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Section 1
Introduction

This section gives insights on PA from all of the addressed perspectives. Essential information is provided 
on PA history, world interest, scope, enabling technologies, advantages and disadvantages, threats and 
challenges, economics, policy in line with UN SDG, adoption in developing countries, and adoption in 
the horticultural sector.

Chapter 1
IntroductiontoPrecisionAgriculture:Overview,Concepts,WorldInterest,Policy,andEconomics... 1

Akalpita Tendulkar, Malaysia University of Science and Technology, Malaysia

Theglobalpopulationisincreasingatatremendousspeed;thus,thedemandforsafeandsecurefoodto
meetthispopulationisindemand.Therefore,traditionalfarmingmethodsareinsufficienttomeetthis
demand;thus,thenextrevolutioninagricultureisrequired,whichisPrecisionAgriculture(PA),the
FourthAgricultureRevolution.PAisatechnologywheretheconceptoffarmmanagementisbasedon
observation,measuring,andrespondingtointer-andintra-fieldvariabilityincrops.Thetechnologiesused
forperformingprecisionagriculturearemapping,globalpositioningsystem(GPS),yieldmonitoringand
mapping,gridsoilsamplingapplication,variable-ratefertilizerapplication,remotesensing,geographic
informationsystems(GIS),quantifyingonfarmvariability,soilvariation,variabilityofsoilwatercontent,
timeandspacescales,robots,drones,satelliteimagery,theinternetofthings,smartphone,andmachine
learning.Hence,thecurrentchapterwillbeemphasizingtheoverview,concepts,history,worldinterest,
benefits,disadvantages,andprecisionfarmingneeds.

Chapter 2
PrecisionAgriculture:ANewToolforDevelopment.......................................................................... 23

Waleed Fouad Abobatta, Horticulture Research Institute, Agriculture Research Center, Egypt

Precisionagricultureisamanagementsystemthataimstoreduceinputslikeseeds,water,andenergy;
protecttheenvironment;andmaximizeprofitability.Precisionagricultureusesadvancedtechnology
likepositioningtechnology,geographicalinformationsystems,satellitenavigation,andremotesensing.
Therearedifferentfactorsaffecttheadoptionofprecisionagriculturelikefarmsize,legalaffairs,and
social interaction. Under climate change and increases in world population, adoption of precision
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agriculturecouldassistfarmerstofacevariouschallengestoachieveidealproductionandmaximizing
profitability.Information,technology,andmanagementareconsideredthebackboneoftheprecision
agriculturesystem,andcombiningtheseelementsreducesinputsandmaximizesproductivity.Different
threatsattackedprecisionagricultureincludingthreatstoconfidentiality,threatstointegrity,threatsto
availability,andcrowdingofthespectrumsignal.Thischapterexplainsthedifferentrolesofprecision
agricultureindevelopingagriculturalproduction.

Section 2
Enabling Technologies

This section talks about the usage of the engineering technologies, such as electronics, sensing, information, 
and communication, in PA systems to collect field data; convey it; record, process, and analyze the 
collected data; extract decisions; and take automatic or manual actions.

Chapter 3
AnOverviewofInternetofThingsTechnologyAppliedonPrecisionAgricultureConcept.............. 47

Reinaldo Padilha França, State University of Campinas (UNICAMP), Brazil
Ana Carolina Borges Monteiro, State University of Campinas (UNICAMP), Brazil
Rangel Arthur, Faculty of Technology, State University of Campinas (UNICAMP), Brazil
Yuzo Iano, State University of Campinas (UNICAMP), Brazil

Theinternetofthings(IoT)ischaracterizedbydevicesthatcommunicatewithouthumaninterference,
sendingandreceivingdataonline,towhichtheyhaveshapedthewayofconnectinghouseholdappliances,
machines,andequipment,cars,amongother things,alsoarrivingat thefield throughcharacterized
bythecommunicationbetweendevices,sensors,drones,andmachines.Theyhavegreatpotentialto
improveproductionprocesses,makingagricultureincreasinglydigital,creatingsolutions,connectivity,
andtrainingforspecialistlabor.Aswellasirrigationsystemsandotherintelligentmachineswiththe
abilitytotalktoeachotherenablingmanagementintheuseofenergy,resources,andinputsmakingthe
productionprocessmoreefficient.Precisionagricultureencompassesaseriesofcomponentsandfactors
fromwhichthebestprocedurescanbechosenthatareappropriateinagivenagriculturaloperationthat
effectivelymeetsyourneeds,alsorelatedtotheapplicationofinputsattherighttimeandintheright
place,followingthegrowthandproductivityovertheentirelengthofaplantationbycontrollingpests,
amongothertechnologies,providingareductioninproductioncostsandspendingoninputs,reducing
thepollutionofnaturebythepesticidesused,makingitpossibletoreduceoperatingcosts,increasing
precisioninobtainingresultsinthesamewayaslessvariabilityinproduction.Therefore,thischapter
aimstoprovideanupdatedoverviewandreviewoftheuseoftheinternetofthingsintheprecision
agriculturesystemshowingandapproachingitssuccessrelation,withaconcisebibliographicbackground,
categorizingandsynthesizingthepotentialofbothtechnologies.

Chapter 4
TowardsFullyAutomatedDecision-MakingSystemsforPrecisionAgriculture:SoilSensing
Technologies–“TheMissingLink”..................................................................................................... 71

Marios Sophocleous, University of Cyprus, Cyprus

Astheworldpopulationincreases,fooddemandscontinuewithit.Thisputsthechallengetofeedthe
worldinacontinuouslyrisingpriorityposition,whichrequirestobetimelyandproperlyaddressed.
Precisionagriculture(PA),aconceptthathasbeenaroundfordecadeswiththepotentialtoaddressthis
challengebymaximizingagriculturalefficiencyandeffectiveness,hasn’tyetseenworldwideadoption
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duetomissingenablingtechnologies.Soilsensingtechnologiesabletomonitorsoilfertility/qualitycan
closetheloopinmaintainingoptimumsoilconditionsformaximizingcropyieldandqualitythroughthe
implementationofagriculturalautomateddecision-makingsystems(ADMS).Thischapterprovidesan
overviewoftheexistingsoilsensingtechnologiestowardstheimplementationofADMSandhighlights
themajorchallengesinthedevelopmentofsuchsystems.Thechaptercontinuestogiveaninsighton
howdifferenttechnologiescouldbecombinedtoformsophisticatedsystemsforagriculturalapplications.

Chapter 5
EmergingMicrowaveTechnologiesforAgriculturalandFoodProcessing......................................... 94

Kok Yeow You, Universiti Teknologi Malaysia, Malaysia
Man Seng Sim, Universiti Teknologi Malaysia, Malaysia
Suhail Najm Abdullah, Universiti Teknologi Malaysia, Malaysia

Thischapterfocusesonmicrowaveresearchandmeasurementsforagriculturalandfoodprocessing
applications.Normally,microwavedevicesandcomponentsareusedasamoisturedetectorforsoil,
agricultural,andfoodproducts.Forinstance,themoisturecontentinfruitsnormallyiscorrelatedwith
thematurityandsweetnessofthefruits.Inaddition,themoisturecontentcanbeusedtodeterminethe
storageperiodandthequalityoftheagriculturalproductsafterprocessingbyanindustrialfactory.Inthis
chapter,severalmicrowaveapplicationsofagri-foodproductsareselectedtobereviewedcomprehensively,
suchasmicrowaveheatingmechanismforseveralagri-foodproducts,heating/drying,orfreeze-drying
processinfoodindustrytocontrolpathogenicandspoilagemicroorganismsinpackagedfoods,moisture
soiltesting,fruitmoisturemeasurement,ripeness/storageperioddetermination,fruitsweetnessdetection,
microwaveradiationforagriculturalpestcontrol.

Section 3
Applications and Solutions

This section presents specific applications and proposed solutions for automated irrigation systems, 
case studies for involving the use of artificial neural networks for harvested grain condition monitoring 
and crop disease identification, framework of precision management practices for legal cultivation of 
cannabis particularly under greenhouse situations, a web platform for access and use of information 
related to the variables of interest to farmers, and a research for increasing the accuracy of a prediction 
model for the power requirements of the chisel plow.

Chapter 6
PrecisionAgriculture:AutomatedIrrigationManagementPlatformUsingWirelessSensor
Networks............................................................................................................................................. 150

Amine Dahane, Research Laboratory in Industrial Computing and Networks, University of 
Oran 1, Algeria

Bouabdellah Kechar, Research Laboratory in Industrial Computing and Networks, 
University of Oran 1, Algeria

Abou El Hassan Benyamina, LAPECI Laboratory, University of Oran 1, Algeria
Rabaie Benameur, Research Laboratory in Industrial Computing and Networks, University 

of Oran 1, Algeria

Agriculturalareasaregettingreducedduetohumannegligenceinprovidingmodernirrigationmethods.
Asaresult,reflectionsaimingtosavewateruseinthewaternetworkmanagementcontexthavebeen
developedovertheyears.Inthischapter,theauthorsproposeaplatformforprecisionagriculturewhich
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allows collecting fundamental physical phenomena (soil moisture, air temperature, humidity, water
level,waterflow,luminousintensity)requiredfortheprecisionagriculture,whichwillbecarriedout
tocalculatethewaterquantityneededforoptimalirrigation.Theplatformconsistsofasensor/actuator
node,adesktopapplication,andagatewayswitchesrelaythatcontrolsthewaterpumpaccordingto
therequirement.Itusesanalgorithmdevelopedwiththresholdvaluesoftemperatureandsoilmoisture
(RawlsandTurqformulas)tocontrolwaterquantity.Theproposalisagoodstartingpointforasmart,
sustainable,andlow-costirrigationsolution.

Chapter 7
OntheUseofArtificialIntelligenceTechniquesinCropMonitoringandDiseaseIdentification..... 166

Muzaffer Kanaan, Erciyes University, Turkey
Rüştü Akay, Erciyes University, Turkey
Canset Koçer Baykara, Turkish Grain Board (TMO), Turkey

Theuseoftechnologyforthepurposeofimprovingcropyields,qualityandquantityoftheharvest,as
wellasmaintainingthequalityofthecropagainstadverseenvironmentalelements(suchasrodentor
insectinfestation,aswellasmicrobialdiseaseagents)isbecomingmorecriticalforfarmingpractice
worldwide.Oneofthetechnologyareasthatisprovingtobemostpromisinginthisareaisartificial
intelligence,ormorespecifically,machinelearningtechniques.Thischapteraimstogivethereaderan
overviewofhowmachinelearningtechniquescanhelpsolvetheproblemofmonitoringcropquality
anddiseaseidentification.Thefundamentalprinciplesareillustratedthroughtwodifferentcasestudies,
oneinvolvingtheuseofartificialneuralnetworksforharvestedgrainconditionmonitoringandtheother
concerningcropdiseaseidentificationusingsupportvectormachinesandk-nearestneighboralgorithm.

Chapter 8
PrecisionManagementPracticesforLegalCultivationofCannabis(CannabissativaL.):Precision
ManagementPracticesforCannabisCultivation................................................................................ 187

Aitazaz Ahsan Farooque, University of Prince Edward Island, Canada
Farhat Abbas, University of Prince Edward Island, Canada

Cannabis(CannabissativaL.)growersworldwidelackreliableandresearch-basedinformationabout
precisionmanagementpractices(PMP)ofcannabis.Thehistory,legalframework,andPMPforcultivation
ofcannabishavebeenreviewedwithspecialemphasisonwatermanagement,nutrientmanagement,
anddiseasecontrolforoptimumcannabisproduction.Theaimistoprovideguidelinesforprecision
farmingofcannabistomeetfibrousandmedicinalneedsofthehumankind.Therefore,thescopeofthis
chapterisforthepotentialofhempcultivationtomeetindustryneedsoffiberandmedicine.Methodsof
irrigationscheduling,nutrientapplications,andkeepinggreenhousehygienicallycleanfordisease-free
(i.e.,powderymildew)hempproductionarediscussed.Reviewedandrecommendedapplicationratesof
irrigationandnutrients,andenvironmentcontrolshavebeentabulated.Chemical,biological,andphysical
controlsofPMcontrolandcropinputrequirementsfordisease-freecultivationofhemparepresented.

Chapter 9
PredictableScenariosofFuzzyLogicAnalysisforSprinklerIrrigationControl............................... 210

Mohamed Elsayed Elhagarey, Desert Research Center, Egypt
Mohamed M. Hushki, Faculty of Mechanical Engineering, SzentIstvan University, Hungary
Szabo E. Istvan, Faculty of Mechanical Engineering, SzentIstvan University, Hungary
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MATLABwillbeutilizedtovalidatethevariousirrigationsystemsandreportit;theairtemperature,
wind,andhumiditywillbememberfunctionstoimprovetheefficiencyofirrigationperformancebefore
theirrigationprocess,andthefuzzyinformationsystemconsistsoffuzzyrules,whicharederivedfrom
informationofexpertsor from input-output learningof the system.Rulesmimichuman reasoning.
Mamdanimethodismostlyappliedinthefuzzyinferencetechnique,andthegeneralizedbellfunction
isusedforbothoftemperatureandwindwherethetriangularfunctionusedforhumidity.Theprinciples
werebasedonthelastexperimentsandpersonalexperiences,andtheoutputwillchangeintoacrispvalue
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analyzedthissamerelationship,theauthorsbelievethataccesstoinformationremainsamajorchallenge
forfarmers.Withtheapplicationofworkshopsonagriculturalpracticesofmaize,incommunitiesof
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Thisresearchwascarriedouttostudytheeffectofcropfactor,whichisrepresentedinsomeplantrootsof
cropsresidues(broadbeanandwheat)onsoilmechanicalproperties(cohesionstrength,C,andinternal
frictionangle,Φ),andthus,theeffectoftheserootsonthepowerrequirementsofchiselplowtoface
thesoilresistancewasstudied.Soilmechanicalpropertiesandpowerrequirementsofchiselplow(7
blades)weremeasuredinthefielddirectlyatvarioussoildepthsof(0.05,0.1,0.15,and0.2m)with
andwithoutrootsatconstanttractorforwardspeedofabout4km/h.Moisturecontentofthesoil,broad
beanroots,andwheatrootswere21%,16%,and14%,respectively,Theresultsshowedthattheeffect
ofrootsofpreviouscropsresidueshadasignificanteffectonthesoilmechanicalpropertiesandpower
requirementsforchiselplowwhenusingthecropfactor,whichisrepresentedincharacteristicofcrop
residualrootsintermsofrootmeandiameter.
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Section 4
Agricultural Systems Analysis Streamlining, Modeling, and Improvements: Towards 

Precision Agronomics (Economic and Policy Perspective)
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exports as the case study, and to analyzing the role of institutions, funding/assistance sources, information 
sources in achieving food security, and extension policy taking the Indonesia food security policy as 
the case study.
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Thechapteraimstoanalyzetheroleofinstitutionalsourcesoffunding/assistance,sourceinformation
in termof food security and extensionpolicy.The results of the research show the informationon
problematic areas in policy implementation with respect to food security and extension policy in
termofpovertyreduction.Theroleof the institutional,assistance,andsource information isuseful
intheimplementationofotherpolicysectorsinthefuture,becausesimilarissuesorproblemsmaybe
avoidedbytakingprecautionsnottorepeatthesamemistakesorbyapplyingmeasureswhichaddress
theimplementationissues.Inthisway,policyimplementationcanbecarriedouteffectively,andthe
outcomeswillmeetthepolicyobjectives.

Section 5
Agricultural Systems Analysis Streamlining, Modeling, and Improvements: Towards 

Precision Agronomics (Technological Perspective)

This section takes the technological perspective especially with respect to plant biotechnology subject 
and its role to secure food and to alleviate the risk of loss of the genetic variability of cultivated plants 
as a result of environmental changes and human practices. Also, it touches the issue of increasing the 
efficiency of producing animal-derived food products.

Chapter 13
ImportanceofArtificialEnvironmentConditionsonPlantBiotechnology,PlantGrowth,and
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Ahmed M.M. Gabr, National Research Centre, Egypt
Hanan S. Ebrahim, National Research Centre, Egypt
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Plantbiotechnology(micropropagation,secondarymetabolites,etc.)isthescienceofgrowingdifferent
plantcellsundercontrolledartificialenvironmentconditions.Thence,successfulplantbiotechnology
dependsonthetechniquesofplanttissueculture.Planttissueculturelaboratorieshavestyleneedsthat
distinguishthemfromalternativeformsoflaboratoriesandafewwantsaredistinctiveforsuccessfully
plantgrowthaswellasproductionofplantsecondarymetabolites.Themostoftenmanipulatedphysical
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parametersarelight,temperature,andrelativehumiditywithintheculturevessels.Thelightismost
importantphysicalfactorwhichmighthaveaneffectonmetaboliteproduction.Lightnotonlyaffects
theinvitrogrowthanddevelopmentsbutalsoveryimportantfactoraffectingtheproductionofplant
secondarymetabolites.Theactionoflightonplantshappensinthemostpartintwoways.Inthefirstway,
thelightsourcegivestheenergyrequiredbytheplantforphotosynthesis.Inthesecondway,thesignal
whichgottenbyphotoreceptorsitregulatesplantmetabolism,differentiation,andgrowth.Temperature
isdifferentwiththedifferentinvitrolifecycle,aswellastheaimofproductionsuchasplantgrowthor
secondarymetabolitesproduction.
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Ahmed M. M. Gabr, National Research Centre, Egypt
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Overpopulation and the consequences of urbanization and reduction of agricultural lands represent
themostimportantchallengesthatfacescientistsnowadays.Inaddition,extinctionofspecificspecies
orreductionintheirnumberoccurscontinuouslyindifferentplacesoftheworldatarapidrate.These
challengesurgescientiststousethebiotechnologicaltechniquestosecurefoodandtoalleviatetherisk
oflossofthegeneticvariabilityofcultivatedplantsasaresultofenvironmentalchangesandhuman
practices.Thesetechniquesarebasedonpreservationofthegeneticmaterialsforlongperiods.Plants
canbestoredeitherinvivoorinvitro.Theplantpreservationincludesinsituandexsitu.Oneformof
theexsituplantpreservationistheinvitroplantpreservation.Therearedifferentinvitropreservation
techniques.However,thetwomainapproachesofinvitropreservationofplantsgermplasmareslowing
thegrowthandcrysoperservation.Theformertechniquecouldbeachievedthrougheithermodifyingthe
culturemediumorreducingtemperatureand/orlightintensity.Thelatteristakingplacethroughstoring
thespeciesbetween-79and-196°C,thetemperatureofliquidnitrogen.Eachapproachincludesseveral
techniquesthatwillbethoroughlydiscussedwithexamplesinthischapter.

Chapter 15
LipidsinRuminantNutritionandItsEffectonHumanHealth.......................................................... 344

Eman H. Elsabaawy, National Research Centre, Egypt
Sawsan M. Gad, National Research Centre, Egypt

Scientificevidenceandnutritionalguidelinesrecommendareductionintotalfatintake,particularlyof
saturatedfattyacids,whichareassociatedwithanincreasedriskofobesity,hypercholesterolemia,and
cancer.Nutritionistsrecommendahigherintakeofpolyunsaturatedfattyacids(PUFA),especiallyn-3
PUFAattheexpenseofn-6PUFA.Besidesthebeneficialeffectsofn-3fattyacidsonhumanhealth,
theconjugatedlinoleicacid(CLA)isomershaveattractedincreasedattentionasaresultoftheirhealth
promotingbiologicalproperties.AsmilkandmeatarethemainsourcesofCLAforhumanconsumption,
increasingsuchimportantnutrientinanimalproductsisstronglyrecommended.Fatsupplementation
isoneofthemethodsofincreasingPUFAcontentinruminantproducts,andithasbeenshownthat
PUFAcanbeincreasedinmilkbysupplementationwithvegetableoilsandoilseeds.Vegetableoilsas
equivalenttooilseedsshowsimilareffectsonCLAcontentinruminantproducts.
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Preface



Foodsecurityisoneoftheimportanttopicsofconcerntotheworld,anditsachievementrepresents
agreatchallenge.AsdefinedbytheUnitedNations(UN):foodsecuritymeansthatallpeople,atall
times,havephysical,social,andeconomicaccesstosufficient,safe,andnutritiousfoodthatmeetstheir
foodpreferencesanddietaryneedsforanactiveandhealthylife,anditisincludedasthesecondgoalof
theUNseventeenSustainableDevelopmentGoals(SDGs)whichneedtheconcertedeffortsofallthe
worldtobeachieved.SDG2,Zerohunger:achievefoodsecurityandimprovednutritionandpromote
sustainableagriculture.Smartnessandprecisioninagriculturewereandstillaremainpillarsinachiev-
ingsustainableagriculture.

ThePrecisionAgriculture(PA)managementconcept,alsoknownasprecisionfarming,orprecision
agronomy,integratesnewtechnologieswiththeagronomicexperiencetointelligentlymanagethehigh
spatialvariabilityofallagriculturalvariablesandthetime-scalesatwhichthesevariableschangeinsuch
awaythatconsolidatestheagriculturaldecisionmakingprocesstotaketherightactionintherightplace
attherighttime.ItisproventhattherightapplicationofPAhelpstoincreasethesizeandqualityofthe
agriculturalproduction,savesresources,improvesenvironmentalquality,helpstoachieveself-sufficiency,
foodsecurityandagriculturalsustainability,increasesexports,inadditiontoothereconomicbenefits.

ThefieldofPAdespiteitsoldness,itwillremainanemergingfieldbearscontinuousappearanceof
newtrends,technologies,implementations,andmethodsespeciallywiththecontinuousadvancements
inthesupportingtechnologies,thereforethereisaneedtoperiodicallyissueareferencetriestoaccom-
modatethenewinthisfield.

Thisbookaddressestheseimportantissuesandaimstoprovideacomprehensiveapproachintroduces
PA,foodsecurityandagriculturesustainabilityfromthetechnology,policy,andeconomicperspectives
forabroadrangeofaudiencewhohasapastexperienceinthefieldorasmallknowledge.

IntroductorychaptersareprovidedforgivinginsightsonPAfromalloftheaddressedperspectives.
EssentialinformationisprovidedonPAhistory,worldinterest,scope,enablingtechnologies,advantages
anddisadvantages,threatsandchallenges,economics,policyinlinewithUNSDG,adoptionindevelop-
ingcountries,andadoptioninthehorticulturalsector.

Thesecondpartofthebooktalksabouttheusageoftheengineeringtechnologiessuchas:electron-
ics, information technologies, communicationnetworks, andartificial intelligence inPAsystems to
collectfielddata,conveyit,record,processandanalyzethecollecteddata,extractdecisionsandtake
automaticormanualactions.Thetopicscoveredbythispartincludeanupdatedreviewoftheuseofthe
InternetofThings(IoT)inthePAsystemsshowingandapproachingitssuccessrelationwithaconcise
bibliographicbackgroundcategorizingandsynthesizingthepotentialofbothtechnologies,overviewof
theexistingtechnologiesofsoilsensorsformonitoringsoilfertility/qualityanditsintegrationinsmart

xvii
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AutomatedDecision-MakingSystems,andoverviewofmicrowavetechnologiesinagriculturalandfood
processingapplications.

Thethirdpartofthebookconsidersspecificapplicationsandproposedsolutionswhichare,aplat-
formallowstocollectfundamentalphysicalphenomenawhichwillbetreatedtoestimatetheneedfor
water towardsoptimal irrigation,an intelligentmodel tomonitor,validateandreport theautomated
irrigationsystemsefficiencytocorrecttheirrigationpracticesmanagements,ademonstrationofhow
machinelearningtechniquescanhelpinmonitoringcropqualityanddiseaseidentification,aframework
ofprecisionmanagementpracticesforlegalcultivationofcannabisbyputtingaspecialemphasison
watermanagement,nutrientmanagement,anddiseasecontrolparticularlyundergreenhousesituations
tomeetfibrousandmedicinalneedsofthehumankind,aresearchaddressestheintelligentadoptionof
ICTaccessfacilitationmeanstoachievetheagriculturalsectordevelopmentandthatthestudyofthe
socio-culturalrealityoftechnologyusersisawaytoachievethis,proposesaconceptualandoperational
frameworkforinformationrelatedtothemaizeproductioncycleandobtainingadatasetcomesfroman
efforttocombinecompleteandconsistentdatathatwillsystematizeandtherebyfacilitatethedecision-
makingprocessofcornfarmersinMexico,andfinallyenhancingamodeltopredictpowerrequirements
foroperatingchiselplow.

Thefourthpartofthebookisaboutagriculturalsystemsanalysisstreamlining,modeling,andimprove-
ments,explainingthesub-disciplinesofagronomytowardsPrecisionAgronomics.Thispartisfurther
dividedintotwosub-parts,thefirstonetakestheagriculturedevelopmentfromtheeconomicandpolicy
perspectivewhereitpresentsamodelforpredictingagriculturalexportsvalue,andananalysisontherole
ofinstitutions,sourcesoffunding/assistance,informationsourcesinfoodsecurityandextensionpolicy;
thesecondsub-parttakesthetechnologicalperspectiveespeciallywithrespecttoplantbiotechnology
subjectanditsroletosecurefoodandtoalleviatetheriskoflossofthegeneticvariabilityofcultivated
plantsasaresultofenvironmentalchangesandhumanpractices.

Sherine Mohammed Abd El-Kader
Electronics Research Institute, Cairo, Egypt

Basma Mamdouh Mohammad El-Basioni
Electronics Research Institute, Cairo, Egypt

xviii

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use





Acknowledgment



Theeditorswouldliketoacknowledgethehelpofallthepeopleinvolvedinthisprojectand,morespe-
cifically,totheauthorsandreviewersthattookpartinthereviewprocess.Withouttheirsupport,this
bookwouldnothavebecomeareality.

First,theeditorswouldliketothankeachoneoftheauthorsfortheircontributions.Oursinceregratitude
goestothechapter’sauthorswhocontributedtheirtimeandexpertisetothisbook.

Second,theeditorswishtoacknowledgethevaluablecontributionsofthereviewersregardingtheim-
provementofquality,coherence,andcontentpresentationofchapters.

Sherine Mohammed Abd El-Kader
Electronics Research Institute, Cairo, Egypt

Basma M. Mohammad El-Basioni
Electronics Research Institute, Cairo, Egypt

xix

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



Section 1

This section gives insights on PA from all of the addressed perspectives. Essential information is provided 
on PA history, world interest, scope, enabling technologies, advantages and disadvantages, threats and 
challenges, economics, policy in line with UN SDG, adoption in developing countries, and adoption in 
the horticultural sector.

Introduction
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Abstract

The global population is increasing at a tremendous speed; thus, the demand for safe and secure food 
to meet this population is in demand. Therefore, traditional farming methods are insufficient to meet this 
demand; thus, the next revolution in agriculture is required, which is Precision Agriculture (PA), the 
Fourth Agriculture Revolution. PA is a technology where the concept of farm management is based on 
observation, measuring, and responding to inter- and intra-field variability in crops. The technologies 
used for performing precision agriculture are mapping, global positioning system (GPS), yield monitor-
ing and mapping, grid soil sampling application, variable-rate fertilizer application, remote sensing, 
geographic information systems (GIS), quantifying on farm variability, soil variation, variability of soil 
water content, time and space scales, robots, drones, satellite imagery, the internet of things, smartphone, 
and machine learning. Hence, the current chapter will be emphasizing the overview, concepts, history, 
world interest, benefits, disadvantages, and precision farming needs.

CHAPTER OVERVIEW AND CONCEPT

With the growing population and lifestyle changes the demand for food is on the increase. People are 
now more inclined in eating healthy organic food, all for the reason for green life. However, arable acre-
age cannot keep pace with this ever-growing demand as the area for growing crop is decreasing due to 
climatic and human activity. Hence, the impending food security threat could easily devolve into regional 
or even global instability. Similarly, there is a growing need to balance the ratio of the cultivable land 
and consumption rate.

Introduction to Precision 
Agriculture:

Overview, Concepts, World 
Interest, Policy, and Economics

Akalpita Tendulkar
Malaysia University of Science and Technology, Malaysia
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The traditional farming methods relies on managing a large field, while planting, harvesting, irriga-
tion and applying pesticides and fertilizers majorly based on the regional conditions and historical data. 
Therefore, just depending on traditional farming method is not faceable to meet the escalating need. As 
a result, there is a need to manage the agriculture activity to increase the crop yield by maximizing land 
use, since the area for arable land is limited and traditional farming method has left certain previously 
fertile land now barren. Therefore, precision agriculture can be used to overcome the drawbacks faced 
by traditional agriculture, namely by, maximize land usage, management of time, reduction in the usage 
of water and chemicals which will benefit in the healthier and higher crop yield. Such farming method 
will not only benefit the farmers but also the environment by preserving resources.

Precision agriculture in general is an approach to manage farm using information technology (IT) 
for ensuring optimal health and productivity of the crop. Precision Agriculture also known as PA in 
acronym, had a major breakthrough in farming due to the investment by AL Myers on the on-the-go 
crop yield monitor.

PA is also known as satellite farming or site-specific crop management (SSCM), wherein the con-
cept of farm management is based on observation, measuring and responding to inter and intra-field 
variability in crops. Phytogeomorphology, is an approach in precision agriculture which attributes to 
topological terrain features to tie multi-year crop growth stability and/or characteristics. An interest in 
such an approach arises from the fact that the geomorphological component typically dictates hydrology 
in the farm sector.

Agriculture sector has witnessed transformation from the time human started planting, wherein an 
increase in mechanized agriculture was observed from 1900 to1930 which considered as the first revolu-
tion in agriculture, leading to feeding about 26 people. Followed by Green revolution in the 1960s which 
led to feeding approximately 155 people using gene modification techniques in plants. Finally, precision 
agriculture came in as the next revolution in the farming industry, wherein the farmer is expected to feed 
about 265 people on the same acreage. The first initiation of precision agriculture was using satellite 
and aerial imagery, weather prediction, variable rate fertilizer application, and indicator of plant health. 
Next advancement in PA saw the use of machine (data mining) to even more accurately predict precise 
planting of crops, topographical mapping, and soil data.

In contrast to traditional farming methods, precision farming incorporates sensors, robots, GPS, 
mapping instruments and data analysis software to adapt based on the plant’s requirement without an 
increase in labour. Information regarding a plant stem size, shape of leaf and soil humidity around a 
plant is send to a computer via a stationary or robot-mounted sensors and camera-equipped drones in 
the form of images and data on individual plants for seeking signs of health and stress. These informa-
tion on individual plants is accessible to farmers in real time as a feedback, so that they can decide on 
the distribution of water, pesticide or fertilizer in a calibrated dosage on the required region. Thus, also 
help in estimating the time of planting and harvesting.

The use of unmanned aerial vehicles in precision agriculture such as the DJI Phantom, which are 
comparatively economical and can be operated by novice pilots. These drones are equipped with hyper-
spectral or RGB cameras that capture numerous field images which are managed by using ortho-photos 
and NDVI maps using photogrammetric techniques.

The GPS system in precision agriculture enables farmers in planning and mapping the field, soil 
sampling, crop scouting and mapping of yields. Conditions such as fog, dust, rain and darkness which 
are visibly low and does not hinder the farming process. Satellite imaging is also applied in precision-
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based agriculture, where satellite images are used to characterize a field data in detail. This information 
in combination with GIS data is often used for more intensive and efficient practice of farming.

The method for precision agriculture is done in four stages to observe spatial variability, where first 
is data collection, variables, strategies and final stage implementing practices. Data collection is accu-
mulating information by geo-locating field for analysing soil and residual nitrogen, and information on 
previous crops and soil resistivity. These geolocations are done in two ways, wherein an in-vehicle GPS 
receiver is used in a tractor and second by using aerial or satellite imagery. Second stage, Variables, is on 
the intra- and inter- field variability which is based on numerous factors such as climate, soils, cropping 
practices, weeds and diseases. Third stage is ‘Strategies’, it uses soil maps, wherein the farmers are bale 
to pursue two strategies (predictive approach and control approach) for the adjustment of field inputs. The 
control approach in strategies, is based on the information from static indicator such as sampling, remote 
sensing, proxy-detection and aerial or satellite remote sensing. Fourth stage is ‘Implementing practice’, 
wherein crop management at the field level by using the new ICTs makes it more efficient and easier.

The aim of precision agriculture is to optimize field level management regarding crop science, envi-
ronmental protection, and economics. The world now is already in the fourth industrial revolution wherein 
ICT has taken centre stage, thus the world interest in incorporating the information technology to increase 
per capita of yield has brought a new revolution in agriculture in the form of precision agriculture.

Besides, precision agriculture also has other technological breakthrough wherein robots, the Internet 
of Things (IoT), smartphone application and machine learning are some of the technologies being used.

Precision agriculture in various way have benefited and affected the way we do agriculture today. 
The benefits of precision agriculture by using the new technologies has provided us with a wealth of 
information to build up the record of the farm, improve decision-making, adopt better traceability, im-
prove market value of farm products, increase lease arrangements and relationship with landholders, and 
enrich quality of farm produce. The effects of precious agriculture as it has high capital cost and requires 
expert advice before actual implementation since the technology is still in its infant stage. Lack of aware-
ness and knowledge on the technology also makes it difficult for farmers to adopt this farming method.

Therefore, countries can incorporate certain policies related to sustainable farming, wherein preci-
sion agriculture technologies can be applied. United nation Sustainable Development Goal Plans 2019 
to transform the world, which has about 17 goals wherein goal 2 focuses on ‘Zero Hunger’ and food 
security. To achieve this goal one of the ways is have efficient farming method, therefore the use of pre-
cision agriculture in farming helps in achieving this goal. Thus, countries can adopt PA in their policies 
inline to achieve the UN SDG goal number two. Such policy making will have positive impact on the 
economy and environment, as it will reduce the pressure on the environment by increasing the efficiency 
of machinery and putting it in use. Thereby, saving cost and decreasing harmful chemical runoffs into 
the aquatic environment.

HISTORY OF PRECISION AGRICULTURE

Agriculture sector has seen three revolution from the start of the industry. The first agriculture revolu-
tion (Neolithic Revolution) stared approximately 10,000 BC, wherein we saw the prehistoric transition 
from hunting and gathering to a settled agriculture. The second agriculture revolution saw the Arabic 
agriculture revolution in the 8th- 13th century, followed by the British and Scottish in 17th- 19th century. 
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The third agriculture revolution also known as the Green Revolution started in early 1930- 1960s which 
observed an increase in the agriculture production, especially in the developing countries

Green revolution refers to a series of research, development and technology transfer for an initia-
tive to increase the production of high-yielding cereal grains, expansion of irrigation infrastructure, 
and distribution of hybridized seeds, synthetic fertilizers, and pesticides to farmers (Ameen and Raza, 
2017). Green revolution as a term for this industrial expansion was first coined by former USAID direc-
tor William Gaud. The goal of starting the green revolution is to meet the growing populations need of 
the developing countries, example can be observed in India wherein the annual wheat production raised 
from 10 million tons in the 1960s to 73 million in 2006 (BBC News, 2006 and Ameen and Raza, 2017). 
Green revolution gave an increase in the crop yield, but had some disadvantages as it was expensive for 
the farmers to have the hybrid variety of seeds which consumed more fertilizers (chemical fertilizers) 
and water, the start of using new machineries reduced the manual labor leading to un-employment and 
rural- urban migration, making people to work at lower wages. It was also being said that this type of 
farming practice also greatly affected the environment as it caused loss of biodiversity and pollution. 
Green Revolution was criticized for the decline in the agriculture quality, concerns about social implica-
tions and sustainability.

Amidst this, the demand for a better technology to meet the need of the growing population has 
become a necessity. Thus, in early 1990’s the use of Geographic Information System (GIS) and Global 
Positioning System (GPS) were used in Agriculture Technology giving the third way of agriculture revo-
lution which is known as ‘Precision Agriculture or Precision farming’. The idea was initiated by John 
Deere, wherein GPS location data from satellites was introduced. Here the GPS system was installed 
in the farmer’s tractor for automatically steering the equipment based on the co-ordination of a field. 
Thus, reducing the steering error caused by the drivers. Therefore, resulting in less wastage of seed, 
fertilizer, fuel, and time.

Mulla, D., & Khosla, R. (2016), gave an in-depth explanation on the evolution and advances in pre-
cision agriculture. They explain the evolution and advances in the various farming practices namely, 
soil sampling, geo-statistics and Geographic Information Systems (GIS), farming by soil, variable rate 
fertilizer, site-specific farming, management zones, Global Positioning System (GPS), yield mapping, 
variable rate herbicides, variable rate irrigation, remote sensing, automatic tractor navigation and robot-
ics, proximal sensing of soils and crops, and profitability and adoption of precision farming.

Furthermore, Mulla, D., & Khosla, R. (2016), in the chapter ‘Historical Evolution and Recent Ad-
vances in Precision Farming’ explains on the early advances in the soil sampling, Geo-statistics and GIS 
in precision farming (table 1.1 is the tabular for the same chapter). They mentioned that in soil sampling, 
spot applications of fertilizers were encouraged by Linsley and Bauer in early 1920s, due to the combina-
tion of cheap labor and fertilizer with increase in farm rea caused the shift in famers’behavior in the user 
of uniform application while waiting for the revolution in precision farming which took place during 
the 1980s. Later scientists started recognizing that the sparse soil sampling was a poor representation 
of average fertilizer requirement as the variability was large in soil fertility. Thus, in 1961 Melsted and 
Peck designed an intensive grid sampling study with a spacing of 24.3 m, this design was in view of 
minimizing the cost of determining an average soil fertility (Franzen 2007). Customized fertilizers were 
recommended by Melsted to be more efficient than a single uniform one, as there was variability in the 
value of the tested soil (Melsted 1967). Until 1994 the intensive grid sampling method was practiced 
at a routine time interval in same field. Nevertheless, until several decades later, there was little practi-
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cal application of this concept. For further reading about this topic, several excellent summaries of soil 
sampling techniques are given in the literature by Wollenhaupt et al. 1997; Mulla and McBratney 2000.

