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Abstract

Aims: This paper makes abrief overview of the tools and methods that
have already been released or are currently under development to assess
production variability invineyards. It dso reviewsthe main results published
to date on the amount of variability observed in both yield (quantity) and
grapequality a awithin-field scale and someimplicationsthat the nature
of the variation hasfor site-gpecific management.

Methods and results: This paper isareview that presents the main
experimental resultsfrom arecent assessment of thewithin-field variability
of the main parametersin grape production : yield, sugar content, pH,
vigour and aso vine water status and its link with harvest quality.
Information on the spatiad structure of production variation isof importance
asit provides an idea of how site-specific management may be gpplied
toaparticular field. Finaly, one of the key pointsin viticultureisthe
assessment of the vinewater restriction and itsvariability, over bothtime

and space.

Conclusion: Thecollection of high-resolution spatial information on crop
production is now possible in viticulture. This information includes
measurements of thelocal environment, including soil, canopy growth
and thefina quantity and quality of production. These new technologies
and methodologies will alow growers and viticulturists to consider new
management methods, more efficient experimental designsand providea
better understanding of the vine production system.

Significanceand impact of study: Precision viticulturetoolsand methods
offer great opportunities in perennial cultivations, like winegrapes.
Neverthdess, thereare dso chalengesfacing the viticultureindustry before
widespread adoption of such technologieswill occur.

Key words: Sensors, spatia variability, precision viticulture, temporal
stahility, water regtriction

Résumé

Objectif : Ce document fait un rapide état de I'art sur les techniques
existantes ou en cours de dével oppement permettant d'appréhender la
variabilité gpatide des principaux paramétresenviticulture. | fait égdement
un éa del'art sur lesprincipaux ordres de grandeur rencontrésdansplusieurs
vignobles du monde en matiére de variabilité spatiale (amplitude de
variation, coefficient de variation) pour les principaux parametres.

Méthodesand résultats: Ce document présenteles principatix résultats
obtenus dans le domaine de la viticulture de précision. || montre qu'au
niveau intra-parcellaire, les principaux paramétres de production tels
quelerendement, lesucre, le pH, lavigueur et I'éat hydrique des plantes
présentent une grande variabilité. Dans ce cas, uneinformationimportante
est lagtructure spatiale delavariabilité afin de déterminer sil est possible
ou non de gérer les variations observées. Un des paramétres clés pour
comprendre lavariabilité spatiale de la qualité de la vendange est la
contrainte hydrique et savariabilité tant spatiale que temporelle.

Conclusion : Lamesure de paramétres localisés géographiquement en
ligne, grace ades capteurs embarqués sur machine ou grace adesimages
aériennes, ne présente plusdobstacle maeur enviticulture. A court terme,
lamesure spatiaisée ahaute résol ution et systématique de paramétres sur
laplante et le sol vadonc devenir unerédlité en viticulture. Ces sources
dinformation permettent d'accéder & une connaissance fine des systemes
deproduction quiil &ait difficile d'appréhender avec dessysemesde mesure
classques.

Signification et impact del'éude: Cette &ude montre que les outils et
méthodesrelatifsalaviticulture de précision sont tres pertinents pour aider
alagestion de cultures pérennescommelavigne. Ellemet auss en évidence
les défis techniques et sociaux qui sont arelever par lafiliére avant
d'envisager une adoption massive de ces outils et méthodes.

Motsclés: Vitisvinifera, variabilité spatiae, viticulture de précision,
cartographie, stabilité temporelle
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INTRODUCTION

Over thelast fifteen years, many new technologies
have been devel oped for, or adapted to, agricultura use.
Examplesof theseinclude: low-cogt postioning systems,
such as the Global Positioning System with the new
European EGNOS differential correction, proximal
biomassand Leaf Arealndex (LAI) sensors mounted on-
board agricultural machinery, geophysical sensorsto
measure soil properties and low-cost, reliable devices
to store and exchange/share theinformation. Combined,
these new technologies produce a large amount of
affordable high resolution information and have lead to
the devel opment of fine-scale or Site-gpecific agriculturd
management that is often termed Precision Agriculture
(PA).

The development and adoption of PA technologies
and methodologies to viticulture (termed Precision
Viticulture or PV) ismore recent. Despite the relative
infancy of PV, many PV research projects dready exist
inpractically al the significant wine production areas of
the world; including, France (Tisseyre et al., 2005b,
Goutouly and Gaudilliére, 2006, Bobillet et al., 2005),
Spain (Ao et al., 2005), U.SA (Johnson et al., 2003),
Chile(Ortega-Fariaset al., 2003, Ortegaet al., 2003, Best
et al., 2005), South Africa(Strever, 2004), New Zedand
(Pratt et al., 2004) and Australiawhere the adoption of
PV seems to be most advanced (Lamb et al., 2004,
Bramley and Hamilton, 2004, Taylor et al., 2005h).

Some of these research projects are aimed at
developing or utilisng sensing systems, such ashiomass
or leaf areaindex sensors, yield sensors and quality
$nors, to provideinformetion at aresolution never before
achieved in viticulture. Other projects are aimed at
devel oping methods to quantify the within vineyard
variability observed and data processing toolsto assist
wine growers and viticulturists to manipulate, analyse
and make decisions from such information. Ultimately,
combining the technologies and methodol ogieswill dlow
winegrowerstoimprove and optimise production systems
by taking into account technica and economical aspects
of management aswell asenvironmentd issuesat anintra-
parcel (sub-block) level. An example of such an
improvement isthe possibility of adopting site-specific
management to optimize fertilizer application or water
useefficiency inirrigated vineyards.

Thefirst section of this paper will present a brief
review of red-time sengng systemsthet are, or will soon
be, commercially available. The second section will
present some current PV case sudiesillustrating how the
information from these sensors can be used to improve
production. Thethird section of this paper will focuson
some methodol ogiesbeing developed to characterizethe
spatiad variability of winegrapeyield and the difference
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and importance of the magnitude and spatia structure of
variation. Finally, some experimental results on the
assessment of the within-field variability of the plant-
water status and its link with harvest quality will be
presented.

