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Abstract

This project provides the foundational work to rotekt key components of a digital vineyard guidance
system that is designed to facilitate costsproduction savings for Riverland growers. Outcomes include: (i)
anaudit of underpinning technologies that would support the digital guidance system; (ii) adogg wide
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image retrieval system to provide visuahdgery of vineyardlevelopment over time; and (ivdn open

source dashboard that can provide decisi@tevant information to growers. Case studies are used to
demonstrate potential grower value in terms of labour and operating cost savings.



ExecutiveSunmary

This pilot project represents a collaboration between engineers, scientists and economists from the
University of Adelaide, in partnership wine grape growers in the South Australian Riverland spanning a six
month period in the first half of 2019. The lotgrm ambition of the collaboration is to create an
operational digital system that collates a variety of information that collectively can help increase
information transferability, transparency and easgaccess, support efarm decision making, and creaa

return on investment both toRiverlandgrowers through improving gross margins and profitability. This
NELI2Z NI R20dzySyida GKS 2dziod2ySa 2F wadlr3asS wmQ 27F |
foundational proofof-concept work to roadest all he key components of a comprehensive digital vineyard
guidance system, thereby paving the way for developing operational systems in subsequent stages.

The project leverages substantial and accelerating advances both in Australia and internationallgga a ra

of agricultural technologies, spanning sensing, connectivity, data analytics, automation and prediction. Taken
as a whole, these technologies have the potential transform vineyard processes by enabling néarereal
tracking and/or future prediction of vineyard decisions (e.girrigation, spraying, nutrition, canopy
management), resource utilisation (e.g. labowmgchinery water, energy, nutrition and other chemicals) and
vineyard performance (growth, yield and other measures of vine developmehéyision is that ly digitally
fAY1AY3 W OlbyargweQ ¢ dzyi RENIDIAYS¥ I NR A GK W2dzid2YSaQ «
yield and quality measuresand financial outcomes such gsossmarginsand profitability), it becomes

possible to developredictive analyticeand advisory servicds optimisevineyard decision making

In addition to this higHevel vision, the work in the pilot project responded to the followdesign criteria
identified byRiverland growers in the early project stages:

- The need for systems to provide guidance and advice (e.g. when to irrigate or spray), rather than simply
displaying data;

-¢KS YySSR F2NJ WLINBRdAzZOSNJ f SRQ Ay y-died systeing that’ @Rl
rapidly adopted by growers, rathdd G KI'y F20dzaAy3 2y G(GSOKyz2f 23AS
do not move beyond proebf-concept or pilot phase;

- The need to focus on cost-LINR RdzOG A 2y A & &aldSdeNJi2 a $ © KA KIPIFS WFdeliit A
increasing gross margins andofitability, and the associated need to provide an economic lens over
the technology developmertb ensuregrower benefit;

- The need for open systems that support interoperability between different sensing systems, algorithms
and visualisation solution®(g. dashboards), rather than multiple (often proprietary) systems that are
y20 AYOGSNRBLISNIo6fS I yR ydQ} ya aGNBS &l ST 20N9 GKNER2& SNEBRT  YH y2F

- The need to account for the unique characteristics of the South Australian Riverland, indlaitigg
large-area bulk growing region with very largeale operations.

Tothisendthed LISOA FA O 2dzi O2YSa 2 dresiinGarisdtBasfland mMQ LIAT 234 LIN
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that can potentially be incorporated into a digital viticulture guidance system, including a review of
sensor systems, connectivity solutions, algorithms and modelling solutions. The assessment found a
high level of maturityof in-situ sensors, butess maturity in other data acquisition systems (e.g. vision
data, financial datagther growerrecord8 ® / 2 YYSNOAFf | R2LJGA2Yy 2F | f 32
remains low in the viticulture industry, and integrated solutions that translate data stset advice
anddecisionrecommendationsare limited.

- A review of spackorne data acquisition streams showed a high level of technological maturity in
terms of spatial, temporal and spectral resolution, yet only a small subset of potentialagses have
thus far been commercialised within a viticultural contexttdhtial applicationsof spaceborne data
streamsin the pilot successfully demonstrated the detection gihatial anomalies in vigowrsing a
range of satellite products with different resolutis, temporal frequency, record lengths and pricing
structures.
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A proofof-principle mobile groundased image retrieval system was developed and demonstrated to
work infield for a range of realistic operating conditions (i.e. realistic tractor spebcationsand light
conditions), with high potential for co§ F FSOGA OS WAYOARSy Gt Q RIFGF Ol
tractor-mounted and uses a multamera system to provide visual spectrum imagery (i.e. high
resolution photos) and photogrammetricformation that provides information on canopy size, volume

and density.

Longrange wide area network (LoRa WAN) technology was selected as the demonstration
communications technology due to its low cost, long range and increasing breadth of compatible
sersor options. A LoRa base station was installed and operationalised at the Loxton Research Centre,
with demonstrated range up to 18 km (directionally dependent, based orolirsgght). The technology

was demonstrated using set of meteorology, soil moistmd plant sensors at the Sherwood Vineyard,
located 3.5 km from the Loxton research centre.

Computer vision technology was applied to detect bunches within a canopy, and segment key canopy
elements such as bunches, canopy, trunk, and green shoots. Assasmet of potential future
applications of machine learning to enable monitoring of canopy indicators, flowers, berries, bunches,
diseases, weeds and water shoots is provided.

Conceptual approaches to numerically modelling physical and biolgmiceésses in the context of
vineyards were identified, focusing on models thé} estimate and predict vine development; (ii)
predict grape quality; (iii) estimate and predict yield; (iv) estimate and predict disease risk; and (v)
simulate onfarm operatons. The review included both machine learning and mechanistic (biophysical)
modelling approaches. Pathways to develop systems that provide guidance and advice by building on
existing research platforms were reviewed.

An opensource data storage and vilisation (i.e. dashboard) system was developed that presents
reaki A YS RIFEGF FTSSRa (2 3ANRPOSNBSI AyOf dzRA Y DasddA y i S
imagery from the tractoimounted camera system, historical water pricing information and
managenent records (e.g. spray records).

Preliminary estimates of grower costs highlighted significant yearear operating cost variations
across vineyardswith the largest incurred costs being hired labour, followed by contracts, interest
payments, waterand repairs and maintenancé@ senaricbased assessment using a small (ha,
medium (1180 ha) and large farn>80 ha) highlighted areas of prexisting technology investment,

and identified potential areas for digital technologies to save wagdgectricity, fuel and/or labour

costs, as well as the potential to increase overall farm yield.

Preliminary beneficost estimates found considerable quantitative economic benefits from digital
agricultural solutions that targeted decision making, witheaéfit-cost ratio conservatively estimated

to be 3.38, indicating that for each dollar invested, the grower would receive a return of $3.38.

It is recommended thatuture project phasegontinue to build the opefrsourcedigital viticulture platform
with the followingelementsin mind:

I @AadzfAalrGA2y LY l-diop2MELIG KF ANILINEDOA RSa RI Ry &1
decisions, with a focus on easé&access and display;

A benchmarking app that enables growers to compare key on farnbatés (e.g. resource utilisation
perha,yieldperhagtct SAGK Fy2y@YAASR WAAYAT I NR GAySelr NRa:
A series of prediction services focusing on yield, objective quality measures and diseaswlrisk;

A series of advisory services, focusing on infrastrucmanagement (e.gadequacy ofirrigation
infrastructure design, and any infrastructure malfunction such as leaks and blogkag&mtion
requirements, water market investments, canopy management, nutrient management and spray
management.



Forewordc¢ Riverland Wine

In June 2018, Riverland Wine (RW) invited the University of Adelaide to travel to the Riverland to participate
Ay | -C8AIKQ@, 0SGsSSy | GSIY 2F wWAGSNII YR ¢Aysmhel LIS
Australian Institute of Machine Learning and the Faculty of Engineering, Computer and Mathematical
Sciences (ECMSJhe purpose of the exercise was to introduce the academics to the business and practical
aspects of winegrape growing in the Riesid and to explore ways and means of potentially reducing
production costs.Wine Australia was invited to observe the processeer the following few months, the
Integrated Vineyard Precision Control Systdpilot Projectemerged, and funding arrangemengsitered

into for the foundational project.Consortium members, Riverland Wine, Wine Australia and the South
Australian Governmenprovided LJA f 20 f S@Sf Fdzy RAy3a (2 02YYSyOoS |V
with the University. The proposed outce@nof the projectwasto develop a vineyard guidance system that
would enable vineyard operators to utilise digital instruments, platforms and dashboards to enhance
decisionmaking, reduceisk and enhance profitability.

Ly (KS fA3K(G 2ibndorincd Bs3igrfigam dontliidiBrRar€yional wealth and industry

levy funds, the membership accepts it has responsibility to encourage collaboration and linkages between
researchers, practitioners and polisgtting forums. This foundational mject has underscored that position

with significant cash andipA Yy R O2y i NRodziA2yad ¢KS NBIA2YQa dzyRA
track-record of innovation, production stability and its willingness and capability tinwest, offer an
outstanding platform for trialling viticultural innovation. Growers and producers are poised for the new
Australian wine era, confident that the foundations are sound, ready and agile to respond quickly to the
increasing demands for versatility and diversifgh new and emerging technologies.

¢KS NBIA2YyQa 3INRPSSNB YR LINPRAdZOSNE |NB NBaiAfASy
marketers. Collectively they have confronted and met the challenges presented by two decades of
supressed grape angine prices in domestic and international marketdecessity has driven innovation and

best practice. Growers aspiring to be more productive and efficient have been compromised by a lack of
financial and no#financial production indicators or benchmark3o validate cost of production savings,

such systems will be cruciallhe Integrated Vineyard Precision Control System Pilot Projedfl drive
innovation in that space.

