system. A variety of onfarm experiments have been designed and analysed from strip plots to checker boards to “egg carton” to zonal designs (Pringle, 2002). Viticultural can take advantage of these previous studies and
use them as a stepping stone to expedite the adoption of on-vineyard experimentation. It is promising to see the recent appointment of a Post-doctoral position with the CRC for viticulture (CRCV) to
examine this issue.
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The current success of Australian Viticulture is built on export markets. It is imperative that the
industry protects these markets to ensure that there is a not a major “boom and bust” cycle in viticulture. Apart from maintaining quality and value for money the opportunity exists to value-add to the
wine by on-selling information with the wine. Precision agriculture technologies provide a means to
measure and thus audit inputs into the production system. Product tracking technologies also exist
to ensure the integrity of the product as it travels along the supply chain. Consumers, particularly
European consumers, are increasingly beginning to demonstrate their environmental concerns through
their spending dollar. If the industry can demonstrate that wine production is “clean and green” and
product integrity then it will gain a considerable market advantage. The current strongly vertically
integrated structure of the wine industry should promote these technologies however research is still
needed to determine how to use the technologies most effectively and how to distribute the data for
maximum gain.
In the time it has taken to produce this document precision viticulture has gone from humble beginnings with a few prototype yield sensors and research contracted aerial images to becoming a commercial reality and a multi-million dollar industry. The continued funding and support for precision
viticulture projects indicates that the industry is also committed to this “new revolution”. Hopefully,
as scientists, we can provide the protocols and decision support necessary to ensure that in future
years precision viticulture becomes general viticultural practice.
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