NEW TECHNOLOGIES
INVITICULTURE

1. Geo-referencing

In precision viticulture, the ability to geolocate
information, equipment or people within vineyardsis
critical. Nowadays geolocation is usudly donewith Global
Navigation Satdllite Systems (GNSS), of whichthe US
Department of Defence's Global Positioning System
(GPS) isthe most ubiquitous. There are various GNSS
receivers available depending on the accuracy of
geolocation required. Geolocation in viticulture usualy
requiresaDifferentid GPS (DGPS) recaver that provides
apositional accuracy of around 1 m. For vine planting,
wheremore precisonisrequired, aRed TimeKinematic
(RTK) GPSreceiver with apogtioning accuracy of ~2cm
may be used to guide the planting machine (Wagner
Pflanzen Technik, Friedelsheim, Germany).

In Europe, the adoption of DGPS technology by
growersshould increase dradtically with the establishment
of thethelow cost EGNOS (European Geostationary
Navigaion Overlay Service). Since June 2006 thisservice
has provided afree differential correction which alows
apositioning accuracy of around 2 m (European Space
Agency, 2007). Theimpending commissioning of new
GNSS, for example GALLILEO by the European Space
Agency, and the rejuvenation should provide more
competition, decrease cost and further fadilitate the uptake
of satellite positioning technology.

For some practical purposes, geolocation can be
achieved in vineyardswithout asatdllite-based positioning
system. Vineyards rows and vine numbers along rows
can be mapped and used to georeference vineyard
measurements, particularly hand measurements such as
vine circumference or grape quality (Best et al., 2005;
Taylor et al., 2005h).

2. Yield monitoring

Yidd sensorsfor mechanica grape harvestersare now
available. Three systems have been commercidised: the
HarvestMaster Sensor System HM570 (Juniper System
Inc., UT, USA), the Canlink Grape Yield Monitor
3000GRM (Farmscan, Bentley, WA, Australia) and the
Advanced Technology Viticulture (ATV) system
(Advanced Technology Viticulture, Jodin, SA, Augrdia).
All these systems are suitable for retrofitting to grape
harvesterswithout tanks. The HM570 systemisbased on
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avolumetric measurement of theyield travelling along
the discharge conveyor belt. The 3000GRM and ATV
systemsutiliseaload cell system located underneath the
discharge conveyor belt to measure the mass of yield
moving acrossthe conveyor.

To our knowledge, three other yield sensorsare under
development. Oneby the Pdlenc company (PdlencSA.,
Pertuis, France) specidly designed tofit the Pellenc grape
harvesterswith onboard sorage capacity (Bourely, 1999).
Another yield sensor, also specifically designed to fit
harvesters with onboard storage capacity, is currently
being devel oped within the framework of an interreg
European project (Coreaproject). A third systemisunder
development in Australia in collaboration with the
Precision Viticulture Research Group at the University
of New England (Dr. David Lamb, University of New
England, pers. comm.).

Whatever the advantages and the disadvantages of
the different monitoring systems, growers have (or will
soon have) the opportunity to map the yield of their
vineyardswith aresolution never before achieved. Figure 1
shows ayield map obtained with the Pellenc prototype
onal hafield of Grenachelocated in Provence (France).
The monitoring system alows the acquisition of more
than 2000 yied measurementsharl, with an average speed
of 3km hl. Itisdifficult to determine how widespread
the adoption of the yield monitoring systems has been.
However, it has been predominantly large companiesthet
have invested in such systems (Taylor et al., 2005b),
mainly in Australia, but also in Californiaand Spain
(Bernd Kleinlagel, Advanced Viticulture Technologies,
Austrdia, pers. comm.).

Yield (t.hal)
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Figure1- Example of awinegrapeyield map
(1 ha Grenachevariety).
Themap wasinterpolated from raw yield measurements collected
with ayield monitoring system mounted on a grape harvester
positioned with DGPS. Theraw pointsare shown asblack dotsin
thefigure. (source: Pellenc S.A./ agro-Montpellier, Vi-tis project)
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3. In vineyard quality monitoring

To our knowledge, there are still no real-time
harvester-mounted or hand-held sensors commercially
availableto assess grape quality, such asBrix, titratable
acidity, pH, phenalic. The Pdlenc company hasdeve oped
asugar sensor, based on refractometry, for use on Pellenc
grapeharvesters. Thissystemisableto provide maps of
sugar content with a high resolution but is not
commercialy availablenor capable of being retro-fitted
to other makes of harvesters.

Significant progressin quaity monitoring isexpected
withvisbleand Near Infra-Red (Vis-NIR) spectrometry
technology. The Cemagref of Montpellier is currently
deve oping ahand spectrometer to assessthe sugar content
and acidity inwhole grapes’bunches (Crochon, Cemagref-
Montpelier, pers. comm). Congderablework on desktop
applications of NIR spectroscopy to measure grape and
wine quality has been done (Dambergs et al., 2003,
Cozzolino et al., 2004) and aresearch project to again
convert thisto afield-based instrument is under way in
Ausgtrdia(Dr. Christo Liebenberg, University of Centra
Queendand, pers. comm.)

4. Canopy and vigour monitoring

Two main options are currently being used to monitor
vine canopy and vigour:

- remote sensing systems, and
- ground-based monitoring systems.
a- Remote sensing systems

Remote sensing is currently dominated by either
aerid- or satellite-mounted multispectral (Blue, Green,
Red and Negr | nfra-Red wavelengths) sensorsdueto cost
and operahility. The preferred image resolution for PV
isgenerally around 3 m2 per pixd. Thiscorrespondswith
the interrow width at densities between 3,000 and
4,000 vines harL. At this resolution theimage pixe isa
“mixed pixd”, that includes reflectance from the vines
and the soil. However the relative contribution of the
canopy and background signd is constant regardless of
where the pixel islocated in referenceto the vine rows
(Lambetal., 2001; Hal et al., 2002). Coarser resolution
imagery tendsto omit relevant detail. Finer resolution
imagery hasbeen shown to be effective however requires
more detailed processing (Hall et al., 2003).