The harsh reality confronting winegrowers in the Riverland in 2019 is that inéagidir winegrapes are no
longer competitive with other permanent, horticultural crops, including nuts, citrus and stoneftuis
imperative that new, affordable technology solutions be developed, in consultation with practitioners in the
region, to reake the potential visualised at the June 2018 HBekt. RW members are ready, willing and
able to play a key support role.

Chris Byrne
Executive Chair
Riverland Wine
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Forewordc¢ University of Adelaide

Agrifood and wine is not exempt from the Industry 4.0 revolution, and Agriculture 4.0 is upon us. The
agrifood and wine sector understands that new technologies, robotics, artificial intelligence, big data and
more sustainable systems are essential foriceghcy and marketability. In this regard, food and wine
producers and processors of this and the next generation need to embrace solutions that include these
technologies on top of their existing knowledge and understanding of production systems.

This isthe context for this project, but | knew the project was going to work as we stood there in the
vineyard in mid 2018. Riverland growers described in detail the pain points for their business operations and
a group of engineers and scientists, bussed th® Riverland for two days, debated the best solutions for

the challenges raised. This process of consultation has produced an inbhasdryititech program of work

with outcomes that are demanded by and by turn methods that will be taken up by thalititie industry.

This is an exciting pilot project, but as the range of technologies that can be applied into the agriculture and
viticulture sectors expand, these types of interdisciplinary projects will be in higher demand and will be
required to allow poduction methods to keep pace with the rate of change in the sector and to develop
novel solutions that improve production in a changing world.

dzi LINP2SOGa tA1S GKA&a R2y Qi KIFLIWISYy o6& | OOARSyilo®
WSaiGNI FTYyR . NBS .SyySiid YR GKS WbSNR& bAySQ LINR2
outstanding job of developing the program of work iteratively with the project stakeholders, delivering what
was promised and keeping the work on tracldgrartnerships together to this poirg final delivery; Chris

Byrmel YR GKS We¢KAY1AYy3ad ¢SyQ FTNRY wWAGBSNIIYR 2AyS |'yR
group in and were prepared to change the way things were done and present an honest actount o
challenges faced by the sector, which allowed the project to focus on real solutions; Paul Dalby from the
Australian Institute of Machine Learning who had the vision to bring these groups together and facilitated
the interactions and translations acrodg divide between industry and academia, as well as Liz Waters and
Paul Smith from Wine Australia who supported us and came with us gouheey.

Professor Andrew Lowe
Director of the Food Innovation Theme
University of Adelaide
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1. Background

1.1. Projectorigins andphilosophy

The Yhtegrated vineyard precision control system pi@t LINE Fdh@ational projett conducted in the
first half of 2019 andunded by the Riverland \Weé Industry Development Coundil/ine Australia and the
South Australian Wine Industry Development Scheifige initial conceptualisation of the project arose
through discussions between remehers at the University of Adelaide (including staff with expertise in
machine learning, mechatronics/robotics, satellite and drtva@sed remote sensing, water resources and
environmental modelling) and growers in the Riverland in -80d8. These discugsns focused on
identifying theneedsl Yy R WLJI Jof/grapd2vihe/ drcavels in the regipand led toan emphasison
technology developmernthat can reducecost of production as a core principle of the project design

From these initial discussioyes multi-stage collaborative vision emerged to work towardgigital vineyard
guidancesystenxhat will help growers optimise production processes, manage risks and drive continual
improvements in vineyard profitability and sustainabiliffhe focus orthis system is orthe Riverland

growing contextt a largearea bulk growing region with unique technology needs due to their scale of
operation and market positianUltimately, tre ambition for ths guidance systeris to provide reaitime
information on curent and projected future status across a vineyadd provide guidance to growers to
enablethe optimisation offarm management decision$he foundational projectdocumented in this report
NELINBaSyida wadalrasS wmQ 27F (KA-af-cohcepy @BdBkNtb tésf allvthe @eya A 2 y
components othe proposedsystem.

It is widely recognised thahe digitisation of Australian wine grape production has the potential to bring
significant economic, environmental and social benefitsere have been mantechnologicahdvances over
the past 20 yearsn sensing, connectivity, analytics, automation and predidatitiee combination and
integration ofwhich are providing significant opportunities for vineyard process intensificator? Y 2 NB & A
f SAaQ0 | YR {Kdza gréwerdd@tdriilined rpgrtcildy, inay telholagigshave the potential

to optimise vineyard inputs (e.dabour, water, energy, fertiliser, pesticides and herbicides)d capital
expenditure for oAfarm equipment, enable fitfor-purpose grape productigrand thereby improve overall
productivity and efficiencyLeonard et al. (2017)n the final report for the Precision to Decision Project
estimates that if digital agriculture is fully implemented in Australia, this would boost thee vafu
agricultural production by 25% (compared to 2e13). This is an increase of $20.3 billion to the gross value
of agricultural production (GVPYranslating toan estimated increase of $7068pecifically for thegrapeand
wine sector.

Althoughthe potential estimates of benefit from digital technologies span the full grape and wine value
chain, there are somapplicationghat are unique to wine grape growers in the Riverlagge to its position

as ahigh productivity region largely growing for the lktwine marketthat operateson very low marginsro

grow (or even maintairthese margins and increase profitabilitgere is an ongoing need find efficiencies

in vineyardprocesses as input and laboocostscontinue torise. An added challenge is thgast research

YR AYRdzZZGNE SELISNAYSYyGlI A2y KIFI&a GeLAOLtfe T.20dza$
however, therehas beerimited focus on solutions for the volume mark@trné Satorra et al., 2009)

Yet cespite theoptimismof RA IA G F € | ANRK Odzf ( dzNB Qa LI  Sdfsduasloris with2 NJ A
Riverland grape growerduring the project scoping phasevealed thatuptake of existing technologies
remainsrelatively lowin practice Indeed, advice from Riverland Wineggests that rast growers still

monitor performance and predict yields through a combination of manual and remote measurements taken
throughout the growing season that are typically tak@frequently and at sparse randomised locations.
Likewise there ardlifficulties with existing methods of monitoring in separating out the effect of grower
interventions climate conditionsand other factoron vine performance.

To combat these issugshere is a need for strategic projects that effectively translate aesle and
development into impactful outcomes and commercially available services for growhrs. includes
carefully considering how to include producer views as part of the strategy to acceleratessenddoption.

1



Importantly, the perception of most prducersregardingtechnologicainnovations is significantly influenced
by their peers as such peer networkshave a critical roleén generating conversations that propagate
information and reduces perceived risks and uncertainties surround new technolbgy.successful
facilitation of technology adoptiortherefore requires producer groups to be deeply involved in the
assessment (and development) of new approaches or technologies.

As a resultthe emphasis in thifoundationalproject is on how to leverage research and technologies that
have been developelut are not currently operationalisedr adoptedin the Riverland contexConsultation
and collaborationwith the Riverland grape growers has been embedded throughloaiptoject by ¥ W@

i S a arigud €nergingechnologies and iteratively identifying the potential value of different use cases
Although stage Focuseson proofof-principle work rather than technological deployment, this iterative
feedback has directly influenced tharoject direction on multiple occasions, and will provide excellent
foundations for the design and scoping of subsequent stages ofigfitaldiineyard guidance system.

1.2. Projectoverviewand guiding principles

The longeiterm ambition for the digital vinegrd guidance system is to, via close collaboration with growers,
develop operaccess digital systems thfaicus on guidance and advice (rather than simply the presentation

of data streams), antdassufficient flexibility to respond to grower feedback aleerage new technologies

and capabilitiesas they become availablé key element is the integration ahultiple disparatestreams

(not only including physical vineyard characteristics, but also recording management actions and financial
information)into & A Yy 3f S RA 3 A e coupledwitly piedi@ivie todisNaii tReCcapability to
control a number ofaspects of vineand vineyardmanagement (e.g. canopy management, variable rate
watering, etc), this will provide the basis fayptimal controlof farm inputs and outputs.

The emphasis ofi KS W apilot i3 ® roadQest all the key components of a comprehensive vineyard
guidance system, including the basic dashboard and systems architectufarnonloT sensors and
connectivity systems, agell as collect remotely sensed vineyard information and RGB images of Vhnes
projectwasdesigned with the following considerations in mind

-1 WLINE RdzO S NJ cf whdeQgrowetslLainPrésénkchers work collaboratively on the digital
vineyard guidane systemand provide iterative feedback on technology developméitiis iteration is
made possible vifeedback from growers on functionality and value of each component to ensure that
the platform delivers maximum value for the growers and region.

- An inter-disciplinary team¢ comprising technologists (including experts in machine learning, machine
learning, mechatronics/robotics, satellite and drebhased remote sensing, water resources and
environmental modelling), economists amdticulturists with a stong focus on knowledge exchange
and collaboration between the team

- An open source philosophy to ensure that the technology can be shared and built upon by the
ANRPGSNI YR NBaSINOK O2YYdzyAide o06Sez2yR (KiBQ fIAYFRS & L
allowing the platform to leveragea vast array ofexisting and availableopensouce technologies
(communicatiometworks, algorithmsonlinedashboards, crop models).

- Stepped development of systems, technologies and processedereby the developmet pathway is
ONR1SYy R24y Ayil2 F+ aStG 2% FOKASGIotS wadl 3asSac
stakeholders, while also being an essential step towards further development.

In terms of key technologies and componentse digital vineyard guidace systentan be conceptualiseas
comprisingfive essential components thatontribute towards theultimate goalof integrating new and
establishedechnolayy withestablished viticultural knowledg& heseare:

- Sensingdata acquisition)c incorporatingmultiple sensing and data streams at the soil (e.g. moisture,
salinity, temperature), plant (e.g. microclimate, plant water status, bud count, sugar content) and farm
level (consumption of water, energy, fertilizer and pesticide rates);

- Connectivity, DataProcessing and Handling incorporating options for transmission and processing of
the multitude of data streams in keeping widim opensystem philosophy



- Situational Awarenessand Predictiong in the form of a dashboard platforrfor collating, visualisig,
FYR FylLfeaiay3da RFEGF Fa 6Sftf -4 FTOQINBEOSRRA NH2 EINBRA S
intervention options

- Insights and Observationsg in the form of understanding current vineyard status and likely future
status in terms of canopglevelopment nutrient status,water balanceand a range ofother key facets
of the vineyard; and

- Interventions and Controls¢ in the form of targeted crop interventions strategies (e.g. canopy
management, sprays, fertiliserirrigatior) which the grower canpotentially implement at fine
resolutions in space and time (e.g. variable rate application).