Furthermore, Pierre Robert actively promoted the idea of precision farming and organizing the first 
workshop called “Soil Specific Crop Management” during the early 1990s. Thus, often regarded him 
as the father of precision farming. He used computerized farming method wherein soil database were 
used. Later, in early 1990s variable rate fertilizer applicators using a control system was developed. This 
idea was studied by several scientists during the early to mid-1980s, including John Hummel (Hummel 
1985) working with the United States Department of Agriculture–Agricultural Research Service (USDA-
ARS). This system was first tested in using variable rate lime by Luellen 1985 or fertilizer application by 
Schmitt et al., 1986 in Minnesota, USA. In the beginning of 1986, site-specific farming was studied in 
irrigated agriculture where high-cash crops example potatoes were grown (Mulla and Hammond 1988; 
Hammond et al. 1988, Hammond and Mulla 1989). The profit generated from these crops could justify 
the intensive grid soil sampling which were used to define the management zones for variable P and K 
fertilizer applications. Until present day, the use of management zones in precision farming has persisted 
but the concept and definition has been altered. Site-specific and precision farming initially in term was 
introduced by John Schueller from the University of Florida in the scientific literature (Schueller 1991, 
1992). Gradually, farming by soil and site-specific were replaced by variable rate technology which 
proved to be both profitable and beneficially because of its efficiency in farm inputs, maintenance i.e. 
improved crop yield and quality, and protected water quality (Sawyer 1994).

In precision agriculture GPS was of primary interest due to its method of identifying the location 
on a real-time data on spatial variability in crop grain yield (Auernhammer and Muhr 1991; Schueller 
and Wang 1994; Auernhammer et al. 1994). Before the availability of GPS, the concept of detail spatial 
mapping of the crop yield was pioneered by Schueller and Bae in 1987. Here they used variations in 
motor pace as a surrogate for grain flow to the combine, which was once worked beneath steady throttle 
and cutting head height. Thus, reducing the error s in measuring grain yield. Further in precision farm-
ing could see various area of research Variable rate herbicide and irrigation, Aerial remote Sensing and 
Proximal sensing of soil and crops wherein technological development and testing were done.

The table 1.1 gives a generalized idea on the research area and nature of contribution from each of 
the key references that has been thorough been reviewed and tabulated by Mulla and Khosla. For further 
reading about this topic can refer to the chapter Mulla, D., & Khosla, R., 2016.

WORLD INTEREST TOWARDS PRECISION AGRICULTURE

One of the top ten (10) modern agriculture innovation is Precision farming (Crookston 2006). In the early 
1980s, the concept of precision agriculture was first developed in the United States, wherein researchers 
at the University of Minnesota used varied data inputs in crop fields. At the time grid sampling method 
i.e. applying fixed grid of one sample per hectare was performed. The techniques for the first input on 
the recommendation maps for fertilizers and pH correction was observed towards the end of 1980s. Ever 
since the use of yield sensors developed from new technologies in combination with the GPS receivers’ 
precision farming gained ground in agriculture technology. Thus, covering several million hectares of 
arced land today.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



6

Introduction to Precision Agriculture
 

Precision agriculture is associated with sustainable agriculture but in the American Midwest (US) 
the farmers are also trying to maximize their income with the aid of spending cash solely in areas that 
require fertilizer. Hence, such practice allows the farmers to diverse the rate of fertilizer across the field 
according to the need recognized by way of GPS guided Grid or Zone

Fertilizers thus can be applied to those areas that requires it than that do not, thereby optimizing its use.
Precision agriculture has gained tremendous recognition around the globe, countries such as United 

states, Canada and Australia are forerunners in this technology. In Europe, the United Kingdom was first 
to practice precision farming, which was followed closely by France. In France, it started in 1997- 1998. 

Table 1. Early Advances in Research on Soil Sampling, Geo-statistics, and GIS Remote Sensing, Proximal 
Sensing of Soils, and Proximal Sensing of Crops for Precision Farming in Precision Farming (Source: 
Mulla, D., & Khosla, R., 2016)

Research Area Nature of Contribution Key References

Soil sampling Grid sampling recommendation Melsted (1967), Dow et al. (1973b), Mulla and Hammond 
(1988), Wollenhaupt et al. (1994)

Geostatistics and GIS Map interpolation and reclassification 
for soil fertility data Mulla and Hammond (1988), Mulla (1989, 1991, 1993)

Farming by soil Proposed concept Robert (1982), Rust (1985)

Variable rate fertilizer Machinery development and field 
testing

Hummel (1985), Luellen (1985), Ortlip (1986), Schmitt et 
al. (1986), Borgelt et al. (1989, 1994), Carr et al. (1991), 
Mulla et al. (1992)

Site-Specific farming and 
Management zones Proposed and tested concept Mulla (1991, 1993), Mulla et al. (1992), Doerge (1999), 

Fraisse et al. (2001)

Precision farming Proposed concept Schueller (1991, 1992)

GPS Technology adaptation to farming and 
testing

Larsen et al. (1988), Auernhammer and Muhr (1991), Tyler 
(1993)

Machinery navigation and 
autosteer Technology development and testing Reid and Searcy (1987), Palmer (1991), O’Connor et al. 

(1996), Greatline and Greatline (1999), Keller et al. (2001)

Yield mapping Technology development and field 
testing

Bae et al. (1987), Schueller and Bae (1987), Searcy et al. 
(1989a), Karlen et al. (1990), Stafford et al. (1991)

Variable rate herbicide Technology development and testing
Haggar et al. (1983), Guyer et al. (1986), Beck and Kinter 
(1988a,b), Thompson et al. (1990, 1991), Felton and 
McCloy (1992), Stafford et al. (1993)

Variable rate irrigation Technology development and testing McCann and Stark (1993), Fraisse (1994), Evans et al. 
(1996)

Aerial remote Sensing Ability to identify spatial patterns, 
identification of sensitive wavelengths

Robert (1982), Zheng and Schreier (1988), Bhatti et al. 
(1991), Blackmer et al. (1995), Barnes et al. (1996), 
Bausch and Duke (1996), Blackmer and Schepers (1996b), 
Haboudane et al. (2002), Thenkabail (2003)

Proximal sensing of soil Development and testing of technology

Rhoades and Corwin (1981), Shonk and Gaultney (1988), 
Colburn (1991), Gaultney et al. (1991), Sudduth et al. 
(1991), Lesch et al. (1992), Carter et al. (1993), Doolittle 
et al. (1994), Christy and Lund (1998), Adamchuk et al. 
(1999)

Proximal sensing of crops Development and testing of technology
Leamer et al. (1973), Daughtry et al. (1980), Walburg et al. 
(1982), Chappelle et al. (1992), Solie et al. (1996), Raun et 
al. (2002)
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The adaptation of precision agriculture in Latin America wherein the leading country is Argentina. In 
Latin America, it began in the middle 1990s with the support of the National Agriculture Technology 
Institute. Later Brazil established a state-owned enterprise, Embrapa for the research and development of 
sustainable agriculture in the country. To steady the management practice of precision farming develop-
ment of GPS and variable-rate spreading techniques very beneficial (Simon Blackmore, 2016). In France, 
recently less than 10% of the farmers are equipped with variable-rate system. The acceptance of GPS in 
precision agriculture is more widespread, but this has not stopped the farmers from using other services 
related to precision agriculture, which supplies field-level recommendation maps (Dwivedi et al., 2017).

The world started looking for an alternate and more sustainable mode of agriculture, since one 
third of the global population still relies on agriculture produce for their living. However, the use of 
more advanced technologies in precision farming requires a substantial upfront investment, farmers in 
developing countries are benefitting from mobile technology. Such service contributes the farmers in 
mobile payments and receipts to improve productivities. For example, as reported in the 2016 article of 
Technoserve, around 30,000 framers from Tanzania were using mobile phones for contracts, payments, 
loans and business organization.

The use of technology has benefited the economic and environment of a country which can also been 
confirmed in China. The Chinese system is characterized by small-scale family-run farms, this makes 
it difficult for the country to adopt precision agriculture compared to other western countries like in 
Europe and United States where it is quite far ahead. Hence, China is attempting to introduce precision 
agriculture technological to its farmers and reduce some risks, which will eventually pave the way for 
China’s technology to boost precision agriculture in the future (Kendall, et al., 2017).

The global market on precision agriculture has projected a growth from $ 4.84 billion in 2018 to $ 
10.16 billion by 2024, presenting a Compound Annual Growth Rate (CAGR) of more than 13 per cent 
over the forecast period, owing to several government initiatives to implement modern farming practises. 
Through the implementation of advance agricultural technologies, the immense demand for the food 
supply for the rising population can be accomplished. In addition, over the forecast period it is expected 
that the increasing weather conditions and the need to increase crop yields and increase farm productivity 
will contribute to the global market for precision agriculture. The market for precision agriculture can 
be segmented according to part, technology and application. The market can be separated into hardware 
and software primarily based on the component. During the forecast period, the hardware segment 
dominated the market in 2018 and is predicted to continue its market dominance as farmers undertake 
automation and control devices to enhance productivity. The market can be divided into yield monitor-
ing, field mapping, crop scouting, weather tracking & forecasting, among others in terms of application.

Precision agriculture is gaining recognition and importance in recent year and is expanding to other 
parts of the world like Asia-Pacific, North America, Europe, South America and the Middle East & 
Africa. By 2018, the global precision market is dominated by North America, backed by the presence of 
leading market players and adoption of advanced technologies by countries across the region. Owing to 
the rising population in developing countries like India and China, it is predicted that the Asia- Pacific 
region will gain momentum in the coming year as the demand for food will increase.

Currently, in the global precision agriculture market there are few major industrial players namely, 
Bayer CropScience AG, Trimble Inc., Deere & Company, Iteris, Inc., AgJunction Inc., Farmers Edge, 
Inc., Ag Leader Technology, CropMetrics, AGCO Corporation, Teejet Technologies, etc. In order to 
stay relevant in the market these major companies are developing advanced technologies, launching new 
products and having strategies involving mergers and acquisitions.
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With the advancement of technologies in precision agriculture, it has shown uneven on the adoption 
in both geographically and temporally. The economic principle of innovation forecasts the development 
and adoption of new technologies in agriculture industry where they make extra environmentally friendly 
use of the scarcest productive resources. With the adoption of precision agriculture, it can be observed 
that the labour cost is expensive while the land and capital are relatively less expensive. The inconsistent 
adoption rate of precision farming is due to the normal cycles in which it replaces the expensive machin-
ery in which many precision farming innovations are represented, in an area where precision farming is 
practised. The decisions to upgrade equipment are influenced by many factors that are exogenous to the 
farm, such as bank interest rates and commodity prices. Adoption in countries wherein there is scarcity 
of labour but land-abundant is likely to continue, with adoption rates rising when commodity prices are 
high and interest rates low (Swinton, &Lowenberg-Deboer, 1998).

The uneven adaptation of PA technology can be examined across time or space. Given the rapid growth 
of global trade and the widespread availability of VRA equipment and yield tracking, adoption rates seem 
to vary markedly from country to country, at least on the basis of the available informal data (Norton and 
Swinton, 2001). Compared to Brazil or France Argentina has stared adopting yield monitoring in a rapid 
pace. Even though there is a rapid adoption of yield monitoring technology, Argentina has shown little 
use of site-specific fertilizer (Lowenberg-DeBoer, 1999). In south-east Asia, Malaysia, which has been 
known for its rubber plantation, has adopted site-specific fertilization method, but not to its rice fields.

Also, it is observed that even nations such as the United States PA adoption rates vary by a factor 
of ten i.e., from 11.3% of farms in the Midwest “Heartland” to only 1.1% in the Southeast Seaboard in 
1998 (Daberkow and McBride, 2000). Overall, we note that yield monitoring or VRA fertilization has 
only surpassed 5 percent in the United States and Canada in preferential areas. It would seem that ac-
ceptance rates in Australia, Brazil, Denmark, United Kingdom, and Germany could be within the range 
of 1-5 per cent (again, only for preferred sub-regions). The implementation of PA technologies is virtu-
ally unknown in Africa and Asia, with the exception of a few yield monitors in South Africa and some 
VRA fertilization in isolated plantation agricultural enclaves. These uneven adoption patterns may seem 
puzzling given the potential benefits of precision agriculture for farm profitability (and environmental 
protection) (Swinton and Lowenberg- DeBoer, 1998).

TECHNOLOGIES USED IN PRECISION AGRICULTURE

I. Mapping

The very first and most important step in precision agriculture is mapping of crops and soil properties. 
Such maps can quantify variability in space and provide the basis for monitoring spatial variability. In 
field operations mapping can be performed by RS, GIS and manually.

II. Global Positioning System (GPS) Receivers

In Precision farming, it is import to accurately determine of location, principally for mapping the vari-
ability in soil fertility or crop yield, and in locating farm machinery that can disperse variable rates of 
fertilizer relative to the data in these maps. Thus, allowing Global Positioning System satellites broadcast 
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to send signals that permit GPS receivers to compute their location. This information is provided in real 
time. Having precise location information at any time allows soil and crop measurements to be mapped.

Originally, the primary focus in GPS for precision farming has been to identify the location of a 
combination that collects real-time information on spatial variability in crop yield (Auernhammer and 
Muhr 1991; Schueller and Wang 1994; Auernhammer et al. 1994). Later, interest in GPS turned to its 
use in agricultural navigation and autosteering (Zhang et al. 1999; Keller et al. 2001).

III. Yield Monitoring and Mapping

Yield monitoring is a part of precision farming that helps and offers adequate information for farmers to 
make intelligent decisions regarding their fields. Grain yield sensors continuously calculate and record 
the flow of grain in a combine’s clean-grain elevator in highly mechanized systems. Yield monitoring 
is a relatively new concept, enabling agriculture equipment such as combining harvesters or tractors 
to gather vast amounts of data, such as grain yield, levels of moisture, soil properties, and more. When 
connected to a GPS receiver, yield monitors could provide information necessary to map yields. Ap-
plied appropriately, yield knowledge provides significant insight on the effects of controlled inputs such 
as modifications to fertilizers, plants, pesticides and cultural practices like tillage and irrigation. Yield 
monitoring operates in three rather easy steps: the grain is harvested and loaded into the grain elevator 
which has sensors reading the grain’s moisture content. Following the step as the grain is transported to 
the storage tank, more sensors track the yield of grain. Since both of these sensors operate, the informa-
tion is sent to the driver’s cab and is displayed on the screen, the information is geo-referenced so that it 
can be mapped as well as studied in detail at a later time or date. Farmers benefit from the use of yield 
monitoring technology, even though one of the main advantages is that it enables to provide the farmer 
with accurate and often geo-referenced data on their field. Farmers can learn crop yield and crop-related 
relevant information to ameliorate potential threats or enhance potential opportunities. Other benefits 
of a performance monitoring system include the potential of a farmer to export information to a com-
puter, allowing this information to be available in a variety of formats, including displays on the farm, 
at home or in print. As well, in the home or office, a farmer can use advanced software to evaluate and 
understand better the recorded information. Yield monitors can control grain by field or load on a load 
basis, giving the farmer an enormous degree of flexibility and providing with instant information on 
the load they have collected.

IV. Grid Soil Sampling and Variable-rate Fertilizer (VRT) Application

Soil and grid soil sampling utilizes the same working principle wherein it helps in increasing the sam-
pling intensity. This can be better understood with an example wherein assuming that the sampling area 
is of around 20-acre and have 10 samples using a grid sampling system in an area of 2-acre (hence each 
sample will be spaced 300 feet apart) when compared to traditional method using one sample. The aim 
of grid soil sampling is to produce a graph of nutritional necessity.

V. Remote Sensing

The application of remote sensing in precision agriculture are mostly based on the reflectance of the vis-
ible light coming from the sun and the near-infrared light by soils or crops. Usually remote sensing data 
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is executed by the use of cameras installed on satellites, airplanes, towers, or unmanned aerial vehicles 
instead of the contact between the sensor and the soil or crop.

Earliest known application of remote sensing in farming was focused primarily on estimating the 
crop yield (Pinter et al., 1981; Wiegand et al., 1991). Remote sensing is a method where field data are 
collected and these data can be processed using a computer. The data sensors used for collecting the 
information can simply be portable devices, mounted on aircraft or satellite based. These devices as 
a tool are used for providing data on crop health, example various physiological stresses to plant like 
moisture, nutrients, compaction, crop diseases and other plant health issues can be easily detected in 
an overhead image. Electronic cameras can also capture photographs similar to the infrared, which are 
highly correlated with healthy plant tissue. Remote sensing can expose variation in weather that affects 
crop yield and may help to have enough time to make management decisions that improve the current 
crop’s profitability.

VI. Geographic Information Systems (GIS)

Geographic information systems (GIS) are computer hardware and software used to generate maps us-
ing function attributes and location data. A significant function of an agricultural GIS is to maintain 
many levels of information, such as yields, maps of soil surveys, remotely sensed data, reports of crop 
scouting and soil nutrient levels.

VII. Robots

Over the past three decades, accurate automatic navigation has been one of the most concentrated areas 
of research and implementation. The use of self- steering tractors is one of the example of this automate 
technology. These tractors were one of the equipment from the John Deere works, wherein it does all the 
farm warm, only when there are any technical emergencies that the farmers have to step-in. Technology 
is evolving towards GPS-programmed driverless machinery for spreading fertilizer or plowing land. The 
benefits of this practice include decreased operator strain, reduction of overlaps and skips of equipment, 
and increased fuel use performance and drug application. Recent emerging innovation include the solar-
powered equipment’s, which detects weeds and destroys them precisely with a dose of herbicide or laser. 
There are already agricultural robots, also known as AgBots, but sophisticated harvesting robots are being 
designed to classify ripe fruits, change their shape and size, and carefully pluck them out of branches.

VIII. Drones and Satellite Imagery

The poster-child of smart agriculture technology is ‘The Unmanned Aerial Vehicle (UAV). Develop-
ments in drone and satellite technology are useful for precision farming because drones take images 
of high quality, while satellites capture the bigger image. Civil Aviation Authority approved the first 
unmanned crop-spraying drone in 2015 under new rules, but the potential is clear for a multitude of 
tasks from farm management to real-time animal tracking on remote paddocks. Pilots of light aircraft 
can combine aerial photography with data from satellite records to predict future yields based on current 
field biomass rates. Aggregated images may generate contour maps to track where water flows, assess 
variable seeding levels and generate yield maps of more or less productive areas. A Chinese-developed 
drone technology called Agra MG-1 “octocopter” is used to spray pesticides or fertilizers on large areas 
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of farmland. The DJI manufacturer of this drone claims that in 10 minutes it can spray 4,000-6,000m2. 
Haptly, a New Zealand based drone company is working on technology to gather information about 
pasture quality and to send it to a farmer’s computer via the cloud. Whilst, GPS-ithas based in Tauranga 
built drones that map farms and orchards, and record crop densities from above.

IX. The Internet of Things

The Internet of Things is the network of physical objects equipped with electronics for the processing 
and storage of data. With the development of sensors and farm-management software IoT comes in the 
picture (Sophocleous, M., 2015). As an example, farmers may spectroscopically measure nitrogen, phos-
phorus, and potassium, which is notoriously incoherent. Now the farmers can even check the fields see 
where cows have urinated already and add fertilizer to only those places that need it. Thus, the fertilizer 
utilization cost by up to 30%. To determine the perfect time to water plants can now be determined using 
s moisture sensor in the soil (Sophocleous M., 2015). It is possible to configure the irrigation systems 
to adjust which side of the tree trunk they water based on the needs and rainfall of the plant. The use of 
IoT in precision farming is not just constrain to its use in plant but can also be used in animal husbandry. 
In animal farming, the livestock can be equipped with internal sensors for tracking stomach acidity and 
digestive problems. Remote sensors monitor movement patterns to assess the health and fitness of the 
cow, to sense physical injuries, and to establish optimum breeding times. To track trends and patterns, 
all of this data from sensors can be aggregated and evaluated.

The monitoring technology can be used as another example to make beekeeping more effective. Hon-
eybees are of substantial economic importance and through the pollination of a variety of crops provide 
a vital service to agriculture. Tracking the health of a honeybee colony through wireless temperature, 
humidity, and CO2 sensors help to improve bee productivity and read early warnings in data that could 
threaten the very existence of a whole hive (IoT ONE).

X. Smartphone Applications

Apps on smartphones and tablets are becoming popular in recent years in precision farming. Smartphones 
come with numerous practical applications, including the camera, microphone, GPS, and accelerometer. 
Requirements are also made for various agricultural requirements such as field mapping, animal moni-
toring, weather and crop information gathering, etc. These are easily portable, inexpensive, and have 
strong computing (Pongnumkul, et al., 2015).

XI. Machine Learning

Machine learning is widely used in conjunction with computers for things such as drones, robots and the 
internet. This allows data from each of those sources to be submitted. The system then processes this 
information and returns those devices with the appropriate actions. It helps robots to deliver the perfect 
amount of fertilizer or to supply IoT devices directly to the soil with the perfect amount of water (Zadra, 
et al., 2012). Every year, the future of agriculture shifts more towards an architecture of machine learning.
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ECONOMIC AND ENVIRONMENTAL IMPACT

Precision agriculture, as the name implies, means the application of the precise and correct amount of 
inputs like water, fertilizer, pesticides, etc. at the appropriate time to the plant for expanding its profit-
ability and maximizing its yields. Precision management practices in agriculture will drastically reduce 
the number of nutrients and certain other crop resources used while boosting yields (Ferrell, 2016). 
Therefore, farmers get a profit for their investment by saving their expenses on water, pesticides, and 
fertilizers. The second, wider-scale benefit of feedback targeting relates to environmental effects. Imple-
menting the correct quantity of pesticides in the right location and at the right moment supports crops, 
soils and groundwater, and thus the whole crop round.

The second, wider-scale benefit of feedback targeting relates to environmental effects. Implementing 
the correct quantity of pesticides in the right location and at the right moment supports crops, soils and 
groundwater, and thus the whole crop cycle. Precision agriculture has, therefore, become a keystone of 
sustainable agriculture, because it understands crops, soils, as well as farmers. Sustainable agriculture 
aims at ensuring a constant food supply inside the economic and environmental, political and social 
limits necessary to maintain the crop for a long-term production. An article by Rajvanshi, in 2015 at-
tempted to demonstrate that precision farming can help farmers in developing countries such as India.

Precision agriculture decreases the environmental pressures on cultivation by growing the equip-
ment performance and bringing it into practice. Using remote management systems such as GPS, for 
example, decreases emissions for agriculture, whereas variable rate application of nutrients or chemicals 
can vastly decrease the application of these inputs, thus saving costs and lowering hazardous runoff into 
the waterways (Brevik, et al., 2006).

Precision farming enables variability in the rate of fertilizer, manure, and pesticides delivered to better 
match geographic trends in soil fertility and pesticide adsorption, and to respond to evolving temporal 
patterns in crop nutrient stress and weed, insect and disease infestations. However, precision farming 
decreases the usage of chemical products due to the similarity among successive passes of chemical ap-
plicator machinery with auto-steering technologies. These factors contribute, conceptually, to better quality 
and sustainability of the environment (Larson et al. 1997; Bongiovanni and Lowenberg-DeBoer 2004).

POLICY AND SDG FOOD SECURITY

I.  The policy framework for the promotion of farm-level precision agriculture:

Precision agriculture is recently taking a serious recognition, thus countries adopting this new technology 
should consider a policy framework that can better understand and help in implementation. Following 
approach was suggested by Manglia, 2010:

• Recognize the specialized areas needed to promote crop-specific precision farming.
• Development of interdisciplinary teams incorporating agricultural scientists in different fields, 

engineers, manufacturers, and economists, to research the overall scope of precision farming.
• Pursue the progressive farmers who have ample risk-bearing ability for precision farming 

technology.
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• Encourage farmers to use primary field-level data to study the spatial and temporal variability of 
the input parameters.

• Provide the farmers with complete technical backup support to develop pilots or models that can 
be reproduced on a large scale.

• The pilot study should be carried out in the field of farmers to show the results of the introduction 
of precision farming.

• Promote farmers to implement farm-level water budgeting procedures, and then use micro-level 
drainage systems and water-saving strategies.

• Government regulations banning farmers using indiscriminate farm inputs and thus creating eco-
logical/environmental imbalances will encourage the farmer to go for alternative approaches.

• Having farmers aware of the risks of implementing imbalanced doses of agricultural inputs such 
as irrigation, fertilizers, insecticides, and pesticides.

• Policy support on procurement cost, efficient technology transfer to farmers, formulation of coop-
erative groups or self-help groups, because many of the precision farming equipment are expen-
sive (GIS, GPS, RS, etc.).
II.  SDG and precision agriculture

United Nation Sustainable Development Goal Plans 2019 to transform the world, with about 17 goals 
centred on’ Zero Hunger’ and food security in goal 2. One approach to achieve this aim is to have an 
efficient method of farming, hence the use of precision farming in agriculture can helps to achieve this 
goal. The goal 2 in SDG talks about ending hunger for all people regardless of their physics state, race 
and religion. It also focuses on achieving food security and improve the nutrition impute and promote a 
sustainable way of agriculture. It has about 7 targets in this goal, wherein first is to end hunger and ensure 
nutritious, safe and sufficient food access to all people the whole year, particularly for poor and people 
in vulnerable situations, including infants. Second, to end all form of malnutrition. Third, to increase the 
agriculture productivity according to demand and surge income of small-scale food producers. Fourth, to 
ensure sustainable food production systems and introduce robust farming practices that improve produc-
tivity and efficiency, help maintain habitats, enhance adaptability to climate change, extreme weather, 
drought, flooding and other disasters, and gradually improve the quality of land and soil. Fifth, preserve 
the genetic variety of seeds, cultivated plants and farmed and domesticated animals and their associated 
wild species. Sixth, increase investment, incorporating thru superior worldwide cooperation. Last, the 
seventh target talks about taking steps to ensure the proper functioning of food commodity markets and 
their derivatives and to encourage timely access to market information, including food reserves. The 
United Nation (UN) is expecting to achieve all this goals by the year 2030.

ADVANTAGES, DISADVANTAGES AND NEED OF PRECISION AGRICULTURE

I.  Advantages of precision farming

The principle of “doing the right thing in the right place at the right time” has a strong instinctive allure 
which provides farmers the capacity to make more effective use of all operations and crop inputs. The 
efficient use of inputs leads to higher crop yield and/or quality without environmental pollution. Precision 
farming can tackle environmental and economic problems concerning today’s agricultural production. 
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The objective of incorporating precision agriculture is to improve the crop yield, while reducing potential 
environmental threats, thus by doing so can have following benefits:

• It helps in monitoring the soil and crops physicochemical parameters
• By the use of various techniques introduced in precision farming we can obtain a real-time data
• It helps the famers to device better judgment on farm management
• It helps to save time and cost; as it reduces the unwanted or over used of fertilizers and pesticides.
• Offer good agricultural records necessary for sale and succession.

II.  Drawbacks of precision farming

Even though precision agriculture has great potential, but there are few limitation in this technology 
such as the use of technologies like GIS, drone, robotics and satellite imagery etc… at the same time 
is very costly, especially for developing countries. At present, technologies implemented in precision 
agriculture are in their infancy stage, and it’s hard to narrow down the pricing of equipment and services. 
Scarcity of experts in the technological knowledge also hinders in its application. The sustainability of 
precision agriculture largely depends on how well and how quickly the requisite expertise can be found 
to direct the new technologies

III.  Need of precision agriculture

Precision agriculture are generally used for assessing and managing the various field variabilities. It 
is understood that fields, due to variations in management practices, soil properties and/or environmen-
tal characteristics, have variable yields across the countryside. One’s cognitive knowledge collection 
about how to handle various areas in a field involves years of trial-and-error study and implementation. 
Presently, due to the variable farm sizes and changes in farmed areas due to annual shifts in leasing ar-
rangements, that level of knowledge of field conditions is hard to maintain. Precision farming provides 
the ability to automate and simplify the data collection and evaluation.

Precision agriculture is need by the farmers as the variables obtained from the use of different tech-
nologies are later assessed, which eventually enables management decisions to be taken and executed in 
the right time in small areas inside wider fields in the right places. It is also need for having higher crop 
productivity, since precision farming suggests prescribing custom-made management practices, yield 
per unit of land will definitely increase as long as the other uncontrollable factors of nature are in favor 
of it. Precision farming is needed for increasing the efficiency of inputs, by increasing the productivity 
per unit of input utilized shows improved input efficiency. It is needed because it helps in maximum 
use of smaller land unit by a farmer.

CONCLUSION

The chapter gives a brief introduction to the topic of precision agriculture (PA), focusing on the overview, 
concepts, history, world interest, benefits, disadvantages and precision farming needs. Therefore, based 
on the information it can be understood that PA is a modern technological advancement in agriculture, 
wherein various application, namely the GPS system, drones, and satellite, etc… are used to better and 
increase the production of crops (especially the cash crops). According, to the information, if the right 
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policy is implemented, the countries around the world who have adopted this farming technology can be 
able to achieve the SDG goal on ‘Zero Hunger’, making it a topic of world interest. Therefore, a further 
research and education in this, can help countries economically and also help solve their hungry problem.
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KEY TERMS AND DEFINITIONS

Compound Annual Growth Rate (CAGR): Is the rate at which the return that would be required 
for a funding to develop from its initial balance to its closing balance, assuming that the profits were 
reinvested at the stop of each 12 months of the investment’s lifespan.

GIS: Geographic information system is a mechanism for data collection, management, and analysis.
GPS: Global positioning system is a radio-navigation satellite system.
IoT: Stands for internet of things; is a collection of interdependent computing devices, computational 

and digital machines, artifacts, animals or humans supplied with unique identifiers (UIDs) and the ability to 
convert information over a system without needing human-to-human or human-to-computer intervention.

Precision Agriculture (PA): Also called as satellite farming or site specific crop management 
(SSCM) is a next generation farm management technology which is based on the concept of observing, 
measuring and responding to inter and intra-field variability in crops.

Remote Sensing: Remote sensing is the mechanism by which the phenotypic traits of an environ-
ment are measured and tracked by analyzing its transmitted and emitted radiation at a distance (usually 
from satellite or aircraft).
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ABSTRACT

Precision agriculture is a management system that aims to reduce inputs like seeds, water, and energy; 
protect the environment; and maximize profitability. Precision agriculture uses advanced technology 
like positioning technology, geographical information systems, satellite navigation, and remote sens-
ing. There are different factors affect the adoption of precision agriculture like farm size, legal affairs, 
and social interaction. Under climate change and increases in world population, adoption of precision 
agriculture could assist farmers to face various challenges to achieve ideal production and maximizing 
profitability. Information, technology, and management are considered the backbone of the precision 
agriculture system, and combining these elements reduces inputs and maximizes productivity. Different 
threats attacked precision agriculture including threats to confidentiality, threats to integrity, threats to 
availability, and crowding of the spectrum signal. This chapter explains the different roles of precision 
agriculture in developing agricultural production.

INTRODUCTION

The main purpose of precision agriculture (PA) is to support farmers by providing customized information 
and technologyservices that enhancing productivity, increase profitability and reduce environmentally 
pollutions, PA working on improving crop production and livestock, and contribution of different factors 
like soil fertility, water, and pest control in increasing farmer’s profits, and protect the environment at 
the same time (Ess& Morgan, 2003) &(Rains & Thomas, 2009).

PA also called Precision Farming(PF) or Satellite Farming (SF) includesadvanced management 
technologies like soil sensing and mapping, yield monitoring and mapping, satellite-based positioning, 
remote sensing, fieldand crop scouting, geographical information systems (GIS), variable rate applica-
tion (VRA), and automatic steering (Balafoutiset al.,2017).

Precision Agriculture:
A New Tool for Development

Waleed Fouad Abobatta
Horticulture Research Institute, Agriculture Research Center, Egypt
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Adoption of the PA system is affected by various elements like personality characters of farmers, 
farm size, features of the machines, characteristics of the technology, legal affairs, and social interaction, 
etc. (Tey&Brindal, 2012).

PA plays a direct role in developed country-specific intelligent platforms that provide farmers with 
context-relevant and personalized agricultural recommendations through their mobile phones, also, PA 
helps render these advisory services more customizable and intelligent with time, by evaluates and en-
hances the existing agricultural systems (Paustian&Theuvsen 2017). PA is becoming an interesting scope 
for managing natural resources like water, soil, and seeds and applying modern sustainable agricultural 
development, it is bringing agriculture into the digital information era,also, PA in the animal production 
sector use to improve meat and milk productivity (Kutter, Tiemann, Siebert, &Fountas, 2011).

This chapter addressees the role of the PA system to increase agricultural production, increasing farm-
ers’ profitability, sustain natural resources and protect the environment,exploring different technologies 
used in PA and the threats which attacked the PA system.

The work was arranged by focusing on the objective of the importance of precision agriculture, ex-
ploring the various technologies used, explaining the advantages of precision agriculture, adopting to 
the PA system in developing countries and the challenges for the P A system, ending with the potential 
threats to P A.

Searching for the literature published from 2000 to 2019 was conducted, through Egyptian knowl-
edge Bank(https://www.ekb.eg/), Academia (https://www.academia.edu/), Researchgate (https://www.
researchgate.net), Google scholar (https://scholar.google.com/), Springer- (https://www.springer.com/), 
Elsevier-(https://www.elsevier.com/), IEEE (https://ieeexplore.ieee.org/) and The Egyptian Journal 
of Remote Sensing and Space Sciencehttps://www.sciencedirect.com/science/journal/11109823using 
“precision agriculture”, “soil mapping”, “variable rate application”, “threats to precision agriculture ” 
as key terms. 87 papers out of a total database of 252 papers were shortlisted after a thorough reading, 
all selected papers were analyzed, discussed, and classified into a specific category. The literature was 
distributed on the basis of related to the subject of the work, whereas (Table 1) highlights various e-
resources accessed for acquiring in-depth knowledge of the subject.

Table 1. Summary of data of papers selected on the basis of search string “Precision Agriculture, soil 
mapping, variable rate application, and threats to precision agriculture”

No E-resource Content

1 https://www.ekb.eg/ Journals, Proceedings, books

2 https://www.academia.edu/ Conference, Journals, Proceedings

3 https://www.researchgate.net Journals, Proceedings, books

4 https://scholar.google.com/ Conference, Journals, Proceedings

5 https://link.springer.com Conference,Journals, Proceedings, books

6 https://www.elsevier.com/ Journals, Proceedings, books

7 https://www.sciencedirect.com/ Journals, Proceedings, books

8 https://ieeexplore.ieee.org/ Conference, Journals, Proceedings
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BACKGROUND

PA practices using modern technology to reduce agricultural inputs by site-specific applications, as it 
better target inputs to spatial and temporal needs of the fields, which can result in lower greenhouse 
gas emissions through applying adequate quantity of fertilizers and agrochemicals. There is encour-
aging impact of PA system on productivity of different crop and cost-saving to increase farmers’ in-
come, it’s producing more or equal quantity of crops with minimum production cost than conventional 
practices(Balafoutis et al., 2017).

Various researches have been reported that assess the impacts of PA technologies. This approach can 
not only decrease costs but can also increase yields. Furthermore, accurately applying chemicals and 
fertilizers only where needed reduces the potential for ground and surface water pollution,PAwill not only 
help but also has considerable environmental benefits (Krishnan, Foster, Strosser, Glancey, &SUN, 2006),

The aim of this work is to clarify the important role of PAin developing the agricultural sector and 
increasing crop productivity to provide adequate enough food for humanity. This work exploring the 
different technologies used in PA and practical application for PA in various branches, also explain the 
importance of adoption to this system in developing countries to increase food production and provide 
enough food for the local community, at the end of this chapter, there is explaining for some threats that 
face PA applications.

Why We Need Precision Agriculture?

Under climate change conditions in the current era, there are different problems face the agricultural 
sector and affect crop productivity, like drought and lack of water management (Montzka, Dlugokencky, 
& Butler, 2011), salinity, diseases, pests, agrochemicals management, shortage of storage management, 
and weed management, all these problems can be controlled by adoption of PA methods.

Due to the expected increase in world population which will reach about 9.6 billion by 2050, and 
to 12 billion by 2100 (Food and Agriculture Organization [FAO] 2017), so, humanity need to produce 
more crops to feed every mouth, so, the food production must significantly double from current levels 
for two or three folds(Foote, 2015), therefore, using advanced technology of precision farming and us-
ing varieties with high yield crops, could produce enough food quantity to feed more people from the 
same arable land, without more hazards for the environment, also, the farmers could be used tools of 
PA to increase the efficiency of their business to increase their profitability (Gregory & George, 2011).

PRECISION AGRICULTURE

The term PA or precision farming appeared in the 1980s in the United States, it’s management strategy 
that collecting data, developing wireless networks, minimizing of sensors to monitor, evaluate, and control 
agricultural practices (Navulur, Sastry, &Giri Prasad, 2017). There are various definitions of PA, while 
the definition of PA according to (Sulecki, 2018) “Precision agriculture is a management strategy that 
uses electronic information and other technologies to gather, process, and analyze spatial and temporal 
data for the purpose of guiding targeted actions that improve efficiency, productivity, and sustainability 
of agricultural operations.” will be used as a definition of PA in this work.
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PA is a management system based on information and technology for determining the variability 
intra-field on crop productivity to optimizing profitability, sustainability, and environmental protection 
(McBride &Daberkow, 2003).PA aims to use minimum inputs and optimize outputs while sustaining 
different natural resources (Whelan, McBratney, & Stein,2003).In particular, it is related to the site-
specific crop management (SSCM) with a wide array of pre- and post-production aspects of agriculture, 
ranging from horticultural crops to field crops (Bhunia, 2019).

The PA is not a new concept, there is a different application used by agriculturalists in both agriculture 
and livestock like seed planter, rice transplanter machines, milking machines, also, farmers, agricultural-
ists and Livestock growers collecting data by different methods to making proper decisions to reduce 
costs of various inputs and increase profitability.