Aeriad/satellite images are generally processed to
produce vegetativeindices, such asNormdised Difference
Vegetative Index (NDVI) or Plant Cell Density (PCD)
on aper pixel basis. Theseindices are often used asan
estimate of vine vigour. In viticulture, vigour generally
refersto the vine (shoot) growth rate whereasin remote
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sensing, vigour is viewed as a combination of plant
biomass (vine size) and photosynthetic activity termed
the 'photosyntheticaly active biomass (PAB) (Bramley,
2001). The indices computed from remote sensing are
related to vigour Since vigorous vines are characterised
by larger and denser canopiesthan vines of lower vigour.
Many authors have shown rel ationships between NDV|
and vine parametersincluding Leaf Arealndex (LAI)
(Johnson et al., 2003), annud pruning weight (Dobrowski
etal., 2003) or other vine parameters (Lamb et al., 2004)
a awithinvineyard level. The use of remote sendng data
often constitutes arelevant and low cost information
sourceto perform vigour zoning at awithin-field level.
Thisexplanswhy imagery iscurrently used in Chile (Best
et al., 2005), California (Scholasch et al., 2005) and
Austraia(Lamb et al., 2001; Hall et al., 2002; Proffitt
and Pearse, 2004; Lamb et al., 2004; Hinze and Hamilton,
2004; Bramley et al. 2005b) to assess vigour zoning.

In order to illustrate the relevance of NDVI
information, figure 2 shows two maps from the same
vineyard (1.2 haof Syrahvinesin southern France- INRA
Pech-Rouge). For both maps, each class correspondsto
33 % of the data. Figure 2a presentsaNDV I map with
3 classes derived from amultispectrd ageria image with
1 m2 pixels. Figure 2b presents a vigour map based on
3 classes of trunk circumference (49 measurements on
thefield). Visually both maps present similar spatial
patterns. Thisexperiment was conducted on 11 different
vineyards in the same area and similar results were
obtained from 10 of thevineyards. It isinteresting to note
that trunk circumference integrates information on vine
vigour since the vine was planted. Zones derived from
trunk circumference measurements can be considered as
time gtablein non-irrigated vineyards.

Trunk
Circumlerence (cm)

NDVI

Low
Median
High

a)

0 25 S0 Metres w_&_.;
| I

A 1.2 havineyard of Syrah grapesin the Clape M assif,
Southern France. a) showsa 3 classNDVI map
derived from 1 m resolution aerial imagery.

b) showsa 3 classmap of trunk circumference (cm)

created by inver seweighting distanceinter polation.
The actual measurements points are shown as black dotsin the
figure (n = 49) (source : Agro-Montpellier/Inra Pech-Rouge)
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Applicationsof NDVI existin cool climate viticulture
however, due to the higher plantation density
(> 6,000 harl) and the vertical positioning of the shoots
producing narrow canopies, background noise (soil or
grass) constitutes a large proportion of the pixel
information in these images and the “mixed pixel”
approach isless effective. Asaresult, imagestend to
requireahigher spatid resolution to permit the segregation
of the vine and background response. To analysethese
images, the vine reponse needs to be separated from
the background signal using row recognition algorithms
(e.g. Bobilletetal., 2005; Hal et al., 2003). Inthefuture,
hyper-spectra imegery will provide significant additiona
information on the canopy. Hyperspectral imagery may
aso help discriminate the canopy from the background
using the additional spectral information. Very high
resol utionimagery (pixelsof < 0.5m?) can aso be used
to derive additional morphological information, for
example, canopy thickness measurements and missing
vines counts (Robbez-Masson and Foltete, 2005) at a
within vineyard scale. Other research has been conducted
to illustrate the use of super-spectral imagery
(18 wavebands) (Hdl et al., 2002) to messuresmall inter-
varietd differencesin the spectral signature of the vine
canopy of Cabernet-Sauvignon, Malbec and Shiraz.

Few invedtigations are currently being performed
using multi-temporal imagery at scaeslarger than field
size. Montero et al. (1999) hasused tempora imagery at
aregiona scaeto monitor vine growth and the change
invine cover. From thiswork the authors concluded that
the growth behaviour of vineis limited by the water
availability which ismostly likely linked to the above
ground biomass production. The Phylloxeraand Grape
Industry Board of South Austrdiahasaso spent 3 years
imaging dl vineyardsin South Augtraliato identify any
infestations of phylloxera. Infestations could not be
directly identified from theimagery, however thelocation
of areas of poor vigour could be identified and
subsequently ground-truthed for the pest.

b- Ground-based monitoring systems

Ground-based monitoring systems have also been
devel oped to assess and to map canopy properties. Such
sysemsavoid the problems associated with mixed pixels
of soil, grass and vine canopy from remotely sensed
images, epecidly in vertically trained canopies. Most
of these systems are based on adigital imaging system
which alows the measurement of several parameters
such as canopy height and canopy porosity (Praat et al.,
2004, Tisseyreet al., 1999 and Souchon et al., 2001).
These systems are designed to be mounted on existing
vineyard machinery. By mounting sensors on tractors,
canopy measurements can be taken during general
vineyard operations such astrimming or spraying. This
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should provide more timely temporal data on canopy
development during the season and thus more opportunity
to micro-manage production. The sensorscan dso be used
to take side-on or overhead images of the canopy togain
more information on canopy development.

5. Soil Monitoring

To date, redl-time on-the-go soil sensing for PA has
generdly been performed using previoudy well established
geophysica methods. Among these, sensorsbased onthe
electro-magnetic properties of soil have been most
successfully applied to agriculture. These technologies
give a measurement of the apparent soil electrical
conductivity (ECa), which can be collected on mobile
platforms. ECais strongly correlated with various soil
properties (Corwin and Lesch, 2005; Samouellianet al.,
2005).