These five elements are represented graphicalllyigurel asthe translation of multiple data streams, via a
range of connectivity optiondo a WR A 3 A (of the vineydrd$h&@ houses the datand algorithmsthat
reflect current and projected future vineyard state. This in twmables visualisationthat can then be
translated to insight®f the vineyard for the purposefluencing decisions that improweneyard outcomes.

Insights/ Interventions/
(0] 1F Control

Situational Awareness & Irrigation

Prediction Light penetration

Variable spray
Disease detection

Fertiliser

Temp. control
Growth

Pruning decisions
Heat stress

N\ Harvest

Nutrition
On demand spray
DIGITALTWIN \ Fruit production

Database | Algorithms| Visualisation

Figurel ¢ Schematic othe proposeddigital vineyard guidance system

The approach takerin this project represents a radical departure from many existing digitaitep
offerings, which tend to focus either on information display (rather than guidance to enable decision
making),and/or havebeen designed based on either a single-uase or a small number ofsecases. In
particular,current agtech offering often draw on either a small number of data streams, andtmus on

data visualisatiomather than using this to provide guidance operational orfarm decisions.

The philosophy taken in this projectcamd comprehensive curation of multiple data sources into a single
digital solution should not in any way diminish the vabfeexistingplatforms, of whichmany have been
tested in the market and havdemonstratedvalue to growers by virtue of their increasing uptake. However,

it is likely that the next generation of such tools will become increasingly comprehensive in their data
acquisition, and in doing so focus on cycling up the information value chain fromaddtanformation
display throughto prediction, alerts and grower advice. It is indeed likely that the combinatorial power of
multiple data streams (for example the combination of economics data with datadistoric grower
decisions such as watering andnopy management, and then withineyardoutcomes) is only gradually
beingexploited Exploration of what opportunitiesxistto add value to vineyard operations through carefully
curating and combining multiple dattreams is indeed at the heartwhati KS WRAJIAGFE GAYS
& & & 5&ers® achieve



Building such a system takes time and a kegn vision. Currently, it is clear that data standardisation and
interoperability are major barrierfor enabling the vision of digital agricultyrslowing the ingestion and
Walorisatio? 2 ¥ R (Thesedbariel ldovhat@nly exist within the field of viticulture; indeed multiple
agricultural sectorge.g. broadacre horticulturedre experiencing strikingly similar challengBsogress will

no dowbt be made over the coming years through building common data standards andaA®isdudng

the cost of connectivityFor example at the time of writing the three Riverland councils are planning on
installing a long range wide area (LoRa) network ugfwut the Riverland that wilfacilitate greater
FR2LIGAZ2Y 2F WL Y (S NGheriissuest such kg pfivhéy Qdata seEunzi ahd ofviership, are
also major challenges particularly when sensitive data such as financial data is integratéesateystems.

The approach taken in the piletasfirst to test a wide range of components of an integrated system such as

that illustrated in Figure 1, identifying available datasets and overcoming emerging challenges along the way.

In parallel, economicase studies and regular enger engagementseredza SR G2 ARSyYydATe

OrasSaqQ Ay GSN¥a 2F 3ANRPGSNI AYF2NXNIGAZ2Y YySSRA | yR )
directed to areas that can add the greatest and/or most immézl value. Throughout this processhe

project sought tobuild on the vision whereby iis the combination of multiple datasets where the most

dzy NBFf AaSR 02N Wil GSydQo @It dzS Ol sfechosButiogsoalréadyy SR =

commerciallyavailable to growers.

1.3. Evaluating the maturity of potential technological solutions

A key priority identified by Riverland growers is the need to translate basic and/or applied scientific research
into operational productsTo this end, a critical compoyfeli 2 F GKS Wwadlr3IS mMQ NBJASSH
FYR WNBFIRAYSaaQ 2F (SOKy2f23& T2 NJ thdt daiidRve Hoyurdi BsBsNI (1 A
of production and improve operating margin& key element is to identify the sweet spoft technology
readiness: technologies that are too immature will mean that the development timelines are likely to be too
long for rapid mediurterm grower adoption; in contrast, technologies that are already very mature are
likely to have been commerciaéid alreadyunless they are reonceptualised as component inputs to other

less maturgand likely more integrated) technologies

A structured approach is taken in this reportdoable this evaluationincluding those proposed for further
development insubsequent stages of this work. To tkiwd, it is noted that thedevelopment of new and/or
unproven technologies2 NJ G NI yat A2y 2F &a0OASyOS VWIid (K& 6SyoO
typically follows a defined lifecycle with different phasegeshnology maturityTK S 02 y OSLJGI 2 F Wi
NEIFRAYySaa S@9StaQ o6¢w[avI 2NARAIAyLfte RSaAAIYSR o8
provides a measure of technological maturity and can assist in the identification of furthertaspfec
technology development required to achieve a fully operational system, often as a commercial product

Ly G(GKA& NBLRNIIZ (G4KS ¢w[] O2yOSLIi A& ILILXASR G2 W
guidance system, which, for the purposé this report, aredefined asW| (i ? tdthnaldgi@s that may be

critical for the successful deployment of the guidance systemthattl N#ew &t are being applied in novel

ways or environmenfgUSDepartment of Energy, 2011)The TRL of each CTE is represented on goiné

scale (Table 1), which has been adapted from definitions by®®epartment of Energy (201i)e CRGor
Optimising Resource Extraction (201&hd theUS Department of Agriculture (2016)he TRLs attached to
individualCTEs of the digital vineyard guidance system are summarised in the relevant parts of Sdations

5of thisreporth y OS GKS ¢w[ 2F SIFIOK /¢9 Aa SaidlofAaKSRI @8
OFrasSaqQ OFy GKSYy 0S5 | aO0SNELlsueynipenend af thehsisteyi,iwhich ghargfaie (1 K S
NBLINBASYGa GKS WiAYAGAyEM 1SOKy2f238Q 2F (GKS LINE LR

1 The concept of TRLs can also be used for public good technologies that are operated by governments or through open sounigespand thus

the technology development life cycle does not always need to lead to commercial outcomes.

2 For completeness, some mature system-®amponents are also reviewed in this report as part of the critical technology elements analysis, and

(KS&S NS IAPGSYy KAIK ¢w[ @lFidzSa G2 RSy20S GKId GKS& INB y2 tf2y3SN 02
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Tablel - Description of technology readiness levels for use in assessing agricultural technologies. Adapted from US Department of

Energy (2011), the CRC for Optimising Resource Extraction, and the US Department of Agri(20t6).

Relative Level Technology TRL definition Description

of Technology Readiness

Development

Level

Preliminary TRL 1 Basic This is the lowest level of technology readiness. Sciel

Technology principles research begins to be translated into applied R4

Solution observed & Examples include identification of industry challeng

Evaluation reported that the scientific research is capable of addressing,
the potential for the sciencéo modify industry practice
Supporting information includes published research
other references that identify the basic principles th
underlie the technology.

TRL 2 Technology Once basic physical principles are observed, the
concept &/or level involves identification or invention of practig
application application of those principles. This can incly

_ formulated estimation of the value of the technology relative
Experimental existing technologies that achieve a samiburpose, of
testing the capacity of the technology to achieve new outcom

TRL 3 Analytical & Active research and development is initiated. T|
experimental includes analytical studies and laboratory scale studie
critical physically validate the analytical predictions of separ
function &/or elements of the technology. At TRL 3 work has mo
characteristc 6 S@ 2 y R GdKS LI LIS NJ -of-DIR i/ &
WLINE 2 ¥ experimental work that verifies that the concept wor
O2 y OS LJi as expected. Components of the technology

validated, but there is no attempt to integrate th
components into a complete system.
Technology TRL 4 Component The basic technological components are integrated
Development and/or system establish that the pieces will work together. This
(Pre validation in NBf | GA@Ste WwWiz2g FARSEAD
Commercial) laboratory system. TRL-@ represents the bridge from scientif]
environment, research to engineering. TRL 4 is the first step
and initial determining whether the individual components W
value work together as a system. The system will probably |
proposition mix of onhand equipment and a few special purpog
components that may require customisation to get the
to function.

TRL5 System model The basic technology components are integrated so
tested in the system configuration is similar to the final applicati
simulated or in almost dl respects. The major difference between T
realistic 4 and 5 is the increase in the fidelity of the system {
environment  environment to the actual application. The system tes

is almost prototypical.
Technology TRL 6 System model Engineeringscale models or prototypes are tested in
Demonstration tested on end enduser site environment. Potential commerc
(Pre user site with partners will have been identified or already engag

refinement of TRL 6 beginsrue engineering development of th
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Commercial) positive value technology as an operational system. The prototy
proposition should be capable of performing all the functions th
will be required of the operational system.

System TRL 7 Fullscale This represents a major step up from TRL 6, requiring
Commissioning system demonstration of an actual system prototype at an el
prototype, user site. The prototype should be near or at the scal

demonstrated planned operations, and have commercial partn
on enduser involved.

site

TRL 8 Commercially The technology has been proven to work in is final fq
relevant and under expected conditions. This TRL usy
system represents the end of system development, and (

deployed on include integratim of new technology into an existin
enduser site system. Outcome is often the commercial manufact
with  proven and site uptake of the technology.

value
proposition
Commercial TRL 9 Actual system The technology is in its final form and operated un
Deployment proven the full range of operating (environmental condition
reliable Final bugs are fixed and the technology is routin
through implemented.
operation

1.4. Report structure

¢KS SYLKIaAra 2F wadal3asS mQ A& GKS LINPOGARS I gARS ¢
about anassessment of options for system integration to address\neald cost of production issues faced

by growers. This was done through a combination of

- 1dzRAGEA 2F 1S@ (SOKyz2ft23& 02YLRySyida 062N WONIRI
including in terms of technology readiness levels and potential utility for variousases

- Wit NERIMA Yy OA LI SQ seGeiSciitizal JecBndligy @ements, includiagroundbased
vision systemanddashboard

- An economic assessment on likely valugtowers, focusing on case studies.