Historically there are two-stage for PA technology, the first one starts with satellite and aerial imagery, 
applications for variable fertilizing rate, and weather prediction, and followed by collecting adequate 
data for machinery for precise planting, topographical mapping, and soil sensors.

PA integrates the utilization of machines, satellites, and computers to enhance the various inputs 
utilization, minimizing the costs, and reducing different environmental hazards, also, PA system using 
adequate nutrients, seeds, and agrochemicals in the proper site at the right time to achieve the maximum 
productivity and increase profitability, also, the minimization of inputs results in the least negative ef-
fects on the environment. (Marino &Alvino, 2014).

PA is a key component of the third wave of modern agricultural revolutions, the basic principles of 
PA in managing soil and crop variability within a field is certainly not new, the management practice 
of Site-specific crop has been developed by the advent of GPS and Global navigation satellite systems 
(GNSS) [Reichardt&Jürgens (2009), and (Li, et al. 2019)]. There are numerous technologies used in PA 
such as soil mapping, yield monitoring, and automatic guidance to enhancing input efficiency and collect 
data to facilitate future production decisions, PA permits farmers to use the optimum rate for different 
inputs includes fertilizers, seed, pesticides, and irrigation water in the specified place, at the right time to 
maximize yield production, save manpower, and harvest costs (Keskin, Sekerli, Say, &Topcueri, 2017).

While in livestock farming PA system aims to use advanced technologies to optimize meat and milk 
production, reduce costs, and improve animal production, it allows farmers and ranchers to consistently 
collect information at the animal level and improve animal production (MacDonald & McBride, 2009).

Importance of PA

PA system allows using accurate application of crop and livestock management inputs such as fertilizer, 
seeds, pesticides, and Livestock feeding [Takacs-Gyorgy, 2009, pp. 217–223), also, it relies on advanced 
technology to provide a proper application for management inputs in both agricultural and livestock to 
reduce costs and develop production, resulting in lower costs and enhances outputs (crop yields and meat 
& milk production), and protecting the environment (Banhazi, Babinszky, Halas, &Tscharke, 2012).

a)  PA offers a significant contribution to producing more crops to enhance food security.
b)  Providing new solutions for enhancing food safety.
c)  PA support sustainable impact use of different resources in the agricultural sector.
d)  PA has influenced on work practices and living conditions on farmers’ community, and increase 

new agribusiness models.
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The Scope of PA

The scope of PA is minimizing inputs (Seeds, water, agrochemicals, energy) and increasing the output 
in both terms of quantity and quality of various crop and livestock products, to achieve the sustainability 
of crops, farm management, and economics.

PA uses different technology to determine soil conditions, reporting about crop health, pest attacks 
and predicting the final output of various crops, which assist farmers to adapt to changed conditions to 
improve the final outputs and increase farmers’ incomes (Yadav, Yadav, Kumar, Yadav, &Verma, 2017).

Precision Agriculture Provides Different Aspects Like

1.  Improve the operation system of the farms and field goals.
2.  Environmental protection goals.
3.  Social license to farm at risk.

Actually accurate information about soil fertility, crop productivity, water supply, climate change, 
and spreading diseases and pests is an important modeling input, which is helpful to farmers for deci-
sion making to establish the right policies. Using PA technologies increases management practices 
efficiency and improves precision in different agriculture stages from seeding to harvesting (Pierpaoli, 
Carlia, Pignattia, &Canavaria, 2013).

Grisso et al. (2009) reported that the farmers get various advantages through using PA-technologies 
including:

1.  Increase the accuracy of field works,
2.  Higher operation speeds,
3.  Easy operating,
4.  Working 24 h (day and night).
5.  Less affecting by unbalanced weather,
6.  Reduced operator fatigue,
7.  less setup time,
8.  Decrease overlapping,
9.  Reduced production costs (fuel, fertilizer, pesticides, seeds, etc)

The PA practice has efficiently extended into some developed countries which have a good level of 
adoption of PA technologies like USA, Canada, Australia (Leonard, 2014), and some EU countries like 
Germany, Finland, Denmark, England, and Sweden (Bligaard, 2013, pp.12), in Japan (Liao, 2017), and 
in Russia (Dokin et al., 2016).

Fountas et al. (2005) reported that there are about 90% of the yield monitors worldwide were operating 
in the US due to there are many innovative technologies. Currently, the PA technologies in Sub-Sahara 
countries like Rwanda, Ethiopia, Nigeria, and Kenya at the nascent stage due to various reasons like 
majority of farms are family-owned, small scale farm (less than 1hectar), and shortage of local technical 
expertise (Getinet&Getachew, 2019).

PA provides various benefits for farmers include:
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• Adding the exact quantity of materials at the correct time and in the precise location in the field.
• Preserve enough information as a record of their farm
• Improving traceability for all farm components
• Enhancing various products marketing
• Improve the lease relationship with landowners.
• Develop the quality of different products of the farm.

PA TECHNOLOGY

There is a wide range of technologies used in PA (Figure1) includes Guidance Technology,Global Naviga-
tion Satellite System (GNSS), Recording Technology, soil mapping, variable rate application,automatic 
steering, Reacting Technology, yield monitoring mapping, and automatic guidance, these technologies are 
allowing farmers to better target inputs and take the proper decisions to adapt to local conditions, these 
technologies are used for various objects like identification, geo-referencing, measurement of specific 
parameters, GNSS, connectivity, data storage and analysis, advisory systems, robotics and autonomous 
navigation, modern technology has created new opportunities to provide proper information for the 
farmers to improve agricultural production(Shafi, et al., 2019).

Figure 1. Schematic for Precision Agriculture Technology
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There are different technologies used in PA include:

• Portable soil analysis labs
• Satellite and drone photographs.
• New weather prediction models
• Also, the spread of the use of mobile phones facilitates collection and delivery information in a 

very short time.

The technology of PA provides novel solutions for producing more agricultural products with fewer 
inputs and helping in sustainability issues, for example, soil monitoring systems offer farmers with 
enough information and alarms on the status of crops and enhanced crop forecasting.

PA plays a major role in livestock husbandry, for instance, in milk production the milking robots lead-
ing to automatic milking like in Sweden and Finland whereas about 90% of the dairy sector depending 
on robotic milking, also, there are currently more trending in Netherlands, Germany, and France to shift 
towards automatic milking (Steeneveld, Tauer, Hogeveen, &Oude Lansink, 2012).

The yield monitoring technology and variable rate technology were more dominant earlier in both 
developed and developing countries, while the auto-guidance systems had more popularity in the last 
decade.Currently, there is an increasing trend in developed and some developing countries for increasing 
the adoption rate of PAtechnologies to maximizing the crop productivity and increase profitability by 
minimizing inputs, decreasing operation costs, also, through using fields mapping and sensors, farmers 
could recognize their crops during various growth stages (Keskin, et al. 2017).

There are three main elements represent the backbone of precision farming:

1.  Data and Information
2.  Technology
3.  Management (decision support)

The combining of these elements in the PA system reducing inputs, increase productivity, enhance 
product quality, and protecting the environment (Finger, Swinton, El Benni, & Walter, 2019).

While there are main steps required to promote PAat farmer’s level include:

1.  Identify the proper sites for the promotion of crop-specific precision farming
2.  Formation of working groups involving agricultural scientists in different fields, engineers, manu-

facturers and economists to study all objectives of PA.
3.  Start with a small pilot of PAand providing full technical support for the farmer
4.  The model or pilot must be in the field inside the community of farmers to show the positive effect 

of PAtechnologies.
5.  Increase farmers’ awareness about the hazards of continuously applying different doses of various 

inputs like fertilizers, irrigation, and pesticides.

All these components are correlated and responsible for developing PAat the farmer’s levels.
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Remote Sensing

There is a different application of Remote Sensing in PA system (Figure 2) include Soil maps, drainage 
maps, observe plant health, water shortage, weed control, detection of Pests and disease, nutrient defi-
ciency, and yield forecasting (Thessler, Kooistra, Teye, Huitu, &Bregt, 2011) & (Lakhiar et al 2018).

Variable Rating application

Variable-rate application considered an important factor in the adoption of PA technologies, variable 
rate application used in tillage, seeding, irrigation, fertilizing, and pesticide, it’sallow the farmers using 
different inputs by different rates to reach the precise requirements of management areas on the farm 
like measuring canopy volume of citrus trees by laser scanner to estimate fruit yield and using a vary-
ing fertilizing rate (Zaman, Schumann, & Miller, 2005), using GPS to determine field position, read 
monitoring map and/or explain data from sensors, anduse soil mapping to prepare adequate fertilizing 
program for olive orchards (Fountas et al., 2011).

Figure 2. Schematic of different applications of remote sensing in Precision Agriculture
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Yield Monitoring

Applications in mechanically harvested for fruits like in pecan and apple orchards, and vegetables such 
as tomato and potato, yield monitors are effective in estimating the yield of each plant and collected 
fruits are weighed in the site directly for each plant or block in the field [Rains et al., (2002);Pooja, Uday, 
Nagesh, &Talekar, (2017);&Hofstee&Molema (2002)].

Fertilizers management

PAsystem permitting use the adequate fertilizers at the right time with proper methods to maximizing 
crop productivity (Patil, Nadagouda, & Al-Gaadi, 2012), the variable-rate application of fertilizers one 
of the most important elements in adoption to PA system, it’s allowed farmers to use various rates of 
fertilizers depend on crop requirements, and improve the efficient use of different nutrients, decreasing 
production cost, reducing leaching of fertilizers and protect the environmental (Hornung et al. (2006); 
&Bramley et al. (2019).

Precision Agriculture Tools

PA uses different machines that have auto-guidance systems like tractors, combines, sprayers and plant-
ers (Figure 3), the small unit that uses GIS of auto-guidance in all machines considered the brain of the 
PA age (Yousefi&Razdari, 2014)through this brain all equipment connected with the data systems and 
other systems (Schmitz & Moss, 2015).

The main tools in PA including:

1.  Geographical information system (GIS).
2.  Variable-rate technology (VRT).
3.  Global positioning system (GPS).
4.  Grid sampling.
5.  Remote sensors (Satellites & Drones).

PA uses remote sensing data of high spatial resolution which are georeferenced with the use of GPS 
measurements, these data used to identify potential problems at specific locations of the field such as 
nutrient deficiency, so the right decision takes to treat with the problem in the specific location, also, 
collecting data of (remote sensing data, soil mapping, and weather forecasting) use to accurate estimat-
ing yield crop(Toscano, et al. 2019).

In addition to above components, PA uses a vast array of technologies tools including hardware, 
software, and various tools include:

1.  Mobile Devices
2.  Robotics
3.  Internet Of Things (IOT)
4.  Weather Modeling
5.  Irrigation systems
6.  Fertilizing Modeling
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7.  Yield Maps
8.  Standardization.

Advantages of Precision Agriculture

Adoption to PA system providing different benefits for farmers, and allow predicting the proper time for 
various agricultural practice (Abdulwaheed, 2019, pp. 19-34), the main advantages of PA system include:

1.  Enhancing agricultural productivity.
2.  Prevent soil degradation in cultivable land.
3.  Sustained agricultural development.
4.  Reducing excessive agrochemical usage in crop production.
5.  Increase water resources use efficiency.
6.  Soil mapping.
7.  Divide non-uniform farms to small plots based on their requirements.

Figure 3. Schematic of Precision Agriculture tools
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CLIMATE AND PRECISION AGRICULTURE

PA technology reducing inputs like fertilizers, pesticides, herbicide and avoiding excessive agrochemicals 
which help in reducing greenhouse gas emissions, also, PA technologies like variable-rate seeding, fertil-
izing, spraying, weeding and irrigation which has great potential to alleviate greenhouse gas emissions 
(Kumari, Singh, & Prasad, 2019).

The Impact of Precision Agricultural Measures on Climate

It’s well documented that about 10-15% of all gas emissions produced from agricultural activities, there 
are two gas nitrous oxide and carbon dioxide emitting from cultivated lands. Nitrous oxide considered 
more dangerous gas and has negative effects more than carbon dioxide about 300 times. PA techniques 
have a positive contribution to reducing the emission of greenhouse gases, through variable-rate ap-
plications that can reduce fertilizer use by 10-30%, so, reducing the emission of nitrous oxide without 
affecting yield productivity, therefore, transform agriculture to PA system could significantly decrease 
the emission of greenhouse gas [Balafoutis et al., 2017). Increasing the adoption of PA techniques will 
have a great impact on mitigating climate change by reducing greenhouse gas emissions (De Ollas et 
al., 2019).

NANOTECHNOLOGY AND PRECISION AGRICULTURE

Precision agricultural technology used to increase crop productivity and reducing pollution of soil and 
waterby excessive usage of agrochemicals, in addition, to enhance nutrients long-term incorporation by 
soil microorganisms (Abobatta, 2018, pp. 99-102).

There are different applications of nanotechnology in the PA system includes:

1.  Precise management and control of inputs particularly agrochemicals.
2.  Nanotools like Nanobiosensors.
3.  Support the progress of high-tech agricultural farms.

Nanotechnology improving crop productivity, through enhancing plant health, increase fertilizer ef-
ficiency, reducing pesticides usage, detecting the pathogens (Anjum&Pradhan, 2018), in addition, there 
is a wide range of using nanosensors in precision farming for monitors and estimation crops productiv-
ity, soil mapping, spreading diseases, and, it’s allowed monitoring of penetration of agrochemicals and 
environmental pollution.From another side, nanotools enhanced the human control of soil and plant 
health, increase quality control and safety assurance contributing to sustaining the agriculture resources 
and environmental systems (Shang et al., 2019).

PRECISION AGRICULTURE AND HORTICULTURE

There is a variation in fruit yield of horticultural crops in the same site even in small areas, therefore, 
horticultural production represents a challenge for PA technology (Gemtos et al 2013).There are different 
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aspects in horticultural sector considered a promising field for adoption for PA system like using yield 
mapping technology for estimating fruit yield before harvesting particularly in perishable fruits like plum 
and apricot, PA technology could play important role in estimation orange fruit quality(Whitney, Ling, 
Miller, & Wheaton, 2001), also, supported other agricultural practice like thinning, reduce impacts of 
climate change like heat waves and frost on fruit quality, pruning, and harvest represent a wide range 
for PA system (Aggelopoulou et al., 2010).

Application of PA technology in horticultural sector aims to increase profitability, maximizing 
fruit production and reduce inputs particularly fertilizers and pesticides, improving fruit quality which 
increase farmers profitability(Tamirat& Pedersen, 2019), sustain different natural resources like water 
and soil, protect environment and reducing water pollutions (Kathner&Zude-Sasse, 2015).Under PA 
system, there is a control in using of different agrochemicals like nutrients, herbicides, and pesticides 
in fruit orchards, each tree receive determined amount of the agrochemicals which calculated automati-
cally by using sensors, computers and GPS tools, also, PA system avoiding spray spaces between trees 
or missing trees to reduce inputs, saving costs, and protect environment (Zude-Sasse, Fountas, Gemtos, 
& Abu-Khalaf, 2016).

Some Application of PA in Horticultural Sector:

1.  Estimate fruit yield by measuring tree canopy in citrus orchards (Colaco, Trevisan, Karp, &Molin, 
2015).

2.  In Plum orchards calculat ing frui t  quanti ty per  each tree before manual 
harvesting(Kathner&Zude-Sasse,2015).

3.  Determine the weight of yield per each block in watermelon fields (Sandri, Pereira, & Vargas, 
2014).

4.  Measuring stem diameter of trees (Fernandez-Pacheco, Molina-Martinez, Jimenez, Pagan, & Ruiz-
Canales, 2014).

5.  Exploratory fruit and vegetable optical properties(Cubeddu et al., 2001).

PA TECHNOLOGY AND DEVELOPING COUNTRIES

In developing countries like India, Serbia, Romania, Greece, Egypt, and Ethiopia per-capita, agricultural 
output is very low due to the majority of landowners have small areas less than one hectare approximately, 
old technology and cultivation practices, which represent a challenge for feeding the local community, 
so, the solution could be by exploring the opportunity and investment in the agricultural sector and 
livestock through using technology and transform into automation agriculture [Tagarakis et al., (2018); 
Gemtos et al., (2013); Getinet and Getachew (2019);& Abobatta (2020).

In developing countries, most PAtechnologies were beyond the reach of most farmers, also, there 
was a difficulty in using remote sensing to obtain proper data about soil and weather forecasting and 
other information (Ehsani, 2011, pp. 11-12), but, during the last two decades the adoption levels of PA 
technology increasing yearly in different developing countries, while, the adoption of new techniques 
should start with a basic, affordable, and effective mix of technologies and practices, like using portable 
soil analysis labs and widespread of mobile phones use facilitate collection data and supply adequate 
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information to the farmers at the proper time to increase the efficiency of various inputs and enhancing 
crop and livestock production, (Silva et al., 2007), The adoption levels of PA technology increasing yearly 
in different developing countries like India, Brazil, Argentina, Turkey, Kazakhstan Egypt (Abobatta, 
2020), South Africa, and Ethiopia, the variable-rate technology was the earliest technologies used then 
followed by the auto-guidance systems (Getinet&Getachew, 2019). therefore, the adoption of PA in 
developing countries considered a key solution to increase crop production to feed the population from 
the available lands and sustain various resources like soil, water, and energy (Das, Pathak, Meena, &Mal-
likarjun, 2018), also, PA could be an effective investment when choosing the right crops like in Brazil, 
whereas cultivation of soybean and maize was profitable under PA system, so, PA system considered 
a powerful tool when applied properly based on local farmers conditions (Borghi, Avanzi, Bortolon, 
Junior, &Bortolon, 2016).

There are various constraints in developing countries limiting the adoption of PA system include:

1.  Small size of the majority of farms.
2.  Low socio-economic condition of farmers.
3.  Wide gaps in Knowledge and technology.
4.  Large variation of cropping system
5.  Shortage of market performance.
6.  Scarcity of local technical expertise.
7.  Lack of data collection and information availability.

Magruder (2018) reported that, there are various factors affecting the cost of adoption of PA include:

a.  Costs of machines.
b.  Navigation technique.
c.  Costs of services.
d.  Farm size.

CHALLENGES FOR PRECISION AGRICULTURE

There are different factors affecting PAincludes Awareness, characteristics of the farms, personality and 
family structure of the farmer, features of the equipment, characteristics of the technology, legal affairs, 
social interaction, etc. (McBratney, Whelan, &Ancev, 2005).

One of the most important factors in favor of the adoption of the PA technologies is farm size, there-
fore, the countries with wide farms like the US, Australia, Canada, Brazil, and Argentina tend to adopt 
these technologies in bigger areas (Say, Keskin, Sehri, &Sekerli2017), while, in developing countries, 
there are various challenge for adoption of PA(Mondal&Basu, (2009), some of this challenges are:

1.  The majority of farms are small in size (less than 2 hectare).
2.  Difficulty of collecting adequate data to extract the required knowledge.
3.  The lack of a professional workforce.
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The lack of a workforce considered the main challenge for adoption to PA system in developing 
countries, experienced manpower that has technology literate, creative, innovative, fully trained in their 
discipline, able to utilize and interpret information gained from information-age technologies to make 
smart management decisions and has the ability to convert locally collected information into practical 
solutions, therefore, under developing countries conditions with small farm size, farmers must form 
large entities to be able to using PA partially by providing customized information and services that 
increase productivity and take advantage of the precision farming applicationslike profitability, protect 
the environment, sustainability, also, it is preferable to introduce PAto high-value crops to encourage 
farmers to use this technology (FAO, 2019).

From another side, different developing countries like India, China, Kenya, Egypt, Ethiopia, and 
Bangladesh, are starting from the last decade preparing to follow the experience of the developed world 
in PAand are starting to investigate the new technology (Katke, 2019, pp.863-869).

Some reason for slow adoption to AP in developing countries:

1.  The lack of experience of using these technologies by the majority of farms in developing countries 
(Say et al., 2017).

2.  High capital costs may discourage farmers to not adopt this method of farming (Kanter, Bell, 
&McDermid,2019).

3.  There are various PA techniques are still under developing and requires expert advice before actual 
implementation (Bagheri&Marzieh, 2014).

4.  PAneedsmany years to gathering the enough data to fully implement the system (Yirga and Hassan, 
2010).

5.  Adoption to PA system requires collecting and analyzing big data which represent the main chal-
lenges for adoption to PA, especially in developing countries (Wiseman&Sanderson, 2018).

6.  Shortage of high technology companies in developing countries (Getinet&Getachew, 2019).

The Potential Threats to Precision Agriculture

Due to PA connected online 24/7 and considered a mechanical intensive industry, so, there are various 
threats faces PA systems, while, until now there does not fully understand for potential threats to PA, or 
maybe not treated seriously (Window, 2019), some potential threats to PA include:

1.  Data theft and stealing resources which lead to reputation loss.
2.  Destruction of equipment.
3.  Obtaining information that harms competitors ’financial interests.

There are different vectors of threats through using USB thumb drives, spear-phishing, and other mali-
cious cyber-attacks which need more careful treating to avoid the threat and stopped any attack quickly 
(West, 2018), the threats for PA not only cyber-attacks, its include any vector that affects negatively 
on agricultural production like natural disasters which affect crop and livestock productivity, terrorist 
attacks, equipment breakdown, or insider threats, threats can attack any part of PA system, like attack a 
vulnerability part of machine and disrupt significant amounts of equipment, which has negative impact 
on reputation loss of producer machines company or software companies (“Public-Private Analytic 
Exchange Program” 2018).
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PA is unique, however, because it took a highly mechanical labor-intensive industry and connected 
it online, dramatically increasing the attack space available to threat actors. Due to this, otherwise com-
mon threats may have unique and far-reaching consequences on the agricultural industry (Jawad, Nordin, 
Gharghan, Jawad, & Ismail, 2019).

A consequence of this rapidly advancing digital revolution is the increased exposure to cyber and 
other vulnerabilities to the agricultural sector.

PA system allows employs a variety of embedded and connected technologies that rely on remote 
sensing, global positioning systems, and communication systems to generate big data, data analytics, and 
machine learning. These technologies allow for more precise application of agricultural and livestock 
management inputs such as fertilizer, seeds, and pesticides, resulting in lower costs and improved yields.

A consequence of this rapidly advancing digital revolution is the increased exposure to cyber and 
other vulnerabilities to the agricultural sector. PA system attacked by different threats (“Public-Private 
Analytic Exchange Program” 2018), some of the potential threat scenarios are explained below:

Potential Threats

1.  Threats to Confidentiality:
In the PA system, data privacy is a top concern issue, all information like crop varieties, yield data, 
land prices, and herd health need full protective all the time, because there are serious effects for 
misuse of this information or losing data(Jones et al., 2017).

2.  Threats to Integrity:
PA strongly moved to smart farming in both crop and livestock sectors, as a result, to introduce and 
build of huge sensors network. PA increasingly adopts robotics, machine learning, and automation 
equipment, also, it relies on information collection and utilization in proper time to take the right 
decision about crop and livestock farming (Devitt, 2018). Therefore, there are various threats to 
data integrity are manifesting attacked by nontraditional ways in the agriculture sector.

3.  Threats to Availability:
PA system is reliant on heavy use of equipment in all crop and livestock sectors, complex embedded 
tools, and a sophisticated suite of communication and guidance systems (Yost, Sudduth, Walthall, 
& Kitchen, 2019), consequently, threats to the machines and equipment availability are results for 
both cyber-related attacks and natural disasters.

4.  Crowding of the spectrum signal:
Due to crowding of the spectrum with different signals, loss of guidance signal considered risk 
faces farmers routinely which has negative impacts in PAsystem, also, access to the guidance sys-
tems could be suffered because some conflict or during various crises, which reduces the ability 
to fully using AP equipment.

5.  Failing of Smart livestock facility:
New house buildings or smart houses of livestock which connected through the satellite and inter-
net create new threats and open the PA system to attack by malicious threat, also, mankind errors 
increase the complexity of management and affect the health and productivity of animals (Banhazi 
et al., 2012).
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There is various security control tools used in securing PA technologies includes:

1.  Implement Email and Web Browser Protections
2.  Use a critical control for Network, Protocols, and minimize unsecured ports.
3.  Survey and control all devices for avoiding unauthorized ones.
4.  Control software assets and regular updating for authorized software.
5.  Determine authorized users to control the AP system.
6.  Install and separate a virtual local area network (VLAN) from business networks to increase the 

safety of operational machines.

The main threats to PA related to information and data security, therefore, farmers need to use some 
security keys (Figure 4) which employed in other industries to save the data from malicious threats 
(Suciu, Istrate, &Dițu, 2019), protect various machines, and their users like:

1.  Ability to recovery required data.
2.  Protection privacy information and data
3.  Guarantee ownership of data and information

Figure 4. Schematic of main data security keys
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CONCLUSION

PA is an advanced management system that aims to decrease inputs, optimizing productivity, increase 
farmer profitability, sustain natural resources, and protect the environment, by using information, tech-
nology like field mapping, variable rate control, yield monitoring. Under harsh climate change condi-
tions, adoption for PA could be a novel key to providing enough food production, there are different 
factors affect adoption to PA system include personality characters of farmers, farm size, features of the 
machines, characteristics of the technology, legal affairs, and social interaction. There is a wide range 
of technologies used in PA like soil mapping, yield monitoring mapping, and automatic guidance, these 
technologies are used to provide numerous advantages for farmers such as using the adequate quantity 
of seeds and agrochemicals at the accurate time and in the precise location in the field.

Adoption to PA system in developing countries could be a key solution to provide enough food for 
the local community and could be an effective investment when choosing the right crops, in the same 
time there are different factors slowly adoption to PA like shortage of data collection and information 
availability, the small scale of the majority of farms, also, it’s considered a family-owned business.

The main threats to PA associated with information and data security, therefore, using of security 
key is necessary to protect the data from malicious threats and provide the ability to recovery required 
data at the proper time.

ACKNOWLEDGMENT

This research received no specific grant from any funding agency in the public, commercial, or not-for-
profit sectors.

REFERENCES

Abdulwaheed, A. (2019). Benefits 0f Precision Agriculture in Nigeria. London Journal of Research in 
Science: Natural and Formal. 19(2). Compilation, 1(0), 19–34.

Abobatta, W. F. (2018). Nanotechnology Application in Agriculture. Acta Scientific Agriculture, 2(6), 
99–102.

Abobatta, W. F. (2020) Precision Agriculture Age. Open Acc J Agri Res.

Aggelopoulou, K. D., Wulfsohn, D., Fountas, S., Gemtos, T. A., Nanos, G. D., & Blackmore, S. (2010). 
Spatial variation in yield and quality in a small apple orchard. Precision Agriculture, 11(5), 538–556. 
doi:10.100711119-009-9146-9

Anjum, M., & Pradhan, S. N. (2018). Application of nanotechnology in precision farming: A review. 
International Journal of Chemical Studies, 6(5), 755–760.

Bagheri, N., & Bordbar, M. (2014). Solutions for fast development of precision agriculture in Iran. 
Agricultural Engineering International, 16(3), 119–123.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



40

Precision Agriculture
 

Balafoutis, A., Beck, B., Fountas, S., Vangeyte, J., van der Wal, T., Soto, I., ... Eory, V. (2017). Precision 
Agriculture Technologies Positively Contributing to GHG Emissions Mitigation, Farm Productivity and 
Economics. Sustainability, 9(8), 1339. doi:10.3390u9081339

Banhazi, T. M., Babinszky, L., Halas, V., & Tscharke, M. (2012). Precision Livestock Farming: Preci-
sion feeding technologies and sustainable animal production. International Journal of Agricultural and 
Biological Engineering, 5(4), 1–7.

Bhunia, G. S. (2019). Horticulture Development in India: Issues and Scenario of Space Technology. 
World J Agri& Soil Sci., 3(1), 1–5. doi:10.33552/WJASS.2019.03.000555

Bligaard, J. (2013). Identified user requirements for precision farming in Germany, Finland and Denmark. 
Project Report. Available online at https://www.landbrugsinfo.dk/Planteavl/Praecisionsjordbrug-og-GIS/
Filer/pl_13_1370_b1.pdf

Borghi, E., Avanzi, J. C., Bortolon, L., Junior, A. L., & Bortolon, E. S. O. (2016). Adoption and use of 
precision agriculture in Brazil: Perception of growers and service dealership. The Journal of Agricultural 
Science, 8(11), 89–104. doi:10.5539/jas.v8n11p89

Bramley, R. G. V., Ouzman, J., & Gobbett, D. L. (2019). Regional scale application of the precision 
agriculture thought process to promote improved fertilizer management in the Australian sugar industry. 
Precision Agriculture, 20(2), 362–378. doi:10.100711119-018-9571-8

Colaco, A. F., Trevisan, R. G., Karp, F. H. S., & Molin, J. P. (2015). Yield mapping methods for manu-
ally harvested crops. Precision Agriculture, 15, 225–232. doi:10.3920/978-90-8686- 814-8_27

Cubeddu, R., D’Andrea, C., Pifferi, A., Taroni, P., Torricelli, A., Valentini, G., Dover, C., Johnson, D., 
Ruiz-Altisent, M., & Valero, C. (2001). Nondestructive quantification of chemical and physical proper-
ties of fruits by time-resolved reflectance spectroscopy in the wavelength range 650–1000 nm. Applied 
Optics, 40(4), 538–543. doi:10.1364/AO.40.000538 PMID:18357029

Das, U., Pathak, P., Meena, M. K., & Mallikarjun, N. (2018). Precision Farming a Promising Technology 
in Horticulture: A Review. Int. J. Pure App. Biosci., 6(1), 1596–1606. doi:10.18782/2320-7051.3088

De Ollas, C., Morillon, R., Fotopoulos, V., Puertolas, J., Ollitrault, P., Gomez-Cadenas, A., & Arbona, 
V. (2019). Facing Climate Change: Biotechnology of Iconic Mediterranean Woody Crops. Front. Plant 
Sci, 10, 427. doi:10.3389/fpls.2019.00427 PMID:31057569

Devitt, K. S. (2018). Cognitive factors that affect the adoption of autonomous agriculture. Farm Policy 
Journal, 15(2), 49–60.

Dokin, B. D., Aletdinova, A. A., & Kravchenko, M. S. (2016). Prospects and features of robotics in rus-
sian crop farming. IOP Conf. Series: Journal of Physics: Conf. Series, 803(2017). https://iopscience.
iop.org/article/10.1088/1742-6596/803/1/012032/

Ehsani, R. (2011). Precision Agriculture for Small Growers. Resource Magazine, 18, 11–12.

Ess, D., & Morgan, M. (2003). The Precision-Farming Guide for Agriculturists. Deere & Company.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.landbrugsinfo.dk/Planteavl/Praecisionsjordbrug-og-GIS/Filer/pl_13_1370_b1.pdf
https://www.landbrugsinfo.dk/Planteavl/Praecisionsjordbrug-og-GIS/Filer/pl_13_1370_b1.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/803/1/012032/
https://iopscience.iop.org/article/10.1088/1742-6596/803/1/012032/


41

Precision Agriculture
 

Fernandez-Pacheco, D. G., Molina-Martinez, J. M., Jimenez, M., Pagan, F. J., & Ruiz-Canales, A. (2014). 
SCADA Platform for regulated deficit irrigation management of almond trees. Journal of Irrigation and 
Drainage Engineering, 140(5), 04014008. doi:10.1061/(ASCE)IR.1943-4774.0000718

Finger, R., Swinton, S. M., El Benni, N., & Walter, A. (2019). Precision Farming at the Nexus of Ag-
ricultural Production and the Environment. Annual Review of Resource Economics, 11(1), 313–335. 
doi:10.1146/annurev-resource-100518-093929

Food and Agriculture Organization. (2017). The future of food and agriculture – Trends and challenges. 
Available online at http://www.fao.org/3/a-i6583e.pdf

Food and Agriculture Organization. (2019). Digital technologies in agriculture and rural areas – Status 
report. Available online at http://www.fao.org/3/ca4985en/ca4985en.pdf

Foote, W. (2015). To Feed the World in 2050, We Need to View Small-Scale Farming as a Business. 
Skoll World Forum. Available online at https://www.forbes.com/sites/skollworldforum/2015/04/06/to-
feed-the-world-in-2050-we-need-to-view-small-scale-farming-as-a-business/

Fountas, S., Aggelopoulou, K., Bouloulis, C., Nanos, G. D., Wulfsohn, D., Gemtos, T. A., Paraskevopoulos, 
A., & Galanis, M. (2011). Site-specific management in an olive tree plantation. Precision Agriculture, 
12(2), 179–195. doi:10.100711119-010-9167-4

Fountas, S., Van der Wal, T., Eory, V., & Gómez-Barbero, M. (2019). The contribution of precision 
agriculture technologies to farm productivity and the mitigation of greenhouse gas emissions in the EU. 
Available online at: https://ec.europa.eu/jrc/en/publication/contribution-precision-agriculture-technol-
ogies-farm-productivity-and-mitigation-greenhouse-gas

Gemtos, T., Fountas, S., Tagarakis, A., & Liakos, V. (2013). Precision Agriculture Application in Fruit Crops: 
Experience in Handpicked Fruits. Procedia Technology, 8, 324–332. doi:10.1016/j.protcy.2013.11.043

Getinet, A., & Getachew, A. (2019). Precision Agriculture and the Need to Introduce in Ethiopia. Ethiop. 
J. Agric. Sci, 29(3), 139–158.

Gregory, P. J., & George, T. S. (2011). Feeding nine billion: The challenge to sustainable crop produc-
tion. Journal of Experimental Botany, 62(15), 5233–5239. doi:10.1093/jxb/err232 PMID:21841178

Grisso, R., Alley, M., & Groover, G. (2009). Precision Farming Tools: GPS Navigation. Virginia Co-
operative Extension. Publication No 442-501.

Hofstee, J. W., & Molema, G. J. (2002). Machine vision based yield mapping of potatoes. Paper number 
021200, 2002 ASAE Annual Meeting. Available online at www.asabe.org

Hornung, A., Khosla, R., Reich, R., Inman, D., & Westfall, D. G. (2006). Comparison of Site-Specific 
Management Zones: Soil-Color-Based and Yield-Based. Agronomy Journal, 98(2), 407–415. doi:10.2134/
agronj2005.0240

Jawad, H. M., Nordin, R., Gharghan, S. K., Jawad, A. M., & Ismail, M. (2017). Energy-Efficient Wireless 
Sensor Networks for Precision Agriculture: A Review. Sensors (Basel), 17(8), 1–45. doi:10.339017081781 
PMID:28771214

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://www.fao.org/3/a-i6583e.pdf
http://www.fao.org/3/ca4985en/ca4985en.pdf
https://www.forbes.com/sites/skollworldforum/2015/04/06/to-feed-the-world-in-2050-we-need-to-view-small-scale-farming-as-a-business/
https://www.forbes.com/sites/skollworldforum/2015/04/06/to-feed-the-world-in-2050-we-need-to-view-small-scale-farming-as-a-business/
https://ec.europa.eu/jrc/en/publication/contribution-precision-agriculture-technologies-farm-productivity-and-mitigation-greenhouse-gas
https://ec.europa.eu/jrc/en/publication/contribution-precision-agriculture-technologies-farm-productivity-and-mitigation-greenhouse-gas
http://www.asabe.org


42

Precision Agriculture
 

Jones, J. W., Antle, J. M., Basso, B., Boote, K. B., Conant, R. T., Ian Foster, I., ... Wheeler, T. R. (2017). 
Toward a new generation of agricultural system data, models, and knowledge products: State of agricultural 
systems science. Agricultural Systems, 155, 269–288. doi:10.1016/j.agsy.2016.09.021 PMID:28701818

Kanter, D. R., Bell, A. R., & McDermid, S. S. (2019). Precision Agriculture for Smallholder Nitrogen 
Management. One Earth, 1(3), 281–284. doi:10.1016/j.oneear.2019.10.015

Kathner, J., & Zude-Sasse, M. (2015). Interaction of 3D soil electrical conductivity and generative 
growth in Prunusdomestica. European Journal of Horticultural Science, 80(5), 231–239. doi:10.17660/
eJHS.2015/80.5.5

Katke, K. (2019). Precision Agriculture Adoption: Challenges of Indian Agriculture. International 
Journal of Research and Analytical Reviews, 6(1), 863–869.