Threetypesof ECasensorsareavaladle: (i) Electrica
Resigtivity (ER) sensors, that utilise invasive eectrodes
(i), nor+invasive Electromagnetic Induction (EMI or EM)
sensorsand (iii) time domain reflectometry (TDR) sensors.
Invasive ER and non-invasive EM are the most popular
sensors as they have been widely commercialised. The
commercid development of a TDR sensor for useon a
mobile apparatus has not yet occurred but is being
undertaken (Jantscke et al ., 2006).

The purpose of ER surveys is to determine the
resistivity (and thus conductivity) from a given soil
volume. Artificialy generated direct eectric currentsare
applied to the soil and the resulting potential differences
are measured. Potential differences patterns provide
information on theform of subsurface heterogeneitiesand
their electrical properties (Samouellian et al., 2005).
Commercial examples of ER sensors include the
Automatic Resigtivity Profiling device (ARP), whichwas
formerly Mucep, (Geocarta Ltd., Paris, France) and the
Veris 3100 (Veristechnologies, SdinaKansas, USA).

Theprinciple of EMI sensorsistofirstly generatea
primary magnetic field that induces very small currents
in the soil which in turn generate a secondary magnetic
field. This secondary magnetic field is measured by a
receiver coil in the sensor. Sensors are designed so that
the secondary and primary magnetic field are linearly
proportional to soil conductivity. (see Corwinand Lesch,
2005 for more technical details). Commercid examples
of EMI sensorsinclude the EM-31 and the EM-38 oil
conductivity meters (Geonics Ltd, Mississauga, Ont.,
Canada).

The depth of exploration of the soil profile is
proportiona (for homogeneous materia) to the distance
between probesfor ER sensorsand to the distance between
the transmitting and sensing coilsfor EM sensors. Both

these technologies (ER and EM) are largely used in
viticulture. Barbeau et al. (2005) used ER to comparethe
effect of rowswith or without grass cover on soil water
distribution. Taylor (2004), Bet et al. (2005), Bramley
(2005) have used ECainformation to delineste within-
field soil zones.

Since ER and EM sensors effectively measure
electrical conductivities, the presence of metal, such as
steel post or trelliswire, may influencethe values. The
degreeof digortion caused by metallic objectsinvineyards
isthe subject of current research. For the EM 38 sensor,
Lambet al. (2005) showed that sted postsand wireshave
asignificant effect on the values of ECaand a change
intrellising structure introduces artefactsin ECamaps.
Nevertheless, Lamb et al. (2005) showed that the EM 38
was still useful for delineating soil zonesin established
vineyardswhen the row spacing waslarge enough (2.5-
3 m) however, extreme care must be exercised by an
operator to ensure that the EM sensor remains mid-row
throughout the survey to minimise error fromthetrellis.

Figure 3 shows a map of ECa derived from
49 measurements from an ER sensor for the same
vineyard showninfigure 2. Figure 3 showssmilar sptid
patternsto the trunk circumference and NDVI mapsin
figure 2. Thisindicatesthat vigour variability may be
temporally stable and dependent on soil variability,
highlighting the potential of ECa surveysfor zoning

PUrPOSES.

The predominant problem with geophysical sensors
isthat thesgnal tendsto integrate severd soil properties.
In the case of ECasensorsthe ECavaueis dependent
on the soil moisture content, soil clay content, sail clay
mineralogy, cation exchange capacity, soil bulk density
and soil temperature (Dabas et al., 2001). Whilethissgnd

Soil Resistivity (€Q.m)

High
| Meidian
o

1] 25 50 Metres w_;‘i
Figure 3 - A map showing 3 classes of soil eectrical
resigtivity (ohm.m) for thevineyard described

infigure?2.
The map wasinterpolated from 49 point measurements shown as
black dotsin thefigure (source : Agro-Montpdlier/InraPech-Rouge)
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can be decomposed to extract individua soil properties
it often requires multiple sensorsto berun smultaneoudy
and/or temporally. At the moment research in the USA
(Lund and Adamchuk, 2006) and Australia (Raphae!
Viscarra Rossel, Australian Centre for Precision
Agriculture, perscomm.) isbeing conducted to congtruct
new mohile on-the-go soil sensorsto directly measure
s0il properties. A real-time commercid pH sensor (Veris
Technology, Salinas, Kansas) and a prototype lime
requirement platform (ViscarraRossd et al., 2005) have
aready been built. Further researchinto soil ion sensors,
particularly nitrogen and potassium sensors (Lund and
Adamchuk, 2006), Near-InfraRed (ViscarraRossd et al.,
2006) and Mid-Infrared (McCarty et al., 2002) sensing
sysemsisbeing undertaken. Thereareaso severd other
established geophysical sensorsavailable that are being
tridled inviticultureincluding ground penetrating radar
(Hubbard et al., 2003) and gamma radiometrics (Mark
Baigent, Baigent Technologies, WA, Australia, pers.
comm.). These new technologies do not respond to the
same soil propertiesas ECasensorsand should therefore
provide additional information on soil variability,
particularly soil texture information.

When conducting an on-the-go soil survey it is
common practice to also record elevation datafrom a
carrier-phase GPS receiver. This permitsthe generation
of adigital elevation model of the vineyard and the
derivation of secondary and tertiary terrain attributessuch
as aspect, dope, curvature and wetnessindices.

6. Vine water status monitoring

Many authors (Champagnol, 1984; Seguin, 1983;
Dry and Loveys, 1998; Ojedaet al., 2005) have shown
thet changesin vinewater satus have an effect on canopy
vigour, grapeyield and quaity. Zoning thevineyardson
the basis of vinewater status should therefore provide a
relevant decision support tool for canopy management.
However such azoning requiresthe assessment of plant
water statuswith ahigh spatia and temporal resolution.

Research is currently being undertaken to develop
sensorsto alow the assessment of vinewater gatusfrom
the temperature of the canopy. Mogt of these sensorsare
based on infrared thermography (Stoll and Jones, 2005;
Grant and Chaves, 2005; Alves et al., 2005).
Unfortunately thesetechnologiesremain very expensve
and currently require very specific cdlibration procedures.
An dternative approach would be to assess the spatia
variability of the plant water status using ancillary
information that are related to moisture availability and
easy to measure at high spatial resolutions, for example,
remotely sensed imagery, machinery-mounted canopy,
yield sensors and soil ECasensors. These ancillary data
could provide the basic information required to
characterizethewithin vineyard variability of the soil and
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the vine and define zones of homogeneous vine water
status and/or water availability during the growing and
ripening period (Tisseyre et al., 2005a; Taylor, 2004).