This review follows conceptual organisation of elements in Figuliehis commencewith a short summary

of methodsgivenin Sectior2 followed bythe presentation ofdata acquisition technologies in Sectidnand

the connectivity, data processing and handlingteyns in Sectiod. This is followed by data analysis and
visualisation (SectioB), including the presentation of the machine learning algorithms developed and the
prototype vineyard dashboard.

C2tft26Ay3 2y FTNRBMLINANBWASBQI REBOPVLINBIFEY G 2F {Se& ON
assessment of the technologies and case studies are presente®eition 6. Outcomes and
recommendations of the projeare then presented in Sectiofdgo 9.



2. Method

This foundational project focusem test and developinga diverse range ofensortechnologies (e.g. en

farm loT sensors, RGB images of vamgiired from a grournbased gstem and satellite image)yas well as

the development of the basic daboard systemand architecture for inclusion in a comprehensive vineyard
guidance systemAn economic assessment of the likely value to growers is also provided, including case
studies considering small, medium and large example farfiale2 summarises the methods applied in
carrying out each of the project task$he results pertaining to these viestigations are presented in
Sections3to 6.

Table2 - Summary of methodsised.

‘ Task Method(s)Used

Filot network of 10T Detailed review of Internebf-Things (IoT) technologies for different grow

sensors and infrastructure contexts including an evaluation of range, data rates, wireless standard
the TRLof eachsolution to provide guidance osuitable technologies for
range of grower contexts

Deployment of a pilot IoT network for a test vineyard site in the FRanel
comprising the installation of AoRa gateway anoh-farm sensors (i.estem
dendrometer, weather station, four multi-depth soil moisture ang
temperature probes andelectro condictivity) as well as coverage mappif
for the LoRaWAN gateway.

Evaluation of remote Detailed review ofremote sersing products for different viticulturg
sensing products for applications including an assessment of the TRLs ef gloducts in
viticultural applications consultation with experts in agricultural and environmental remote sensi

Collation of a range of remote sensing products that cover different spi
temporal and spectral resolutions for the vineyard test site.

Examinationthe utility of remotely sensed vegetation vigour for gra
growersvia application to the vineyard test site.

Development of a proof ~ Designand fabrication of a proobf-principle mobile groundbasedvision
of-principlevision based  acquisition system comprisirtgree RGB camerass well as testingnder a
sensing system and range of environmental (e.g. light conditions, grapevine variety, grapeg
processing algorithm. age) and operating conditions (e.g. tractor speed).

Collection of RGB imagery using the developisibn system for a range (¢
grapevine varietieqi.e. Chardonnay, Shiraz, Negroamaro and Red Fron
different maturities (e.g. young dear and 2year grapevines as well 3
mature 15year old grapevines) in the 204® growing seasan

Development of machindearning algorithms for the localisation arn
segmentation of key vine features (e.g. green shoots, canopy, berry bur
and trunk).

Detailed evaluationof potential future applications of computer vision
algorithmsfor improved viyard monitoring and decision making.

Proof-of-principle Design of potential opesource architecture fothe dashboard including
dashboard platform consideration of multiple data formats, data transfer and storage.

Design of a proebdf principle dashboat to display data collected within thi
project (e.g. RGB imagery, remote sensing informationrfanm sensors
farm business data) and from third parties (e.g. weather forecasts and v




market data) for ademonstrationvineyardin the Riverland in consation
with Riverland growers. Interviews were conducted to collect gro
feedback on the proebf-principle dashboard.

Detailed iterature review of datadriven and procesbased numerical
models for predicting vineyard outcomes (e.g. yield, vine depeient,
quality and disease risk) considering agricultural, environmental mode
and computer science journals.

Technology value
assessment

A literature review of existing data on winegrape production in the Riverl
and engagement withRiverland growers and viticlturists on typical
vineyard management acticend timelines for the Riverland

Scenariebased assessments for three example farm categories (smal
ha, medium 13180 ha and large >80 ha) to identiyeas of preexisting
technology investment angbotential areasthat could incur savings as
result of investment in specifidigital technologiesFaceto-face interviews
were conducted to collect grower financial and Aiimancial data for thesg
case studies.

A benrefit-cost analysis conducted in accordance with the Fede
(Department of Finance 1991) and South Australian (Department of
Treasury 1990) guideling®o identify quantitative economic benefits fron
investment indigital agrcultural solutions thatargetdecision making.




3. Data acquisitiontechnologies

Key findings

9 A detailed audit ofn-situ sensors highlighted the breadth of commercial or reammercial sensor
technologies available, principally for measuring weather, environmental variables, soil mois
and salinity, plant development and darm infrastructure. Sensors are increasinddgyveloped with
multiple connectivity options to ensure cesffective realtime data availability, and many
commercial solutions for sensor deployment exist.

9 Air and spacéorne sensor solutions have reached a high level of technological maturity in ¢érm
spatial, temporal and spectral resolution, yet only a small subset of potentiatases have been
commercialised for viticultural applications, indicating significant potential for further developme
Illustration of potential applications in theilpt demonstrated success imdetecting spatial
anomalies in vigour for a range sditellite products with different resolutions, temporal frequency
record lengths and pricing structures.

9 Mobile groundbased camera sensors are only beginning to be dgesl@and commercial solutions
FNE y20 &@SG NBIRAf&@ I@FAflIofST odz2i GKSaAS a
data stream to provide added value on canopy indicators (e.g. growth, disease). Aopprofciple
mobile groundbased imag retrieval system was developed during the pilot and demonstrated
work infield for a range of realistic operating conditions (i.e. realistic tractor speed and li
O2YyRAGA2YyAa0Y $6AGK KAIK LRGSYGALFf T 2tdbe waddla A
and thus can be mounted to a tractor (the application adopted in this pilot), quad bike, or (in
longerterm) autonomous vehicle to obtain regular vision capture of canopy developme
throughout the growing season.

The foundation of fulre digital agriculture rests on an exponential increase in our capacity te cost
effectively observe and monitor key aspects offarm production. The data sources are diverse, each by
itself providing an incomplete picture of key physical fluxes (elmitya nutrients, water, energy), processes
(e.g. canopyevelopment soil health), risk factors (e.g. disease risk factors, spray drift conditioneyard
outcomes (e.g. yield, quality), and/or farm finances (e.g. costs of production and profit)pEesaai key
sources of data include:

1. Fixed {n-situ) sensors, that may monitor a range of features often continuously at single point
locations. These include traditional sensors such as weather stations and soil moisture séations,
well asemerging senars measuring a broad range of-farm attributes;

2. Remote sensors, which may be mounted via satellite, UAV, fixed wing aircraft or via -tpaset
deployment such as tractor mounted, and may be collected ereagilarly (e.g. via satellite) or on
demandfor most other mounting options;

3. Economic indicators related to costs of production (e.g. costs of water, energy, chemical, machinery,
labour) as well as profit line items; and

4. Grower activities (e.g. spray diaries, irrigation recomdsiopy managemerdand so forth).

Each of these data streams has the potential, through integration, to form the building blocks of digital
solutions. Given the breadth of potential data streams to underpin digital agricultural solutions, this section
provides a subset ofdy streams relevant to viticultural contextfocusing on fixed and remote sensor
systems that are arguably the most common data stream for existing digital solutions. Economic data
streams are briefly covered in Secti6nData on growemactivities are not covered in detail in this report
given this data is currently sparse and difficult to colegstematically, butonstitutesa recommendation

for further developmentn Section9.



3.1. Continuous direct and proximal sensors

W{YENIG F3INROdzZ GdzZNBQ Aa | 02y OSLIi dGKFG A& ol aSR
technologies for monitoring of environmental, soil and plant parameters that are often used independently,

but increasingly via integrated platforms for a gidfiew®2 ¥ (G KS FI N¥Y | YVIRthiOf®idIQa O
we review the range and stataf-the-art of proximal sensors for continuous monitoring of environment, soil

and plant performance that can assist grape growers in improving management efficiereyiv yield,

quality and resource utilisationFollowing a review of individual sensor types tabulated summarys
presentedof the range of direct and psimal sensors used in agriculture and aitture for modelling
environment, soil and plant stas.

3.1.1.MeteorologicalSensors

Groundbased sensors to continuously measure meteorological variables such as air temperature and
relative humidity have been available for several decades. These sensors typically form components of
automatic weather stations and are essential to growerbserve shorterm weather events as well as
longerterm climate trends. Indices relevant to crop growth suchgesving degreedays (GDD), which is
essentially thermal time, can be obtained from weather station data. In the viticulture context, Giek/cl
relate to phenological stages of grapevine development, including berry development and ripening. The
sensors are typically powered by portable solar panels, which are becoming more efficient aptfexiste
options to using mains power that istefi not available in vineyards. The solar panels are required to
provide additional power to transmit the sensor (weather) datackoud-based data servers or a nearby
computer, as well as store the data locally. Data quality from these sensors is ofquartimportance and
therefore routine calibration is required, typically done by the manufacturer. Sensor data is either stored
locally or, more typically, transmitted wirelessly using a ptdapoint connection or via a wireless sensor
network to acloud-based server, which then can be accessed by end users.

Weather stationderived micremeteorological data is widely used in vineyards to monitor patterns of
grapevine growth, likelihood of diseasé¢s.g. downy mildew)and to enable decision makjnaround
resource applications such aster and fungicides.Weather data can be derived from regional Bureau of
Meteorology (BM) weather stationshowever, differences between the micamvironments between the

BoM weather station location and the vineyard meahighly localised data is advantageous in situations
where there is topography or large distances involved. In many cases, weather data can be integrated with
other groundbased sensors such as soil moisture sensors, or plant sensors (e.g. leaf wetrrss)jde
indications of irrigation requirements or the potential of downy mildew infections.