Keskin, M., Sekerli, Y. E., Say, S. M., & Topcueri, M. (2017). Farmers’ satisfaction level with GNSS-
based tractor auto guidance systems in Adana province of Turkey. 13th Int Congress on Mechanization 
and Energy in Agriculture & Int. Workshop on Precision Agriculture. Available online at https://www.
researchgate.net/publication/320024304_Farmers’_Satisfaction_Level_with_GNSS-Based_Tractor_
Auto_Guidance_Systems_in_Adana_Province_of_Turkey_Adana_Ilinde_GNSS_Esasli_Traktor_Oto-
matik_Dumenleme_Sistemi_Kullanan_Ciftcilerin_Memnuniyet_Duzeyi

Krishnan, M., Foster, Ch. A., Strosser, R. P., Glancey, J. L., & Sun, J.-Q. (2006). Adaptive modeling 
and control of a manure spreader for precision agriculture. Computers and Electronics in Agriculture, 
52(1–2), 1–10. doi:10.1016/j.compag.2005.11.005

Kumari, S., Singh, T. P., & Prasad, S. (2019). Climate Smart Agriculture and Climate Change. In-
ternational Journal of Current Microbiology and Applied Sciences, 8(3), 1112–1137. doi:10.20546/
ijcmas.2019.803.134

Kutter, T., Tiemann, S., Siebert, R., & Fountas, S. (2011). The role of communication and cooperation 
in the adoption of precision farming. Precision Agriculture, 12(1), 2–17. doi:10.100711119-009-9150-0

Lakhiar, I. A., Jianmin, G., Syed, T. N., Chandio, F. A., Buttar, N. A., & Qureshi, W. A. (2018). Monitor-
ing and Control Systems in Agriculture Using Intelligent Sensor Techniques: A Review of the Aeroponic 
System. Journal of Sensors Volume 2018. Article ID, 8672769, 18. doi:10.1155/2018/8672769

Leonard, E. (2014). Precision Ag Down Under. Available online at https://www.precisionag.com/in-
field-technologies/guidance/precision-ag-down-under/

Li, Z., Taylor, J., Frewer, L., Zhao, C., Yang, G., Liu, Z., &Yu, C. (2019). A comparative review on the 
state and advancement of site-specific crop management in the UK and China. Front. Agric. Sci. Eng., 
1–21. doi:10.15302/J-FASE-2018240

Liao, M. (2017). XairCraft Launched in Japan Targeting Global Precision Farming. Available online 
at https://globenewswire.com

MacDonald, J. M., & McBride, W. D. (2009). The Transformation of U.S. Livestock Agriculture: Scale, 
Efficiency, and Risks. Economic Information Bulletin, 43. Available online at https://www.ers.usda.gov/
webdocs/publications/44292/10992_eib43.pdf?v=0

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.researchgate.net/publication/320024304_Farmers&apos;_Satisfaction_Level_with_GNSS-Based_Tractor_Auto_Guidance_Systems_in_Adana_Province_of_Turkey_Adana_Ilinde_GNSS_Esasli_Traktor_Otomatik_Dumenleme_Sistemi_Kullanan_Ciftcilerin_Memnuniyet_Duzeyi
https://www.researchgate.net/publication/320024304_Farmers&apos;_Satisfaction_Level_with_GNSS-Based_Tractor_Auto_Guidance_Systems_in_Adana_Province_of_Turkey_Adana_Ilinde_GNSS_Esasli_Traktor_Otomatik_Dumenleme_Sistemi_Kullanan_Ciftcilerin_Memnuniyet_Duzeyi
https://www.researchgate.net/publication/320024304_Farmers&apos;_Satisfaction_Level_with_GNSS-Based_Tractor_Auto_Guidance_Systems_in_Adana_Province_of_Turkey_Adana_Ilinde_GNSS_Esasli_Traktor_Otomatik_Dumenleme_Sistemi_Kullanan_Ciftcilerin_Memnuniyet_Duzeyi
https://www.researchgate.net/publication/320024304_Farmers&apos;_Satisfaction_Level_with_GNSS-Based_Tractor_Auto_Guidance_Systems_in_Adana_Province_of_Turkey_Adana_Ilinde_GNSS_Esasli_Traktor_Otomatik_Dumenleme_Sistemi_Kullanan_Ciftcilerin_Memnuniyet_Duzeyi
https://www.precisionag.com/in-field-technologies/guidance/precision-ag-down-under/
https://www.precisionag.com/in-field-technologies/guidance/precision-ag-down-under/
https://globenewswire.com
https://www.ers.usda.gov/webdocs/publications/44292/10992_eib43.pdf?v=0
https://www.ers.usda.gov/webdocs/publications/44292/10992_eib43.pdf?v=0


43

Precision Agriculture
 

Magruder, J. R. (2018) An Assessment of Experimental Evidence on Agricultural Technology 
Adoption in Developing Countries. Annu. Rev. Resour. Econ., 10, 299–316. doi:10.1146/annurev-
resource100517-023202

Marino, S., & Alvino, A. (2014). Proximal sensing and vegetation indices for site-specific evaluation 
on an irrigated crop tomato. European Journal of Remote Sensing, 47(1), 271–283. doi:10.5721/Eu-
JRS20144717

McBratney, A., Whelan, B., Ancev, T., & Bouma, J. (2005). Future Directions of Precision Agriculture. 
Precision Agriculture, 6(1), 7–23. doi:10.100711119-005-0681-8

McBride, W. D., & Daberkow, S. D. (2003). Information and the Adoption of Precision Farming Tech-
nologies. Journal of Agribusiness, 21(1), 21–38.

Shang, Y., KamrulHasan, M., Ahammed, G. J., Li, M., Yin, H., & Zhou, J. (2019). Applications of 
Nanotechnology in Plant Growth and Crop Protection: A Review. Molecules (Basel, Switzerland), 24, 
2558. doi:10.3390/molecules24142558

Mondal, P., & Basu, M. (2009). Adoption of precision agriculture technologies in India and in some 
developing countries: Scope, present status and strategies. Progress in Natural Science, 19(6), 659–666. 
doi:10.1016/j.pnsc.2008.07.020

Montzka, S. A., Dlugokencky, E. J., & Butler, J. H. (2011). Non-CARBON DIOXIDE greenhouse gases 
and climate change. Nature, 476(7358), 43–50. doi:10.1038/nature10322 PMID:21814274

Navulur, S., Sastry, A. S. C. S., & Giri Prasad, M. N. (2017). Agricultural Management through Wire-
less Sensors and Internet of Things. Iranian Journal of Electrical and Computer Engineering, 7(6), 
3492–3499. from. doi:10.11591/ijece.v7i6.pp3492-3499

Patil, V. C., Nadagouda, B. T., & Al-Gaadi, K. A. (2012). Spatial Variability and Precision Nutrient 
Management in Sugarcane. Photonirvachak (Dehra Dun), 41(1), 183–189. doi:10.100712524-011-0181-4

Paustian, M., & Theuvsen, L. (2017). Adoption of precision agriculture technologies by German crop 
farmers. Precision Agriculture, 18(5), 701–716. doi:10.100711119-016-9482-5

Pierpaoli, E., Carlia, G., Pignattia, E., & Canavaria, M. (2013). Drivers of Precision Agriculture Technolo-
gies Adoption: A Literature Review. Procedia Technology, 8, 61–69. doi:10.1016/j.protcy.2013.11.010

Pooja, S., Uday, D. V., Nagesh, U. B., & Talekar, S. G. (2017). Application of MQTT protocol for real 
time weather monitoring and precision farming. 2017 International Conference on Electrical, Elec-
tronics, Communication, Computer, and Optimization Techniques (ICEECCOT), 1-6. 10.1109/ICEEC-
COT.2017.8284616

Public-Private Analytic Exchange Program. (2018). Threats to Precision Agriculture (2018). Available 
online at https://www.dhs.gov/sites/default/files/publications/2018%20AEP_Threats_to_Precision_Ag-
riculture.pdf

Rains, C. R., & Thomas, D. L. (2009). Precision farming: An introduction. The University of Georgia 
Bulletin, 1186, 12.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.dhs.gov/sites/default/files/publications/2018%20AEP_Threats_to_Precision_Agriculture.pdf
https://www.dhs.gov/sites/default/files/publications/2018%20AEP_Threats_to_Precision_Agriculture.pdf


44

Precision Agriculture
 

Reichardt, M., & Jürgens, C. (2009). Adoption and future perspective of precision farming in Germany: 
Results of several surveys among different agricultural target groups. Precision Agriculture, 10(1), 73–94. 
doi:10.100711119-008-9101-1

Sandri, D., Pereira, J. A., & Vargas, R. B. (2014). Production costs and profitability of watermelon 
under different water depths and irrigation systems. Irriga. Botucatu, 19(3), 414–429. doi:10.15809/
irriga.2014v19n3p414

Say, S. M., Keskin, M., Sehri, M., & Sekerli, Y. E. (2017) Adoption of precision agriculture technolo-
gies in developed and developing countries. International Science and Technology Conference, Berlin, 
Germany. Available online at http://tojsat.net/journals/tojsat/articles/v08i01/v08i01-02.pdf

Schmitz, A., & Moss, C. B. (2015). Mechanized Agriculture: Machine Adoption, Farm Size, and Labor 
Displacement. AgBioForum, 18(3), 278–296.

Shafi, U., Mumtaz, R., García-Nieto, J., Hassan, S. A., Zaidi, S. A. R., & Iqbal, N. (2019). Precision 
Agriculture Techniques and Practices: From Considerations to Applications. Sensors (Basel), 19(17), 
3796. doi:10.339019173796 PMID:31480709

Silva, C. B., do Vale, S. M. L. R., Pinto, F. A., Müller, C. A., & Moura, A. D. (2007). The economic 
feasibility of precision agriculture in MatoGrossodoSul State, Brazil: A case study. Precision Agriculture, 
8(6), 255–265. doi:10.100711119-007-9040-2

Steeneveld, W., Tauer, L. W., Hogeveen, H., & Oude Lansink, A. G. J. M. (2012). Comparing technical 
efficiency of farms with an automatic milking system and a conventional milking system. Journal of 
Dairy Science, 95(12), 7391–7398. doi:10.3168/jds.2012-5482 PMID:23021754

Suciu, G., Istrate, C., & Dițu, M. (2019). Secure smart agriculture monitoring technique through isola-
tion. Available online at https://ieeexplore.ieee.org/document/8766433/authors#authors

Sulecki, J. (2018). Association seeks definitive definition of “precision agriculture”—What’s your vote? 
https://www.precisionag.com/events/association-seeks-definitive-definition-of-precision-agriculture-
whats-your-vote

Tagarakis, A. C., van Evert, F., Kempenaar, C., Ljubicic, N., Milic, D., Crnojevic-Bengin, V., & Crno-
jevic, V. (2018). Opportunities for precision agriculture in Serbia. Proceedings of the 14th International 
Conference on Precision Agriculture. Available online at https://ispag.org/proceedings/?action=down
load&item=5042

Takacs-Gyorgy, K. (2009). Importance of precision farming in improving the environment. Žemes 
Ukio Mokslai, 16(3–4), 217–223. Available online at http://mokslozurnalai.lmaleidykla.lt/publ/1392-
0200/2009/3-4/217-223.pdf

Tamirat, T. W., & Pedersen, S. M. (2019). Precision irrigation and harvest management in orchards: an 
economic assessment. Journal of Central European Agriculture, 20(3),1009-1022. DOI: /. doi:10.5513/
JCEA01/20.3.2160

Tey, Y. S., & Brindal, M. (2012). Factors influencing the adoption of precision agricultural technologies: 
A review for policy implications. Precision Agriculture, 13(6), 713–730. doi:10.100711119-012-9273-6

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://tojsat.net/journals/tojsat/articles/v08i01/v08i01-02.pdf
https://ieeexplore.ieee.org/document/8766433/authors#authors
https://www.precisionag.com/events/
https://ispag.org/proceedings/?action=download&item=5042
https://ispag.org/proceedings/?action=download&item=5042
http://mokslozurnalai.lmaleidykla.lt/publ/1392-0200/2009/3-4/217-223.pdf
http://mokslozurnalai.lmaleidykla.lt/publ/1392-0200/2009/3-4/217-223.pdf


45

Precision Agriculture
 

Thessler, S., Kooistra, L., Teye, F., Huitu, H., & Bregt, A. K. (2011). Geosensors to Support Crop Production: 
Current Applications and User Requirements. Sensors (Basel), 11(7), 6656–6684. doi:10.3390110706656 
PMID:22163978

Toscano, P., Castrignano, A., Di Gennaro, S. F., Vonella, A. V., Ventrella, D., & Matese, A. (2019). A 
Precision Agriculture Approach for Durum Wheat Yield Assessment Using Remote Sensing Data and 
Yield Mapping. Agronomy (Basel), 9(8), 437. doi:10.3390/agronomy9080437

West, J. (2018). A Prediction Model Framework for Cyber-Attacks to Precision Agriculture Technolo-
gies. Journal of Agricultural & Food Information, 1-24. DOI: doi:10.1080/10496505.2017.1417859

Whelan, B. M., McBratney, A. B., & Stein, A. (2003). On-farm field experiments for precision agriculture. 
Precision Agriculture, Proceedings of the 4th European Conference on Precision Agriculture, 731–737.

Whitney, J. D., Ling, Q., Miller, W. M., & Wheaton, T. A. (2001). A DGPS yield monitoring system for 
Florida citrus. Applied Engineering in Agriculture, 17(2), 115–119. doi:10.13031/2013.5451

Window, M. (2019). Security in Precision Agriculture Vulnerabilities and risks of agricultural systems 
(M Sc. Thesis). Lulea University of Technology Department of Computer Science, Electrical and Space 
Engineering. Available online at http://ltu.diva-portal.org/smash/get/diva2:1322203/FULLTEXT02.pdf

Wiseman, L., Sanderson, J., & Robb, L. (2018). Rethinking Ag data ownership. Farm Policy Journal, 
15(1), 71–77.

Yadav, V. K., Yadav, M. R., Kumar, R., Yadav, B., & Verma, A. K. (2017). Potentials and Prospects of 
Precision Farming in Indian Agriculture. Marumegh, 2(2), 47-53. Available online at www.marumegh.com

Yirga, C., & Hassan, R. M. (2010). Social costs and incentives for optimal control of soil nutrient 
depletion in the central highlands of Ethiopia. Agricultural Systems, 103(3), 153–160. doi:10.1016/j.
agsy.2009.12.002

Yost, M. A., Sudduth, K. A., Walthall, C. L., & Kitchen, N. R. (2019, December 22). Public–private 
collaboration toward research, education and innovation opportunities in precision agriculture. Precision 
Agriculture, 20(1), 4–18. doi:10.100711119-018-9583-4

Yousefi, M. R., & Razdari, A. M. (2014). Application of GIS and GPS in Precision Agriculture (A Re-
view). International Journal of Advanced Biological and Biomedical Research, 2(4), 473–476.

Zaman, Q. U., Schumann, A. W., & Miller, W. M. (2005). Variable rate nitrogen application in Florida 
citrus based on ultrasonically-sensed tree size. Applied Engineering in Agriculture, 21(3), 331–335. 
doi:10.13031/2013.18448

Zude-Sasse, M., Fountas, S., Gemtos, T. A., & Abu-Khalaf, N. (2016). Applications of precision agri-
culture in horticultural crops. European Journal of Horticultural Science, 81(2), 78–90. doi:10.17660/
eJHS.2016/81.2.2

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://ltu.diva-portal.org/smash/get/diva2:1322203/FULLTEXT02.pdf
http://www.marumegh.com


Section 2

This section talks about the usage of the engineering technologies, such as electronics, sensing, infor-
mation, and communication, in PA systems to collect field data; convey it; record, process, and analyze 
the collected data; extract decisions; and take automatic or manual actions.

Enabling Technologies
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ABSTRACT

The internet of things (IoT) is characterized by devices that communicate without human interference, 
sending and receiving data online, to which they have shaped the way of connecting household appli-
ances, machines, and equipment, cars, among other things, also arriving at the field through character-
ized by the communication between devices, sensors, drones, and machines. They have great potential to 
improve production processes, making agriculture increasingly digital, creating solutions, connectivity, 
and training for specialist labor. As well as irrigation systems and other intelligent machines with the 
ability to talk to each other enabling management in the use of energy, resources, and inputs making the 
production process more efficient. Precision agriculture encompasses a series of components and factors 
from which the best procedures can be chosen that are appropriate in a given agricultural operation that 
effectively meets your needs, also related to the application of inputs at the right time and in the right 
place, following the growth and productivity over the entire length of a plantation by controlling pests, 
among other technologies, providing a reduction in production costs and spending on inputs, reducing 
the pollution of nature by the pesticides used, making it possible to reduce operating costs, increasing 
precision in obtaining results in the same way as less variability in production. Therefore, this chapter 
aims to provide an updated overview and review of the use of the internet of things in the precision agri-
culture system showing and approaching its success relation, with a concise bibliographic background, 
categorizing and synthesizing the potential of both technologies.
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INTRODUCTION

The Internet of Things (IoT) has the ability to transform the world we live in; enabling better management 
of electricity use, creating more efficient industries, connected cars, and smarter cities are all components 
of the IoT equation, controlling vehicle traffic in large cities, creating the concept of smart cities, which 
inspired by smart farms, where management and production processes are integrated into them, where 
it is seen that their application of technology such as the IoT in agriculture can have the greatest impact, 
with sensors installed on agricultural machines, it is possible to obtain a soil information series, which 
can guide the actions of acidity correction, irrigation, and planting (Gilchrist, 2016).

Advances in precision agriculture, with sensors installed on equipment and networked, indicate that 
future agriculture should be increasingly supported by scientific knowledge, since the global population 
has grown over the years, where to feed in this population, the agricultural industry must embrace the 
IoT. Since technology can help in extreme weather conditions and increasing climate change, lessening 
the environmental impact resulting from intensive farming practices, generating a demand for more ac-
curate food (Ahmad & Mahdi, 2018).

Intelligent agriculture, based on IoT technologies, will enable producers and farmers to reduce waste 
and increase productivity, from the amount of fertilizer used to the number of trips the farm vehicles 
produced. It can be considered as something that makes agricultural practice more controlled and precise 
when it comes to livestock and crop cultivation, wherein this approach to farm management, a key com-
ponent is the use of IT and various items such as sensors, farming systems. control, robotics, autonomous 
vehicles, automated hardware, variable rate technology, and so on (Siddique, 2019).

The manufacturer’s adoption of high-speed Internet access, reliable, low-cost mobile devices, and 
satellites used for imaging and positioning are key technologies that characterize the trend toward preci-
sion farming. Coupled with smart Internet-based agriculture of things, a system is built to monitor the 
field of cultivation with the help of sensors, capturing signals such as light, air humidity, temperature, 
soil moisture, among others, and can thus automate the system. Irrigation Giving farmers the ability to 
monitor field conditions from anywhere. IoT-based smart agriculture is highly efficient compared to the 
conventional approach (Jeschke, 2017).

IoT-based smart farming applications are not only intended for large conventional agricultural opera-
tions, but may also be new levers to lift other common or growing agricultural trends such as organic 
farming, family farming, ranging from complex or small spaces, private livestock, and livestock/or 
crops, even preserving particular or high-quality varieties, and improving highly transparent agriculture 
(Prathibha, 2017).

Making agriculture increasingly digital is a goal that depends on many factors ranging from creating 
solutions, connectivity to empowering the workforce. Since applications for more assertive decision-
making by the farmer involve collecting thousands of data by sensors and robots or automated machines, 
high information and image processing, and analysis.

In terms of environmental issues, IoT-based smart agriculture can offer major benefits, including more 
efficient water use or optimization of inputs and treatments. Where drones are being used in agriculture 
to improve various agricultural practices as long as it has land and aerial applications are being used, 
assessing crop health, irrigation, crop monitoring, crop spraying, planting and soil, and field analysis. 
With key benefits from using drones from crop health imagery, integrated GIS mapping, ease of use, 
the potential to increase yields, and save time (Prathibha, 2017; Suma, 2017).
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With strategy and planning based on real-time data collection and processing, drone technology will 
deliver a high-tech transformation for the agricultural industry. Where large farm owners can use wireless 
IoT applications to collect data on the location, welfare, and health of their livestock, this information 
enables them to identify animals that are sick and separate them from the herd, thereby preventing the 
spread of the disease. Similarly, reducing labor costs as ranchers can locate their livestock with the help 
of IoT-based sensors (Wolfert 2017).

Greenhouse agriculture is another technological methodology that helps to increase the yield of 
vegetables, fruits, crops as long as they control environmental parameters through a proportional control 
mechanism. Sincemanual intervention is a less effective method, which results in lost production, energy 
loss, and labor cost. So, a smart greenhouse can be designed with the help of the IoT; monitoring and 
controlling the climate of the environment, eliminating the need for manual intervention (Hanan 2017).

The IoTcan be applied to any tool or function, enabling the collection of data that will be sent to a 
communication center via wireless sensors, located on the ground or on tractors, which together with 
data analysis software will allow a more accurate field mapping; sensors that can measure the water level 
in the soil and collect data indicating moisture or water balance, leading to the need for irrigation; sen-
sors that analyze soil properties, enabling intelligent seed planting and optimized application of inputs 
and pesticides; through plant images captured by cameras, drones, and satellites that can assist in pest 
detection, capture crop information and map the productivity of each part of the land; or even equipment 
embedded in agricultural machinery that indicates the need for maintenance; or equipment installed in 
silos that may indicate storage conditions; reaching even sensors with more technological content, be-
ing intracorporeal in animals, assisting in the monitoring of animal health and welfare (Tzounis 2017).

Thus, these tools contribute together with the IoTon the farm enabling the collection of data (informa-
tion) through equipment (drones, cameras, sensors, satellite), sending this data, through a communication 
system, so that it be stored and processed, being analyzed, allowing the consequent emission of a diag-
nosis, generating monitoring or some information from the analysis made.Today there is a huge variety 
of computational and mechanized solutions, such as pesticide application and more rational irrigation, 
planting and harvesting according to local weather conditions, however, one of the main challenges for 
institutions and professionals working in the sector is to interpret this amount. data to extract relevant 
information and integrate it into solutions that ensure the quality of agricultural production (Kamilaris, 
2016).

Yet another horizon remains that still some large landowners and small farmers need to understand the 
potential of the IoT market for agriculture by installing smart technologies to increase competitiveness 
and sustainability in their productions. Affecting a demand for an exponentially growing population that 
can be successfully met if farmers and small farmers successfully implement IoT agricultural solutions 
(Mekala& Viswanathan 2017).

Finally, agriculture has gone through several revolutions, but the difference is that this digital trans-
formation is able to converge several areas, such as instrumentation, genomic editing tools, techniques 
of genetic improvement, and bioinformatics., soil and plant integrating technologies that overcome the 
challenges of the growing demand for food without land expansion and in a context of natural resource 
constraints. So, the IoT being applied to capture drone data, satellite imagery, sensors, and automated 
machinery uses all of this information, improving from planting to storage and logistics throughout the 
entire production chain (Imran,2018).
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Therefore, this chapter aims to provide an updated overview and review of the use of the IoT in Pre-
cision Agriculture system, precision farming, site-specific crop management, or precision agronomy, 
showing and approaching its success relation, with a concise bibliographic background, categorizing 
and synthesizing the potential of both technologies.

METHODOLOGY

This study was based on the research of scientific articles and books that address the theme of the 
present work, exploring mainly a historical review and applicability of techniques related to the IoT 
technology applied to Precision Agriculture. These papers were analyzed based on the publication 
date of fewer than 5 years, with emphasis onpublications and indexing in renowned databases, such as 
IEEE and Scholar Google

PRECISION AGRICULTURE CONCEPTS

The conventional model of agriculture is one where the planting fields are understood as homogeneous, 
and often large regions can have similar characteristics, such as soil characteristics, they can vary drasti-
cally from one small area to another, considering that each small portion of land needs a specific amount 
of irrigation, fertilizers, and pesticides. In this sense, treating the regions homogeneously using average 
inputs and with the same formulation for the whole area, ignoring such differences, is what occurs in 
the traditional model, since some regions receive excessive amounts of these inputs, resulting in waste, 
and other regions which receive few inputs, with insufficiency. In practice, a crop does not have uniform 
productivity, as none of its areas is able to maximize production, either due to excess or lack of inputs 
(Plumecocq 2018).

In this sense, with the rapid transformations that modern agriculture has undergone in the last decades, 
it has become a highly competitive activity, demanding from agribusiness and rural producers a high 
degree of specialization in order to increase the managerial capacity of rural companies, since technology 
in the field is increasingly inserted in the farmer’s life, and it is necessary to understand the main changes 
and innovations that result in greater production, with better quality and more profits (Plumecocq 2018).

Precision agriculture is a system of administration of field information using technology, which allows 
more effective control of agricultural production, since field information is collected and analyzed by 
sensors, enabling automatic decision making and application aiming at a higher quality and productivity 
of production, that is, it allows the control of information for better management of rural production. 
Associated with this administrative capacity is the producer’s ability to collect data and information 
related to his productive area, intending to adapt his reality with the new technologies, being essential 
for the modern rural producer to be efficient in the application of the available resources ensuring suc-
cess in its activity, relying on obtaining information on the factors that interact in the crop, seeking to 
positively maximize its effects (Shannon 2018).

Precision agriculture can be characterized as the use of technology and information to take more 
precise actions in the field activities, it is a production system adopted by farmers in advanced technol-
ogy countries, which perform information management from advances in referencing and positioning 
technology, such as GPS (Global Positioning System) and remote sensing technologies. In this context, 
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it is important to invest in new technologies with low computational consumption and low level of ab-
straction, which facilitate data transmission, without any system crashes (Shannon 2018; França 2020; 
França 2018).

An agricultural management system based on the spatial and temporal variability of the productive 
unit allows a more rational exploration of the production systems, leading to increased profitability and 
sustainability, to the optimization of the use of inputs, and the minimization of environmental impacts. 
Precision agriculture has the idea of   collecting data on what occurs in the crop in a given time, studying 
these data, and acting in an appropriate and controlled way so that it is more productive and sustainable 
(Kladivko&Timmenga, 2019).

Traditional agriculture focuses on large areas and sees them as homogeneous, leading to the concept 
of the average need for the application of inputs such as water, fertilizers, pesticides, among others, 
making the same amount and formulation of an input to be used for the whole area, meeting only the 
average needs and not considering the specific needs of each part of the field, resulting in a crop with 
non-uniform productivity (Scoones, 2017).

On the other hand, precision agriculture provides for the reversal of this type of scenario, allowing 
the application of agricultural inputs in the correct places and the required quantities, with a philosophy 
of agricultural management that starts from exact, precise information and with exact decisions, manag-
ing a productive field. from the meter to meter, because each piece has different properties, focusing on 
the main concept of the application of inputs at the right time, the right place, the quantities of inputs 
needed for agricultural production, for increasingly smaller and more homogeneous areas, as much as 
the technology and costs involved, and through the technology of sensors to detect information about 
what is happening in the soil, still considering the possibility of using artificial intelligence, where 
this information is processed generating decision making. This consolidation of technologies as tools 
available to the producer allows visualization of the spatial and temporal variability of edaphoclimatic 
factors, that is, through environmental factors such as climate, relief, lithology, temperature, air humid-
ity, radiation, the type of soil, wind, atmospheric composition, and rainfall, of each agricultural area, 
considering the peculiarities of each part of the area at the time of management, instead of handling it 
as if it was uniform (Mikula,2019).

With the precision agriculture production model, it relies on the use of technologies, machines, 
and farmer control to monitor the information on the planted area, treating each small area as unique, 
recognizing the differences of each region, bringing benefits and advantages such as each location have 
its productivity maximized, concerning the inputs they are not wasted, there is less damage to the soil 
and the environment, generating an increase in productivity in a more sustainable way than traditional 
methods. Since production and productivity estimates have always been considered essential and ex-
tremely important, guiding agriculture such as seed treatment, crop choice, the number of fertilizers 
applied, the option for agrochemicals; all these decisions being directed to the goal of the highest pos-
sible productivity (Duhan, 2017).

In precision agriculture, the organization of the collected information is carried out by integrating 
the data with the agricultural GPS to the autonomous sprayer, for example, preventing the machine from 
passing twice in the same place, thus the proper management of an agricultural property uses technol-
ogy in favor of the producer, obtaining data and mapping the area in the smallest details characterizing 
the productivity maps, which consider the production with the total quantity produced and the whole 
productivity, taking into account the quantity produced in a unit, either per plant, per plot, per hectare 
or bushel (Mitchell, 2018).
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Since it is important to be aware of some characteristics of the plant that affect productive capacity, 
evaluating its productivity as the genotype, considering grain weight, the number of grains per pod, 
number of pods per plant; the number of plants per meter; climatic condition; soil fertility; relief; the 
incidence of pests and diseases; variables that when considered concerning the areas of a property gen-
erate productivity maps indicating factors to be improved with management. The idea of   precision agri-
culture is the knowledge of the type of soil and production characteristics pertinent to this soil, without 
considering the meteorological factors, which cause a different product for each part of the field and, 
from that, to improve the inputs of inputs within portions small in the field, as needed and that they are 
more economical for production (Molnar &Kinnucan, 2019).

Still considering that it is essential to have good agricultural software, feeding it with the appropriate 
information, is a tool that helps in decision making and allows the detailed management of the factors 
that influence the productive potential of the crop, which are software aimed at improving the crops. 
results of the rural producer, assisting in the production control and agricultural management, making 
the producer have the information of his property enabling him to make more assertive decisions. In this 
context, the application of systems related to deep learning and big data is indicated. The performance 
and viability of agribusiness currently depend on a set of factors, ranging from good management of 
operations to the use of adequate inputs, since this type of system helps to control production, identify-
ing possible problems and extracting the best from machines and harvest (Minango 2019; Lohr, 2012).

The management of large areas with a focus on generating better results requires a lot of attention 
from the producer, a broad and detailed vision is needed that accurately defines the right moment to ap-
ply pesticides to crops, planting or irrigating, provided that by using software that assists the process of 
obtaining, analyzing and storing information, managing the activities carried out in the field, controlling 
and managing the inputs of the property, linked to the importance of management in agriculture with 
the idea of   making the information all in the same place and very clear for the producer, controlling the 
entire process of the property, the farmer generating possibilities of the forecast until the productivity of 
a plot, that is, the minimum unit of cultivation of a property that is built based on relief and mechaniza-
tion planning, making the planning of every harvest can be done (Reed, 2011; Moncada, 2017; Salic 
&Zelic; Salic &Zelic, 2018).

The agricultural management software facilitates the day-to-day tasks of agribusiness management, 
optimizing the efficiency of the processes, in addition to providing advantages such as increasing the 
productivity of the plots, reducing production costs, the greater financial security of the harvest and 
higher quality agricultural production. They are considered part of precision agriculture, since, with 
these resources, it is possible to understand everything that is happening on a property, assisting from 
agricultural management to production control, making the producer have “information about his prop-
erty in hand “managing to make decisions more assertively and easily (Reed, 2011; Moncada, 2017; 
Salic &Zelic; Salic &Zelic, 2018).

PRODUCTIVITY MAPS

The use of mapping and sensor technologies to collect information about the soil and to be sure of 
what each plot needs, applying only what is necessary for each land space, in this sense the utility of 
productivity maps is the reason for so much variation in productivity from one area to another within a 
property, concerning the choice of the type of culture and the same cultural treatments in all plots, since 
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an ecosystem is influenced by all biotic and abiotic factors in the same region (Piper, 2017; Huuskonen& 
Oksanen, 2018; Brevik, 2016).

In this context, the small details are crucial in the way a plant responds to the stimuli submitted, 
even taking into account that the simple characterization of the environment in which a plant is located 
already allows projecting variations in productivity, such as areas close to forests since these regions 
have higher moisture levels, favoring the appearance of fungal diseases and, consequently, a drop in 
productivity, with a higher incidence of pests and diseases due to the simple fact that the forests are 
the natural habitat of many insects annual crop pests; Valley bottoms, which have a greater thermal 
amplitude than in flat locations and tend to have lower night temperatures, especially in regions at risk 
of frost, since it is necessary to evaluate the risks of implanting cultivars that are not resistant to cold; 
Tractor maneuver location with the edges of plots and close to roads show planting failures and difficulty 
in controlling pests and diseases due to the imprecision of machinery in carrying out activities where 
access is difficult, making it difficult for pesticides to adhere to the leaves., such as excess dust. This is 
resolved with the aid of technology, such as spray drones; Regions of rugged relief where this type of 
slope hinders the operation of machinery requiring conservationist practices such as level planting and 
the adoption of terraces that mitigate the loss of nutrients in the topsoil, which in contrast compared to 
flat regions, the loss will be greater, negatively influencing the development of the crop (Piper, 2017; 
Huuskonen& Oksanen, 2018; Brevik, 2016).

In this sense, the productivity maps are obtained, basically, with the information of the grain weight 
and its moisture content in a certain area, through the installation of sensors in the harvester detecting 
the grain mass flow and its moisture content in a given area and time unit, and a type of spatial variation 
can be made every n square meters per collection, or n points per hectare (McEntee, 2020; Huuskonen& 
Oksanen, 2018).

Through precision farming software, the data obtained are interpreted by interpolating the points and 
determining colors for each productivity range pre-defined in the software, together with the constant 
calibration of the devices, which is essential to obtain reliable maps, since that the change of field, related 
to the difference in cultivation and the planting time are factors that affect the precision of the process, 
requiring the calibration of the devices, just as the sensors must show the tonnage of grains in values   
close to those obtained in the balance (Ristorto,2017; Vidoni, 2017).

Precision agriculture transcends the idea of   only technological machines, this term means a lot about 
the control of data by the producer, allowing for better decision making that is smarter and more efficient, 
increasing productivity in each field, eliminating the need for empirical experience. rural producers to 
know how different portions of land can have different productivity rates, since this is related to factors 
such as climate variation; variation in soil temperature; variation in humidity; variation in soil fertility, 
since from this type of scenario it is possible to treat the different regions that have diversified charac-
teristics with customized approaches to each of them (Hakkim, 2016).

In this way, when mapping the characteristics of the soil of a field with an understanding of climate, 
humidity, temperature, and other information, it is possible to treat each piece of land in the best way, 
making the most of its crops,taking advantage of technology making it possible to collect information 
from the crop every n periods of time employing satellite images, analyzing this information, acquiring 
the necessary knowledge for the ideal combination of fertilizers and their application rates for plantations, 
from planting to the development of cultivars, since the productivity maps are a way of showing the 
results of all the handling carried out on the property, and from a precision farming system, it optimizes 
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all agricultural practices with preservation of the environment and substantial savings to the producer 
(Huuskonen& Oksanen, 2018; Brevik, 2016; Khana, 2017).

Through the productivity maps, it is possible to dismember the property, allowing to identify specific 
points of low or high production as well as the reasons that can contribute to the occurrence of these 
results, rugged relief with a higher rate of nutritional loss, as possible nutritional deficiencies, errors in 
the application of agrochemicals, the occurrence of nematodes and other pests or diseases. Likewise, it 
is necessary to use and supply the database correctly, requiring constant calibration of the equipment and 
the choice of productivity intervals with criteria so that there is no overestimation or underestimation 
of the data obtained, as well as the constant study of the variables, is essential (Brevik, 2016; Khana, 
2017;Maes,2019).

In the same way that treating plots as if they have the same characteristics affects the amount produced 
in the field, a large amount of inputs is wasted, considering pesticides and seeds some of the inputs that 
can be thrown in the trash unnecessarily, so when there is knowledge about exactly the amount of inputs 
a plot needs, greater precision in its application can be obtained generating economies of scale for the 
rural property, so precision agriculture helps the producer by providing complete fertilizer schedules 
according to factors such as plant growth stages, through field data, crop characteristics and productivity 
goals (Ahmad & Mahdi, 2018; Siddique, 2019).

TYPES OF THE PRECISION MAPS

Through the Mapping of the variability of the land, through maps of variability or condition, the 
analysis of each part of the land/crop is carried out where all the management stages are mechanized, 
so that the management can be individualized for each part of the land. terrain, allowing to know the 
variability of soil and crop conditions in each region. Considering that through the varied rate of ap-
plication of inputs, the distributor automatically changes the dosage of inputs; with equipped machines, 
during their travel, there is the possibility of recognizing the need for inputs at each point of the field. 
As well as concerning the varied application rate of seeds and fertilizers, they generate savings for the 
producer, since in the areas with less productive potential, reflecting that these application rates are 
reduced. And considering that in the areas with the highest productivity, more dense sowing is carried 
out with a higher dose of fertilizers(Borges et al., 2020; Sciortino et al., 2020).

Maps of soil fertility observe crop productivity, as areas of low fertility can determine low crop 
productivity, even though fertility is not the only factor influencing productivity. Through sampling and 
chemical analysis of the soil, it is possible to generate specific maps that demonstrate indications of its 
fertility making maps with the indexes of macronutrients such as calcium, magnesium, sulfur, phos-
phorus, potassium. Reflecting on the Micronutrient Mapsregarding copper, zinc, manganese, boron, 
molybdenum, iron, related to soil pH; a sum or base saturation; among other aspects(Chen et al., 2020; 
Nganga et al., 2020; Paris et al., 2020).

Maps of the physical characteristics of the soil are instruments to assist in decision making regard-
ing a certain management system, such as the irrigation system concerning the texture of the soil and 
its water retention are factors that greatly determine the need for irrigation. Presenting specific aspects 
of the soil, such as compaction, texture, water holding capacity(Paul et al., 2020; Rasaei et al., 2020).

Topography/Elevation Map contains information used to analyze soil conservation practices, such 
as level planting. This type of map represents the slope of each cultivated area, that is, the slope of the 

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



55

An Overview of Internet of Things Technology Applied on Precision Agriculture Concept
 

land surface. It also indicates the productive potential of each area according to the slope of the soil, 
with the face of the field exposure to the sun, among other factors(Peng et al., 2020; Bian et al., 2020).

Variability Map or remote sensing is related to the distribution of correctives and fertilizers at a 
variable rate, considering the application rate determined based on this type of map that will be applied 
according to the need of each area of   the field(Chattopadhyay et al., 2020; Shekhar, 2020).

Sowing Recommendation Map refers to the variable sowing rate, since the seeders have automatic 
control of each planting line, it is possible to control the areas with the greatest productive potential 
receiving a higher sowing density. The Recommendation Map must be associated with the Harvest 
Map(da Cunha et al., 2020; Hartono et al., 2020).

Obtaining Nutrient Maps and creating the Recommendation Map is only possible after collecting 
georeferenced soil samples and generating Fertility Maps, with the aid of Productivity Maps. Relating 
the knowledge of where greater amounts of nutrients are extracted, it is possible to replace these nutrients 
in a localized manner(Luo et al., 2020; Hamlin et al., 2020).

With the Recommendation Map and the information generated in real-time by the sensors, it is pos-
sible to correlate the varied rate of application of pesticides, according to the application in the necessary 
dose and the correct place, avoiding overlaps or absence of an application, in addition to an alignment 
between passes(Luo et al., 2020; Hartono et al., 2020).

Productivity Map is made during the harvesting operation, employing productivity sensors installed 
in the harvesters, since the harvester is equipped with GPS sensors and receivers, elaborating this map 
simultaneously with the harvest, on top of the grain elevator. for deposit. With countless data that are 
extremely useful for management recommendations for the next crop, they are usually presented from 
an analysis of several crops; however, they can also be generated from a single crop, as a representative 
productivity data layer(González-González et al., 2020; Soltani et al., 2020).

Productivity Maps or Harvest Maps are vital for understanding the variability of our fields, as 
they have a large amount of data.