7. Variable rate technology

To date, there have only been afew applications of
Variable Rate Technology (VRT) documented in
vineyardsprincipally dueto (a) alack of decison support
sysems(DSS) to decide how inputs should bevaried and
(b) the presence of healthy profit margins in many
countries that negates the need to improve production
efficiency. Asaresult VRT gpplications currently focus
on very simple decisionswhich lead to adirect fiscal
benefit. In other agricultura industries, such asgrains,
variablerate controllersand machinery iswell devel oped
and this equipment can be readily adapted to viticulture
applicationswhen DSS are devel oped.

In Europe, themain opportunitiesfor VRT occur with
chemical applications. A VRT weeding system
(Weedseeker, Avidor Ltd, Villars Sainte Croix,
Switzerland) was commercially released in 2003 to
selectively apply herbicides. This system isbased on
an optical sensor which measures reflectance at two
wavebands (Green and Near Infra-Red). The computation
of anindex using thesetwo wavebands alowsthe system
to detect the presence of green weedsin the interrow or
underneath the vine canopy and activate the application
of herbicide. Thissystemsalows savings of upto 75 %
of herbicides (Chambre d'agriculture deI'’Aude, 2005).
The Weedseeker system has also been used to perform
early fungicide applications on discontinuous vertical
canopies. Inthiscase, the sendng system avoids chemica
application on canopy 'holes, leading to asignificant
saving of chemicals and aso minimising the loss of
chemical to the environment. Significant research has
also been performed to adjust the amount of chemical
applied according to the dengity and the porosity of the
canopy (optidose) (Raynal, 2004). As profit margins
decrease and the opportunity and support for site-specific
management increases then VRT adoption should
increase. Apart from Weedseeker, there are severd other
optical sensors commercially available to assist with
differentid chemica gpplicationsand arereedily adgptable
to horticultura and grain cropping systems.

HOW CAN THE INFORMATION BE USED?

The technologies described in the previous section
provide accurate spatial information on the production
system. These new information sources will provide
growerswith opportunitiesto improvein decison making
processand the efficiency of production systems. Without
the correct decision support then the information is
essential just apretty map and of no vaueto thegrower.
Researchinto developing decison support systems (DSS)
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has lagged behind technological development and is
usudly the 'bottleneck' point which impedesthe adoption
of PV (and PA in generd). Thereare various sagesin the
production system whereincreased production efficiencies
can be gained through the use of DSS. Theseinclude:

a) On-vineyard experimentation: The systematic
acquidition of largeamounts of spatia data (yield, vigour,
s0il and elevation) alow scientiststo design experiments
that take into account the underlying spatia variability
and andysetheresultsaccordingly. Inviticulture, Bramley
et al. (2005a) have aready designed within-block
experiments using airborneimeagery or yield magpsfrom
previous years. They showed that considerableincrease
in knowledge about the production system can be gained
from such experiments. Research is currently on-going
in both viticulture (Bramley et al., 2005a) and broadacre
crops (Whelan and Taylor, 2005) to better understand how
VRT can be used to design experiments that maximise
thereturn of useful information whileminimising therisk
to the grower of any production loss from the
experimentation.

b) Product traceability: PV technologies provide an
opportunity to systematically record al production
information spatialy. In addition to the sensors discussed
above, basic machine operations can be recorded
(operating times, areacovered, speed) aswell asthe output
fromany activity (such asspray flow rate, revolutions of
pruning blades, etc.). This data can be automatically
collected and digitally stored and provides production
information in order to guarantee compliance with specific
labels (for example organic wine, low environmental
footprint contracts, specific origin, quality label) or
conformto policy congraints such as European regulation
852-2004 on herbicidesand chemicals. To our knowledge
such applications of auditing technologiesin viticulture
aredill intheir infancy but show great promise. Systems
to locate sprayers by DGPS and to monitor the main
parameters of the sprayer (flow rate, tank level, speed)
aredready released (Farmscan, Bentley, WA, Austrdia)
or areunder development (De Rudnicki et al., 2005). Such
systems show great promise as chemical traceability
remains difficult between the growers and the
wineries/cooperatives. These syssemsallow the growers
to provethat the amount of chemical and the date of spray
comply with regulations. From aproduction perspective
it dso dlowsproducersto verify thet chemica applications
were properly performed (i.e. no missing rowsor double
goraying of rows). A European life project (Aware project)
involving researchers, growers, cooperativesand software
companies is currently underway to apply these
technologies (DGPS and sprayers) at a catchment scale
near the city of Neffies (Languedoc-Roussillon, France).
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c) Differential management: The collection of spatia
datasets naturally provides growerswith the opportunity
to use differential management techniquesto minimise
the variability in either or both yield and qudity, or to
take advantage of its variability in order to improve
grape/wine quality. There are severa ways differentia
management may beimplemented.

i) Target sampling: Understanding the underlying
variability alowsviticulturigts/growersto design targeted
sampling schemesto get a better assessment of grape
yield and quality. Yield and quality assessment of
vineyardsisakey point for wineries or cooperativesto
manage the wine making process. It iswell known that
the vineyard assessment of yield and quality (based on
classical sampling procedures) isnot accurate enoughin
asignificant proportion of cases and may differ from
winery assessment by up to 20 % (J. Rousseau, Ingtitut
Coopératif duvin, pers. comm.). Target sampling schemes
that take into account the underlying spetia variaility,
based on airborne imagery or yield maps of previous
years, provide a better assessment of crop production
before harvest (Tisseyre et al., 2005h).