Whereas precipitation and other forms of water input (e.g. from the irrigation system; see S&clidn
below) are relatively easy to measure usingfarm sensors, water exports including groundwater and
evapotranspiration fluxes are more challenging to estimate. Typically, evapotranspiration estimates are
obtained indirecly based on evaporative potential derived from micrometeorological data (e.qg.
temperature, humidity, wind and solar radiation), and calculated through energy balance models such as
PenmanMonteith. Additionally, crop evapotranspiration is often calculatdd the use of crop coefficients

and reference evapotranspiration, with crop coefficients highly variable between and within seasons for a
given block(Williams and Ayars, 20Q5%uch approaches typically have significant simplifying assumptions
particularly for heterogeneous canopies such as is the case for viticulture; however there are no
commercially viablalternative solutions for characterising evaporative fluxes from vineyalds. example,
weighing lysimeters have been used to measure the amount of water lost via evapotranspiration for
research purposes by calculating the weight of a system (plant and soil)ebafar after the addition of
water by precipitation or irrigatiofWilliams and Ayars, 2005)hese are also expensiaad impractical for

use at scale in operational viticultural environments. Likeweslvanced meteorological sensors such as
those that form flux towers for eddy covariance measuremeatg. gas analysers, sonic anemome)egise

used for scientific inv&igations of actual evapotranspiration because of their accuracy; however their high
costs and required expertise, are not practical tools available for growers. Although a national network of
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flux towers are available via the TERN OzFlux net¢@ekinger efal., 2016) to our knowledge there are no
flux towers that have been established for viticult@applications.

3.1.2.Environmental Sensors

A number of environmental (nemeteorological) sensors including those for disease monitoring and smoke
detection arebecoming increasingly prevalent as these offer the ability to respond to either insect pests and
fungal or bacterial diseases, biosecurity incursions into vineyards (e.g. phylloxera for grapevines), as well as,
increasinglythe threat of smokerelated tants in grapes and wine due to bushfires.

Tools to detect and monitor various pests and diseases in the vineyard include phylloxera detection using
DNAbased (qPCR) testing of soil samplPgarce et al., 20181 S2FSy OAy 3 &a2F 061 NB 6
WA RSNEIGSE Y W! LILJIQ GKFEG GNFOla KdzYtry Y20SYSyd GKIF G
weeds acros$A vineyards; and spore traps to detect the level of fungal diseases of the trunEug/ga

lata) and leaves (powdery and downy mildews) usiogp-mediated isothermal amplificatiorassays
(Thiessen et al., 2018Research is currently underway to detect several grapevine viruses on both
symptomatic and asymptotic leaves at the University of Adelaide; this work has completed drased

detection usiig visible (RGB) and hyperspectral cameras, and is migrating to their use on mobile platforms
(Pagay et al., 2018)

Smoketainted wines result from exposure of grapes to smokehmineyard. Sources of smoke can be bush
(forest and grass) fires and stubble burning, which can release particulate matter, volatile organic
compounds and other gases into the atmosphere putting nearby vineyards at risk to exposure. The critical
timing o this exposure is reported to be pegeraison(AWRI, 2018)although earlier stages of grape berry
development are also potentially at risk. Being able to detect low levels of smoke could help growers
mitigate grape exposure to smoke by using strategies such as sprioklenssters to remove particulate
matter from the air before or after contact with the berrieResearch is underway at the University of
Adelaidewith assistance from\WRI(see press release UoA, 2018gnsors that detect smoke are based on

air ionization, photoelectric dection, nephelometers, or, commonly, particulate matter (e.g..BMThese
sensors can be combined with existing micrometeorological sensors (described above) to provide an
integrated assessment of the risf smoke exposure and taint to grapes/wine. Fexample, high
temperatures combined with smoke increase the risk of both berry dehydration (shrivel) and smoke taint
precursors (chemicals, particulates) attaching to the berry cuticle. Various commercial sensor options exist
(e.g. Attentis TechnologieFki@. 1), ArduingdoT, etc)

Figure2 Attentis smoke sensorhtps://attentistechnology.com/)

3.1.3.Soil Sensors

Theutilisation of various sensors to monitdiynamic (i.e. timevarying)physicochemical parameters of the
soil has increased over the past decade with increasing technological developments andémogment
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costs. Some commonly measured parameters include moisture content and tension (matric potential),
salinity (as electdal conductivity), and temperature. Soil moisture content measurements using microwave
(dielectric) approachebave been demonstrated tprovide reliable estimates(Rao and Singh, 201&d

have the onvenience of being continuous and with various communication options. These sensors are
already widely utilised in agriculture, vineyards included, for irrigation schedbéisgd on volumetric water
content at specific depthas the data is relatively sg to interpret by growerge.g. Sentek EnviroScan soil
data probes) Multi-depth units provide richer information on the availability and root extraction of soil
moisture in response to rain events and/or irrigation applications. Sensors based provédimgtes of
matric potential such as tensiometers or granular matrix sensors (e.g. gypsum block, Watermark) are lower
in cost than dielectrivased sensors and have lower maintenance requirements, but have a limited lifespan
usually lasting % years. Theyre slower to respond to changes in soil moisture compared to dielectric
sensors and generally do not work well at very low soil moisture leMalifti-purpose probes that track
other soil properties simultaneously with moisture are also available (ergels EnviroScan soil data probes

can measure volumetric water content, elecitonductivity and temperature).

The choice of soil moisture sensor in a vineyard depends on soil type and irrigation strategy. In most South
Australian vineyards, gypsum blocksd dielectric sensors are wallited due to their extended range of
measurement (in drier soils requiring irrigation). Coupling of these sensors to meteorological or
environmental sensors &n option in commercial systenfs.g. Davis Instrumentsave sd moisture sensor
coupled to automatic weather statiohs

Soil salinity is of concern to many Australian and South Australian growers due to the high levels of salt in
irrigation water and increasebuild-up of salts in vineyarda low rainfall yearsYield declines have been
observed in grapevines when salt concentrations in the soil water esc&8ddS/mor 2.1 dS/m in some
varieties(Walker et al., 2002, Walker et al., 20q@SIRO). Rootstocks have béead to mitigate against

this in high salinity soijghese rootstocks retain the salt within the roots system (high salt accumulators)
rather than transferring the salt to leaves and fruit, leading to negatives impact on yield and duality

salt tasting fruit)as well as vine health (e.g. leaf scorching, stunted shoot groMbéasurement of electrical
conductivity (EC) in a soil solution generally provides an estimate of salinity; EC is proportional to the
concentration of ions in the solutioand can enable the tracking of salinity build up and well as transport
within the soil Commercial salinity sensors or EC meters can measure up to 20 dS/m and typically also
provide temperature measurements. 10T versions are yet unknown although some of iftiemgofferings

on the market (e.g. Sentek Enviroscan) are being retrofitted with LoRa radios, Bluetooth, etc.
communications technologies.

wSOSyihtes + ySg yYAIGUNIGS aSyaz2zNl OWCASER bdziNASYyd {
by Supa Sensor Technologiesa company from Oregon (US). Nitrate sensing in soils is relevant where
ammonium nitrate is used as a fertiliser and is at risk of being leached out of the rhizosphere. Nitrogen
leached into water bodies or streams can lead to eutiocption. However, there is a tradeff with avoiding

high soil salinity level€ontinuous measurements of nitrogen in the field can enable-datded fertigation

and reduce costs associated with manual soil sampling and analysis.

3.1.4.Plant Sensors

A majority of sensors available on the market are targeted at estimations of crop water status. This focus
largely stems from the interest in water savings technologies in irrigated agriculture as the price of
freshwater continues to increase. Various classes méaefor plant water status measurements exist.

Dendrometers are based on linear variable displacement transducers (LVDTs) that monitor small changes in
the diameter of stems or trunks of plant&igure3). The difference between the diurnal variations in
RAFYSGSNI 0YFEAYdZY YAydz&A YAYAYdzZYo LINRPPGARSE (KS Wy
water stress of the plant. Some models are enabled with wirelessiemivity, e.g. LoRdJse of these

sensors is currently being investigated in other South Australian viticultural regions (i.e. Coonawarra) in
terms of how this information can be used to improve irrigation decisions thereby increase water use
efficiency for improved grape and wine quality and increase profitability.
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Figure3 - Dendrometer fttp://phyto -sensor.con)

Measures of cell turgor (or hydrostatic pressure) are useful to knowahier status of single or multiple

cells. Single cell measurements of turgor are possible using a cell pressure probe, which is primarily a
research tool. Turgor measurements on entire leaves are now possible using theati®Figured), a pair

of magnetic sensors that clamp on to the leaf to measure small changes in leaf thickness (influenced by cell
turgor). These sensors also have wireless connectivity and can &g ins the field although the
measurements of single leaves makes extrapolation to the plant or vinexgyerror prone.Hence, these

are not practical tools for vineyard operational decision making.

Figure4 - Yara ZIM leaf prbe

Routine measurementsf water potentiat the energetic status of waterin leaves and stems are often

done using a leaf pressure chamber, a robust and portable instrument that has been used to monitor crop
water status since the 1970s. These measuremertsrelate well with water flux (transpiration)
measurements from a leaf, and also to soil moisture, hence to date is one of the more reliable measures of
crop water status, together with porometry, which measures stomatal conductance. The drawback of both
instruments is that they are singleaf measurements that are not automatable. Recently, continuous
YSIF&Adz2NBYSydGa 2F adGSY 61 GSN) LRGSYylGAlLIf KIFI@S 0SSy YI
embedded sensor that is being commercialised throdgoraPulse, a Ulsased startup Kigure5). The
advantage of continuous measurements include the ability to automate the control of irrigation pumps and
larger data voluras over multiple timepoints.
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Figure5 - FloraPulse microtensiometeih{tp://www.florapulse.com/ )

Interest in continuous sensing of crop water stress has also recently led to the development of temperature
based crop water stress sensors such as the Athena thermography (infrared, IR) tower. These sensors work
on the principle that water stressed plartisive reduced transpiration and thereby higher leaf temperatures
compared to weHlwatered plants. The technology is undergoing commercialisation and hasblasid
communication capability.