Spatial Production Trends Map is one that shows zones based on the percentage concerning the 
average normalized productivity. Also assessing that the Production Stability Map uses the Coefficient 
of Variation (CV) to identify stable and unstable land production zones(Liu et al., 2020; Chiang et al., 
2020; Sheibani et al., 2020; Labuza et al., 2020; Fry et al., 2020).

Regarding the productivity zone, the Units Map combines information from the Spatial Production 
Trends map and the Production Stability map to identify possible management zones(Al-Hamdani et 
al., 2020; Bian et al., 2020).

Profitability Maps are obtained through tabulated production costs, helping to manage the most 
profitable parts of the crop(Massey et al., 2020; Sulkava et al., 2020).

Thus, the collected data and productivity mapping show the important evaluations of the productive 
areas, reflecting on the technological potential through the use of sensors and data processing. Impact-
ing on the decisions made on maps of precision agriculture, which come from these analyzes, bringing 
reliable information and not simply “numbers”.

SENSING TECHNOLOGIES AND DRONES

Another impacting factor on precision agriculture is concerning the forecast that in the coming decades 
the population of the planet will continue to increase dramatically, and agriculture is one of the most 
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important business areas that help to solve the issue of food security and the problem of food. world 
hunger; with this focus, the generation of greater productivity in the same land space, in addition to 
reducing the use of agricultural inputs, is one of the greatest contributions to sustainable agriculture, 
since the use of precision agriculture technologies contributes to making the business more productive 
and sustainable (Ahmad & Mahdi, 2018; Shalloo,2018).

With the help of the technologies already mentioned, rural producers are able to access information 
in real-time or with a skillful periodicity to make faster decisions, not having to wait for the end of the 
harvest to be able to make adjustments or apply inputs in order to correct some aspects of plant develop-
ment, since time is related to the continuous improvement of work with increases in the effectiveness of 
fertilizer application and even identify pests or disease outbreaks in less time for a solution more quickly, 
in the same way as identifying and alerting the farmer about nutrient imbalance, salinity risks, fertilizer 
incompatibility, water quality problems and current and future use of fertilizer, with the aim of ways to 
obtain greater productivity in each harvest and mission that knowledge brings possibilities for farming 
no longer considered as an opportunity, but an obligation (Shakhatreh, 2019).

The first step towards precision farming in practice is to understand what is currently going on in 
the soil, performing analysis of field fractions in the laboratory collecting information about what each 
land space needs, in the same way as the use of unmanned drones also gets information about the crop. 
Since the use of this technology allows the use of strategies to solve the problems of unevenness in crops, 
making it possible to make available a large amount of crop-specific data, which can subsidize decision-
making and reduce business uncertainty, and can also be used in precision livestock, fruit growing, and 
precision irrigation (Wolf, 2017).

One of the most famous applications of drones in agriculture is for spraying, capable of mapping the 
topography of the soil, using a laser and ultrasound system, mapping the property, applying pesticides 
with greater precision, economy and agility, being faster in comparison application with conventional 
machinery. In general, these drones for aerial mapping are equipped with the NDVI system (Normal-
ized Difference Vegetation Index), a technology that uses the reflected light of each plant to generate a 
mapping of the planting and the location of weeds, being able to count plants and identify flaws in the 
planting lines; performing management of pesticides; identifying the occurrence of pests, diseases and 
nutritional deficiency in the plantation; and generating variable rate application maps for the application 
of inputs and fertilizers with precision (Shamshiri, 2018).

In the same way that drones for irrigation are able to identify with great precision, and with just 
one flyover, the areas of the crop with greater water demand, relieving through hyperspectral, multi-
spectral or thermal sensors, are more used and common in regime regions. irregular rainfall, since in 
these regions its use is feasible, since, in addition to the costs with the implementation and maintenance 
of sprinklers and central pivots, the correct calculation of the amount of water to be used is usually a 
difficulty for producers, where the application of this type of technology for irrigation becomes very 
efficient (Bhandari, 2017).

In the case of Brazil, georeferencing is an instrument required by INCRA (National Institute of 
Colonization and Agrarian Reform), and its terms vary according to the size of the property, and the 
use of drones is one of the options of georeferencing, making its use for this purpose, the certification 
can come out faster and speed up the legalization of the property (Machado, 2017).

Although the use of drones in agriculture, autonomous equipment, and the IoT continue to revolutionize 
the agribusiness sector, and not only for spraying, aerial mapping or irrigation, drones with the simple 
presence of a good resolution camera allow to check deforested areas; fire outbreaks; the presence of 
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river springs and watery eyes; exploration of areas of difficult access; searching for lost animals; check-
ing areas for opening roads; surveillance; as well as the utility of comparative images in experimental 
areas (demo-plots) (Saha, 2018).

The use of telemetry systems allows the agricultural producer to control the quality and quantity of 
the inputs applied, so when installing on sprayers, farmers control the application of fertilizers and pes-
ticides at a distance according to the needs of each area, making management of this entire system in the 
field, the use of agricultural software is necessary, helping in the organization of production information 
and more assertive decision making by the producer. In the same way that fertilizers, tractors, harvest-
ers, and remote-controlled sprayers already exist in the market, considered a practical part of precision 
agriculture, where this autonomous equipment applies fertilizers and pesticides according to the needs 
of each area (Playán, 2018).

Still considering the UAVs (Unmanned Aerial Vehicles) that can identify pests and diseases, in ad-
dition to finding nutritional deficiencies in specific parts of the crop, since from this information, it is 
possible to control the distribution of inputs, still taking into account spraying, through property maps, 
it is possible to spray assertively plots depending on your need.With the use of precision agriculture, 
crops are better explored, since it is one of the pillars of growth with the tendencies of agribusiness, it 
is the combination of the ancient practice of vegetable cultivation with technology, generating a more 
controlled and efficient production, based on an integrated system capturing information from the soil, 
analyzing what is happening in the region and managing the inputs for application in the correct place 
and in the appropriate quantity, accumulating advantages of this system, allowing a better knowledge 
of the production field and allowing the making decisions based on the flexibility of the distribution of 
inputs in the places and in the most necessary time, minimizing production costs; sustaining a high pro-
ductivity contributing to the preservation of the environment, by the less use of pesticides, also reducing 
the risk of agricultural activity; creating a uniformity in productivity achieved by correcting the factors 
that contribute to its variability, obtaining an overall increase in productivity (Mogili, 2018; Wolf, 2017).

Precision agriculture can also be understood as a process that involves the precise spatial knowledge 
of the agricultural activity, whose foundation is often based on the use of data obtained with the aid of 
satellites, also being considered a philosophy of farm management in which producers are able to identify 
variability within a field, and then manage that variability to increase productivity, that is, it encompasses 
the idea of   commitment to land use, about future generations, enabling sustainable management implying 
more than just maintaining productivity indexes (Vidoni, 2017).

THE USE OF IOT TECHNOLOGY IN CONTEXT OF AGRICULTURE

IoT is what the use of technology to improve society, the quality of life of people in cities and the coun-
tryside, technically is the connection of devices, such as sensors and actuators, in a network such as 
anInternet, which these devices will be controlled by a software system, which analyzes the data received 
and relates them to other sources of information, with business knowledge, to make automatic and/or 
manual decisions, to increase efficiency and decreasing the costs of a business process. In this way, IoT 
is used to refer to the interconnection of devices and everyday objects capable of exchanging data with 
each other via the Internet, expressing the connection capacity, encompassing technologies capable of 
connecting all types of digital devices to databases, networks, and the Internet, so that it has the capacity 
to “talk” to each other or can be accessed remotely (Tzounis, 2017).

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



58

An Overview of Internet of Things Technology Applied on Precision Agriculture Concept
 

However, given by data it is not interesting and technology by technology does not solve a problem, 
in this sense, it is necessary to correlate the information, wherein an agricultural scenario concerning 
irrigation systems that can be scheduled, if the producer receives information that on the day rain will 
follow, thus enabling the deactivation of irrigation; which likewise some data require the analysis of the 
agronomist or the agricultural engineer, since the level of elaboration of the information depends on the 
problem and size of the property. Thus, using intelligent sensors and appropriate software, the objects 
connect and become part of the large agricultural communication network (Kamilaris, 2016).

The IoT is one of the technologies that make precision agriculture more viable, applying the concept 
of remote sensing, it is possible to monitor all the necessary variables and to operate, precisely, in each 
part of a crop, still considering the meteorological information with meters of irradiation of ultraviolet 
rays and environmental conditions, it is possible to list input management, seed management, know-
ing which and how many pieces of machinery are available for possible changes, amount of pesticide, 
facilitating the decision when it is better to carry out the planting (Mekala, 2017).

With IoT, it is possible to improve efficiency by contributing to increased production and reduced 
costs, in addition to benefiting those living in the countryside and the countryside. These technologies 
do not bring the same communication infrastructure that people are used to, such as a broadband net-
work in their homes or offices, however, they deliver what the connected “things” need, enabling the 
implementation of IoT in these areas (Elijah, 2018).

IoT is already present on farms and signals a promising future, in agriculture, IoT devices perform 
analysis of information collected by these IoT sensors, informing farmers what they need to know about 
soil, humidity, water levels, and other metrics, in real-time.However, the IoT finds barriers to be faced, 
especially in the field concerning connectivity, since there are remote points, which often make connec-
tions impossible (Muangprathub,2019).

The drone consists of a camera that captures the image, an application processor, a graphics processor, 
sensors, GPS, and connectivity, so 86=what the camera captures can be presented on a mobile device 
such as a tablet or the farmer’s smartphone, and so on. it is possible to monitor, in real-time, everything 
that occurs in their lands. In the same way that from on-board systems developed for drones, their mission 
is to collect, process, analyze and transmit information on crops, in real-time, for both farmers and envi-
ronmental agents.Thus, intelligence data is used to accurately detect crop deficiencies, pest occurrence, 
water scarcity, nutrient deficit, and environmental damage, allowing farmers to take precise measures 
avoiding overuse of crop protection products, over-fertilization, as well as enabling the irrigation of dry 
fields, in order to reduce the environmental impact and increase productivity (Krishna, 2018).

Regions of the property where water is indispensable, being as essential as understanding the best 
time to supply it and the most appropriate volume, sensors strategically positioned on the ground inform 
the command center, activating an irrigation system, for example, in a determined area of   the property, 
considering that only that area has demand for irrigation, optimizing work, energy, and resources. Like-
wise, upon reaching satisfactory humidity levels, the sensors inform the irrigation system that it can now 
be turned off (Zhou, J., & Zhang, 2019).

The use of drones in agricultural properties brought a multitude of practical solutions, considering 
their integration via the Internet with sensors, GPS and other equipment, facilitated the obtaining of 
information and the taking of actions by a management system as well as by the producer, making a 
diagnosis the health of a crop, for example, has become a less laborious operation, without the need to 
travel kilometers within plots and blocks, since the drone does this with precision, and great time sav-
ings (Krishna, 2018).
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Also, provided with GPS and sensors for image generation, drones connected to appropriate systems 
allow the analysis of plant height; definition of the stand related to the number of plants; the identification 
of health conditions; analysis of weed competition; identification of formation of attacked plants concern-
ing diseases and pests and measurement of nutrient content in the plant.The digitization of agriculture 
is a worldwide trend providing systems capable of assisting the farmer at various times when he has to 
decide on the field, with technological tools that provide information in real-time, which is essential for 
the result of the harvest, where through resources such as satellite images, high-tech sensors, mobile or 
GPS applications, variable application algorithms, this decision making becomes clearer, smarter and 
simpler (Voronin, 2019).

Greenhouses are protected environments whose conditions of light, humidity, and temperature need 
to be controlled, whether for intensive agriculture or for the production of seedlings, which generally 
this control tends to be manual and mechanical, making use of own coverings, sprinkling, and other 
management measures. And with the implementation of the IoT, sensors for each of the environmental 
conditions “talk” with the respective systems, thus, a ventilation system can be activated and the light 
intensity can be regulated. Likewise, while the irrigation system starts the water supply, the opening of 
screens clears and airs the environment, both of which are integrated actions transmitted via the Internet 
to management software, which records and analyzes the various interventions carried out (Hanan,2017).

Anticipating the damage that a pest infestation can cause in the crop is a great operational and eco-
nomic advantage, in that sense the control of insects to the crops can be carried out with the installation 
of traps using attractive pheromones, from which sensors identify the presence at a certain level of 
infestation and warn the agricultural management system, which maps the occurrence points. Based on 
this, it is possible to plan localized control actions without the need to work the entire cultivated area, 
increasing the economy of inputs, time, and labor, as well as a significant reduction in the amount of 
dispersed product, reducing the environmental impact. IoT sensors provide real-time information about 
the health of plantations and show the existence of pests, in the same way, that other devices can collect 
data on patterns of behavior of these pests (Hanan,2017; Gilchrist, 2016).

IoT assists in animal monitoring, pest management, reducing water use, and other use cases, with 
numerous possibilities in which technology gives producers a 360-degree view, identifying insights and 
being able to adapt operations to obtain results favorably.However, IoT devices have different network 
needs than smartphones, computers, or tablets. IoT devices often only need to send small data packets 
at regular intervals, yet considering the typical requirement for IoT environments is the need to connect 
to areas far from traditional infrastructure and an available power source (Harris, 2019).

FIELD DEVICE CONNECTIVITY

To solve this problem, one of the most reliable and cost-effective paths is the LoRa network (Long Range 
Network), which uses radiofrequency (unlicensed spectrum) to transmit data in a very optimized way 
over distances of even more 15 kilometers between the connected points, which in urban environments, 
this range drops to about 4 kilometers, still considering that the battery of the LoRa device is quite long-
lasting; concerning technology, it has the ability to enter a type of deep sleep when it is not transmitting 
messages (Augustin, 2016; Lavric, 2017).

In terms of security, there are two levels, one for the network, the native security of the LoRa network 
ensuring authentication of the node on the network, and the other for the application, with the security 
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level of the application, the network still has, AES standard encryption (Advanced Encryption Standard), 
is a cryptographic primitive designed to compose symmetric encryption and decryption systems, ie the 
same key for encrypting and decrypting, based on a block cipher, operates in blocks of a fixed size of 
128 bits or 16 bytes (Lavric, 2017).

With the LoRa infrastructure, 5 to 10 times fewer base stations are used than in a 3G / 4G network, 
facilitating the monitoring and control of the environments, highlighting that this standard has a low 
cost of application. A barrier to the spread of Precision Agriculture is the fact that a large part of rural 
properties is not covered by mobile cellular signal and Internet networks, lacking the necessary infra-
structure to connect the IoT devices scattered throughout the field. LoRa tags can be placed both on 
vehicles and on animals that spread across the vastness of the rural property, and through the adoption 
of LoRa networks, the field can become a connected space, with visibility and control fully aligned with 
the best practices of Precision Agriculture (Wixted, 2019; Davcev, 2018).

The data points, being those where part of the processing takes place, for analysis tend to be consid-
ered distant from the location of the operation, and the fact that the LoRa is a Low Power Wide Area 
(LPWAN) network, that is, a standard directed to the connection of millions of “things”, with better 
coverage networks, lower connection costs, and lower battery consumption, facilitates the implementa-
tion of IoT in the field. Since the quality of service is good because the messages generated by the IoT 
devices spread across the rural company are not huge amounts of data, something that requires immense 
bandwidth (Wixted, 2019).

In this way, with LoRa tags it is possible to track a herd that moves along a vast field, ensuring the 
delivery of data of the most varied types indicating whether an animal is sick, lost, bogged down, or 
dead. Accelerometer sensors are able to distinguish up to nine different diseases of a given animal, the 
temperature measured by the IoT device and transmitted by the LoRa tag can indicate a dead animal that, 
if not detected, could spread diseases to others, in the same sense as the temperature of a live animal, 
however static, from the point of view of GPS, can be stuck or injured (Kamilaris, 2016; Wixted, 2019; 
Davcev, 2018).

The LoRa network is effective in monitoring heavy vehicles such as harvesters, trucks, tractors, among 
others, since they already have intelligence and sensors, which helps to equate with the connectivity 
between these vehicles and the processing platforms in the cloud, making it possible to receive sensor 
signals with information in the form of text and, from there, send this data to the platforms that digest 
them in an engine and return them in dashboards.Thus, IoT makes the equipment connect and perform 
key functions in the field, being responsible for the technological revolution that the rural environment 
is experiencing and, increasingly, will automate and connect the plantation, from sowing to harvest, 
with the implementation of integrated systems based on sensors, satellites, data collection, and analy-
sis, making it possible to apply Big Data in this context, combined with the use of drones. In the rural 
environment, IoT can lead to higher agricultural yields, less food waste along the supply chain, and less 
input consumption per hectare (Davcev, 2018).

DISCUSSION

Precision agriculture relies on technology that reduces and/or eliminates the use of pesticides applied 
to properties, breeds several breeds of insects, such as bees, flies, spiders, among other types of natural 
predators that eat harmful insects, helping farmers to export their products to developed countries that 
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have more restrictions on the grain trade; just as robotic milking systems are making milking cows more 
efficient, which clean, milk and perform the necessary procedures after milking the cow, working without 
the need for humans, also related to the reduced cost of the process, as well as increasing the volume 
of milk production. With the addition of technology in agriculture, systems based on sustainability in 
agriculture already exist, allowing the rural producer to place robotic water pipes in the soil, making it 
possible to determine the ideal temperature for a given field, enabling cases in which if the soil is very 
hot, the sensors can cool the water and vice versa, increasing crop yields (Shalloo,2018; Hostiou, 2017).

Precision Agriculture has numerous advantages over the conventional management system, since in the 
conventional modality fertilizers and inputs are applied equally throughout the area, based on an average 
sampling for the plots or even for the entire farm, which in On the other hand, in Precision Agriculture, 
several pieces of information help in decision making, allowing the application of this quantity only as 
necessary in each piece of property. Considering that the area is not uniform, along with the tools of 
technology, such as insect infestation maps for spraying; soil maps for fertilizer application; irrigation 
maps; variable rate seeding; automation of machines and processes, in the same way as the creation of 
differentiated management units.

With the concept of non-uniformity of ownership, there are several advantages such as savings in 
inputs and resources; financial savings; a detailed view of the property; greater control of the property 
through the improvement of agricultural activities; since the inputs are applied according to what each 
part of the crop needs, based on soil sampling, harvest maps, geolocation of information, through the 
use of satellites, drones, machines and other tools that are adapted from other areas for use in agriculture 
as a variable rate seeder; automatic pilot; distributors of fertilizers, corrective and pesticides at variable 
rates; harvest monitors; drones for collecting images and sensors.

Through these tools it is understood the variations of the property, making application of inputs where 
they are really necessary, avoiding unnecessary expenses and less environmental pollution, considering 
that the productivity maps are good tools for the discovery of the variability present in the plots of the 
property, basically pointing files collected and according to the speed of travel of the machine, the width 
of the platform and the time of data acquisition.

Regarding the harvesting machinery, as the grains are thrown against it, the values   are recorded, and 
with this system, there is a humidity sensor in order to estimate the productivity in the form of dry grains, 
provided that all this information they are stored and georeferenced, enabling the subsequent processing 
and preparation of harvest maps for these cultures.

Many factors can explain places with high or low productivity, ranging from physical factors such 
as soil texture, to chemical attributes, such as lack of fertilizers or inadequate handling of inputs ap-
plied in the area, so the gross productivity maps must pass by prior filtering, which is related in terms 
of environmental issues, IoT-based agriculture can offer great benefits, including more efficient use of 
water or optimization of inputs and treatments.

In the same sense that drones are good tools for investigating the causes and effects of crop man-
agement, mapping and collecting information, and this information, in general, is related to vegetation 
health; planialtimetric surveys; pest attack; creation of MDT (Digital Terrain Model) which is a numeri-
cal model detailing only the terrain, and MDS (Digital Surface Model) that details all objects above 
the ground, under the influence of vegetation and buildings; contour lines; as well as georeferencing 
properties, among others.

Through the use of wireless IoT applications to collect data about the location, owners of large 
properties visualize the welfare and health of their cattle or other specific animal production, where 
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this information helps to identify animals that are sick, for that can be separated from the herd, thus 
preventing the spread of the disease, reducing labor costs, still considering the help of sensors based on 
IoT facilitating the location of animals.

Among the challenges of adopting IoT in precision agriculture is the discovery of IoT solutions that 
overcome the problems of connectivity and network coverage in the field, considering that this is the 
main challenge of technology. Since the costs involved in making optimal connectivity, at distant points, 
are high and, in general, make it impossible to return on investments, which may limit the application 
technology scenario with the use of IoT.

Even so, there are some disadvantages and difficulties when practicing Precision Agriculture, which 
are related to the lack of qualified people for processing and analyzing information; lack of technical 
knowledge to transform information into useful knowledge for producers, as well as lack of dissemina-
tion of knowledge about the technologies employed.

Thus, the agricultural applications of the IoT enable the collection of significant data, which through 
the installation of intelligent technologies that increase competitiveness and sustainability in agricultural 
production, makes the demand can be successfully met by both large farmers and small farmers. in a 
prosperous way. Since precision agriculture is not only related to the use of sophisticated machines and 
technologies, this principle goes further, constituting a system of actions that lead to the more efficient 
management of the production factors associated with the diverse conditions of an agricultural area.

TRENDS

Machines that communicate without human interference, exchanging data over the network, are already 
a reality in the field, and in the future agricultural equipment will have more and more sensors connected 
to the Internet, together with artificial intelligence applied to agriculture, which can improve production 
processes and support the taking decision-making by the farmer, bringing more income and reducing 
costs. Still considering the advance in the area of   precision agriculture, with sensors installed in the 
equipment and connected in a network, indicating that the agriculture of the future should be increas-
ingly supported by scientific knowledge.

Precision agriculture is considered the basis of intelligent agriculture, bringing cutting edge tech-
nology and innovation to the field, enabling the management of the entire production system in more 
detail, from the identification of the most productive points in the soil to the increase in the capacity of 
forecasting climatic conditions, including the production of strategic data on the application of inputs, 
pesticides, and fertilizers.

Among the advantages is the ability to promote the mapping of land and crops, favoring the planning 
of agricultural production, increasing productivity, as well as reducing costs and impacts on the envi-
ronment, which in intelligent agriculture based on IoT, a system is built to monitor the cultivation field 
with the help of sensors acquiring signals such as air humidity, temperature, light, soil moisture, among 
others, automating the irrigation system. Related to environmental issues, smart IoT-based agriculture 
offers the most efficient use of water and the optimization of inputs.

In this way, the adoption of management practices that take into account the diversity of edaphocli-
matic conditions of an agricultural area, leading the cultures to the possibility of greater expression of 
the genetic potential in the entire cultivated area, and not only in a part of the crop, where conditions 
are more favorable. The applications of intelligent IoT-based agriculture are not only intended for large 
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conventional agricultural operations, but can also be new levers to raise other common or growing trends 
in agriculture such as organic farming, family farming, considering small or complex spaces, private 
animal production, and cultures, preserving the particular variety.

Fog Computing is an extension of Cloud Computing since it was conceived with a focus on devices 
that are on the edge of the network, optimizing and improving data management and processing, allow-
ing connections closer to the user and IoT devices. Considered a disruptive and decentralized tendency, 
technology has allowed greater agility and flexibility in several activities, allowing a greater approximation 
and connectivity with any IoT device, referring to the data processing carried out on the rural property, 
in equipment that aggregates the collected data. on the sensors. Still considering its potential for greater 
automation of agricultural processes, capable of integrating different technologies, such as IoT, with 
Big Data analysis and cloud computing, resulting in an implementation of applications in the intelligent 
management of rural properties, increasing their productivity and decreasing costs production costs.

CONCLUSION

The IoT can radically change the world that people live in, abstracting from advanced industries, con-
nected vehicles and smarter cities are all components of the IoT equation, however, applying technology 
like IoT to the agricultural industry has had a positive impact, regarding that the global population is 
expected to reach close to 10 billion by the year 2050, which sums up to feed this amount of population, 
the agricultural industry must adopt technologies such as IoT, facing challenges such as the increase in 
climate change as well as extreme weather conditions in certain regions, and the environmental impact 
resulting from intensive agricultural practices, correlating the demand for more food has to be met.

Precision agriculture is one of the most famous applications of IoT in the agricultural sector and can 
be considered as something that makes agricultural practice more controlled and accurate when it comes 
to livestock and crop cultivation, about the farm management approach, a key component is the use of 
information technology (IT) and various items such as control systems, robotics, sensors, autonomous 
vehicles, automated hardware, variable rate technology, among others, together with the adoption of 
high-speed Internet access, reliable and low-cost mobile devices and satellites for image acquisition and 
positioning, featuring the key technologies that are the trend in precision agriculture.

Precision Agriculture is a concept of differentiated management of crops, considering that crops are 
not uniform, that is, they consider that each piece of a property is different whether in relief, temperature, 
soil, plants, among other factors already explicit. It is a management system that seeks to optimize and 
make better use of each portion of the area, meaning working with the system’s sustainability in mind.

In IoT-based agriculture, a system is built to monitor the crop field with the help of sensors that 
capture signals such as light, humidity, temperature, soil moisture, and automates the irrigation system, 
allowing farmers to monitor the conditions of the field from anywhere, being highly efficient when com-
pared to the conventional approach, that is, the role of Precision Agriculture is to assist producers in the 
acquisition and interpretation of the data collected in order to optimize the handling done on the farm.
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ABSTRACT

As the world population increases, food demands continue with it. This puts the challenge to feed the 
world in a continuously rising priority position, which requires to be timely and properly addressed. 
Precision agriculture (PA), a concept that has been around for decades with the potential to address this 
challenge by maximizing agricultural efficiency and effectiveness, hasn’t yet seen worldwide adoption 
due to missing enabling technologies. Soil sensing technologies able to monitor soil fertility/quality can 
close the loop in maintaining optimum soil conditions for maximizing crop yield and quality through the 
implementation of agricultural automated decision-making systems (ADMS). This chapter provides an 
overview of the existing soil sensing technologies towards the implementation of ADMS and highlights 
the major challenges in the development of such systems. The chapter continues to give an insight on how 
different technologies could be combined to form sophisticated systems for agricultural applications.

INTRODUCTION

Current and future generations face an ever-increasing challenge concerning food supply. “As the popula-
tion increases, there is an escalating demand for food, especially fruits and vegetables” (M. Sophocleous 
& Georgiou, 2017). The world population is projected by the Food and Agriculture Organization (FAO) 
of the United Nations to reach more than 9 billion people by 2050(FAO, 2009). At the same time, it is 
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agreed by analysts that inter-country and inter-regional inequalities within the developing world would 
become more pronounced (Zarco-Tejada, Hubbard, & Loudjani, 2014). Furthermore, the projected 
global economic growth (2.9% annually) would lead to a major reduction of absolute economic poverty 
in developing countries; however, this will be far from solving the problem of economic deprivation and 
malnutrition of large parts of the global population (FAO, 2009). These trends suggest that the market 
demand for food will continue to grow(Alexandratos & Bruinsma, 2012). The rise of biofuels has the 
potential to alter some of these trends and cause an eruptive upsurgeon food demand that will mainly 
depend on energy prices and governmental policies(Stafford, 2000). Nowadays, that rural labor force is 
decreasing and the rise of a huge upcoming bioenergy market is on the horizon, farmers are given the 
burden to produce more food and fiber to feed the continuously increasing population. Furthermore, 
agriculture is now required to adapt to new, more efficient, sustainable and environment friendly pro-
duction methods. The projections show that with a world population exceeding 9 billion people in 2050, 
overall food production must rise by approximately 70% comparing to 2005/07 production (FAO, 2009). 
Especially in developing countries, the production would need to double implying major increases in 
key commodities production. FAO expects that 90% of the global growth in crop production would 
come from higher yields and increased cropping intensity. Only 10% increase will be achieved by land 
expansion. Additionally, irrigable land would expand by 11% and harvested irrigated land by 17% with 
the increase happening entirely in developing countries.Fresh water resources follow a similar trend to 
the land availability(FAO, 2009; Zarco-Tejada et al., 2014). Overall, the total amount of water resources 
is sufficient but it is distributed in certain regions. There is an increasing number of countries reaching 
alarming levels of water scarcity whilst other countries have enough water to provide for more people 
than the country’s population. However, there are still plenty of opportunities to increase water use ef-
ficiency. The potential to improve crop yields, even with the existing technologies is still significant but 
socio-economic reasons do not encourage the farmers to invest significant amount of money to bridge 
the gaps.Unfortunately, the same projections show that production increases alone would not be enough 
to ensure food for everyone(Bongiovanni & Lowenberg-Deboer, 2004). Governments need to ensure 
food access even to their most vulnerable groups. These projections emphasize the importance of estab-
lishing effectivepoverty reduction strategies, safety netsand rural development programs. The problem 
is further accentuated by healthier diet trends and an increase in veganism. A significant increase in 
demand of agricultural products puts an even heavier burden on farmers to improve their crop yields 
(Zhang, Wang, & Wang, 2002).

In the past centuries, in many surviving writings, it is obvious that especially for larger fields the 
spatial and temporal differences within the same field were highly appreciated. The first seeds of a con-
cept to adopt to these variations were planted back in the 1930s by Linsley & Bauer (Linsley & Bauer, 
1929) and possibly also by Eden & Maskell(Eden & E.J., 1928). The technology that actually initiated 
the progress of this concept was the development of the Global Positioning System (GPS) back in the 
1970s. In 1983, the concept of custom prescribed tillage was developed, paving the way to use technol-
ogy and automation for increased crop production (Stafford, 2000).

Although in previous centuries, due to the smaller agricultural areas, these spatial and temporal 
variations were manually controlled, nowadays due to much larger production demand and agricultural 
land, these variations are impossible to be controlled manually. The concept of using sensing technolo-
gies and automation to respond to spatial and temporal variations within a field is now called Precision 
Agriculture (PA). PA is also called Satellite Farming or Site Specific Crop Management (SSCM) and is 
described as a key component of the third wave of modern agricultural revolutions (Marios Sophocle-

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



73

Towards Fully Automated Decision-Making Systems for Precision Agriculture
 

ous, 2016). PA is currently one of the very few concepts that show the potential to provide the crop yield 
growth needed to overcome the upcoming challenges of food production and food supply.

PA features two main advantages compared to current agricultural practices. Firstly, it promises to 
decrease the operating costs of crop production by optimizing the use of natural resources such as fertil-
izers and water, whilst decreasing labor costs with the goal to minimize or even eliminate the need of 
human presence. PA technologies allow monitoring and fast tuning of crop production. Due to the quick 
responses to spatial and temporal variabilities within the field and the elimination of unnecessary use of 
natural resources, the operational cost can be significantly decreased. Additionally, farmers can perform 
economic analysis of crop yield of a field and within a field for a more precise risk assessment. By opti-
mizing the amount and time of fertilizers and water input as well as minimizing the use of pesticides and 
insecticides, farmers can also estimate cash return for each field or hectare(Niu, Fratta, & Wang, 2015).

Secondly, the significantly lower environmental footprint of PA has attracted the attention of multiple 
environmental agencies. Currently, the monitoring of agricultural footprint on the environment is not a 
tangible quantity and environmental, governmental and European agencies are on the look for technolo-
gies that can provide those tangible controls. Several European, Australian and American agencies are 
in the process of establishing directives to enforce the farmers to minimize and even eliminate the use 
of non-environmentally friendly chemicals and the excessive use of fertilizers. Phosphorus have been 
recently added to the list of the critically low materials of the European Union, skyrocketing its price 
and sounding the alarm of its excessive agricultural use. The precise and optimized application of fertil-
izers, water and other chemicals in agricultural practices has the potential to minimize the agricultural 
footprint on the environment, whilst significantly increasing crop yield and productivity(NRCS East 
National Technology Support Center, 2011).

Although PA features major benefits, it has yet to see worldwide adoption due to several reasons. 
Firstly, the denial from the farmers to deviate from the methods they have been using for over a millennia 
is probably the most essential factor. Thus, even the younger farmers that are keen to use and implement 
agricultural technologies are discouraged by other factors. For example, most agricultural equipment 
that have the ability to automate a major part of the process, are very expensive. Looking at the current 
state-of-the-art for agricultural equipment, the capital investment needed by the farmers is so high that 
the cash return they will have from the implementation of the concept is not enough.

These two reasons are the most prominent factors as to why PA was not been adopted yet, even in 
the 21st century. In order to overcome these barriers, new technologies are needed that will advance the 
state-of-the-art to provide a much higher benefit to the farmers compared to the required capital invest-
ment. Hence, the price of such technologies need to decrease significantly as to match a cash return value 
that the farmers will be tempted by it(M. Sophocleous & Georgiou, 2017). This type of technological 
advancements include soil quality monitoring, plant growth and plant health monitoring. Although plant 
growth and plant health monitoring are the most obvious, soil quality is very important for optimized 
farming but also soil serves many other environmental purposes than just agriculture. Therefore, soil 
quality monitoring technologies have attracted a significant attention by researchers all over the world.

BACKGROUND

“Soil is the world’s most vital component for food and fiber production therefore; protection of such a cru-
cial natural resource is of life-threatening importance”(Marios Sophocleous, 2016). This was understood 
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even back in the 1990s and highlighted by many scientists(Papendick & Parr, 1992). Soil serves multiple 
functions that not only affect crop yield and productivity but also is a key component for much wider cycles 
of nature. Soil health contributes to clean air and water, abundance of forests and crops, diverse wildlife 
and productive and eye-catching landscapes. There are four main functions that soil serves ensuring envi-
ronmental health and optimized food production(NRCS East National Technology Support Center, 2011).

Firstly, soil is responsible for balanced nutrient cycling. It stores, controls the release and cycles of 
nutrients such as nitrogen, phosphorus and potassium along with other elements. These nutrients are 
held in the soiland lost to water or air but most importantly are transformed by soil to forms that plants 
can absorb through complex biogeochemical processes.Secondly, soil is the habitat of a wide variety 
and quantity of microorganisms. The population of those microorganisms is of vital importance to soil 
health as most degradation processes happening in the soil are performed by them. Altering the balance 
between different species can greatly affect soil’s ability to degrade or transform chemicals to forms 
that are useful and non-harmful to plants and animals. Hence, soil biodiversity is widely accepted as 
one of the most important soil quality parameters. The European Commission has dedicated multiple 
Horizon 2020 calls to soil biodiversity for this reason. Thirdly, soil acts as a filter for water, and nutrient 
flow control. It has the ability to filter toxic compounds or excess nutrients in water and air, which can 
be degraded or guaranteed from plants and animals. Additionally, it can regulate the water and nutrient 
flow in the water whilst storing useful nutrients like nitrogen and maintaining their levels within the 
proper range. Moreover, pesticides and insecticides are also filtered by soil avoiding the pollution of 
underground waters. Healthy soil partitions water for groundwater recharge and for use by plants and 
soil animals. Finally, the last soil function is to maintain physical stability and support. Soil has a porous 
structure that allows water to flow through, which can withstand erosive forces and provide a nourishing 
environment for plants’ roots (Fuglie, 2016).

Soil quality is defined as “the soil’s capacity to function within natural or managed ecosystem boundar-
ies and to sustain plant productivity while reducing soil degradation” (NRCS East National Technology 
Support Center, 2011).Soil must maintain its ability to properly function and provide all the previously 
explained properties. During the last three decades, there has been a vast number of studies where soil 
scientist have managed to correlate multiple soil parameters with specific soil functions. Those soil 
parameters have been later called soil quality indicators.

Soil Quality Indicators

“Soil Quality Indicators (SQIs) are defined as physical, chemical and biological properties of soil that is 
sensitive to disturbance and represents performance of ecosystem function in the soil of interest. Indica-
tors are dynamic soil properties”(NRCS East National Technology Support Center, 2011). Soil scientists 
are using these SQIs to evaluate how well soil performs because soil functions cannot be measured 
directly. SQIs are usually separated in three main categories, where each category affects multiple soil 
functions (Figure 1).

Physical SQIs can provide information on soil hydrological properties such as soil permeability and 
permittivity, which are related to how well the soil can maintain water and/or how fast can the water 
penetrate the soil. This has a major impact on water availability for plants but also on how easily plant 
roots can penetrate the soil to grow. Some of these indicators are also related to the availability of nu-
trients based on the effect of rooting volume and aeration status, whilst others provide information on 
erosional status. An overview of the physical SQIs are shown below (Figure 2).

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



75

Towards Fully Automated Decision-Making Systems for Precision Agriculture
 

Chemical SQIs are able to provide information on nutritional characteristics of soil-plant root in-
teraction. More specifically, they can describe the equilibrium between soil-water/nutrients and nutri-
ent exchange sites, which is vital for plant nourishing and growth. These SQIs can further show plant 
health by controlling the nutritional requirements of plant roots and microorganisms, whilst define the 
soil contaminant concentrations that can have a negative effect on plants and animals. Some of the most 
important chemical SQIs are shown below (Figure 3).

Figure 1. Most important SQIs and their importance

Figure 2. Overview of Physical SQIs

Figure 3. Overview of Chemical SQIs
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Biological indicators are used to monitor the population of microorganisms in the soil, which are re-
sponsible for decomposition of organic matter and nutrient cycling. Several studies suggested that not only 
the population of microorganisms is important but also the diversity and specific species are responsible 
for different processes making then essential to the right functioning of soil. These microorganisms are 
directly related to the ability of soil to regain its health after it has been disturbed in some way giving it 
the resistance and resilience required. The most important biological SQIs are shown below (Figure 4).

Although all these SQIs are a measurable way to assess soil quality, different parameters affect various 
functions and these parameters are interrelated. This makes the assessment of soil quality a much more 
complex procedure than treating these parameters as independent. Hence, a range of soil parameters or 
indicators has been suggested by soil scientists after years of research to estimate soil quality. Mathemati-
cal or statistical frameworks have been developed to generate the soil quality index, which can provide 
an overall rating of soil quality. Yet, it is still unclear which method is the best to use for a more reliable 
soil quality index. Soil quality index was developedto take into account not only productivity, which may 
result in soil degradation, but also environmental issues. Therefore, an appropriate soil quality index 
may have three component goals: environmental quality, agronomic sustainability, and socio-economic 
viability(Amacher, O’Neill, & Perry, 2007).