i) Differential harvest: Vegetative indices derived
from canopy imagery (either ground-, aerid- or satellite-
platforms) have been used to identify areas of different
'vigour' within blocks. The grape quality within these
different vigour zones has been tested (using atargeted
sampling scheme) and the results used to form differentia
harvesting strategies. Thisapproach has been successfully
adopted in South America(Best et al., 2005) and Audrdia
(Bramley et al., 2005b). The two approaches currently
being used are to either pick the block on the same day
and segregate the different zonesinto different bins (and
into different quality wines) or pick the different zones
on different dayswhen maturity and quality within each
zoneis considered optimum. Reports from Australia
(Bramley et al., 2005h, Hinze and Hamilton, 2004; Profitt
and Pearse, 2004) show that differential harvesting is
feasbleand the extraprofit gained eedily offsetstheextra
cogt of imagery acquisition, dataandysisand differential
harvesting.

i) Other differentia vineyard management: Vineyard
operations such as differential canopy management,
differentia spraying, differentia fertilisation, differentia
fruit or leaf removd, aredso possible. However, for most
of these gpplicationsthereisalack of decison support,
especialy to define application rates, according to the
spatiad information provided by canopy imagery or other
monitoring systems. Moreover, for canopy management
a themoment it isdifficult to assessthe extracost of the
information acquisition and analysis, the cost of any
differential management and the benefits gained. This
areaof researchisprobably morerelevant in high value
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cool-climate viticulture where canopy management is
paramount.

WITHIN-FIELD VARIABILITY
INVITICULTURE

Tojudtify implementation of differentid management,
theremust beacertainlevel of coherent spatid variability
inthe production system. If varighility isnot present, then
thenull hypothesisof precision agricultureiscorrect and
current uniform management practices are preferable
(Whelan and McBratney, 2000). This section aims at
presenting some results on the within block (parcell€e)
yield variability observed in viticulture in the context of
both the magnitude and spatial coherence of theyield
variability.

Recent work by Taylor et al. (20053) presented astudy
on the within-field yield variability in viticulture. This
study was based on the yield measured on 146 blocks.
Yield datawas sourced from three research ingtitutions;
Agro-Montpelier, Montpellier-France, the Co-operative
Research Centre for Viticulture (CRCV)/CSIRO Land
and Weter, Adelaide, Audrdiaand the Audtrdian Centre
for Precision Agriculture, Sydney, Australia. Three
different grape yield monitorswere used in the collection
of data. These were the HarvestMaster HM570
(HarvestMaster ; Utah, USA), the Farmscan Canlink
system (Farmscan, WA, Audtrdia) and the Grape Yield
Monitor under development by Pellenc S.A. (France).
Yield datawere obtained in different countries: Audtrdia
(severa locations), France and Spain. Sampling rate
varied depending on the speed of the machine, however
in al the cases it was higher than 1,000 yield
measurement.harl.

1. Non-spatial measurements of variation

Table 1 shows that the within-field variability of the
yield assessed with the coefficient of variation (CV) is
largewhatever thelocation. The CV variesfrom20%to
50 % depending on the location. The mean yield results
show sgnificant variability regardiess of location or variety
(full results not shown in this paper see Taylor et al.
(20058)). Similar coefficients of variation inyield were
observed in other studieswhereyield sampleswashand

picked and measured at different siteswithin thefield
(Arno et al., 2005, Ortegaet al., 2003).

Because of the lack of quality monitoring systems,
thereare only afew studies dealing with the within-field
variability of grgpe quaity and theseare generdly limited
in size. However, published data on grape quality
(Bramley, 2005; Taylor et al., 2002; Ortegaet al., 2003;,
Arnoetal., 2005, Ojedaet al. 2005, Tisseyreet al., 2005h)
highlight asignificant within-field variability in various
quality parameters. For hand picked samples withasample
density varying from 15 to 50 measurement.ha-1, CV's
from 3to 10 % were observed in sugar content (°Brix),
from 3.5 to 4.2 % for pH, from 1 to 21.6 % for
anthocyanins and from 7.3 to 15.4 % for totd titratable
acidity. CVsfor quality parameters are lower than for
yield, but considering the units, they correspond at harvest
toalargeamount of variationin quality (Ojedaet al. 2005).
Depending on the wine-making process and the grape
price of thevintage, even small variationsin quaity may
justify the adoption of differential management and/or
harvest (Bramley et al., 2005h).

2. Spatial structure of the within-field variability
in viticulture

Non-spatial satistics, such asmean, variance and the
coefficient of variation, are useful to characterise the
amount of variation which occurs across a field.
Nevertheless, these statistics are non-spatial and not
designed to quantify spatia variation. Knowing whether
itispossbleto switch to site-specific management requires
the spatial variability to be properly quantified. Pringle
et al. (2003) proposed the use of geo-dtatiticd techniques
to assess such information, including variogram
parameters (nugget variance (c0), sill variance (c0+cl)
and range () and derived spatial Statitics, such asthe
ared coefficient of variation (CVa) and Spatial Structure
datigic (S). The c0 vaue etimatestheamount of variance
at alag distance of 0 m and isafunction of stochastic
effects and measurement error. The c1 value estimates
theamount of auto-correlated variance in these dataand
contributeswith cO to definethe sl (cO+ c1) or thetotal
amount of variance in these data. The range definesthe
distance over which data are auto-correlated i.e. the
distance at which thesil| isreached. Thederivation of the
CVaand S gtatisticsismore complex (interested readers

Table 1 - Location and summary satistics of within-field yield variation
on 146 fieldsand several part of theworld (from Taylor et al., 2005a)

Location Number of fields  Mean Area (ha) Yield (t.ha™) mean CV (%)
Canowindra (Australia) 26 2,77 6,52 21,83
Clare valley (Australia) 46 441 6.00 50,66

Cowra (Australia) 29 3,32 11,56 33,15
Mildura (Australia) 16 7,43 12,27 23.90
Southern France 21 1,54 9,52 39,56
Navarra (Spain) 8 4,01 4,82 47,58
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aredirected to Pringle et al. (2003) for full details). The
CVaattemptsto adjust the CV datistic to astandard area
to alow comparison between different sized fields. The
concept of the Sstatigticisillustrated in figure 4 using
three hypothetical fields. Thethreefieldsinfigure4 are
of equd area, have the same mean yield, the sameyield
variance and the data arranged on aregular grid.