Although commercial sensors exist for the measurement of xyleritateon, which occurs under high water
stress conditions, this option is not convenient or eeective for growers, and a degree of interpretation
is required to enable decisions making on irrigation. They are therefore primarily a research tool.

3.1.5.Irrigation Monitoring Sensors

Irrigation monitoring can be based on changes in pressure or flow rates in addition to knowing the valve
status. For example, plse flow meters are available commercially to track deliveries of water through
irrigation systems. Tése systems can be connected wirelessly via remote terminal units (RTUS), integration
boxes that read pulsed outputs from the meter and transmit data via LoRa radio or telenfétigy.
technology could be valuable in identifying specific vineyard locatidrese there may be either blocked or
leaking linesanddrippers.

Historically thesarrigation faults would have been only detected manuahyough visual inspection by an
operator and potentially following a significant delay between the fault occurramgl fault detection This
has the potential to lead to the loss of vinasd thecreation of vine water stres$or example, locked lines
may result in high vine watertress that can lead to potential reductions in yield and quality. In contrast,
leakirg lines result in the loss of water and again decrease water use efficiency and potdatdilio a
reduction in grapeguality. Monitoring irrigation efficiency at high spatial mations will allow growers to
track and respond tthese types ofrrigation system failure in redgime.

3.1.6. Summary of continuous direct and proximal sensors

Table3 presents a sample of direct and proximal sensors used in agriculture and viticulture for monitoring
SYGANRBYYSY(z a2At3 FyYyR LIXIYy(d LSNF2NXIYyOSed ¢KS aSy
(TRLs), which characterises their abilitybi easily deployed and used by growers. The sensors can be
divided into noncontinuous and continuous categories, the former usually involving destructive sampling
whereas the latter involving nedestructive sampling. The advantage of mdestructive samiing is that
continuous measurements can be made and data can be integrated into control systems for feedback
control of the operation; for example for irrigation pumps and otherfarm equipment. These continuous
sensors can be coupled to wireless comigation technologies for rapid data acquisition, and for this
reason are the focus of the review.

In reviewing the technology readiness level of individual sensors within an agricultural conggduld be
noted that the greatest challenge with fieteployed continuous sensors is their ability to function reliably
under harsh and often extreme conditions, including heat, direct sunlight, animal damage, rain, and/or
physical damage from vineyard machinery. These features can also be considered wioemest to
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deploying sensor systems that are capable of providing information for grower decisions. For example, the
ability to build redundancy into the network by having multiple sensors per location is one strategy to
minimise the risk of sensor failure.shmilar approach can be taken for communications technologies; having
more than one pathway to the database or server would minimise the risk that data access or transmission
from the nodes (sensors) would be or delayed or fail. Lastly, sensor systegndesiluding sensor
placement should account for factors such as placement (e.g. in sheltered environments away from direct
exposure to spray chemicals, vineyard machinery, or extreme weathrd maintenance (including
scheduling, cleaning, checking baitdife, and general maintenance of the unit). The highest TRL ratings are
therefore reserved for sensor systems that been commercially deployed taking each of these factors into
account.

15



Table3 ¢ TRLdor continuous direct and proximal sensors

Data source TRL Comments Ease of Examples of

application for commercial options

decision
making

Meteorologicalsensors

Weather station: air temperature, relative Multiple commercial solutions exist for farfavel Easy MEA, Davis, HOBO,
humidity, wind speed and direction meteorological sensing, and sensor developmems not Atmos, Campbell
solar radiation, rainfall, barometric considered in pilot. Connectivity options such as LoRaV Scientific, Bosch (IoT)
pressure emerging

UV sensor Can be integrated into existing data loggers with sevi Easy Apogee Instruments,

options for connectivity. Vishay (IoT)

Flux towers: gas analysers for water ar Primarily a research tool for actuakvapotranspiration Difficult LFCOR, Campbell
carbon fluxes measurement; impractical for growers. Scientific, Tule Tech.

Actual evaporation Class A Pan Relatively expensive Easy MEA, HyQuest,

Campbell Scientific

Environmentalsensors

Smoke

Sensors based on ionization, Although commercial options exist, sensitivity to diluted sm{¢ Moderate Attentis, Honeywell,
photoelectric, nephelometer, drift from distance may be an issue. Sensirion (1oT), Bosch
particulate matter (e.g. PMs)

Disease monitoring

Leaf wetness sensor Can be integrated into existing data loggers with sevi Easy Campbell Scientific,

options for connectivity.

METER, Davis, ADCON
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Molecular (DNAbased) e.g. LAMP Not yet automatable; primarily for research Moderate TBD

Hyperspectral cameras Groundbased validation successful for virus detection; | Difficult Not commercialised
continuous

Soil sensors

Moisture content:

Neutron probe Phased out due to radiation risks Moderate ICT Intl. (Hydroprobe)

Gamma ray attenuation Phased out due to radiation risks; relatively high cost. Moderate

Dielectric techniques: Not compatible with most data loggers; options for connectiy Moderate Campbell Scientific

- time domain reflectometry are limited.

- frequency domain reflectometry Capacitance probes are widely used in agriculture; can Easy Sentek, Decagon
integrated into existing data loggers with several options (Meter), Whitebox Labs
connectivity. (IoT)

Water potential (tension): METER, Irrometer

Tensiometers Used in agriculture but limited use in vineyards Easy

Thermal conductivity Data logger options available Easy PlantCare (l0T)

Electrical resistance Data logger options available Easy Campbell Scientifig
Irrometer (l0T)

Psychrometer Not practical for growers to use Difficult ICT Intl., Wescor

Salinity: Can be integrated into existing data loggers with sevi

Electrical conductivity options for connectivity. Easy METER, Sente

Spectrum TechKanna
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Temperature

Can be integrated into existing data loggers with sev
options for connectivity.

Soil temperature probe 9 Easy Campbell Scientific
Nitrates 7-8 | Being commercialised; wireless connectivity option TBD Supra Senso
Technologies
Plant sensors
Dendrometry 8 | Commercial options exist with data logging Moderate ICT Intl., Phytek
Leaf turgorpressure 5 | Primarily research tool Difficult TBD
- Cell pressure probe
- Magnetic pressure clamp (Zim 6 | Primarily research tool; wireless capability Moderate Yara ZIM
Probe)
Water potential (tension)
- Leaf pressure chamber 9 | Not automatable; robust; widely used Easy PMS Instruments, Soil
Moisture Equipment
- Microtensiometer 6 | Data logging options existan offer wireless in the future Moderate FloraPulse
Acoustic emissions 6 | Not automatable; primarily a research tool Moderate Physical Acoustics
Water flux
- Porometry Not automatable; some use by vineyard consultants Easy METER, Deli@,LFCOR
- Sap flow 8 | Some use in commercial farms; data logging and connec| Moderate Dynamax, ICT Intl.,

options
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Leaf/canopy temperature:

Advanced testing in commercial vineyards; data logging Easy Athena Irrigation
- Thermography tower connectivity options Technologies
Irrigation monitoring sensors
Pulsed flow meters Commercial options exist Easy Netafim, Toro, Hunter,

Bermad
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3.2. Air and spaceborne remote sensing

Remote sensing by satellite, aircraft or unmanraestial vehicle (UAV)comprisego a suiteof technologies
wherebybiophysical properties are measured remotely, usually through the distinctive interaction of some
form of radiation (e.g., visible light, infrared or thermal radiation, or microwaves RADAR) with a specific
physical or biological phenomendhese technologies havieeen adopted in numeraa fields including
agriculture (Shanmugapriya et al., 2019ceanographyDevi et al., 2015, Rajeesh and Dwarakish, 2015)
hydrology(Rango, 1994, Xie et al., 2016, Tang et al., 2@@Dlogy(van der Meer et al., 2012pand for
various vegetation measuseincluding vegtation mapping(Xie et al., 2008)evapotranspirtion (Liou and

Kar, 2014, Zhang et al., 201®af aea index and fractional covéCarlson and Ripley, 1997hese latter
vegetation applications illustrate the ability of remote sensing to measure biophysical variables of direct
relevance to vineyard management.