Very few of the previously mentioned parameters can be measured directly in the soil whilst most 
chemical and biological parameters require extensive laboratory procedures(Mukherjee & Lal, 2014).

Conventional Soil Quality Detection Methods

Conventional soil-quality detection methods involve several multistep procedures from field sampling 
to complex laboratory analysis ranging from wet chemistry to biological tests, particle size investiga-
tions and other compaction-related tests(Papendick & Parr, 1992). Finally, the interpretation of those 
results is used as a decision-providing tool use to estimate the soil quality index. The steps involved in 
these soil detection methods are interdependent and possible mistakes in previous steps, can greatly af-
fect the results of the next. Therefore, all aspects need to be taken into account in order to draw reliable 
conclusions(Benton Jones, 2001).

The first step to aclassical soil test begins with field sampling and sample preparation before the labora-
tory analysis. When the sample is ready for laboratory analysis, several tests are performed to determine 
the SQIs’ levels needed to calculate the soil quality index. It is extremely important to understand that 

Figure 4. Overview of Biological SQIs
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the significance of the analysis is only as worthy as the quality of the sample analyzed, whose quality 
is determined by multiple factors, such as field sampling technique, transportation conditions, sample 
preparation techniques, sample aliquot measurement, laboratory influences and sample storage (Figure 
5). Other on-site techniques exist to measure the mechanical properties of soil, such as standard pen-
etration, cone penetration, dilatometers, pressure meters, vanes, flat and stepped blades, hydro-fracture, 
borehole shear and torsional probes(Mayne, 2006).

For example, accurate and consistent measurements of soil pH are not easy as there are a number of 
aspects that can considerably affect the measurement. Usually a salt solution is used (0.01 M calcium 
chloride (CaCl2·2H2O) or 1 M potassium chloride (KCl)) to overcome the “salt-effect” on pH measure-
ment especially in the case of sandy soils or those soils with relatively low cation exchange capacities.
The level of soluble salts found in the sample can be estimated by measuring the electrical conductiv-
ity of the solution. As soluble salts concentration increase, the usual effect is decreased plant growth; 
therefore, soluble salt monitoring is of vital significance. Soils affected by high soluble salt levels are 
also difficult to manage, particularly when sodium is the major cation contributing to the high salt level. 
Sodium concentration does not only affect the plant growth but also affects soil aggregation through 
the Sodium Absorption Ratio (SAR). SAR is the ratio between sodium concentration and the multipli-
cation of calcium and magnesium concentrations. In natural environment, soils with high soluble salt 
content are found in low-rainfall areas(Pichu & Alla, 2011). Soluble salt problems occur because of the 
use of salt-laden irrigation waters, or of improper fertilizer placement, high fertilizer application rates, 
or accumulation from repeated fertilizer applications. Salinity affects about 25% of the croplands in 
the world and is becoming an increasing problem in most irrigated croplands. Fertilizer placing very 
close to plant seeds can be very easily damaged. Additionally, high concentrations of soluble salt are a 
common problem when growing plants in pots, especially when over fertilized. Soluble salt monitoring 
is recommended as an important procedure for the container and hydroponic grower, indicating when 

Figure 5. Standard soil sampling and testing procedure (Benton Jones, 2001)
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containers should be leached or hydroponic solutions replenished. The cations Na+, K+, Ca2+, Mg2+, and 
NH4+, and the anions Cl–, NO3–, HCO3–, SO4

2–, and CO3
2–significantly contribute to the resistivity of the 

soil solution or irrigation water(Marios Sophocleous, 2016).
Conventional soil analysis techniques mentioned above demonstrate several advantages and dis-

advantages that can restrict their use in applications where fast response is an important requirement.
Soil sampling is a very timely and labor-intensive procedure(Bar-on, Jog, & Shacham-Diamand, 2019). 
Furthermore, it is very sensitive and highly complex making it non-viable for non-experts to use. 
Timely procedures for soil analysis result in a slow response eliminating the opportunity farmers and 
soil scientists to ensure on-time responses. In addition, sampling rate is another issue since soil chemical 
properties vary widely not only spatially but also timely. Likewise, analyzing physical soil properties 
using the existing technologies one will face the same downsides.All these methods are off-grid and 
very expensivetechniques.“In the 21stcentury, where technological advances allow for automated sys-
tems to provide remote operation and observation, a different approach is needed to provide real-time 
measurements of SQIs” (Stafford, 2000). Nowadays, using technologies such as the Internet of Things 
(IoT), all the information can be brought to the farmer, environmentalists and soil scientists for a deeper 
understanding of nature’s complex mechanisms and more efficient PA.

Soil Quality Monitoring Technologies

Since the initial implementation of sensing technologies for custom prescribed tillage back in 1983 
and the further development of the GPS technologies, there has been a major redirection of research 
resources in PA and environmental monitoring. Several technological advances have been reported in 
the last two decades with the most prominent approach to be the remote sensing of the environment and 
agricultural fields(Stafford, 2000). Remote sensing (RS) or satellite imaging (SI) approach has received 
an increasing attention from environmental engineers to the level that several scientific journals have 
been created with supporting scientific societies and worldwide conferences(Lingyan, Yanning, Wei, & 
Qilin, 2017). However, other technologies have also been reported that feature several advantages and 
disadvantages compared to the classical satellite imaging approach. A brief overview of these technolo-
gies is given below (Figure 6).

Figure 6. Overview of Agricultural & Environmental Monitoring Technologies
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Remote Sensing–Satellite Imaging

Remote Sensing is understood as the concept of acquiring information about an object or phenomenon 
without having physical contact with it. This concept is nowadays mostly implemented in Earth obser-
vations either for climate changes and predictions but also for automatic mapping. It has gained a lot of 
attention over the years as it can provide information through several types of image processing. One 
of the most common uses of RS is the use of hyperspectral or multispectral images from satellites to 
monitor agricultural and non-easily access land(GE, Thomasson, & Sui, 2011). This application is called 
satellite imaging (SI) and with the available technological advances allowing almost every country to 
have its own satellite or even giving access openly to certain satellites, it has bloomed all over the world. 
Reported research has shown that certain soil parameters can be monitored through image processing 
of those hyper/multi spectral images. A significant amount of work has been reported over the years 
on building soil maps, showing how soil parameters vary within the field, and it has become one of the 
most common techniques to monitor soil quality remotely (Figure 7).

SI is a very well-know and well-used method to monitor both soil quality but also plant health. The 
general concept of this technique is to investigate the intensity of the images at a certain frequencies, 
which are correlated with certain soil properties, such as soil moisture, and generate soil maps like the 
ones shown in Figure 7 above. However, this technology has major trade-offs in terms of capital invest-
ment, real-time data and spatial resolution (Angelopoulou, Tziolas, Balafoutis, Zalidis, & Bochtis, 2019).

Satellite imaging and hyper/multi spectral images have been used by scientists since the 1990s to 
detect soil properties remotely. Soil maps have been developed from researchers all over the world for 
multiple soil properties. The most common soil properties that can be monitored using RS and SI spe-

Figure 7. Common soil maps constructed using SI(Ceinsys, 2018)
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cifically include but are not limited tosoil types such as clay, silt or sand; organic matter; nitrogen; and 
moisture (Vermeulen et al., 2017).

Using an orbiting satellite to take images of a small agricultural area is not preferable. Usually, these 
technologies are available to scientists with enough funding to rent the satellite for a certain amount of 
time. On the other hand, in the case of farmers this is not a very convenient method since the farmers 
are not familiar with running the image processing algorithms or understanding how to control satellites. 
Especially farmers of the previous generation that are already reluctant to adopt the general principle of 
motoring and acting accordingly, the use of satellites further intimidates them. Additionally, agricultural 
businesses do not have the required profits to expand to such expensive technologies, since the required 
capital investment is incredibly high and the return period is not attractive enough. Technically, satellite 
imaging does not require any human presence, does not affect agricultural practices of any kind and 
has the ability to obtain information for large areas very easily with a relatively good spatial resolution. 
One of the most important drawback of this approach is that it can only provide information about the 
surface soil properties (only a few centimeters of depth), which although useful, it is far from sufficient 
for optimized agricultural practices since plant roots are much deeper than that (Syvitski, Overeem, 
Brakenridge, & Hannon, 2012).

Remote Sensing–Unmanned Aerial Vehicles

Another approach to RS instead of SI is the use of Unmanned Aerial Systems (UAVs) to acquire field 
images using hyper and/or multispectral camera (Stehr, 2015). UAVs are defined as flying objects/
vehicles without a human pilot onboard. The most common type of UAVs are drones (Figure 8) and 
with all the technological advancements of the GPS systems, UAVs can operate on their own and travel 
pre-determined paths at specific times of the day to acquire the images (Daponte et al., 2019).

Despite their ease of use and effectiveness, UAVs have a major drawback. They need to be calibrated 
for specific tasks lacking the ability to provide a sufficient overview of the agricultural process and subse-
quently soil and plant quality. For example, UAVs have been used over the years for tasks like identifying 

Figure 8. Available drones for agricultural and environmental monitoring (DJI, 2019)
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vegetation types, water quantities and soil parameters. However, the lack of interoperability creates more 
work for the farmers and in a field that they are not utterly familiar. Although they can eliminate some 
of the tasks that are currently completed by the farmers, the fact that they require significant amount of 
time for image or video processing by the farmer himself, defeat their very own purpose of using them 
for soil quality monitoring and PA in general.

Future trends in this area are moving towards the use of cheap commercial mini or micro drones to 
decrease the initial capital investment but at the same time, the technical specifications and detection 
accuracies and reliabilities of the UAVs decrease significantly(Veroustraete, 2015).

Soil Sensors–On-the-go Sensing Systems

In comparison with the RS approach, attempts have been made by scientists and agricultural technologies 
companies to develop soil sensors that will measure soil parameters either by directly inserting them in 
the soil (in-situ soil sensors) or by attaching them on existing agricultural machinery (on-the-go sensors). 
The concept of on-the-go sensors (OTGS) has been introduced towards the end of 1990s by (Sudduth, 
Hummel, & Birrell, 1997), who were the pioneers in this approach(Adamchuk, Hummel, Morgan, & 
Upadhyaya, 2004). The concept was that since agricultural machinery is already used by the farmers, 
adding soil-sensing systems on them that could take readings while performing other compulsory agri-
cultural practices would provide the farmer with extra information on the quality of the soil (Figure 9). 
In the left photo of Figure 9, the OpticMapper of Veris Technologies is shown that has a dual-wavelength 
optical sensor mounted within a specially configured planter row unit. As the OpticMapper moves along 
within the field, it maps the soil underneath for crop residue and surface soil moisture. Soil measure-
ments are obtained through a sapphire window at the bottom of a metal part. The measurements are 
collected and matched to their GPS location. The OpticMapper module is usually combined with Soil 
Electrical Conductivity sensing on the sensing platform, so that soil texture and organic mattervariations 
are simultaneously mapped. In the right photo of Figure 9, the MSP3 system by Veris Technologies is 
shown. This system can measure the same soil parameters but it is also equipped electrodes to measure 
soil pH with 5-10 pH samples per acre (Veris, 2014).

Figure 9. Examples of On-the-go sensors (Veris, 2014)
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This idea is much easier to be adopted by most farmers since it does notrequire farmers to change 
anything from the recipes they are already using and the initial capital investment would be much lower. 
Instead of buying new machinery or equipment that they are not familiar with, a simple addition to their 
existing equipment could provide very important soil quality information.

Systems have been reported over the years can measure a wide variety of soil parameters and in con-
tradiction with RS technologies, soil properties can be detected as deep as the equipment can go giving 
much more valuable information that surface properties. Soil parameters that can be measured using 
OTGS sensing systems include but are not limited to electrical resistivity, capacitance or inductance, take 
images for image processing similar to RS approaches, porosity and permeability and electrochemical 
sensors monitoring the activity of hydrogen, potassium, nitrate, sodium ions and many others.

Although this approach seems simpler, more economically viable and easier to adopt by the farmers, 
its potential for productivity and yield increase is not enough for what is coming by 2050(Alexandratos 
& Bruinsma, 2012; FAO, 2009). The reason is that these systems cannot provide continuous measure-
ments to allow for automated operation of the agricultural farms. The readings on soil quality will only 
be taken whenever the farmer decides to use the equipment in the field, meaning that human presence 
is required and it is very time consuming especially for larger fields. Comparing OTGS sensing systems 
and RS, RS can cover a much larger area with much less effort. However, it does not have the spatial 
resolution and measurement accuracies featured by OTGS systems. On the other hand, OTGS systems 
require a significant amount of labor time, which eventually defeats the purpose of automatic control. 
Furthermore, OTGSsystems cannot provide continuous measurements or real-time data, meaning that 
this approach’s potential is limited and possibly inadequate to overcome future food and agricultural 
challenges(Adamchuk et al., 2004).

Soil Sensors–In-Situ Soil Sensors

The most recent approach to soil sensing, especially after the price reduction of electronic devices, is the 
use of soil sensing systems directly in the soil able to measure both physical and chemical soil param-
eters without the need of soil sampling. The general concept of in-situ sensors (ISS) is to revolutionize 
the soil sampling approach and instead of taking the soil to the laboratory, to take the laboratory to the 
field(Atkinson et al., 2013; Bar-on et al., 2019; M. Sophocleous & Georgiou, 2017; Marios Sophocle-
ous, 2017; Marios Sophocleous, Garcia-Breijo, Atkinson, & Georgiou, 2019). This is a very promising 
approach however; it faces numerous fundamental issues and questions making this field very attractive 
for scientists to create the standards and the knowledge in order to implement this concept successfully.
Soil ISS are classified by the soil parameter that they can detect, which is subsequently the soil properties 
mentioned earlier in this chapter. Therefore, the categories are very similar to those of soil properties. 
They are conceptually separated into physical, chemical, biological and gas sensors where each category 
corresponds to the physical, chemical and biological properties of soil. Despite this categorization, the 
sensing phenomena used to detect each of these parameters can also be used to classify the sensors into 
more subcategories such as electrochemical, optical, electromagnetic and thermal. Due to the complex-
ity of those sensing systems, there are even more ways to classify them, for example depending on the 
sensing technique such as potentiometric, amperometric, voltammetric and impedimetric. An attempt 
to show the different classifications of soil sensors is given below (Figure 10).

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



83

Towards Fully Automated Decision-Making Systems for Precision Agriculture
 

Physical sensors are the most-investigated category from all because they are the easiest to measure 
in soil. Parameters such as temperature do not depend on the medium, hence a huge variety of soil tem-
perature sensors are already available in the market. The electrical resistivity of soil is directly related 
to a multiple of soil properties with the most dominant being the soil salinity. As the ion concentration 
in the soil increases, the soil electrical resistivity decreases making the soil more conductive. However, 
other factors can affect this parameter such as soil compaction, soil type i.e. particle size and others. 
Electrical resistivity sensors have been reported in the literature with some of them actually reaching 
the market. On the other hand, the most commonly available soil sensor is the water content sensor, 
which gives information on one of the most critical soil properties. Soil water content sensors have been 
around for several year with a wide variate of them reaching the market, such as Delta-T ML3 probe 
(Figure 11) (Delta-T Devices Ltd, 2017) that features a very impressive performance. This type of sensor 
measures the relative permittivity of the soil at a specific frequency and that parameter is related with 
the amount of water in the soil. This can provide real-time data on soil water content and allows the use 
of automated systems for irrigation control.

Water potential is also measured using a tensiometer (Charles, Anthony, & Junjun, 2019), which 
is a device made of a low-pressure chamber placed in the soil. As the water in the soil increases, the 
moisture in the soil is absorbed in the low-pressure chamber and that change is proportional to the wa-
ter content in soil. Furthermore, other soil physical parameters are important, which have not yet been 
detected using ISS. For example, soil porosity is still measured using ground penetrating radars (De-
partment of Agriculture, 2009) that are very expensive and require the presence of highly experienced 
personnel(Charles et al., 2019).

Chemical and biological soil properties are probably the most important factors to gauge soil quality 
but also to evaluate whether current agricultural practices are compatible with sustainable soil qual-
ity. Chemical properties such as soil pH and Nitrogen, Phosphorous and Potassium (NPK) concentra-
tions are vital for evaluating soil fertility. Unfortunately, such chemical sensors have yet to see their 
implementation in soil for direct and in-situ measurements of soil. pH is probably the most commonly 

Figure 10. Overview of soil ISS
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investigated type of soil sensors by scientists. Potentiometric, amperometric and voltammetric sensors 
have been reported over the years that have the ability to be used directly in the soil without the need of 
soil sampling but also to provide real-time data(Edaphic, 2019). NPK sensors have not been reported 
anywhere in the literature so far and nothing is yet available commercially. The main reason for that is 
the deployment method to be used to directly insert the sensors in the soil while being able to acquire 
real-time data. Usually, the most common problem is the interface between the sensor and the soil and 
the establishment of a comparable standard that can be used to assess soil NPK content. Biological soil 
properties such as earthworm population, enzymes and organic carbon cannot be monitored directly due 
to the lack of direct, in-situ biosensors that can provide continuous and real-time data. Although there 
is a plethora of biosensors that can detect almost all of the pre-mentioned properties in the laboratory, 
none of them has the ability to be used directly in the soil.

Gas sensors on the other hand, since the gasses to be monitored are the ones evaporating above ground, 
they are much easier to implement. There is a huge range of gas sensors available in the market that 
don’t really need to be customized for soil purposes since the measurements are taking place above soil 
surface. Several gases escape from soil during agricultural cycles. Water vapor, carbon dioxide (CO2), 
methane (CH4) and nitrous monoxides (NO) are the main gas emissions in agriculture. The efflux of 
these gases is related to soil bio-content thus, there is a significant interest in observing the gas emis-
sions in a specific agricultural exploitation. Two technologies are the most appropriate for monitoring 
this assortment of gases. Optical sensors is one key category for measuring gas emissions. Near and 
mid-infrared spectroscopies can detect the absorption and emission radiation interactions of the gases. 
Electrochemical sensors is the other significant category. Metal oxides, polymers and membranes have 
been published devoted to gas sensing by measuring the changes of the electrochemical properties of the 
sensing material. Infrared spectroscopy is a robust, reliable and simple technique; however, the technol-
ogy needs of quite complex instrumentation. A spectrometer requires of an infrared source, a diffraction 
grating, lenses, an infrared detector and many other components. The average cost for a gas to be mea-
sured can be around 50 € (commercial equipment for gas sensing can be found at a price around 200 €). 
In the case of a facility in which CO2, carbon monoxide (CO), water vapor, NO, nitrogen dioxide (NO2), 
nitrous oxide (N2O), ammonia (NH3) want to be measured for each individual plant or surface area (for 

Figure 11. Delta-T ML3 probes for soil water content monitoring (Delta-T Devices Ltd, 2017
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instance, a complete sensing system each squared meter) the cost turns out to be excessive (higher than 
€350/m2). This does not satisfy the requirement of low cost sensing making the technology unsuitable 
for this particular application.

Summarizing, soil ISS show a huge potential for implementation in automated systems for agricul-
ture since they offer the best features such as continuous and real-time data but also can show x-y-z 
variability of those properties, something that the rest of the available sensing technologies are unable 
to provide. Additionally, soil ISS are much more sensitive than RS and OTGS sensors; however, they 
have a much shorter lifetime and require high-density sensor networks, which have a labor-intensive 
installation. Additionally, they have many remaining issues to be overcome such as the need of long 
lifetimes, the ability to operate electrochemical sensors in a medium like soil that can be dry or wet, 
maintaining a good enough electrical/ionic conduct between the sensor surface and the soil medium and 
many other. There are several technologies that can be implemented to overcome these challenges such 
as microfluidic chambers and 3D printed matrices to withhold soil and water at a fixed ratio however, 
the only reported approach is by enclosing the sensors using an absorptive green foam, as described by 
Sophocleous in 2016 (Marios Sophocleous, 2016).

Towards Automated Decision-making Systems

Although the various soil sensing technologies explained in the previous sections of this chapter, have a 
strong potential to meet the future food demands as predicted by FAO(FAO, 2009), independent systems 
and nodes without intelligence can only reach a certain yield and productivity level. The integration of 
those technologies into a more autonomous and intelligent, a higher order system has the potential to 
offer much higher yields and productivity, whilst decreasing operational costs to the minimum. Despite 
the benefits of integrating these systems to a more intelligent version, the cost of the system increases 
significantly. This implies that the application demands integrated technologies with lower costs making 
their implementation more viable for the farmers. Currently, there are commercially available systems 
that can be controlled by the operators remotely and digitally. These technologies are currently, the state-
of-the-art but they are only the first step towards fully automated decision-making systems.

Available Technologies for Digitally Controlled Farms

There are currently several commercially available technologies that can be used to digitally-control a 
farm or greenhouse, most commonly, and a table with a short summary of them showing their functions 
is given below. It is clear that environmental parameters such as air temperature, soil water moisture, 
soil salinity and sunlight can be monitored by almost all systems. Moreover, almost all systems have a 
graphical user interface, which makes the control so much easier for the non-experienced user to con-
trol. Controls include environmental temperature control for greenhouses and irrigation control for both 
greenhouses and open fields. These functionalities make the systems very intimidating to the farmers 
however; they have not been widely implemented. The initial capital investment for such systems is in 
the range of tenths of thousands of euros and although the most prominent farmers are willing to make 
the investment, it is almost impossible for smaller farms. Smaller farmers cannot afford to invest that 
amount of money to a system that can only provide a certain level of automatic control and a limited 
potential for yield and productivity increase.
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Most importantly, as shown in Table 1 below, the most important farming parameters such as soil 
chemical parameters and plant health are still not included in these systems. These systems lack the 
ability to monitor these parameters in continuously and this is one of the most important limitations of 
the existing agricultural technologies.

Some of the more intelligent systems such as Hoogendoorn iSii have IoT compatibility features and 
most importantly provide the software for agricultural management that uses data analytics algorithms, 
paving the way for the first systems with automated decision-making abilities. Vendors such as John 
Deere, IBM and SensorCloud currently provide solutions for crop performance monitoring that support 
specific sensors. However, vendor-specific solutions feature limited or no interoperability with other 
IoT compatible devices. Several IoT middleware platforms recently appeared, claim to have solutions for 
all verticals, including PA and site-specific crop management. Examples include Xively, Thing Speak 
Open.Sen.se, and SensorCloud and more recently, Amazon IoT and IBM IoT platforms. A significant 
shortcoming of those platforms relates to edge-network-protocol-termination for heterogeneous sensor 
technologies, which must be bridged with a local or remote server transparently to the user. Despite the 
fact that Hoogendoorn iSii has the automated decision-making ability, those decisions are only drawn 

Table 1. Overview of commercially available technologies for farming digital control (Hoogendoorn, 
2020; HortiMax growing solutions, 2020b, 2020a; Priva, 2019a, 2019b)

Priva-
maximiser

Hortimax 
synopta Priva-connext Hortimax 

multima Hoogendoorn isii

Environmental control ✓ ✓ ✓ ✓ ✓

Environmental gas concentration 
monitoring ✓ ✓ ✓ ✓ ✓

Visual interface ✓ ✓ ✓ ✓ ✓

Automated irrigation &fertilizer supply ✓ ✓ ✓ ✓ ✓

Access on tablet or smartphone ✓ ✓ ✓ ✓

Customization ✓ ✓ ✓ ✓

Predictive environmental control ✓ ✓ ✓ ✓

IoT platform ✓ ✓ ✓

Compatibility with other components 
(sensors etc.) ✓

Data analytics ✓

Automated decision making ✓

Soil nutrient concentration monitoring

Soil gases efflux monitoring

Disease detection

Low cost

Low capital investment

Self-learning based on historical data
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based on the same parameters that the rest of the systems can monitor. None of the existing systems is able 
to monitor the most important soil and plant parameters that will provide much more reliable decisions.

In order to ensure the reliability of the decisions, more soil and plant parameters need to be taken 
into account. Soil parameters such as nitrogen, phosphorus and potassium concentrations in the soil 
together with plant growth rates, fruit ripeness and plant diseases, when combined together can form 
a much more complete picture in terms of the crop yield, productivity and most importantly what the 
type and amount of inputs the plant needs. These parameters should be monitored without the need of 
human intervention, such as soil sampling but they should also account for any spatial and time-based 
variability within the same field. Although the relationships between these parameters and the qual-
ity of the crops/fruits are well established by soil and plant scientists, they cannot be used in real-time 
since they currently require soil sampling and destructive plant tests. Overcoming these problems can 
be achieved soil ISS and possible plant imaging systems with image processing capabilities. Combining 
the readings of all those sensors with environmental conditions, together with intelligent optimization 
algorithms, much more accurate and reliable decisions can be made to maintain optimum levels of water, 
fertilizer and pesticide/insecticides maximizing crop yield, productivity, efficiency and minimizing any 
environmental pollution caused by overuse of natural resources.

Fully Automated Decision-Making Systems

The concept of fully Automated Decision-Making Systems (ADMS) being used in PA has been dis-
cussed by several researchers in the last decade, especially with the development of low-cost electronics 
and sensors. The implementation of such a system has been recently described by Sophocleous et al. 
showing the different technologies and specifications required to run such systems. ADMS are defined 
as systems that have the ability to operate a farm/field without the need of human presence or human 
input. In order to achieve this goal, ADMS must be able to monitor soil and plant parameters, assess soil 
and plant condition and make the right decisions as to maintain those parameters at optimum levels by 
controlling various inputs. As described by Sophocleous et al. the architecture of ADMS is shown below.

Figure 12. Architecture of ADMS (M. Sophocleous & Georgiou, 2017)

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



88

Towards Fully Automated Decision-Making Systems for Precision Agriculture
 

ADMS and digitally controlled farms have many things in common but they also have several differ-
ences. Their most important difference is that ADMS do not require the user to provide any input as they 
are self-operating using their own artificial intelligence (AI). In the systems described in the previous 
section, the user was able to control the farm remotely with the exception of Hoogendoorn iSii, which 
is the first to provide decision-making features. Agricultural systems with AI capabilitieshave much 
better potential to solve the future food challenges but have also the ability to create knowledge for the 
farmer, agricultural institutes and agencies, as well as governmental agencies and policy makers. With 
the exponential rise of regulations on food quality and controlling the use of Genetically Modified foods, 
agencies and governments are in the need of a way to monitor the growing parameters of agricultural 
produce to ensure high quality standards. None of the pre-mentioned systems can monitor the quality 
of produce at the farm during production and subsequently cannot use historical data to learn and create 
new knowledge. Machine Learning (ML) techniques have gained a lot of attention in the last twenty 
years due to their ability to learn from the obtained data and create new knowledge based on that with 
automatic interpretation of those data. Hence, integration of these systems together with ML techniques 
can have a significant upgrade to the systems in terms of autonomy and new knowledge generation.

Finally, the implementation of ADMS, combined with ML techniques and AI, has the ability to sig-
nificantly improve the quality of produce, minimize the use of natural resources, considerably reduce 
operating costs by eliminating the need of human intervention but also to minimize any deleterious 
impact on the environment from fertilizer and pesticide/insecticide usage. However, the initial capital 
investment required by the farmers will remain unapproachable unless, customized, ultralow-power 
electronics i.e. Application Specific Integrated Circuits (ASICs) are developed to match the requirements 
of such systems together with the development of low-cost soil/plant sensors using technologies such 
as Thick-Film Technologies or 3D printing. The goal for such technologies will be to have a less than 5 
year Return on Investment with less than €10000 initial capital investment.

CONCLUSION

Human population will exceed 9 billion people by 2050 as predicted by FAO; hence, food demand will 
skyrocket at that point, making the energy debate pale into insignificance. Therefore, a huge burden will 
be added to agriculture and farmers to increase their productivity to match demand, whilst simultane-
ously abide the increasing regulations on food while maintaining approachable prices for their produce. 
The only agricultural concept able to provide such productivity and yield increase is PA with the use of 
state-of-the-art technologies as to minimize input, maximize output and quality while maintaining low 
operating costs.

Soil is known to withhold a huge amount of information on plant growth, produce quality and yield. 
Therefore, soil quality has been a major research area in the last two decades. Several soil parameters 
have been correlated with multiple nature’s complex mechanisms and in order for soil to maintain its 
functional properties within these mechanisms, soil quality must be ensured. Soil parameters have been 
categorized by soil scientists into three main categories, physical, chemical and biological. Each of these 
categories plays an important role in multiple cycles of nature, such as nutrient cycling and water filtering.

These soil parameters are currently being measured using conventional techniques that involve soil 
sampling and extensive laboratory-based tests, which are extremely sensitive and very laborious. The 
decisions taken based on those results are only as good as the quality of the steps taken during the pro-
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cess and since the steps are interdependent with each other, a minor modification in one of the steps can 
completely deteriorate the quality of the next.

In the 21st century and in the era of IoT, new technologies have been developed to eliminate the need 
for soil sampling and laborious experimental procedures. These technologies have the advantage of im-
proving the agricultural yield and significantly increasing productivity. However, most of them require a 
huge capital investment and the farmers’ willingness to change their classical agricultural practices and 
adopt these new technologies. These technologies can be separated into four different categories, satellite 
imaging, OTGSsensing systems, drones or other aerial systems and soil ISS. Each of these categories 
has its own advantages and disadvantages however, for real-time soil quality monitoring, soil ISS are 
the most prominent for the job.

The ability to obtain real-time data without the need of human presence, has envisioned the concept of 
fully automated decision-making systems for agriculture. In the second decade of the 21st century, there 
are commercially available technologies that can transform the classical agricultural farms to digitally 
controlled farms. Unfortunately, digitally controlled farms lack intelligence to run on their own. A new 
concept of ADMS has been recently described in the literature that uses a combination of sensing nodes 
talking to each other and eventually to a central controller. The central controller uses machine learning 
algorithms and artificial intelligence to make decisions on its own without the need of human control. 
This system has the advantage that due to the machine learning algorithms and the use of historical data, 
new optimum points can be found and a new pool of knowledge can be generated without any further 
human input. However, the implementation of such a system has not yet been reported even today.

Major challenges remain in the area of sensor development for in-situ and real-time soil quality 
monitoring, such as deploying the sensors underground for an extended period of time while being able 
to reliably monitor soil quality at low cost. Along with the sensor development, the electronic interfaces 
required to run those sensors should fulfil the strict specification requirements of the application, such 
as power reduction, size and cost. Communication of these sensor nodes with the central controller in 
high-density sensor networks without any interference, with low power and at large distances are chal-
lenges that still remain unanswered. Adding intelligence to these systems along with machine learning 
and neural networks will highly increase agricultural productivity, improve food quality, reduce food 
prices and optimize the use of natural resources.
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KEY TERMS AND DEFINITIONS

Artificial Intelligence (AI): AI is defined as the ability of a digital computer or computer-controlled 
robot to perform tasks commonly associated with intelligent beings. The term is frequently applied to 
the project of developing systems endowed with the intellectual processes characteristic of humans, such 
as the ability to reason, discover meaning, generalize, or learn from experience.

Automated Decision-Making Systems (ADMS): Automated decision-making systems (ADMS) 
are systems, which have the ability to operate a farm/field without the need of human presence or hu-
man input. In this context, ADMS are able to monitor soil and plant parameters, assess soil and plant 
condition and make the right decisions as to maintain those parameters at optimum levels by controlling 
various inputs.

In-Situ Sensors (ISS) for Soil: Soil ISS are defined as sensors that are buried in the soil, which are 
able to monitor soil parameters directly in order to assess soil quality.

Internet of Things (IoT): IoT is defined as the interconnection via the internet of computing devices 
embedded in everyday objects, enabling them to send and receive data.

Machine Learning (ML): ML is the scientific study of algorithms and statistical models that com-
puter systems use to perform a specific task without using explicit instructions, relying on patterns and 
inference instead.

On-the-Go Sensing Systems (OTGS): On-the-go sensing systems are defined as sensing systems that 
are installed on moving agricultural equipment, such as tractors that in this context are used to monitor 
soil parameters in order to assess soil quality.
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Precision Agriculture (PA): The concept of using sensing technologies and automation to respond 
to special and temporal variations within a field.

Remote Sensing (RS): Remote sensing (SI) is defined as the acquisition of information about an 
object or phenomenon without any physical contact. This concept is mostly used for observing Earth’s 
crust and several phenomena on Earth’s atmosphere. Usually, this is achieved be processing of images 
acquired by satellites.

Satellite Imaging (SI): Satellite imaging (SI) is an approach that uses images from satellites to moni-
tor environmental conditions. In this context, SI is used for monitoring soil quality through the image 
processing of multi-spectral images of specific fields to assess several soil parameters.

Sodium Absorption Ratio (SAR): SAR is defined as the ratio between sodium concentration and 
the multiplication of calcium and magnesium concentrations in soil.

Soil Quality Index: Soil quality index is calculated by mathematical or statistical frameworks that 
use a range of soil parameters or indicators to assess soil quality taking into account multiple goals, such 
as environmental quality, agronomic sustainability, and socio-economic viability.

Soil Quality Indicators (SQIs): SQIs are defined as physical, chemical, and biological properties 
of soil that is sensitive to disturbance and represents performance of ecosystem function in the soil of 
interest. Indicators are dynamic soil properties.
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ABSTRACT

This chapter focuses on microwave research and measurements for agricultural and food processing 
applications. Normally, microwave devices and components are used as a moisture detector for soil, 
agricultural, and food products. For instance, the moisture content in fruits normally is correlated with 
the maturity and sweetness of the fruits. In addition, the moisture content can be used to determine the 
storage period and the quality of the agricultural products after processing by an industrial factory. 
In this chapter, several microwave applications of agri-food products are selected to be reviewed com-
prehensively, such as microwave heating mechanism for several agri-food products, heating/drying, or 
freeze-drying process in food industry to control pathogenic and spoilage microorganisms in packaged 
foods, moisture soil testing, fruit moisture measurement, ripeness/storage period determination, fruit 
sweetness detection, microwave radiation for agricultural pest control.
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INTRODUCTION

Microwave technology is expanding rapidly and is becoming more and more common in our daily lives, 
such as mobile phone and microwave oven. Microwave technology application can be divided into two 
groups, namely communication and non-communication applications. In this chapter, microwave non-
communication applications have been described and specifically focus on the use of such technologies 
in agriculture/food fields. This chapter reviews the microwave applications for agricultural in this era 
based on a detailed literature survey and the author’s experience in microwave researches.

In fact, over the past 40 years, a lot of research on microwave applications in agriculture has been 
conducted. Most of the research related to the field has been published in journals, such as Journal of 
Microwave Power and Electromagnetic Energy (Formerly Journal of Microwave Power) and Transac-
tions of the ASAE (American Society of Agricultural Engineers). However, commercial microwave 
products/instruments for agricultural use are rarely found in comparison with optical-based (infrared) 
and acoustic-based (ultrasound) technologies. This is due to the higher price of microwave electronic 
components, such as monolithic microwave integrated circuit (MMIC) chips, compared to others. Fore-
most, microwave device components require high precision machining. Also, normally, microwave raw 
materials used in electronic components are the expensive synthetic materials, which materials have 
good thermal resistance and lossless dielectric at the high operating frequency. Besides, the design of 
microwave components is not easy and requires experts in the field of microwave engineering, especially 
in the last 30 years where it is difficult to obtain workstation computers and simulation software for 
microwave components/electronics design.

Nowadays, advances in the mechanized industry (industry 4.0) and electronic communication tech-
nologies, such as internet of things (IoT) and fifth-generation (5G) wireless technologies, are increas-
ing globally. Thus, precision machining, such as computer numerical control (CNC) milling machine, 
high-end personal computers, and engineering simulation software are becoming common. In addition, 
techniques and knowledge in the production of new synthetic materials and microwave components are 
matured, and that information can be easily obtained from books, journal or internet. Hence, recently, 
the microwave component prices have reached a level nearly similar to optical and acoustic electronic 
components. This has provided the advantages and opportunities for more microwave technologies to 
be applied in agricultural / food processing.

In fact, microwave technology is capable of applying in sensors for agricultural/food processing, such 
as grain/soil moisture measurement, fruit ripeness/storage period determination, fruit sweetness detection, 
control of milk of lime, monitoring of nitrogen/phosphorus content in fertilizer. The microwave also can 
be used for heating/drying or freeze-drying process (sterilization/pasteurization) in the food industry to 
control pathogenic and spoilage microorganisms in packaged foods. Microwave applications for heating 
and crushing normally use high microwave power which is up to megawatts. Besides, microwave energy 
also has been implemented for agricultural pest control.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



96

Emerging Microwave Technologies for Agricultural and Food Processing
 

BACKGROUND PRINCIPLE OF MICROWAVE 
AGRICULTURAL AND FOOD PROCESSING

Interaction Between Substances in Agri-Food 
Products And Electromagnetic Waves

In fact, both optical and microwave agri-foods processing use the equivalent measurement principle, 
namely resonant technique and non-resonant technique. Differentiations between microwave and opti-
cal (infrared) methods are the application of operating frequency (Radio waves: 3 kHz to 300 MHz; 
Microwaves: 300 MHz to 300 GHz; TeraHertz: 300 GHz to 10 THz; Infrared: 10 THz to 430 THz) and 
excited source as shown in Figure 1.

The interaction between agri-foods specimens with microwave is described by the complex relative 
permittivity, εr as:

ε ε εr r rj= −' "  (1)

where the real part, εr¢ and imaginary part, εr
2 are the dielectric constant and the dielectric loss factor, 

respectively. The εr¢ influences the electric field distribution and the phase of waves traveling through 
the specimen. In contrast, the εr

2 influences the energy absorption or attenuation by the specimen. On 
the other hand, the interaction between agri-foods specimens with photonic (optical) is observed based 
on complex refractive index, n (= n¢ - jn2) parameter. Despite this, the relationship between n and εr is 
given as n2 = εr. Figure 2 shows the response of the relative complex permittivity, εr from Radio frequen-
cies (RF) to Ultraviolet frequencies.