- Field (a): no spatid structureis exhibited and data
appear aswhitenoise. Vauesareintimately mixed which
makesdifferentid management of thefield very difficult.
Thiscorrespondsto the case where very different values
are observed from one vine to another.

- Fidd (b): exhibits some patchy spatid structure but
the patchesare generaly smal and thereisno broad trend
inthedata Itisintermediary in spatial behaviour between
fields(a) and (c).

-Field (c): exhibits a strong spatia distributionin
didinct patterns. Inthis case, the spatid Sructure promotes
differential management in obvious zones. NB. thereis
still some small-scale stochastic variability in the data,
however thisvariability isovershadowed by the spatialy
organised variaion in the data.

Intermsof varidhility, each of thesethreefiddsexhibits
exactly the same coefficient of variation (CV), however,
thewithin-field spatid Sructureof thedataissignificantly
different between fields. This highlights the problem of
relying on non-spatial statisticswith spatial data sets.

To our knowledge, in viticulture, only Taylor et al.
(20053) have undertaken a detailed study of the within-
fidd variability usng geo-gtistical techniques. Thiswork
was conducted on a significant data base of yield data
(presented in the previous section table 1). Theresultsof
this study highlighted the presence of a spatia structure
inamost dl the blocksregardiess of variety, location and

0 25 50 75

HE .

100 Metres

training system effects. The study also highlighted
sgnificant trends on the data:

- In Audrdia, the within-field variability presented
larger spatiad patterns than in Europe (mean variogram
rangewastwicetha of France and Spain). Thisdifference
may be explained by larger field Szesin Audrdia,

- Thegpatid structure staistic (S) was predominantly
due to variance explained by aquartic trend surface for
European fiddsi.etherewas often astrong trend within
European fields.

- The magnitude of yield variation (assessed with
CVa) waslarger in Europethanin Austraia.

The authors hypothesised that the larger CVain
European vineyards resultsfrom:

- Thelack of irrigation which may increasetheyidd
difference between zones of different soil condition.
Variationin soil moisture availability may be emphasized
in non-irrigated vineyards.

- Thefact thet traditional European vineyardsare often
designed around socia constraints such as communal
land, heritage locations and buildings rather than pure
technical constraints such as soil type, soil moisture
availability and dope.

The authors also hypothesised that in European
conditions, the proportion of the variahility explained by
atrend surface may be due to the practice of planting
on hill dopes, thusincreasing the heterogeneity of the
underlying soil. These hypothesiswould required further
work on alarger database to be validated. Nevertheless,
results obtained by Taylor et al. (20058) show that there
ismanagesbleyied variability regardless of location, but
the opportunity for management is driven by different
factorsin different locations.

N
w+|.

Figure4 - Threehypothetical fidldsof yied distribution

all with the same mean and variance but with different spatial organisation of thewithin-field variability.
Thefield areais 1 ha @) showsno spatia structure, b) exhibits some spatia structure and c) exhibitsastrong trend in yield variation.
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TEMPORAL STABILITY
OF THE WITHIN-FIELD
VARIABILITY

The tempora stahility of the within-field spatial
patterns a so needs to be considered. Indeed, temporal
stability determines to what extent the within-field
variability of the previous year congtitutes arelevant
decison tool to managethe vineyard in subsequent years.
In other words, towhat extent yield, °Brix or vigour maps
from previousyears can be used to determine differentia
management of the canopy, crop inputsand harvest inthe
current year. Thistopic requireslong term experiments
and only afew studiesare currently underway to research
thistopic.

Published work (Bramley and Hamilton, 2004:
Tisseyreet al., 2001) examining yield and vigour maps
from consecutive several years have reported that there
istemporal stability in within-field patterns. According
to these authors, this result was expected given the
perennia nature of vines. However athough the spatid
patternswere cons stent there was consderable varigbility
in the mean annual yield of the fields. Thistemporal
variability may be due to year effects of climate or
management. However, at awithin-field level, zones of
high yield (or high vigour) are observed at the same
locationsin the vineyard over time. Similar behaviour
was observed for low yield (and low vigour) zones. These
conclusions were observed on both irrigated (Bramley
and Hamilton, 2004) and non-irrigated (Tisseyreet al.,
2001) vineyards. These results highlight the relevance of
yield maps and vigour maps from previousyearsasa
decision support tool for future management. Indeed if
such information istemporally stable it may be used by
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[ zame -

Low water restriction

Zome ¥

- Medium water restricion
Zome ¥

Predawn plant water potential (Mpa)

High water reatriction
Zane §

[ D wriedon
Fame §

[1] 15 S0 Melres

a)

o

the grower to consider differential vigour management
(fertilisation, irrigation, canopy management) and to define
optimal target sampling, in order to assessmore accurately,
yield and qudity at harvest.

Recent work by Ojedaet al. (2005) has confirmed
these observations and shown that zoning based on the
plant water statusis aso temporally stable. Ojedaet al.
(2005) basad their zoning on predawn leaf water potentids
at 48 sites in a non-irrigated 1.2 ha Syrah block.
Measurementsweretaken at 13 different dates over two
years. Results of thisexperiment showed that regardless
of the year, or the stage of production, high vine water
regtriction dways occurred at the same sitesin thefield.
Similar results were observed for low vine water
restriction. Figure 5 showsamap resulting from acluster
andysis of the 13 different dates on this experimental
field. It highlights zones which systematically present
very high, high, moderate and low water constraints.
Figure 5b showsthe predawn plant water potentia (mean
of the zones) for 8 dates between flowering and harvest
over theyear 2003. Itisinteresting to notethat each zone
hasaunique plant water restriction path, highlighting the
potential of asuch azoning for differential management
or timing of management. Itisalso interesting to compare
the clustering result with figures 2 and 3 from the same
field. Tisseyreet al. (2005a) showed that the plant water
restriction zoning was strongly linked with yield, annua
vigour (assessed from the weight of wood), trunk
circumference (Figure 2a) and soil resgtivity (Figure 3a).
These results confirmed the temporal stability of vigour
andyidd within-fild variability and showsthet varigbility
isstrongly linked with vine water status variability and
soil variability (mainly soil water availability). These
resultsareinteresting sincethey aso confirm thereevance

Mumber of doys after flowenng (2003)

20 40 60 a0 100

Wéraison Harvest

b)

Figure5-a) Map of 5zonesderived from acluster analysisof vinewater status

from 48 steswithin the vineyard measured at 13 different datesin 2003 and 2004.
Thevineyardisthe samevineyard described in Figure 2. b) Plot of the changein mean predawn plant water potential (Mpa) for each derived

zone (in Fig. 5(a)) between flowering and harvest in 2003.
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of an airborne imagery and an ECa soil survey in
determining potentia management zones.