Within vineyards, remote sensing has been demonstrated to be capable of measuring (or being used to map)
the following quantities:

- water stresqBaluja et al., 2012, Zovko et al., 2019)

- evapotranspiration(William P. Kustas et al., 2018)

- chlorophylk, content (at both leaf and vineyard sca(@arceTejada et al., 2005)

- leaf area(Johnson et al., 2003)

- fractional green vegetationaver (Tondriaux et al., 2018)

- canopy exten{Padua et al., 2018)

- grape phenolicgLamb et al., 2004)

- phenological metrics (e.qg., start of season, end of segsl@Castro et al., 2018)

- grapevine varietyGutiérrez et al., 2018b)

- discrimination betweerndiseasedand healthywines

- discrimination of onevine disease from anotheii.¢. Flavescence doréd-D)from grapevine trunk
disease (GTQAIbetis et al., 2018pnd

- vine vigour zones and withivineyard variabilitf Tondiaux et al., 2018)

Thesederived datastreams have the potential to be used for a wide range of applications, ranging from
improving water efficiency, variable fertilizer and spray application, and yield and quality prediction.
However, h common withsome other areas of agricultural technology reviewed in this report, there has
been relatively little adoption of remote sensing methods by the grape and wine induSmg. of the
barriers to adoption may be the highly technical nature of remote senslh@spects of remote sensing,
from imagery acquisition, through essential gyecessing (to ensure quality), to analysis and mapping
require specialised skills. Howevethe capacity to automate workflows regarding remote sensing
applicationscontinues toincrease due to a range of technological advaneesithere is now a significant
body of relevant past researd¢hat canprovide the basis for integration into applicativeady tools

3.2.1.Tailoring remote sensing technologies to sensing goals

Table4 presents a range of remote sensing goals that are potentially relevant for the viticulture industry,
AyOf dzZRAYy3 | NBGBASSG 2y | LILINE LINHualizgplicAHdnS, GskwélPag guidaiice NS |-
on the appropriate:

- spectral resolution, which ranged from simple th¥#eand redgreenblue (RGB) camerg®adua et al.,
2018) muti-band multispectral sensor¢Khaliq et al., 2019, de Castro et al.,, 20i&ough to
hyperspectral sensorsith hundreds of spectral bandZarceTejada et al., 2005, Zovla al., 2019,
Gutiérrez et al., 2018b)

- spatial esolution, which ranged from much smaller than a vioes (e.g., 5 cm, as i(Matese et al.,
2015) to muchcoarser (e.g., 250 m, as(ae Castro et al., 2018)and

- temporal resalitions ranged from single dai@aluja et al., 2012hrough to acquisitions every 5 to 16
days over a growing seas@ihaliq et al., 2019, William P. Kus¢asl., 2018}0 daily acquisitions over
years(de Catro et al., 2018)
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In interpreting the table, it is important to consider a number of important caveats. In particliar, t
appropriateness of a given resolution (spatial, spectral or temporal) is heavily dependent on the
phenomenon being measured, angl not necessarily intuitive. For instance, if the goal was to map vine
water status, the obvious method would be thermal imaging: vines with ample access to water will respire
freely and the statechange of water will cause their temperature to be lowile waterstressed vines will
respire less, and consequently have a higher temperature. IndBatlijja et al. (20123lemonstrated a
strong relationship between vine leatomatal conductancgLSCxand stem water potential (SWP) and
remotely sensed temperature {R 0.68 and 0.50 respectively). Howev@aluja et al. (2012lso found that
vegetation vigour indices were arguably better measuoésplant water status ¢ = 0.84 for the best
measurg. This was likely due to the factors affecting vine water status being longstanding (e.g., soil
properties), and therefore having influenced vine growth substantially over a period of weeks. However, i
the goal had been to detect plant water stress caused by an irrigation failure, the effectiveness of the two
methods would likely have been reversed. Thermal imaging would likely be effective in just one or a few
days in hot weather (as soon as vines drae water stressed and reduce respiration their temperature
would increase), while theegetation vigour indices would likely take a little longer (leaf cell structure is a
major driver of vegetation vigour indices, so as leaf cells lose turgor and @sk tindices will produce lower

and lower values).

Thus, selection of an appropriate spectral measure is not trivial. In the alesaenple, method
appropriateness is influenced by both the proximal goal (measure plant water status) and the ultimate goal
(eg., either mapping the influence of soil on plant water status, or detecting irrigation failure). Other
application areas are similarly nuanced. With these caveats in mind, the following is providedoas a
exhaustiveguide to the technical requirementsif different monitoring goals. The absence of an item from

the guide does not mean it is not amenable to remote sensing. Design of remote sensing solutions should be
done byt orin consultation with an experienced imagery analyst.

A finalcommentis that hgherNB a 2 f dziA 2y A& y2aG WLHfglréa o0SGISNR® L
data storage and processing requirements, and can counterintuitively reduce result quality significantly.
Lower resolutions (with pixel sizes coarser than leaves) all&ind dZNBY Sy (i &fLJ) 6 K8 Q¥4 K 3
complexities such as leaf geometry, shadow and leaf reflection are all compensated for in the integrated
signal. Higher resolutions (with pixel sizes finer than leaves) capture this within canopy variation, and may
require substantial additional work to compensate for these effeetswever the value of this additional
workflow would need to be assessed on a chgease basis, relative to the intended application for which

the imagery is to be used.
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Table4 ¢ Technologyeadinesdevels (TRLs) and spectral, spatial and temporal resolutions for a range of remote sensing goals.

Sensing goal TRL Spectral Spatial Temporal resolution

resolution (indicative)

(indicative)
Canopy extent of each 9 RGB or better Ultra-high (<10 Single acquisition Requires UAS imagery, and generation 0
vine cm) high-density point cloud
Singlerow irrigation 1 Thermal or Veryhigh (~ 30 Very high Temporal resolution depends on maximu
failure, tiny: affecting Multispectral ¢ 50 cm) acceptable delay between irrigation failur
only one vine (e.g., inducing waterstress, and detection of
approx. 1.5 m along one that water-stress.
row)
Singlerow irrigation 1 Thermal or Veryhigh (<70  Very high Temporal resolution depends on maximu
failure, smallg large: Multispectral  cm) acceptable delay betweeinrigation failure
affecting several vines in inducing waterstress, and detection of
one row (e.g., approx. that water-stress.
6 m or longer along one
row)
Multi-row irrigation 2 Thermal or High (3 m) Very high Temporal resolution depends on maximu
failure, medium:many Multispectral acceptable delay bgteen irrigation failure
vines along 2 or more inducing waterstress, and detection of
rows that water-stress.
Multi-row irrigation 2 Thermal or Medium-high Very high Temporal resolution depends anaximum
failure, largemany vines Multispectral (10 m) acceptable delay between irrigation failur
along more than approx. inducing waterstress, and detection of
15 rows that water-stress.
Discriminatingdiseased 2 Multispectral ~ Ultra-high (~ 10 Single acquisition Some success has been demonstrated
from healthy vinesand or cm)to very-high discriminatingdiscriminating vines infecte
one disease from hyperspectral (~50cm) with Flavescence doréED) and grapeving
another. individual vines trunk disease (GTD) from healthy vines,

and discriminating FD from GTD vines.

Mappinggrapevine 2 Hyperspectral Imaging sensor Single acquisition
varietywith field mounted on aH
spectroscopy terrain-vehicle
Mappinggrapevine 1 Hyperspectral High (2 m) Single acquisition
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varietywith airborne
hyperspectral imagery

Evaporation 5 Multispectral UAS and Flux tower: ultrahigh (every Very hard to do, but already demonstrate
transpirationand total manned few seconds) on a moderate scale in research in
evapotranspiration aircraft: Ultra UAS: ateast one per growing California; lad by United States
high (~ 15cm) season during model Department of Agriculture Research
Landsat development Service. Relies on datasion of data from
satellite: Manned aircraft: one field flux tower, ultrahigh spatial
medium to low acquisition resolution UAS and manned aircraft
(30m¢100m) Landsat satellite: Moderate (1 imagery, and moderate to low resolution
MODIS satellite: per 16 days satellite imagery (Landsat = 30-rh00 m,
low to verylow  MODIS satellite: Very high MODIS = 250 m1000 m).
(250 mg 1000  (daily)
m)
Mapping of major sail 2 Multispectral ~ High to Single acquisition Imagery must be acquired while soil is
units, prior to vineyard or medium-high (2 bare,and preferably disturbed (e.g.
establishment hyperspectral ¢ 10 m) recently tiled), prior to vineyard
establishment.
Phenology metricéstart 1 Multispectral ~ Low (250 m) Very high Requires daily imagery processed inte 16
of season, end of season day cloudfree composites; currently only
etc.) available from MODIS imagery at 250 m
resolution, so only viable for quite large
vineyards.
Mapping andprediction 2 Multispectral ~ High (3 m) Single acquisition In Cabernet Savingon, some berry
of end-of-season berry constituents (at harvest) are modaely
constituents(colour and predictable (f ~ 0.35) from NDVI imagery
total phenolics) collected at veraison.
Leaf area 3 Multispectral ~ High (3¢ 4 m) Single acquisition TRL for this is 9 for broadacre crops. The

lower TRL for viticultural application
reflects the lack of application in thisea,
and the complexities of dealing with inter
row spaces. Measures of leaf area could
inform plant growth models, or support
management decisions regarding canopy
management or irrigation.
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Vegetation vigou(index
of total leaf area and per
leaf chlorgphyll content)
at single point in time

9

Multispectral

High (3 m) to Single acquisition
Medium (30 m)

Could inform areas either of undesirably
low or high vegetation growth, and suppag
related management decisions.

Vegetation vigouin a
seasonal contex

1

Multispectral

High (3 m) to Very high
Medium (30 m)

Expected vegetation vigour temporal
profiles (a graph of vegetation vigour ove
a growing season) could be derived for
each vineyard or each pixel. Then in eac
new growing season, on each image datg
the measured vigour could be compared
the expected, andinexpected areas
flagged (e.gareas either substantially
higher or lowerthan the expected vigour
for that period of the season).

Vegetation vigouin a
localspatial context

2

Multispectral

High (3 m) to Single acquisition to Very high,
Medium (30 m) as desired

For each vineyard mean vegetation vigou
would be derived, and then areas of
unexpected vigour flagged (e.g., areas
significantly higheror lowervigour than
the meanvigour for that viyard).
Measure could be produced oncd,a
critical time of year (e.gueraison), or as
frequently as imagery allowed. It is
expected that this would flag areas that
were unexpectedly deviating from the
management expectation for that
vineyard.
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3.2.2.0verview of remote sensing products

As discussed in the previous section, selection of appropriate spatial, spectral and temporal
resolution requires expert weighing of the project needs, and careful balancing of-oféxleFor
ingtance, higher spatial resolution usually requires a traffeof reduced temporal or spectral
resolution. With this caveat in mind, we have collated a lissaitllite-basedsensing options that
cover the range of resolutions (

Table5). The table below is not exhaustive, but is provided to illustrate the range of options.
Aircraft or UAVVmounted products are generally of higher resolution and ba adapted in terms of
spectral bands, temporal resolution and spatial coverage, but tend also to be significantly more
expensive than satellitbased alternatives.