At lower RF (3 kHz to 300 MHz), the loss factor, εr
2 is mainly dominated by the ionic conductiv-

ity, σ response in the substance and the relationship between the frequency-dependence of εr
2 and σ is 

expressed as:

Figure 1. Electromagnetic spectrum
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′′ =ε
σ
π εr

of2
 (2)

where εo (»8.8541878×10−12 Fm−1) is the permittivity of free-space. At microwave frequencies (300 MHz 
to 300 GHz), εr¢ and εr

2show the reaction caused by dipole relaxation phenomena of the substance. On 
the other hand, at infrared frequencies, εr¢ and εr

2exhibit a significant reaction due to the resonant oc-
curring between the molecular vibration of the substance and the infrared frequency.

For instance, as known that the vibration frequency, f of water molecules is approximately 30 THz 
(Wavelength, λ = 10 μm). When the frequency of the irradiated far-infrared rays is same as the vibration 
frequency range of molecular motion of water, molecules group of water becomes less and water mol-
ecules motion become fast due to the resonance absorption effect. Therefore, the irradiated far infrared 
sensor is normally used for moisture measurements and the characterization of substance (Different 
substances have different vibrational molecular frequencies).

Microwave Measurement Regulations

Microwave technology has been widely used in communication and non-communication applications. 
Owing to this, each application requires a specific operating frequency band to avoid any frequency 
interference that exists between the applications. Therefore, a portion of the RF/microwave spectrum 
was proposed and fixed to be mainly used for industrial, scientific and medical (ISM) applications (non-
communication purposes) (Osepchuk, 1984).

The first three industrial, scientific, and medical (ISM) frequency allocations (at 13.66 MHz, 27.32 
MHz, and 40.98 MHz) were designated by US Federal Communications Commission (FCC) in 1945.
However, this regulation was not specifically enunciated until the FCC (United States and Canada) 

Figure 2. Frequency dependence of relative complex permittivity, εr = εr¢ - jεr
2
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adopted Part 18 of its rules at the International Telecommunications Conference of the International 
Telecommunication Union (ITU) in Atlantic City in 1947. The rules of Part 18 in 1947 is implemented 
to impose some severe restrictions on out-of-band radiation and set aside three frequencies, namely 13.56 
MHz, 27.12 MHz, and 40.68 MHz, use for ISM purposes (Allen and Garlan, 1962; Osepchuk, 1984). 
Recently, there are two microwave frequencies allocated by the FCC for widely ISM usage, namely 915 
MHz and 2.45 GHz. For instance, the domestic microwave oven currently used is operating at a frequency 
of 2.45 GHz. Some researchers have been used operating frequency at 5.8 GHz for ISM applications. 
Besides that, the other current ISM frequencies defined by the ITU are 433.92 MHz, 5.8 GHz, 24.125 
GHz, 27.129 GHz, 61.25 GHz, 122.5 GHz, and 245 GHz, respectively, as tabulated in Table 1.

However, during recent years, ISM bands have also been shared with license-free error-tolerant com-
munications applications, such as wireless local area networks(WLANs). For example, domestic wireless 
fidelity (Wi-Fi) based on IEEE 802.11x technology is also operating at 2.45 GHzdue to it offers wide 
bandwidth and high wall-penetrating properties. Despite this, domestic wireless and communication 
circuits operating on these frequencies are required to accept any ISM interference that may be received.

In addition to frequency interference issue, the safety and health of using microwave devices should 
be emphasized. The health risks associated with microwave radiation have been investigated for many 
years, focusing on the absorption of microwave energy radiated from microwave source into human head 
tissues. Normally, the rate of the absorption of microwave energy by the human body is measured based 
on the specific absorption rate (SAR) in watts per kilogram (W/kg) and is defined as:

Table 1. Industrial, scientific, and medical (ISM) operating frequency band defined by the International 
Telecommunication Union (ITU)

Frequency range (f) Bandwidth (BW) Center frequency (fo)

MHz

*6.765–6.795 MHz *30 kHz *6.780 MHz

13.553–13.567 MHz 14 kHz 13.560 MHz

26.957–27.283 MHz 326 kHz 27.120 MHz

40.660–40.700 MHz 40 kHz 40.680 MHz

**433.050–434.790 MHz *1.74 MHz *433.920 MHz

***902.000–928.000 MHz *26 MHz *915.000 MHz

GHz

2.400–2.500 GHz 100 MHz 2.450 GHz

5.725–5.875 GHz 150 MHz 5.800 GHz

24.000–24.250 GHz 250 MHz 24.125 GHz

*26.975–27.283 GHz *308 MHz *27.129 GHz

*61.000–61.500 GHz *500 MHz *61.250 GHz

*122.000–123.000 GHz *1 GHz *122.500 GHz

*244.000–246.000 GHz *2 GHz *245.000 GHz

*Subject to local acceptance
**Only Europe, Africa, the Middle East/Middle West of the Persian Gulf, the former Soviet Union, and Mongolia
***Only Americas, Greenland, and some of the eastern Pacific Islands
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SAR E=
σ
ρ

2  (3)

where σ is the conductivity of the human tissues (S/m). The ρ is the mass density of the human tissues 
(kg/m3). The E is the intensity of the electric field within the tissues (V/m). The measured SAR values 
are dependent on the volume or mass tissues under test. Generally, the mass is fixed to be 1 g or 10 g and 
the volume is defined in the shape of a cubic. In general, there are two radiation protection standards, 
which are defined by the European Committee for Electrotechnical Standardization (CENELEC) (joined 
by at least 33 European countries) and FCC, respectively. For the CENELEC standard, the maximum 
SAR for commercially sold is limited to 2 W/kg averaged over the 10 g of body tissues. On the other 
hand, for FCC standard, the maximum SAR limit is 1.6 W/kg averaged over the 1 g of body tissues.

Nevertheless, microwave oven heating applications have different safety and health standards than 
above applications. The safety and health standards for the heating have been defined by several inter-
national committees or organizations, such as International Electrotechnical Commission (IEC), the 
International Committee on Electromagnetic Safety (ICES) of the Institute of Electrical and Electronics 
Engineers (IEEE), and also the CENELEC. Those committees or organizations have set a microwave 
emission limit(maximum allowable leakage) of 50 mW/cm2at 5 cm away distance from the external 
microwave oven surfaces.

Water Molecule Mechanism In RF/Microwave

Normally, agri-foods specimens containing water are the polar substance and the dielectric properties 
(εr¢, εr

2, and ion conductivity, σ) of agri-foods specimen can be modelled by Debye/Cole-Cole model as:

ε ε
ε ε

ωτ
σ
ωεαr

s

oj
j= ∞

∞+
−

+ ( )
−

1
 (4)

On the other hand, εs, ε¥ are the relative permittivity at DC and extremely higher frequency stages, 
respectively. In additional, τ and σ are the relaxation time and ion conductivity of the agri-foods material. 
Symbolsω andα are the angular frequency and exponent coefficient (0 <α< 1), respectively. Normally, 
the ion conductivity, σ is only dominated at lower operating frequency (< 2 GHz).

Most of the microwave measurements in agricultural and food processing are implemented to moni-
tor the moisture content, m.c. in the agricultural products and foods under test. This is caused by the 
polarization of water molecules contained in the agri-foods products which are sensitive and showed a 
significant response when exposed to microwaves as shown in Figure3. The tendency of water to absorb 
microwave energy has made microwave device to sense the moisture content, m.c. changes containing 
in agricultural products.

The mechanism water molecules in agri-foods specimens are different when exposed to different 
ranges of operating frequency, f as shown in Figure 4. However, in the measurement, only three states of 
water contained in the agricultural products are usually analyzed and discussed, namely ionic conductiv-
ity state, bound water state, and free water state.
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Figure 5 shows the correlation between loss factor, εrʺ, mechanism of water molecules and operating 
frequency, f, which have provided some measurement guidelines. For example, if ionic conductivity, σ 
of an agricultural product is desired to be measured, then the low operating frequency (f< 1 GHz) must 
be considered. Mechanism water molecules are affected by the total volume of water contained in the 
agricultural product. Generally, when the total volume of water in the agricultural product is less than 
30%, there is a bond between water molecules and other substances in the product.

Figure 3. Microwave heating mechanisms: Water molecules are oriented when exposed to microwave 
(You et al., 2017)

Figure 4. Mechanism of water molecules in different operating frequency ranges (You, 2015)
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Microwave Measurement Techniques

Microwave agri-foods processing techniques can be categorized into either resonant technique (based 
on shifting resonant frequency or wavelength) or non-resonant technique (based on S-parameters or 
impedance, Z measurements). Typically, the S-parameters (interpreted in term of impedance) of the 
agri-food under test is initially measured using applicator connected with an impedance analyzer or 
LCR meter below GHz (in Figure 6) or vector network analyzer (up to GHz) (in Figure 7). Based on 
the raw measurements, the values of εr of the agri-foods can be predicted. Hence, before the values of 
εr is predicted, the raw information required are the reflection coefficient, S11 (or input impedance) and 
the transmission coefficient, S21 for the agri-food under test in which the measurements are performed 
using applicators or sensors.

Figure 5. Relationship between molecular mechanism of water, loss factor, εr״, and operating frequency, f

Figure 6. (a) Agilent 4294A Precision impedance analyzer (40 Hz to 110 MHz). (b) Keysight (Formerly 
Agilent Technologies Inc) E4991B Impedance analyzer (1 MHz to 3 GHz) with terminal adapter
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Resonant Technique

For resonant methods, a resonator (applicator) is filled with a sample as illustrated in Figure 8. This 
produces a resonance frequency shift, Δf and also a broadening of the resonance curve compared to 
the resonator without filled with any sample. The particular resonance frequency, fr for the resonator 
without filled with sample is depends on its shape and dimensions. The properties of the sample can be 
characterized from the measurements of shifting resonance frequency, Δf and quality of factor Q. The 
resonance techniques are suitable choices for determining low loss tangent, tan δ (< 10-3) values for the 
low-loss sample, but they cannot be used for the measurement of swept frequency. Although this method 
provides accurate measurements, it requires high resolution and frequency sweep instruments, as well 
as good environmental control measure.

Free-Space Measurement Technique

Typically, the one-port measurements can only yield the εr value. However, the two-port measurements 
can give the εr and μr values simultaneously, since the measurements enable sufficient information to 
be obtained from the measured reflection, S11 and transmission, S21 coefficients, which are the wave 
propagation, Ö(εr×μr) and impedance, Ö(εr/μr) properties of the sample. A free-space and transmission/
reflection measurement techniques are grouped in the category of non-resonant methods. The free-space 
technique is a far-field measurement, and a horn antenna is used as the radiator as shown in Figure 9 
(Tosakaet al., 2015; Abbas et al., 2001; Kemptneret al., 2011; Bourreauet al., 2006). However, this 
method provides a less precise measurement due to the sensing field is highly dispersed. Furthermore, 
the distance between the sample surface and the horn aperture is difficult to gauge precisely. The free-
space technique is suitable for the broadband measurement for low-loss or medium-loss thin film sample 
with high temperature because horn radiators do not come into direct contact with the sample, and thus, 
the RF circuits of the instrument are safe from heat damage. However, it is not suitable for low tan δ 
measurements due to highly dispersed sensing field.

Figure 7. (a) Keysight E5071C network analyzer (300 kHz to 20 GHz). (b) Rohde & Schwarz ZNB 8 
vector network analyzer (9 kHz to 8.5 GHz)
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Figure 8. (a) TE011 parallel plate dielectric resonator. (b) Cavity resonator. (c) TE01δ dielectric resona-
tor for solid sample measurements. (d) Dielectric resonator for liquid/powder sample measurements. 
(e) Resonant-mode and (f) Evanescent-mode split cylinder dielectric resonators for thin solid sample 
measurements. (g) Split cylinder dielectric resonator. (h) Open-ended coaxial resonator. (i) One-port 
open resonator. (j) Two-port open resonator (Fabry-Perot resonator). (k) Open-ended rectangular 
resonator. (l) Cavity perturbation. (m) TE01n cylindrical cavity resonator. (n) Microstrip ring resonator. 
(o) Microstrip line resonator.
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Figure 9. Free-space measurement setup for dielectric measurement of the sample. (a) Spot focusing 
horn set-up. (b) Bistatic radar set-up. (c)Rectangular dielectric waveguide set-up (Abbas et al., 2001). 
(d)Monostatic radar set-up. (e) Quasi-optical free-space measurement setup (Bourreau et al., 2006)
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One-Port Measurement Technique

The one-port measurement is based on the principle that a reflected signal (reflection coefficient, S11) 
through the waveguide, which end aperture is contacting firmly with the substance under test, will 
obtain the desired information about the material as shown in Figure 10. The main advantage of using 
one-port reflection techniques is that the method is the simplest, broadband, non-destructive way to 
measure the dielectric properties of a substance. However, one-port measurement is suitable only for 
measuring the relative permittivity, εr, of the dielectric material (non-magnetic material, μr = 1). It is 
due to insufficient information to predict the permeability, μr, if only obtained the measured reflection 
coefficient, S11 without transmission coefficient, S21 as mentioned above. For Figure 10 (a) and Figure 
10 (c) measurement, the sample is considered infinite, as long as the sample thickness d is greater than 
the radius of the outer conductor b. However, the radiation, or sensing area, for an aperture rectangular 
waveguide is much greater than that of a coaxial probe. For instance, the WR90 waveguide has a radia-
tion distance up to 20 cm in the air from the aperture waveguide. Hence, the substance under test must 
be much thicker when the rectangular waveguide is utilized in the measurement. Besides, the coaxial 
probe and rectangular waveguide also capable of testing the thin film sample as shown in Figure 10(b) 
and Figure 10 (d). The measurements required that the thin sample is backed by a metallic plate.

Two-Port Measurement Technique

For two-port measurement, in general, the material filled in the waveguide has been conventional practice 
to measure the reflection coefficient and the transmission coefficient by using Nicholson-Ross-Weir 
(NRW) routines and convert these measurements to relative permittivity, εrand relative permeability, μr 
as shown in Figures 11 (a)-(h).

Interpretation of Substance Properties

For agri-foods heating and drying processing, dissipation/absorption and penetration depth of microwave 
power for the agri-food specimens are played an important role in the determination of total required 
energy and maximum thickness of specimens which can be heated or dried directly by microwave (Sun 
et al., 2016). The dissipation/absorption of microwave power, P (in W/m3)of agri-food specimen can be 
expressed in term of loss factor, εrʺ as:

P f E

f E
o r

r

= ′′

≈ × ′′−

2

55 63 10

2

12 2

π ε ε

ε.
 (5)

Where f and E are the operating frequency and the supplied microwave energy (rms values of intensity 
of electrical field) within the agri-food specimens. While, the penetration depth, D (in unit meter) of 
microwave in terms of εr¢ and εrʺ can be briefly calculated as:
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Figure 10. One-port measurements using the coaxial probe and the rectangular waveguide: (a) Half-
space infinite sample. (b) Thin sample backed by metal plate. (c) Sample as a part of coaxial line. (d), 
(e) Sample placed at the end of the coaxial line. (f) Monopole driven from coaxial line inserted into 
sample. (g) Similar to (a). (h) Similar to (c). (i) Similar to (b)
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Figure 11. Sample (a) fully and (b) partly filled the cross-section of rectangular waveguide. (c) Similar 
to (a). (d) Thin sample placed at the center between two waveguides. (e), (f) similar to (d). (g), (h) Thin 
sample on the top of transmission line
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λ ε
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where λo is the wavelength of the supplied microwave. Normally, operating frequency of 915 MHz or 
2.45 GHz is used for microwave heating/drying applications.

The dielectric constant, εr¢ and loss factor, εrʺ are the temperature-dependent parameters and its 
influences the power absorption of the heated specimen. For instance, the pure water with temperature 
of 0 oC and 25 oC has different values of εr¢ and εrʺ as shown in Figure 12. Hence, In agri-food heating/
drying applications, the rate of temperature rising, T/t of the agri-food specimen which can be defined 
as a function of power, P as:

∂
∂

=
T
t

P
Cpρ

 (7)

where ρ is the mass density of the specimen (in kg/m3), Cρ is the specific heat capacity of the specimen 
[in J/(kg °C)] and t is the time (s).On the contrary, the dissipation/absorption power, P can be determined 
using (7) once the rate of increase in temperature, T/t,ρ, and Cp are known.

Besides, propagation microwave in agri-food specimen is also depended on the density, ρ and tem-
perature, T of the specimen. The density, ρ of the specimen can be roughly predicted based on measured 
εr¢ and εrʺ over certain operating frequency range as (Trabelsi et al., 1999):

Figure 12. Temperature dependence of relative complex permittivity, εr
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 −=

ε
ρ

ε
ρ

ηκr r  (8)

whereκ is the slope of the fitting linear line. On the other hand, η is the intercept constant of the fitting 
line. The value of density,ρ is required to be adjusted in order to obey the linear equation (8). Thus, in 
general, the density-independent moisture content, m.c of specimen can be determined as (Kraszewski, 
2005):

mc
b

ar r

. =
′′ ′( )

′′ − ′
ε ε

ε ε
 (9)

In fact, the uncertainty in the density, ρ and temperature, T of the substance will influence the accuracy 
of moisture, m.c measurement using microwave technique. Thus, sometimes the gamma rays sensor is 
installed in conjunction with the microwave sensor system, in which gamma rays are used to determine 
the density, ρ of the substance as shown in Figure 13. Finally, the measured density, ρ values will be 
included in equations (8) and (9) to achieve the goal of density-dependence moisture measurement.

Figure 13. The gamma rays are used for density compensation during the moisture, m.c determination 
using microwave free-space measurement technique (Berthold Technologies, 2007)
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In fact, from the measurements of εr and σ, the activation energy, Qe (absorption energy) and entropy 
change, ΔS of the agri-food speciemen under test can be interpreted. In addition, some physical phenom-
ena, such as glass transition temperature, Tg, (frozen and boiling state transitions), non-linear properties 
of specimen, charge transport in specimens, timing of the chemical reaction processes, phase composi-
tions of mixed specimens, and conductivity/resistivity of specimens, can be predicted. For instance, the 
relaxation time, τ (in unit second) of specimen can be predicted as (You et al., 2010):

τ
ε ε
π ε

=
− ′

′′
s r

rf2
 (10)

The crosslink network on rigidity of food’s fiber chains is affecting the change in relaxation time, τ 
as shown in Figure 14 (a) (Ahmad, 2012). On the other hand, based on the sudden change in the value 
of εr¢ at certain temperatures, the glass transition temperature, Tg of the material under test can be de-
termined as shown in Figure 14 (b) (Yrö H. Roos, 1995).

In addition, the relationship between the relaxation time, τ and the activation energy, Qe (in unit kJ 
mol-1) is given as (You et al., 2014):

ln lnτ τ( ) =
+( )












+ ( )Q

R Te o
1
273

 (11)

where R (= 8.3143 J mol-1 K-1) and T are the gas constant and temperature (in unit oC), respectively. 
On the other hand, when value of T is very high and 1/R(T+273)≈0 in equation (11), the value of τo is 
equal to relaxation time, τ at the particular temperature. In fact, the τo can be written as (Hasted, 1973):

Figure 14. (a) The relaxation time, τ increase with the increase in amount of cross-linking reaction 
(Ahmad, 2012). (b) The dielectric constant, εr¢ increase with the increase in molecular mobility (Yrö 
H. Roos, 1995)
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τ o
h

k T
S R=

+( )
−( )

273
exp ∆  (12)

where k (= 1.38066 × 10-23 J K-1) and h (= 6.62608 × 10-34 J s-1) are the Boltzman constant and the 
Phanck constant, respectively. Indirectly, the entropy change, ∆S (in unit J (K mol)-1) can be determined 
from the relaxation time, τ.

APPLICATION OF MICROWAVE IN AGRICULTURE AND FOOD PROCESSING

Soil Moisture Monitoring

Soil moisture content, m.c is one of the most essential physical characteristics in agriculture, civil engi-
neering, landscaping, irrigation engineering and hydrology, since the consistency and workability of a 
clayey soil strongly depend on its moisture content, m.c. For measuring soil moisture, direct and indirect 
methods are being implied. The standard method of measuring soil moisture content is gravimetric tech-
nique (so-called oven drying technique), which is a direct method. In this method, a known volume of 
soil is dried up using oven and then by calculating the weight loss, one can determine the soil moisture 
content, m.c. However, the direct method consumes a lot of time. Thus, recently, a lot of end-users are 
opting for indirect methods which are fast in terms of response. Several indirect methods are currently 
available in the market, namely tensiometer, resistance blocks (two electrodes method), time-domain 
reflectometry (TDR), frequency-domain reflectometry (FDR), as well as neutron probes. Normally, 
TDR and FDR methods operating at microwave range frequency are considered as a microwave soil 
measurement techniques.

In indirect methods, the soil moisture content, m.c. is evaluated by calibrating a relationship with other 
measured physical variable. For instance, the change in electrical properties that can be directly correlated 
with a change in the actual moisture content, m.c. of the soil obtained from oven drying method (direct 
method). Besides, the pH levels in the soil can be determined based on the measured ion conductivity, 
σ of the soil. The variations in relative dielectric constant, εr¢ and ionic conductivity, σ of the soil with 
volumetric moisture content, m.cv are plotted in Figures15 (a) and (b) including a solid fitting line for 
measurement data (You et al., 2013). The dielectric of dry soil is much lower than that of wet soil.

Generally, the water contained in the soil can be in bound or free water conditions. The fraction of 
bound water is different for different types of soil, depending on the texture of the soil. Compared to 
other soils, loam is a soil with a high water holding capacity because it contains a lot of organic matter. 
Organic matter in loam can hold more water than mineral matter. Therefore, it is possible to increase the 
water retention capacity and the maximum fraction of bound water in the soil by adding organic matter. 
The measured reflected voltage, Vr (in volts) using monopole sensor for various soil types in the range 
from 0 m.cv to 0.45 m.cv is shown in Figure 17. The small monopole driver from coaxial line is buried in 
the soil under test, and its measured reflected voltage, Vr is correlated with corresponding soil moisture 
content, m.cv which obtained by the oven dying method.
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Figure 15. Variations in (a) relative dielectric constant, εr¢ and (b) conductivity, σ of soil with volumetric 
moisture content, m.cv at (25 ± 1) °C (You et al., 2013)

Figure 16. (a) A simple soil microwave reflectometer connected to (b) monopole sensor via SMA connector
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From Figure 17, peat soil is a soil with a higher water holding capacity of 0.45 m.cv. In fact, it contains 
a lot of organic matter (0.643%) compared to loam (0.335%) and sandy soil (0.058%). As mentioned 
earlier, the organic matter in peat soil can hold more water than mineral substances. On the other hand, 
the sand soil is saturated with water only 0.3 m.cv.

Rubber Latex Quality Measurements

Natural rubber latex is complex biological product containing 50% to 80% of water, 15% to 45% of rubber 
hydrocarbon and approximately 2% to 4% of non-rubber constituents (Chow, 1979). In manufacturing 
standard, the latex product is required to have dry rubber content (DRC) of 60% and approximate 39% 
of moisture content, m.c. Thus, the dry rubber content (DRC) in the latex can be indirectly estimated 
from moisture content measurement, since there are only two major components in the product.

Figures 18 (a) and (b) show the temperature, T dependence of εr¢ and εr
2 of heve a latex at 0.6 GHz 

and 10 GHz, respectively. The rubber latex specimens are diluted fresh latex (m.c. = 89%), fresh latex 
(m.c. = 56%), latex concentrate (m.c. = 38%), and water, respectively. Clearly, there are three different 
states exist in the temperature range, namely the frozen/solid state (-30 oC to -3 oC), the transition state 
(-3 oC to 3 oC), and the liquid state (> 3 oC). Above 3 oC and at 0.6 GHz, the increase in temperature, T 
raises the mobility of ions in the latex solution causing in an increase in εr

2(ionic conductivity effect). On 
the other hand, at higher frequency of 10 GHz,εr

2 decreases as temperature, T increases, which is similar 
to the trend of water (polar effect) (Kaida et al., 1996). The variations in relative dielectric constant, 
εr¢ and loss factor, εr

2 of the rubber latex specimens with frequency, f for various moisture content, m.c 
values are plotted in Figures19 (a) and (b).

Ansarudin et al. (2012) was used an insulated monopole radiator [Figure 20(a)] to monitor the mois-
ture content in the rubber latex. The insulated monopole with 15 mm of length is fully immersed in the 
rubber sample and the moisture content, m.c in the sample is predicted based on the change of measured 
phase shift, ϕ. The variation in moisture content, m.c with the corresponding measured phase shift, ϕ 
(in rad) is shown in Figure 20 (b). Clearly, the phase shift, ϕ is linearly correlated with the moisture 
content, m.c in the rubber latex.

Figure 17. (a) Monopole sensor. (b) Variations in reflected voltage, Vr. with volumetric moisture content, 
m.cv of three kinds of soils at (25 ± 1) °C (You et al., 2013)
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Figure 18. Relative complex permittivity, εr versus temperature, T of hevearubber latex at (a) 0.6 GHz 
and (b) 10 GHz, respectively (Khalid et al., 1996)

Figure 19. Variation in (a) dielectric constant, εr¢ and (b) loss factor, εr2 with frequency at room tem-
perature (25 ± 1) oC for various water content, m.c. in rubber latex (Ansarudin et al., 2012)
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Oil Palm Fruits Ripeness Detector

Palm oil is obtained from the mesocarp of the oil palm fruits. It usually takes nearly three years for a 
palm tree to produce the first bunch of fruit. In Ariffin et al. (1990), it is found that the amount of mois-
ture content, m.c. is higher at the early stage of fruit development. The excess water in the mesocarp 
decreases during fruit ripening, which coincides with an oil accumulation time of about 14 to 15 weeks 
after anthesis. The m.c. in the fresh mesocarp is about 80%. At 20 to 24 weeks after flowering, the m.c. 
in the ripe fruits drops rapidly to about 30-40%.As shown in Figure 21(a), the decrease in water content 
from 15 to 20 weeks of m.c. is associated with an increase in oil accumulation in the mesocarp (Khalid 
and Abbas, 1992). When the oil content reaches the maximum, the fruit becomes loose and falls to the 
ground. This is the optimum time for oil palm harvesting. In addition, Hartley, (1977) proposed that the 
relationship between oil and moisture content, m.c in a mesocarp may be expressed as:

Oil = 87.38 – 1.08 Water (13)

where ‘Oil’ and ‘Water’ are the percentage of oil per mesocarp and percentage of water per mesocarp, 
respectively. Therefore, the close relationship between the moisture and oil contents in mesocarp gives 
a possibility of using a percentage of moisture content, m.c as a parameter to gauge the mesocarp ripe-
ness. The relationship between the oil content and moisture content, m.c. in oil palm mesocarp is shown 
in Figure 21 (b).

Until now, different microwave sensors were utilised to gauge the ripeness of oil palm fruits, for ex-
ample microstrip sensor (Khalid and Abbas, 1992), coplanar sensor (Khalid and Teoh, 1998), rectangular 
dielectric waveguide (Abbas et al., 2007), monopole probe (Lee et al., 2011), rectangular waveguide (Ali, 
2006), open-ended coaxial probe (Zakaria, 1998; Abbas et al., 2005; You et al., 2010), and microstrip 
ring resonator (Ahmad et al., 2019) as illustrated in Figure 22. The moisture content, m.c. in the oil 
palm mesocarp under test is monitored using most of those ripeness measurement methods. It is due 
to the oil palm mesocarp contains polarization of water molecules that is sensitive and demonstrated a 

Figure 20. (a) Dimensions of the insulated monopole radiator. (b) The moisture content, m.c. in the rub-
ber latex versus measured phase shift, ϕ using insulated monopole (Ansarudin et al., 2012)
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crucial response when it is exposed to microwaves. The inclination of water to absorb microwave energy, 
enabling the microwave device to be utilized as a measuring method to observe the moisture content, 
m.c in agri-foods products comprising water.

Microstrip and coplanar sensors (in Figures22 (a), (b)) the amount of moisture content, m.c. in the 
oil palm fruits has been successfully estimated according to the attenuation measurement. The charac-
teristics and microstrip and coplanar line discontinuities when the line was filled by oil palm mesocarp. 
The microstrip and coplanar line sensor measure the ripeness of the oil palm mesocarp, in accord with 
the correlation between the measured attenuation and the m.c. inside the mesocarp fruit. For rectangular 
dielectric waveguide measurements, the oil palm mesocarp is placed in the sample holder between the 
two dielectric waveguides, as illustrated in Figure 22 (c). Nevertheless, laborious sample preparation is 
required by the sensors since the fresh mesocarp of the oil palm fruit has to be detached from the nut 
and crumbled into a form of semi-solid sample. It is undeniably time-consuming in order to prepare the 
fruit sample.

Figure 23 shows the moisture measurement of oil palm fruits using open-ended coaxial probe. Part of 
the fresh mesocarp of each fruit was sliced in the longitudinal direction to ensure good contact between 
the surface of the mesocarp and the open-ended coaxial probe.

As mentioned earlier, both εr¢ and εr
2 are highly correlated with moisture content since at microwave 

frequencies, the electromagnetic energy is mainly absorbed by water (Hasted, 1977) and the volume of 
moisture in the total volume of material most heavily influences the relative permittivity of the material. 
This is due to the relative permittivity of water (εr = 80 at dc frequencies) normally being much greater 
than that of the other constituents in the oil palm fruits (fiber: 2.2, oil: 2.5). Thus, when the amount of 
moisture changes in the oil palm mesocarp, the sensor will measure a change in reflection /transmission 
coefficient or resonant frequency (from the change in dielectric permittivity) that can be directly cor-
related with a change in m.c. of the mesocarp which was obtained from oven drying technique.

Figure 21. (a) Variation in moisture content, m.c and oil content with weeks after Anthesis. (b) The 
relationship between the oil content and moisture content, m.c in oil palm mesocarp (You, 2015)
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Figure 22. (a) Microstripwaveguide (MWG). (b) Multilayer conductor-backed coplanar waveguide (CB-
CPW). (c) Rectangular dielectric waveguide (RDWG). (d) Rectangular waveguide (RWG). (e) Monopole. 
(f)Open-ended coaxial waveguide (OECWG). (g) Microstrip ring resonator
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The relationship between both dielectric constant, εr¢ and loss factor, εr
2 of oil palm mesocarp and 

frequency for various percentage of water content, m.cis shown in Figure 24. The dielectric constant, 
εr¢ are measured using commercial Agilent 85070E dielectric probe. From Figure 24, dielectric prop-
erties are quite linear at m.c. less than 40%, suggesting that at low moisture, there is higher oil-water 
emulsion concentration. The higher uncertainty measurements appeared due to the water accumulated 
on the surface between probe aperture and fruit when the probe aperture is pressed firmly to the sample 
fruits that contained moisture more than 70%. Based on Figure 25, the relationship between dielectric 
constant, εr¢ and percentage of m.c. in mesocarp can be represented by two-relaxation Cole-Cole model 
as (You et al., 2010).
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Where a1, a2, a3, and a4 are the empirical constant, which are determined by optimized with measured 
data. The τ1 and τ2 are the relaxation time for low and high-frequency processes, respectively. The ε1 is 
the height of the intermediate plateau from the baseline as well as the intersection between the line and 
εr¢-axis gives the value of εs. In general, the optical permittivity, ε¥ is independent of frequency, f and 
temperature, T. The conductivity term, σ is determined by optimized with measured loss factor, εr

2 at 
low frequency (≤5 GHz). All parameters in (14) are expressed as a function of moisture content, m.c (in 
%) as tabulated in Table 2. The estimated values of conductivity, σ are listed in Table 3.

However, equation (14) is limited for room temperature, T (25 ± 1 oC). The estimated values of εs, 
ε1, τ1 and τ2 corresponding to the various percentage of water content, m.c are revealed in Table 2. The 
value of the relative complex permittivity of the oil palm mesocarp is mainly contributed by the water 
content, m.c., since the permittivity of water is far greater than other substance in the mixtures (such 
as oil and fiber) and it is sensitive to the microwave frequencies, especially at 2.45 GHz and 10 GHz 
(Nyfors and Vainikainen, 1989). The decrease in relative complex permittivity of the oil palm mesocarp 
is caused by the displacement of water by the oil and fibers contents.

Figure 23. Moisture measurement of oil palm fruit using coaxial radiator
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Figure 24. Variation in dielectric constant, εr¢ and loss factor, εr
2 with moisture content, m.c of 25 oC 

(Abbas et al., 2005)

Figure 25. Variation in (a) dielectric constant, εr¢ and (b) loss factor, εr2 with frequency at room tem-
perature (25 ± 1)oC for various water content, m.c in oil palm fruits(Abbas et al., 2005)
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In all measured fruits, the loss factor, εr
2 decreased at low frequency, which reached a broad mini-

mum between 1 and 3 GHz, then increased again as shown in Figure 25 (b). This behavior is influenced 
by ionic conductivity, σ at lower frequencies, since dielectric properties in agriculture are believed to 
be primarily depending on water activity and ionic conductivity of fluids contained in their cellular 
structures. The oil palm mesocarp has higher relaxation time, τ below frequency of 10 GHz for different 
water contents, m.c., while the relaxation, τ of oil palm mesocarp is approximately 8.377 ps relaxation 
of free water for frequencies above 10 GHz. The high value of relaxation time, τ of oil palm mesocarp 
at low frequencies is due to the orientation polarization of polar molecules which is slowed down by 
the binding of water molecules in the mixtures, such as the water absorption by a fiber and the capillary 
water between the fibers. However, the bound molecules are broken down above 10 GHz. In fact, the 
overall effect on water structure in oil palm mesocarp is extremely complex.

Table 2. The Debye and Cole-Cole parameters of oil palm mesocarp as a function of percentage water 
content, m.c (%) at (25 ± 1)oC (You et al., 2010)

Cole-Cole parameters of oil palm mesocarp 
(30% £ m.c £ 80% ; pure water) ; (0.13 GHz £ f £ 20 GHz) ; (25 ± 1) oC

ε s m c m c m c= − × + × − +− −( ) ( ) ( )3 9899 10 8 0046 10 3 8988 67 2584 3 2 2. . . . . . . ±± 0.9792
 

ε1
5 4 3 3 21 8394 10 3 8076 10 0 27371 8 73= − × + × − +− −( ) ( ) ( ). . . . . . .m c m c m c 994 98 783 0m c. . .( ) − ± 5093

ε ν ε ν ε ε∞ ∞ ∞ ∞= + − +( ) ( )water
water

water
oil fiber0 84 0 16. . , where ε ε ε∞ ∞ ∞= ≈ ≈water oil fiber4 9 2 5 2 2. , . , .   

 

v
m c

water
fiber oil oil

water water
=

− +( )
− +

0 01 0 16 0 16

0 01

. . . .

.

ρ ρ ρ

ρ ρ 00 01. ρoil
, 𝜌water=0.9959 gml-1, 𝜌oil=0.9073 gml-1, 𝜌fiber=0.9200 gml-1

τ1 1 1394 10 1 3309 10 1 0209 1017 3 15 2 13= − × + × − ×− − −( ) ( ) (. . . . . .m c m c m c)) + × − ±1 6660 10 11 1 119. . ps
 

τ 2 5 5307 10 8 7071 10 4 6620 1017 3 15 2 13= − × + × − ×− − −( ) ( ) (. . . . . .m c m c m c)) + × − ±1 6004 10 11 0 478. . ps

𝜎 = 6.2861×10-4 (m.c)2 - 3.6521×10-2 (m.c) + 6.3931×10-1 ±0.02482 Ω-1m-1

a1 = -2.2890×10-4 (m.c)2 + 3.6771×10-2 (m.c) + 1.4734×10-1 ±0.0008234
a2 = -3.5634×10-6 (m.c)2 - 4.5790×10-4 (m.c) + 1.0124 ±0.00002904
a3 = 4.0888×10-5 (m.c)2 - 8.7443×10-3 (m.c) + 1.1543 ±0.0008381
a4 = 3.5374×10-5 (m.c)2 - 2.5052×10-3 (m.c) + 8.7535×10-1 ±0.004263

Table 3. Relationship between % water content, m.c, dielectric constant, εr¢ and conductivity, σ of oil 
palm mesocarp for 3 GHzat (25 ± 1)oC(You et al., 2010)

Water Content, m.c (%) Dielectric Constant, εr¢ Conductivity, σ (Ω-1m-1)

30 – 40 
40 – 50 
50 – 60 
60 – 70 
70 – 80

10 – 20 
20 – 25 
25 – 35 
35 – 55 
55 – 65

0.11 – 0.17 
0.17 – 0.38 
0.38 – 0.7 
0.7 – 1.1 
1.1 – 1.7
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Palm Oil Quality Monitoring

The oil palm is a unique plant, which yields two different vegetable oils, namely, the red crude palm oil 
(CPO) and palm kernel oil (CPKO). The CPO is extracted from the mesocarp of the palm fruit while the 
yellow CPKO is obtained from the kernel as illustrated in Figure 26. Both palm oils are varied in their 
chemical compositions and physical properties as well as their industrial applications.

The CPO with low free fatty acid (FFA) is less susceptible to oxidation, good bleachability, low trace 
metals, low insoluble impurities and moisture content, m.c is labeled as good quality oil. In general, the 
standard quality CPO is defined at 5% FFA (max), 0.2% moisture (max) and 0.05% impurities (max). 
Hence, it is known that the water content in the oil influences the rate of FFA formation. This is due 
to the formation of FFA involve the hydrolysis reaction which can only be carried out in the water or 
at oil-water interface. When the water content in oil is greater than the solubility, the water will exist 
in droplets or emulsion state that influences the rate of hydrolysis reaction. However, the solubility of 
water in palm oil is very low, as in neutralized palm oil is about 0.15% (max) at room temperature, 25 oC. 
For palm oil containing 2.43% and 6.44% of FFA, the water solubility will increase to 0.2% and 0.25%, 
respectively. However, the total moisture content within the palm oil over the 26 days is about 0.60%. 
In general, the rate-controlling factor is referring to the water content must be kept below the solubility 
of water in palm oil, in order to reduce the hydrolysis of the oil. Therefore, the water content in the oil 
is preferably to be kept as low as possible to maintain its stability during storage.