Thequdity of grapes (Brix, pH, totd titratable acidity,
phenals, anthocyaning) a harvest however doesnot exhibit
thesametempord sahility of yield and vigour parameters.
Results obtained in Southern France (INRA Pech-Rouge-
Gruissan) on two non-irrigated blocks, onewith 30 sites
measured over 6 years (unpublished results) and another
with 48 sitesmeasured over 2 years (Ojedaet al., 2005),
showed that the temporal stability of grape quality was
not obvious. Similar experiments were carried out by
Bramley (2005) ontwoirrigated blocksin South Audrdlia,
one over 4 years and the other over 3 years. Bramley
(2005), showed consistent temporally stable patterns
for eech qudlity attribute (sugar content, pH, totd titratable
acidity, phenols) at both stes. However Bramley (2005)
drew dtention to thefact that whilethe patterns of variation
in quality attributes tended to follow those for yield, the
individua quality attributes were not necessarily inthe
same rank order. The inference is that in irrigated
vineyards, quality datacould potentialy be used to derive
differential management and harvest strategies in
subsequent years but within-season sampling of zonesis
needed for decision making relating to 'total' fruit quality.
In non-irrigated vineyards the usefulness of qudity data
from previous yearsis uncertain in assisting with future
differential management strategies

The recent work by Ojedaet al. (2005) may explain
the differencesin the amount of temporal stability of
quaity zones observed betweenirrigated and non-irrigeted
conditions. Based on plant water restriction zones
(Figure 5a.), Ojedaet al. (2005) showed that the grape
qudlity at harvest largely depended on the vinewater Satus
of the zones. In non-irrigated conditions, thisis strongly
dependent on the climate (particularly rainfall) of ayear
and on the soil availablewater-holding capacity (AWC).
Climate may exhibit high temporal variability (but low
spatia variability) whilst AWC istemporally stable but
often highly spatialy variable. Theinteraction of these
two factorsin non-irrigated Situationswill produce highly
variable spatio-temporal quality patterns. Inirrigated
vineyards the hypothesisisthat irrigation, by alowing
better management of AWC, could conditute asignificant
tool to minimisethetemporal variability in grape quaity
induced by climate variability. Thus with a uniform
irrigation strategy quality variability should follow
available soil moisture variability. While dataon AWC
has not been published for the work of Bramley (2005),
his assertion that quality zones can be predicted from
yieldvigour zones, which have been linked to AWC, lends
some support to this hypothesis. If AWC variahility isa
determinant of qudlity variability then differentid irrigation
should be asignificant tool to minimise the amount of
within-field variation in quality. Currently thelack of red-
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time qudity sensorsto collect high resolution grape qudity
meansthat zoning on qudity dataisboth time-consuming
and expengive (Bramley, 2005). Therefore surrogate data
setsto derive zones are needed. High resolution soil data
together withimagery may conditutesrelevant datalayers
for the identification of zonesfor differentid irrigation.

CONCLUSION

Thegoal of this paper wasto make abrief review of
sensing systems, methods and toolsdedicated to Precison
Viticulture (PV). Inarelatively short time, technologies
and methodol ogiesto collect and analyse high resolution
data on vine characteristics, soil and environment
properties, grape yield and grape quality has become a
redlity. Theseinformation sources provide accurate spatia
information about variability in viticulture production
systems. These new technol ogies and methodol ogieswill
alow growers and viticulturists to consider new
management methods, more efficient experimental
designsand provide a better understanding of thevine
production system. The first section of this paper has
provided an overview of some of the technologies
available and some examples on how the information
may be used using current precision viticultural case
Sudies.

This paper hasd so focused on some methodol ogical
aspectsto characterize spatia variability in production
systems. From a database of yield measurementsfrom
severa blocksin very different locations, it was shown
that yidd exhibitswithin-field variability. The occurrence
of this spatially organised yield variability is driven by
variability in soil and environmental parameters,
particularly water availability. Managing thisvariability
could condtitute asignificant chalengefor vine growers.
On less extended investigations, it has aso been shown
that some parameters, such asyield and canopy vigour,
present asignificant tempord aswell aspatia stability.
Conversdly, tempord stahility was not observed on grape
quality in non-irrigated vineyards negeting the potential
use of quality maps from previous years asadecision
tool to manage the quality in yearsto come.

PA tools and methods offer great opportunitiesin
perennia cultivations, like winegrapes. Nevertheless,
there are a so challenges facing the viticulture industry
before widespread adoption of such technologies will
occur. Thefirst challengeisto start making sensible
decisions from the output of these technologiesi.e. to
improve production efficienciesagreater understanding
of how the output from these sensors relates to the
physiology of thevineisrequired. The main chalenge
for PV isthedhility to providethe methods, kills, training,
and adviceto mekethe sysemwork. Thechdlengesare:
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- for researchers to provide effective tools and
methodol ogiesto processthe data,

- for universitiesto provide graduateswith sufficient
Kills,

- for cooperatives and wineriesto be able to provide
the servicesto manage the information.

Thischdlengeisparticularly important for traditiona
or “oldworld” production systems (such as France) where
theviticultureindudtry ischaracterised by ahigh number
of winegrowersand alarge diversity in grower perceptions
aswell astheir skillsin information technol ogy.
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