Table5 ¢ Satellite-based emote sensing product options

Resoluton

Spectral Positional Indicative cost

Spatial

Temporal

(revisit time) accuracy
Planetscope Multispectral (4 3m Daily, always 3¢5m $3.65 / knt / year for
band; blue, green, acquiring for new imagery
red, nearinfrared (single $
. 5.60 / knf for dI
(NIR)) gszggtauon’ o access for a year for
cloud) new imagery
$3-4 / kéfor viewing
access
$1-2 / knr? for dl of
archival
Rapideye Multispectral (5 5m Daily (tasked) 10m $1.28 / knt
band; blue, green,
red, red edge, NIR)
Skysat Multispectral (4 Im Daily (tasked, 0.72 m $10 / kn? (minimum
band; blue, green, up to 2 times of 25 km”2)
red, NIR) per day)
Panchromatic 0.8 m
Worldview  Multispectral (8 2m 1 ¢ 4 days 35m $36 / kn?
2 band; coastal, blue, (tasked$ CE96
green, yellow, red,
red edge, NIR 1,
NIR 2)
Panchromatic 0.5m
Geoeye 1  Multispectral (4 1.84m 1 ¢ 8 days 5mCE90 $36/knt
band; blue, green, (tasked§
red, NIR)
Panchromatic 0.46 m

3 Maximum tasking frequency depends on the location of the subject area in relation to the current satellite orbit.
4 A minimum of 90 % of measured points have a horizontal error less than the stated CE90 value.
5 Maximum tasking frequency depends on thedtion of the subject area in relation to the current satellite orbit.
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Sentinel 2 Multispectral (4 10 m 5days 7¢8m Free
band; blue, green, CE90
red, NIR)

Multispectral (6 20m
band; red edge 1,

red edge 2, red

edge 3, narrow

NIR, shortwave

infrared (SWIR) 1,

SWIR 2)

Multispectral (3 60 m
band; coastal
aerosol, water

vapour, SWIR
cirrus)

Landsat8  Multispectral (8 30m 16 days 11.4m Free
band;ultra blue, CE90

blue, green, red,
NIR, SWIR 1, SWIF
2, cirrus)

Panchromatic 15m

Thermal (2 band; 100 m
thermal infrared
(TIRS) 1, TIRS 2)

3.2.3.lllustration of satellite-derived products in the Riverland

In this sectionthe range of spatial and temporal scales at which satellite remote sensing Vgorks
illustrated in the context of vineyards in the South Australian Riverland ways in which each of
these scales might inform vineyard manageman¢ suggestedThe following examples use the
normalised difference vegetation ind¢kDV)Jt a measure of vegetation vigoumwhere vigour in

this context is a composite of pégaf photosynthetic activity and the number of leaves per unit area
(pixel). The NDVI is based on the castrbetween red and near infieed reflectance, and the
differential reflectance in these two regions of green vegetation versus other land cover types. The
index is formulated so that strongly growing vegetation produces high NDVI values anpiridex

value 0f0.8, whereasdead vegetation or exposed soil produce low NDVI values of approximately
0.2, and open water can result in NDVI values of 0 or lower.

The following sufsections provide examples of the ways in which three specific gjraeedomains
of remotely sensed imagery might inform vineyard management

- Fine scale, high temporal frequengyPlanetScope;
- Moderate scale, moderate temporal frequengyentinel 2A and 2Bnd
- Very broad scale, vehigh temporal frequencg MODIS

Thissub-section provides a simple visual illustration of the spatial resolution of these three imagery
sources over a vineyard at 515 Anderson Road, Loxton North.

Aerial photographyKigure6 A, approximately 0.5 m resolutiprallows identification of row ends
and accurate delineation of vineyard boundaries. PlanetScope imdgeyre6 B, 3 m resolutioh

26



allows detection of withirvineyard variation in vegetation vigour, and quite accurate delineation of
vineyard boundaries. Sentinel 2A and 2B imagEigure6 C, 10 m resolutionstill allows detection

of within-vineyard variation in vegetation vigour for larger vineyards, and general delineation of
vineyard boundariesFinally, MODIS imageryigure6 D, 250 m resolution does notallow for
mapping withinrvineyard variation, and large vineyards may be covered by only one or two pixels.
However, thesignal recorded by each MODIS pixel is the aveghtedmean vegetation vigour,
meaning that if a pixel is mostly or wholly over one vineyard, it is recording the mean vigour of that
area. This may be useful for establishing expected mean vine perfornfi@naegiven vineyard at a
given time of year. This expected performance could potentially be compared to measures of actual
vigour derived from higher spatial resolution imagery to detect areas of either unusually high or low
vigour. These methods are nidkely to be appropriate for smaller vineyards.

Potential applications for different the imagery is now presented for each of the three scales.
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Figure6 - lllustration of four different spatial resolutions of remotely sensed egery,A) aerial photography true colour

imagery, approximately 0.5 m resolutiorB) PlanetScope NDVI imagery (24 Dec 2018), 3 m resolu@8entinel 2A and

2B imagery (18 Dec 2018), 10 m resolution; dndVIODIS imagery (1 Jan 2019), 250 m resolutiNVI values in these

images range from 0.2 (bare soil / dead vegetation) to 0.7 (very strongly growing vegetation with a dense canopy).
Aerial photography source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX,
Getmappig, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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Fine scale, high temporal frequengPlanetScope

Fine scale imagery, with high temporal frequency (e.g., PlanetScope), enables examination ef within
vineyard variation in vegetation vigoumeathe way that vigour changes over time. PlanetScope has

a spatial resolution of 3 m, and is acquired every day, though is limited by cloud cover.

Here we provide an example where a selection of four cloud free PlanetScope images acquired over
two monthsin 2018 (13 Oct, 10 Nov, 1 Dec, and 24 Dec) has been processed to NDVI to map
vegetation vigour in the vineyards at 515 Anderson Road, Loxton Neighré7, left column). This

allows for evaluation of absolute changes in vegetation vigour flemto day, showing significant
increases in overall vigour at the start of this period, and then significant overall decreases at the
end.

However, in aorrectly functioning vineyard all vegetation should follow a similar growth trajectory,
greening and senescing at approximately the same rate and same times. Viewing absolute
vegetation vigour does not enable detection of any areas that are deviating tinisnexpected
growth trajectory. We can attempt to detect these areas by calculating the change in vegetation
vigour between each image datBigure7, right column, and determine that there are three areas
where vinevigour has decreased more than in surrounding areas between 10 November and 1
December dreas in blue boxes Figure7, right column.

These methods can be used to detect unusual increases or decreases in vine vigour, but not to
determine their cause. These kinds of changes might result from irrigation failures or soil properties
limiting growth, but field investigation would be necessary to determine the specific cause.
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Vegetation vigour measured from PlanetScope
satellite imagery (3m resolution), red and near-
infrared (NIR) refelctance.

Imagery acquired through the Education and Research program.

Planet Team (2017). Planet Application Program Interface: In Space for
Life on Earth. San Francisco, CA. https://api.planet.com
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Figure7 - Detection of unusual decreases in vine vigo(515 Anderson Road, Loxton NortH)eft: PlanetScope imagery
(3 m resolution, availat® every day (subject to cloud)) mapping fine scale vegetation vigour (NDVI) on four dates over
two months. Right: Change in vegetation vigour between each image dabéue boxes (right column) highlight areas of

unexpectedly large decrease in vinggour.
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Moderate scale, moderate temporal frequeneySentinel 2A and 2B

Moderate scale imagery with moderate temporal frequency (e.g. Sentinel 2), allows study of the way
vineyard vigour changes over time. Sentinel 2A and 2B have a spatial resolution oad@ s
acquired every 5 days, though is limited by cloud cover.

The example provided here focuses on the property at 1469c Bookpurnong Road, Loxton, and is
constructed from the 53 cloud free Sentinel 2 images freda2017 to 2tFeb2019 Figure8). On

the left, 3 (of the 53) imagery dates are shown as example®€&E2017, 16Jun2018, and 18Now

2018), and two vineyards are highlighted; 19.CHA (P26) is outlindddndnd 62.SHZ is outlined in
green. On the righttime traces of vegetation vigour extracted from all 53 cloud free images are
shown for the two highlighted vineyard$9.CHA (P26) with a blue line, and 62.SHZ with green.

In combinationthis figure show 19.CHA (P26) going through a normal seasonal cycle of high vigour
in summer 2017, low vigour in winter 2018, then high vigour again in summer 2018. In contrast,
62.SHZ has high vigour in summer 2017, very low vigour in winter 2018 (appearing to have been
cleared), and still very low vigour in summer 2008ile only 2.5 years of Sentinel 2 data exist now,

the archive will continue to grow rapidly, enabling more temporal analyses. It will be possible to
extract average or expected seasonal growth profigesj track vigour within a growing season to

the expected vigour. Alternatively, it may be better to derive these expected seasonal vigour profiles
form the broader scale MODIS imagery, due to its longer archive (2001 to present) and the
essentially cloudree nature of that imagery (see next section for more detail).
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Figure8 - Tracking wholeof-vineyard change in vegetation vigour over time (1469c Bookpurnong Road, Loxtaf):

Three dates of Sentinel 2 imagery (10 m resolution, available every 5 days (subject to cloud)) mapping moderate scale
vegetation vigour (NDVI) for all vineyards in the Bookpurnong property. Two vineyards are highlighted, 19.CHA (P26) is
outlined in blue,and 62.SHZ is outlined in greeRight: For the two highlighted vineyards, time trace of vegetation
vigour extracted from all 53 cloud free Sentinel 2 images fromdali2017 to 21Feb2019 (right); red lines overlain
indicate the three example imagery dase In combination, this figure shows 19.CHA (P26) going through a normal
seasonal cycle of high vigour in summer 2017, low vigour in winter 2018, then high vigour again in summer 2018. In
contrast, 62.SHZ is seen to have high vigour in summer 2017, vevyigour in winter 2018 (appearing to have been
cleared), and still very low vigour in summer 2018.
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