CPKO is obtained from the kernel inside the nut of the palm fruit and it is lauric-rich oil which contains 
no carotene. It is saturated oil and more resistant to oxidation. The mechanisms of chemical hydrolysis 
and micro-organism activity of CPKO are mainly influenced by the water content as in CPO. The rate of 
FFA formation in CPKO is slightly higher due to the shorter hydrocarbon chains in CPKO. In addition, 
the water content below 7% inhibits the microbial activity in CPKO. Moreover, by keeping water content 
below 7%, the formation of FFA will be kept below 1.5% after 6 months storage of CPKO. Generally, 
the standard quality of CPKO is defined at 5% FFA (max), 7% moisture (max) and 6% impurities (max). 
The CPO and CPKO quotes requirements are listed in Table 4 and Table 5, respectively.

Figure 26. The red crude palm oil (CPO) is derived from mesocarp of the palm fruit while the palm 
kernel oil (CPKO) is obtained from the kernel of the palm fruit (You et al., 2014)

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



122

Emerging Microwave Technologies for Agricultural and Food Processing
 

In order to monitor the moisture content in the palm oil (Elaeisguinensis), a rapid and nondestructive 
dielectric measurement using commercial coaxial probe and dielectric mixture modeling are analyzed 
macroscopically in this study. The measured dielectric constant, ε¢r_oil and loss factor, ε2

r_oil of CPO and 
CPKO versus operation frequency, f are respectively plotted in Figures27 (a) and (b). Obviously, the CPKO 
naturally has higher values of relative permittivity compare to the CPO for entire operation frequencies.

Table 4. Standard quality CPO based on Malaysian Oil Palm Growers’ Council (MOPGC), Malaysian 
Standard (MS) and Palm Oil Research Institute of Malaysia (PORIM)

Factors

Standard quality of crude palm oil (CPO)

Malaysian Oil Palm Growers’ 
Council 

(MOPGC)

Malaysian Standard 
(MS)

Palm Oil Research Institute of 
Malaysia 

(PORIM, 97/98)

FFA (max) 
Moisture (max) 

Impurities (max)

5% 
0.25% 
0.25%

2.5% 
0.2% 
0.05%

3.2% 
0.18% 
0.03%

Table 5. Standard quality CPKO based on Malaysian Oil Palm Growers’ Council (MOPGC), Malaysian 
Standard (MS) and Standard Institute of Malaysia (SIM)

Factors

Standard quality of crude kernel palm oil (CPKO)

Malaysian Oil Palm 
Growers’ Council 

(MOPGC)

Malaysian Standard 
(MS)

Standard Institute of Malaysia (SIM)

Grade 1 Grade 2

FFA (max) 
Moisture (max) 

Impurities (max)

5% 
7% 
6%

5% 
7% 

6% (min)

3% 
0.35% 
0.35%

6% 
0.5% 
0.5%

Figure 27. Variation in (a) dielectric constant, ε¢r_oiland (b) loss factor, ε2r_oilwith frequency at (25 
± 1)oC for pure crude palm oil (CPO) and crude palm kernel oil (CPKO) (You et al., 2014)
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Obviously, the CPKO naturally has higher values of relative permittivity compare to the CPO for 
entire operation frequencies. In Figure 28, we have plotted the variation in effective dielectric constant, 
ε¢eff with frequency for various volumes of water, vwater in CPO. As expected, the values   of the effective 
dielectric constant, ε¢eff is increased with increasing volume of water in CPO over the frequency range.

The minor differences between the results obtained from the measurement and calculation may due 
to the following factors:

1)  The direction of polarized electric field is not fully normal to the layer.
2)  The distribution of water inclusion in the mixture is not uniform because it tends to sink in oil 

environment.
3)  The non-uniform distribution of water inclusion in oil environment around the sensing area.
4)  The overlapping water inclusion can form the connected sets thus the size of water inclusion dis-

tributed in oil environment will not be uniformed.

Fruits Sweetness Detector

The correlation between the dielectric properties and fruit sweetness (or fruit maturity) using commercial 
open-ended coaxial probe, has been intensively studied by Nelson et al. (1994; 1995; 2007) and Guo et 
al. (2007; 2011) as shown in Figure 29.

The major component of soluble solids content (SSC) in fruit is the sugar content. Moreover, the SSC 
is linearly correlated to the moisture content, m.c in the honeydew melon and watermelon as shown in 
Figure 30, thus, the sugar content of the honeydew melon and watermelon can be indirectly determined 
by measuring the moisture content, m.c of the fruit. From Figure30, it appears that most of the water-
melons are sweeter than the honeydew melons, since the average of the SSC for watermelon is almost 
12%, while the average of the SSC for honeydew melon is approximately 8%. The relationship between 
the loss tangent, tan δ and the SSC for the watermelon at 1.8 GHz is given in Figure31.

Figure 28. Variation in effective dielectric constant, ε¢eff with frequency, f at room temperature (25 ± 
1)oC for various water volume in (a) CPO and (b) CPKO (You et al., 2014)
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Nelson have been found that sweetness level, SSC of fruit can be linearly predicted based on measur-
ing relative complex permittivity (εr¢andεr

2) as:

SSC r r=
′′ − ′ε κε
η

 (15)

Symbols κ and η are fitting coefficients and its values are constant for broadband measurement. In 
addition, the relatively high correlations between SCC and relative complex permittivity (εr¢ and εr

2) 
can be achieved using (15). From (15), the εr

2/SSC versus εr¢/SSC at 1.8 GHz can be plotted as shown 
in Figure 32 (Nelson et al., 2007).

Figure 29. Dielectric measurements of the (a) honeydew melon and (b) watermelon surfaces using open-
ended coaxial probe (Guo et al., 2007; Nelson et al., 2007)

Figure 30. Relationship between moisture content, m.c and soluble solids content (SSC) for the (a) hon-
eydew melon and (b) watermelon (Guo et al., 2007; Nelson et al., 2007)
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In this subtopic, another example of fruit sweetness measurement would be described, namely oranges 
(Rosmanet al., 2018). In the study, an orange sample is placed and contacted at the end of the monopole 
driven from coaxial line, which is connected to microwave vector reflectometer as shown in Figure 33.

When the amount of brix, °Bx changes in the orange, the monopole sensor will measure a change in 
reflection coefficient, |S11| (from the change in εr) that can be directly correlated with a change in brix 
level, °Bx of the orange, which is obtained using commercial refractometer. Figure 34 (a)shows the 
Brix level, °Bx of orange change is respectively caused the change of εrʹ value from 45 to 15 and εrʺ is 
changing within 2 to 18 at 2.2 GHz. On the other hand, the relationship between measured reflection 
coefficient, |S11| of the orange and its sweetness level, °Bxat 2.2 GHzas shown in Figure 34 (b).The pH 

Figure 31. The linear relationship between loss tangent, tan δ and soluble solids content (SCC) of the 
watermelons (Nelson et al., 2007)

Figure 32. The linear relationship between ratio εr2/SCC and ratio εr¢/SCC of the watermelons (Nelson 
et al., 2007)
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values for the oranges in Figure 34 (b) are measured by pH tester into the orange juice. Clearly, the 
significant variation of εrʹ, εrʺ, and |S11| of the orange sample is most probable due to presence of soluble 
solid content (SSC), since the moisture content, m.c. for overall orange sample are approximately constant 
(~ 88% m.c.) as shown in Figure 34 (c).

Figure 33. The finite end of the monopole terminated by orange sample

Figure 34. (a) Relative complex permittivity (εr¢ andεr2) of oranges versus Brix level (o). (b) Measured 
|S11| and pH versus Brix level (o). (c) Measured moisture content, m.c. versus Brix level (o).
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Rice Drying and Sterilization Processing

Gain moisture content, m.c.is the most important criterion for quality assessment and process control. 
The m.c. inside the rice grain is a key parameter for grain processing such as harvesting, milling, storage, 
transporting and quality control. For instance, rice grain is usually harvested between moisture content, 
m.c. 19% to 25% for maximum grain yield and needed to be dried to ~14% (wet basis) or less depend-
ing on the season and the weather for safe storage. Besides, the ideal m.c. for milling is 14% in order to 
maximize the head rice and minimize the broken rate (BR). If the m.c. in rice grain is too low, the milled 
grain will become fragile. Thus, the precise determination of the rice grain m.c. is important. In general, 
the hot air drying oven is implemented in conventional rice grain drying process. However, this method 
is time-consuming and causes energy loss. Recently, most of microwave equipment and measurement 
techniques are used to dry or monitor the moisture content, m.c. inside the agriculture products and foods 
under test. The reason is due to the tendency of water to absorb microwave energy and generate the 
heat within the agri-foods under test. When the moist rice grain is exposed to the microwave, the water 
molecules in the rice grain will be induced to rotate and produce heat as shown in Figure 3. Thus, the 
rate of water removal is higher than hot-air drying method. Besides, the microwave heating is capable of 
maintaining original texture structure and color of the rice gain compared to conventional oven drying 
techniques. For instance, the manufactured microwave heating system for agri-food products is shown 
in Figure 35.

Rice Moisture Sensing

Microwave measurement techniques have been an increased interest in the determination of moisture 
content, m.c. (or dielectric properties) of bulk rice grain at microwave frequencies range (You and Nel-

Figure 35. Microwave heating equipment
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son, 1988; Kim et al., 2002; Yagiharaet al., 2007). This is because the percentage of m.c. (range from 
9% m.c. to 26% m.c.) in the rice grain has played an important role in the aspects of marketing and stor-
age. In marketing, the price of rice is dependent on the weight of the rice bulk, more water content in 
the rice grain will increase the price of rice. For storage, it is the highest moisture content (m.c.< 14%) 
that is present in the grain mass determines the storage duration of the rice grains, in which m.c.< 13% 
indicates a storage duration of more than 60 days (Thakur et al., 2001; You et al., 2011).

There are two methods of determining moisture content, m.c. of rice grain, which are the direct method 
and the indirect method. The direct method determines the m.c. by removing the m.c. of rice grain bulk 
using oven drying method (130° C with 24 hours) or chemical solvents. The direct method is the most 
accurate method to determine the grain m.c., but it is time-consuming. For the direct method, the water 
content in the rice grain is removed totally and m.c. is calculated based on gravimetric method. The 
heating temperature must exceed the temperature of boiling water due to water molecules in rice grain 
was in a bind with molecules of rice substance.

In contrast, the indirect method requires the measurement of the electrical property of the rice grain 
using a fabricated instrument, so-called moisture meter. The change in electrical properties that can be 
directly correlated with a change in the actual moisture content, m.c. of the rice grain obtained from 
oven drying method (direct method). Recently, the indirect methods become more popular than the 
direct method due to rapid test, high sensitivity and user-friendly features. In this Section, only indirect 
methods that use high operating frequency for grain moisture determination are described.

As mentioned above, the polarization of water molecules contained in the rice grain is sensitive and 
showed a significant response when exposed to microwaves and this will allow the microwave sensor to be 
used as a measuring technique to sense the moisture content, m.c. in the moist rice grain. The volume of 
water in the total volume of moist rice grain heavily influences the relative permittivity of the moist rice 
grain due to the relative permittivity of pure water being much greater than that of the other constituents 
in the rice grain bulk (rice substance: εr » 2.5, air: εr = 1). Thus, when the amount of moisture changes 
in the rice grain, the sensor will measure a change in reflection /transmission coefficient or resonant 
frequency (from the change in permittivity) that can be directly correlated with a change in m.c. of the 
rice grain which was obtained from oven drying method.

For instance, a microwave microstrip ring resonator as miniaturized and non-destructive sensor for 
single wheat grain microwave estimation were reported by Abegaonkar et al. (1999) as shown in Figure 
36. The ring resonator was designed on an alumina substrate with a h of 0.635 mm and εr,sub of 9.98to 
resonate at 10 GHz.

Figure 36. Microstrip ring resonator overlaid by grain (Abegaonkar et al., 1999)
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In that measurement, a wheat grain was overlaid on the ring resonator, and its corresponding measured 
resonant frequency fr, bandwidth, BW and quality factor Q were obtained from a scalar network analyzer. 
Then, the calibration equations relate the moisture, m.c. with fr, BW and Q respectively were developed. 
Validation test showed that the average error for m.c. prediction was 2.12%. The major drawback of this 
ring resonator is the grain orientation within the sensor significantly affects the accuracy and sensitivity 
of the measurement.

Kim et al. (2002) proposed a prototype microwave transceiver grain moisture meter based on free-
space transmission method for rice grain m.c. prediction. The prototype grain moisture meter is mainly 
composed of an oscillator, isolator, horn antenna, detector and rectangular grain holder. The schematic 
diagram of the prototype grain moisture meter is depicted in Figure 37.A generated microwave signal at 
10.5 GHz from an oscillator transmitted to the rice grain sample through an isolator and a transmitting 
horn antenna. The attenuated signal was then received by a receiving horn antenna and detected by a 
detector that will convert the signal to voltage, V. A calibration equation relates the moisture content, 
m.c. with moisture density, ρ, voltage, V and temperature, T, was developed and validated in that study. 
Validation result showed that the moisture meter can predict the m.c. with average error of 0.52%. How-
ever, the moisture meter is relatively large in size and operates at high frequency which will increase its 
cost. In addition, the output voltage, V of the meter needs to be substituted into the calibration equation 
manually for m.c. calculation.

Figure 37. The prototype microwave transceiver grain moisture meter (You et al., 2017)

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



130

Emerging Microwave Technologies for Agricultural and Food Processing
 

Besides, a multi-layer microstrip moisture sensor was developed by Jafari et al. (2010) for measuring 
the m.c. of rice grain. The sensor was designed on a laminated RT/Duroid substrate with a h of 1.575 
mm and εr,subof 2.2 to operate at 9 GHz. The sensor consists of two main parts: the stripline section 
which is covered by aluminium plate, and the semi-infinite layer microstrip line which is the sensing 
region as shown in Figure 38. The attenuation as a function of complex permittivity of three dielectric 
layers (substrate, protective and grain layers) and effective dielectric constant was derived from complex 
propagation constant. Besides that, the relationship between the complex permittivity of rice grain and 
m.c. was also established based on mixture theory. To predict the m.c. of rice grain, the rice grain was 
loaded on the sensor and the corresponding attenuation signal was obtained from the vector network 
analyzer. Then, the m.c. was calculated from the measured attenuation through both derived attenuation 
and mixture equations based on numerical method. Thus, this method is complex as compared to the 
aforementioned studies (Abegaonkar et al., 1999; Kim et al., 2002).

You et al. (2011) proposed cylindrical slot antennas as sensors for rice quality (m.c. and percentage of 
BR) determination. A single slot antenna sensor and a coupling slots antenna sensor were fabricated by 
using SMA stub panel with a radius of 0.65 mm and length, l of 1.436 cm. For coupling slots antenna, the 
separation distance of the slots is 1 cm with one of the slot was terminated. Both sensors were positioned 
on an aluminum ground plane with an acrylic holder. The configuration of the single slot antenna and 
coupling slot antenna sensors are illustrated in Figures39 (a) and (b), respectively.

Figure 38. (a) Multi-layer microstrip moisture sensor (b) Cross-section of microstrip sensing region 
(Jafari et al., 2010)

Figure 39. Configuration of the (a) single slot sensor, (b) coupling slots sensor, and (c) Experiment-set-
up (You et al., 2011)
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Both sensors were designed to operate at 1 GHz for m.c. measurement based on the measured 
magnitude of reflection coefficient from a vector network analyzer. Calibration equations based on the 
relationship between the measured magnitude of reflection coefficient and m.c. were also developed 
for both sensors. The coupling slots sensor was more sensitive to the m.c. of the rice grain than single 
slot sensor. The coupling effects between the two slots will increase the density of the sensing fields for 
the sensor. Recently, microstrip wide-ring, microstrip coupled-line and small coaxial probe, as shown 
in Figure 40, have been used for rice moisture measurements. By using wide-ring and coupled-line sen-
sors, the bulk rice grain samples with different level of m.c. were placed into the sample holder of the 
sensor as shown in Figure 41. On the other hand, the small and slim coaxial probe has a small sensing 
area which can cover the size of single rice grain and provides a single grain moisture measurement. 
Moreover, the single grain measurement does not depend on the bulk density of the rice grains, thus the 
uncertainty of bulk density in the rice measurement (due to a different rate of broken rice in the bulk 
grain) can be ignored.

Figure 40. (a) Microstrip wide-ring sensor (Mun et al., 2015); (b) Microstrip coupled-line sensor (Mun 
et al., 2015); (c) Customized small coaxial probe with outer conductor radius, b = 0.33 mm and inner 
conductor radius, a = 0.1 mm (You et al., 2013)

Figure 41. Measurement set-up for (a) bulk rice grain moisture measurement (Mun et al., 2015) and (b) 
single rice grain measurement (You et al., 2013)
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The comparison of the measured εr׳ and εr׳׳ for rice grain with various m.c. at 2.45 GHz by using the 
wide-ring sensor, coupled-line sensor, literature data, and small coaxial probe are shown in Figure42 
(Mun et al., 2015; You et al., 2013). Obviously, the value of εr¢ for single rice grain measurement is 
much higher than the bulk rice measurements. This is due to the bulk rice is composed of a mixture of 
air and rice grains. The measured εr¢ will affect by the volume of air gap in the total volume of the bulk 
rice grain since the value of εr¢ for the air is approximately unity which is being much lower than the 
constituents in the rice grain.

Broken Rice Detection

Besides moisture content, m.c, the grade and price of the rice grain are also depending on the percent-
age of broken grain. The rice grain has a length less than ¾, but more than ¼ of the average head grain 
length are categorized as broken rice as shown in Figure43. Normally, the bulk rice which is contain-
ing broken grain for 0% to 5%, 5% to 20%, 20% to 35%, and 35% to 50%, is classified as a premium 
grade, grade 1, grade 2 and grade 3, respectively. In conventional broken rice sorting machine, there are 
implemented the mechanical filter techniques. Since broken rice has a size smaller than head rice, thus, 
the broken rice can be filtered by the wire net with small size of mesh in the machine. Recently, the 
image processing techniques are popularly used for grading and classification of rice, which the optical 
scanning is used to differentiate the size and color of the rice grain (Yadav and Jindal, 2001; Lloyd et 
al., 2001; Courtois et al., 2010).

In this section, an alternative broken rice measurement using microwave techniques were introduced. 
The measurement technique is based on the change of air gap density in the bulk rice since the air gap 
between broken grains is smaller as compared to the normal rice grains. The electromagnetic wave is 
generated from microwave sensor and radiate into the bulk grain sample. The air gap density in the 
grain sample is inversely proportional to the density of radiated field which is covering inside the grain 

Figure 42. The variations in εr¢andεr
2 of single rice grain and rice grain bulk with its moisture content, 

m.c. at 2.45 GHz (Mun et al., 2015; You et al., 2013)
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sample. The single and coupling slots radiators with one input signal are introduced in You et al. (2010) 
to measure the percentage of the broken rice. The slot radiators are constructed using commercial SMA 
stub panel with radius of slot, a = 0.65 mm and length of slot, l = 16 mm. The slots were driven from 
aluminum ground and covered by acrylic as shown in Figure 39. For coupling slots radiator, the separate 
distance between the coupling slots is 9 mm and one of the slot was terminated. The density of sensing 
field was strengthened using coupling slots radiator.

In measurements, the measured reflection coefficient, |Γ| will vary with changes in the density of rice 
grains in the sample. The electromagnetic wave is generated from coaxial line and radiate into the grain 
sample. The measurement technique is based on the change of air gap density in the bulk rice, since 
the air gap between broken grains is smaller as compared to the normal rice grains, the measurement 
technique is based on the change of air gap density in the bulk rice. Thus, the density of rice grains in 
the mixed sample is high. The short wavelength signal (high operating frequency) is required to enhance 
the air gap sensitivity for broken rice measurement and reduces the penetration of energy into the rice 
grains. In fact, the air gap density in the grain sample is inversely proportional to the density of radiated 
field which is covering inside the grain sample. Figure 44 shows the measured reflection coefficient, |Γ| 
of the rice grain vary with the percentage of broken rice in the samples at 13.5 GHz.

Figure 44. Variation in magnitude reflection coefficient, |Γ| with percentage of broken grain in the rice 
sample at 13.5 GHz at room temperature 25oCusing the (a) single slots sensor and (b) coupling slots 
sensor, respectively (You et al., 2011)

Figure 43. The rice grain with (a) 0%, (b) 50% and (c) 100% broken rate
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Tea Leaf Moisture Measurements

Generally, the production line of tea is mainly dependent on the moisture content, m.c. to decide how 
long the tea leaves should be dried in every drying step. Traditionally, the m.c. of tea leaves was esti-
mated by the skilled workers. However, the significant percentage of measurement errors may be caused 
by the workers (Chen et al., 2014). In fact, there are some accurate chemical methods (water extracted 
from tea sample) that were used to determine the moisture of tea (Hall et al., 1988), but these kinds of 
methods are time consuming and unsuitable for large-scale tea processing in manufacturing. In addition, 
most of the moisture meters only involve the DC circuit by using the concept of measuring the tea leaves 
resistance, conductivity or capacitance (Hazarika et al., 2006; Javanmard et al., 2009; Li et al., 2012; 
Okamura and Tomita, 1994; Rao and Han, 2014; Mizukami et al., 2006). The ionic conductivity, σ, in 
the tea leaves interacts with the metal surface of the sensor (sample holder) to create a small amount of 
voltage in the meter. However, this measurement concept will cause less sensitivity to the dry tea leaves 
(< 30%) measurement, due to the lack of free ionic in the dry tea leaf. Furthermore, these economical 
meters can only measure one type of tea leaf for a narrow measurement range of m.c. (normally only 
3% to 18% m.c.). Besides, the sensitivity of measurement towards the water contained in the tea leaves 
requires extensive interaction between the sensor surface and tea bulk samples.

Recently, most of the study measurements (Jones et al., 2017; Memon and Lim, 2018; Zarifi et al., 
2018; Peters et al., 2018) are based on the resonant technique as the measurement principle is simple, 
in which the properties of the sample under test are characterized from the measurements of shifting 
resonance frequency and quality of factor Q. Although this method provides accurate measurements, it 
requires high resolution and frequency sweep instruments, as well as good environmental control measure. 
Therefore, this method is less suitable for large-scale product processing industries. In the past until now, 
there were two types of microwave sensors which have been reported and used in the monitoring of the 
tea drying process. The first type of sensor is one pair of horn antennas and its moisture measurement 
is based on the free-space transmission techniques (Zhang and Okamura, 2000; Tein et al., 2017). The 
second type is a microstrip line sensor which is used for near field measurement (Okamura et al., 2007; 
Zhang and Okamura, 2006). Both methods have advantages and disadvantages, respectively. The first 
method is suitable for high temperature tea leaves bulk measurement due to the horn antennas sensor 
which does not come into direct contact with the tea leaves sample; thus, the RF circuit is safe from heat 
damage. Nevertheless, this method provides a less precise measurement due to the sensing field being 
highly dispersed. Furthermore, the distance between the tea leaves sample and the horn aperture is dif-
ficult to gauge precisely. The second method has a small sensor and portable feature which is capable to 
measure wider m.c. range containing in the tea leaves sample. However, the microstrip line sensor has 
a thin sensing area above the microstrip line. Normally, the sensing area = (width of microstrip line)2. 
Thus, the m.c. is mainly measured only for the tea leaves which are overlaid on the surface of the mi-
crostrip line. This situation leads to high uncertainty in the moisture measurement since the tea leaves 
are an inhomogeneous sample.

Recently, You et al. (2018) has been designed a microwave reflectometry-sensor system for measuring 
the m.c. of the tea leaves. A large coaxial probe as a sensor is designed to measure the reflected voltage, 
Vrof the tea leaves which is connected to the customized reflectometer circuit as shown in Figure 45 
(a). During the measurement, the probe aperture is required to be firmly contacted with the tea leaves 
bulk as shown in Figure 45 (b). Then, the measured reflected voltage, Vr data is extracted by personal 
computer (PC). The corresponding moisture content, m.c. of the tea leaves under test are determined 
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using oven drying method (wet basis).The variations in reflected voltage, Vr of tea leaves bulk with the 
percentage of m.c. at various operating frequencies, respectively, at (25 ± 1) °C are plotted in Figures 
46 (a) to (e).As expected, the reflected voltage, Vr of tea leaves increases exponentially with m.c., since 
relative permittivity, εr of agricultural product normally increases exponentially with its m.c. at higher 
operating frequencies(Khaled et al., 2015).

Insect Detection and Control

Insect infestation is considered as a major reason of post-harvested grain losses during storage (Kumar 
and Kalita, 2017). The statistical numbers reveal the great losses both in the grain products and costs. 
The world annual losses records an estimation of 30% in Africa and Asia while 10% in North America 
(Davis, 1974). A study showed the economic losses due to microorganisms and insects to require one 
billion dollar annually only in the United States (Brader et al., 2002). The infestation of raw grain by 
insects causes quality degradation that decreases the nutritional value such grain (Vadivambal et al., 
2005). The grain crops are either stored on-farm or in the commercial handling facilities. The safety of 
the storage determines the quality criteria of the stored grain. On condition that the stored gain is found 
to be infested then the insects has to be eliminated and controlled. The common treatment of infesta-
tion is by using chemical insecticides. Such substances are contributing to the environmental hazards. 
Several devoted studies have been point out the possibilities of using an alternative techniques aiming 
the elimination of potential hazards caused by the usage of chemical substances (Nelson, 1974). Grain 
disinfection using microwave fields exposure has been utilised for since 1920’s. Dielectric heating is 
the enabling feature for controlling the insects by microwave or lower frequency RF energy. The basic 
concept of controlling the insects is by raising the temperature to specific level that is considered as 
tolerant to the hosted product and lethal to the insects. Dielectric heating produces a novel solution when 
the water content of the insects are higher than the infested products which increases the absorption 
rate, hence, rapid rising to a lethal temperature and better sustain to the infested product (Nelson, 1974).

Figure 45. (a) Microwave reflectometry-sensor system. (b)Coaxial probe for tea leaves bulk 
measurements(You et al., 2018)
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Basically, microwave treatment controls the insect lethality by the mean of either differential or 
localized heating of the insects’ body tissues. The power caused by E-field of EM wave is objected to 
the dissipation per unit volume of the dielectric media, as expressed in equation (5). Such power dis-
sipation increases the rate of temperature, T rising which defined as a function of power as given in 
(7). The heating rate is proportionally influenced by the operating frequency, f and intensity of electric 
field, E. There are several factors that affect the choice of the applied power and frequency, such as the 
type of the infested material which determines the effective heating threshold, the insect species where 
each species varies in the m.c. and the relative dielectric properties of body tissues. According to (7), 
successful insect-control depends on the dielectric properties of the host materials which cause varia-
tions in the lethal temperature to be in the range 40 °C to 90 °C. It also depends on the species and the 
development stage of the insect, the distribution in the host and the frequency and power of operation, 
where the adult insects produce high susceptibility to being controlled by the electromagnetic field as 

Figure 46. Variations in reflected voltage, Vr with moisture content, m.c. (%) in (a) Boh tea, (b) Pu Erh 
tea, (c) Green tea, (d) Sabah red tea, and (e) Oolong tea, respectively (You et al., 2018)
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compared with embryos. The 13.6 MHz and 39 MHz are the two frequencies are examined by Nelson 
and Stetson, (1974) for proper insect control, at the same time without damaging the quality of germina-
tion or baking and milling.

Hence, the microwave method can be used to control and eliminate the rice weevils (in Figure 47 (a)) 
without affecting the texture of the rice grain. It is due to each agri-food, or biological specimens have 
unique energy absorption properties, which is mainly influenced by its loss factor, εr

2. The value of εr
2 

for the material is frequency-dependent. The typical relationship between the loss factor, εr״, mecha-
nism of water molecules and operating frequency is shown in Figure 5. For instance, the values of εr¢ 
and εr

2 of the rice weevils versus frequency, f is shown in Figure 47 (b) (Nelson, 2015). By comparing 
Figures 5 and 47 (b), it was found that the water content in the rice weevils is in a state of bonding at a 
few MHz. This means that the internal response of the rice weevils is sensitive to the external wave at 
few MHz. Thus, Nelson (2015) found that the complete mortality of the rice weevils can be obtained 
with 40 °C of grain temperature when infested grain was exposed to microwave at 39 MHz than when 
it was treated at 2.45 GHz (ISM band).

CONCLUSION

This chapter introduces selected ten sub-themes of microwave applications in the fields of agriculture 
and food processing, especially in microwave moisture sensing and heating applications. The descrip-
tions of Maxwell’s equations and field theory foundations in this chapter is ignored, so the content of 
this book can be concentrated on the description of more advanced microwave applications in this field. 
Nevertheless, the application of microwave in agri-foods processing is very broad and most of these 
technologies are new and still in the research phase. Hence, this chapter still does not cover all microwave 
applications, such as moisture measurement of butter/sugar, parboiling rice using microwave energy, 
microwave pasteurization and sterilization of foods, and microwave freeze drying of fruits/vegetables. 
Today most of the existing microwave devices and systems are bulky, expensive, and only used in food 
processing factories. However, the authors believe that in the future, several microwave devices and 
systems, such as microwave insect control and microwave freeze drying devices, will be scaled down 
and modified to be used domestically, like domestic microwave oven.

Figure 47. (a) Rice weevils (Sitophilus oryzae); (b) Variational in εr¢ and εr
2 of the rice weevils with 

frequency, f at 24 °C (Nelson, 2015)
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KEY TERMS AND DEFINITIONS

Bound Water: An amount of water in a substance which are bound to other substance constituents 
and create a thin layer of water surrounding the constituent surfaces.

Cole-Cole Model: A relaxation model for describing dielectric relaxation of a substance.
Dry Basis: A measure of the water in a substance, which is expressed as the percentage of the ratio 

of the weight of water to the weight of the completely dry substance.
Fifth Generation Wireless Technology (5G): Digital cellular mobile communication networks that 

began wide deployment in 2019.
Free Fatty Acid (FFA): Fatty acid produced by the hydrolysis of oils and fats.
Free Water: Water that is not bound to an inorganic surface and can flow freely.
Frequency-Domain Reflectometry (FDR): A nonintrusive technique used to feed a frequency sweep 

signal into an electrical line. The receiver measures the interference pattern generated when the output 
signal of the swept RF source is added to or subtracted from the reflected signal of the fault and other 
reflection characteristics in the tested electrical lines, then determine the characteristics of electrical lines 
by observing the vector addition of the signals creates a ripple pattern versus frequency.

Internet of Things (IoT): A system of interrelated computing devices, mechanical, and digital ma-
chines provided with unique identifiers (UIDs) and the ability to transfer data over a network without 
requiring human-to-human or human-to-computer interaction.

Microwave: A form of electromagnetic radiation with wavelengths ranging from 1 m to 1 mm, which 
is corresponding to operating frequencies ranging from 300 MHz to 300 GHz.

Microwave Sensor: A type of sensor device that operates at microwave frequencies (within 300 
MHz to 300 GHz).
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Monolithic Microwave Integrated Circuit (MMIC): A type of integrated circuit (IC) device that 
operates at microwave frequencies.

Moisture Content (m.c.): Quantity of water that exists in a substance.
Pasteurization: A process in which water and certain packaged and non-packaged foods are treated 

with mild heat, usually to less than 100 °C, to eliminate pathogens and extend shelf life.
Permittivity: A substance property that affects the Coulomb force between two-point charges in the 

substance.
Reflection Coefficient (S11): A parameter that describes how much electromagnetic waves are re-

flected by impedance discontinuities in the transmission medium.
Relative Permittivity (εr): A permittivity of substance expressed as a ratio relative to the vacuum 

permittivity.
Soluble Solids Content (SSC): A solution is determined by the index of refraction.
Time-Domain Reflectometry (TDR): A noninvasive technique used to measure the time between 

release and return of the low voltage pulse from any reflections and determine the characteristics of 
electrical lines by observing reflected waveforms.

Transmission Coefficient (S21): A parameter that describes how much electromagnetic waves pass 
through the transmission medium.

Wet Basis: A measure of the water in a substance, which is expressed as the percentage of the ratio 
of the weight of water to the total weight of the substance (water + dry substance).
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APPENDIX

List of Abbreviations

εr Relative Complex Permittivity
εo Permittivity of Vacuum (8.8541878×10−12 F/m)
εr¢ Real Part of Relative Permittivity /Dielectric Constant
εr

2 Imaginary Part of Relative Permittivity / Loss Factor
ε¥ Optical Permittivity
εs Static Permittivity
n Complex Refractive Index
n¢ Real Part of Refractive Index
n2 Imaginary Part of Refractive Index
ε¢eff Effective Dielectric Constant
εwater, εfiber, εoil Relative Permittivity of Water, Fiber, and Oil, Respectively
ε¢r_oil Dielectric Constant of CPO or CPKO
ε2

r_oil Loss Factor of CPO or CPKO
εr,sub Dielectric Constant of PCB Substrate
tanδ Loss Tangent
j Square Root of -1
μo Free Space Permeability (4π×10-7H/m)
μr Relative Permeability
σ Conductivity (S/m)
f Operating Frequency (Hz)
fr Resonant Frequency (Hz)
t Time (s)
T Temperature (oC)
Tg Glass Transition Temperature (oC)
ω Angular Frequency (rad/s)
τ Relaxation Time (s)
τo Proportionality Factor of Arrhenius Equation (s)
Qe Activation Energy
c Velocity of Light (299792458m/s)
λ Wavelength (m)
λo Free Space Wavelength (m)
a and b Dimensions of Waveguide (m)
d Sample Thickness (m)
D Penetration Depth (m)
l Length of Monopole (m)
P Dissipation of Microwave Power(W/m3)
k Boltzman Constant (1.38066 × 10-23 J K-1)
∆S Entropy Change(J (K mol)-1)
Δf Resonance Frequency Shift (Hz)
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h Phanck Constant(6.62608 × 10-34 J s-1)
R Gas Constant (8.3143 J/mol·K)
Cρ Specific Heat Capacity of the Specimen (J/(kg °C))
ρ Density of the Specimen (kg/m3)
E Supplied Microwave Energy or Electrical Field (V/m)
Vr Reflected Voltage (V)
ΓorS11 Complex Reflection Coefficient
S21 Complex Transmission Coefficient
Z Impedance (Ω)
α Empirical Constant of Cole-Cole Model (0 <α< 1)
ϕ Phase Shift of Reflection Coefficient (rad)
a1, a2, a3, and a4 Empirical Constant of Cole-Cole Model for Oil Palm Mesocarp
κand η Linear Fitting Coefficients
vwater Volume Fraction of Water
ρwater, ρfiber, and ρoil Density of Water, Fiber, and Oil, Respectively (g/ml or g/cm3)
m Molar Mass (g/mole)
m.c. Moisture or Water Content (%)
m.cv Volumetric Moisture Content (%)
ASAE American Society of Agricultural Engineers
BR Broken Rate
BW Bandwidth
CBCPW Conductor-Backed Coplanar Waveguide
CENELEC European Committee for Electrotechnical Standardization
CPO Crude Palm Oil
CPKO Crude Palm Kernel Oil
DRC Dry Rubber Content
EM Electromagnetic
FCC US Federal Communications Commission
FDR Frequency-Domain Reflectometry
FFA Free Fatty Acid
ICES International Committee on Electromagnetic Safety
IEEE Institute of Electrical and Electronic Engineers
IoT Internet of Things
ISM Industrial, Scientific, and Medical
ITU International Telecommunication Union
MMIC Monolithic Microwave Integrated Circuit
MOPGC Malaysian Oil Palm Growers’ Council
MS Malaysian Standard
MWG Microstrip Waveguide
NRW Nicholson-Ross-Weir
OECWG Open-ended Coaxial Waveguide
PC Personal Computer
PORIM Palm Oil Research Institute of Malaysia
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PTFE Polytetrafluoroethylene
RDWG Rectangular Dielectric Waveguide
RF Radio Frequencies
RWG Rectangular Waveguide
SAR Specific Absorption Rate
SMA Sub-Miniature A
SSC Soluble Solids Content
TDR Time-Domain Reflectometry
Wi-Fi Wireless Fidelity
WLANs Wireless Local Area Networks
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Section 3

This section presents specific applications and proposed solutions for automated irrigation systems, 
case studies for involving the use of artificial neural networks for harvested grain condition monitoring 
and crop disease identification, framework of precision management practices for legal cultivation of 
cannabis particularly under greenhouse situations, a web platform for access and use of information 
related to the variables of interest to farmers, and a research for increasing the accuracy of a prediction 
model for the power requirements of the chisel plow.

Applications and Solutions
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ABSTRACT

Agricultural areas are getting reduced due to human negligence in providing modern irrigation methods. 
As a result, reflections aiming to save water use in the water network management context have been 
developed over the years. In this chapter, the authors propose a platform for precision agriculture which 
allows collecting fundamental physical phenomena (soil moisture, air temperature, humidity, water 
level, water flow, luminous intensity) required for the precision agriculture, which will be carried out to 
calculate the water quantity needed for optimal irrigation. The platform consists of a sensor/actuator 
node, a desktop application, and a gateway switches relay that controls the water pump according to 
the requirement. It uses an algorithm developed with threshold values of temperature and soil moisture 
(Rawls and Turq formulas) to control water quantity. The proposal is a good starting point for a smart, 
sustainable, and low-cost irrigation solution.

Precision Agriculture:
Automated Irrigation Management 

Platform Using Wireless Sensor Networks

Amine Dahane
Research Laboratory in Industrial Computing and Networks, University of Oran 1, Algeria

Bouabdellah Kechar
 https://orcid.org/0000-0001-8635-4667

Research Laboratory in Industrial Computing and Networks, University of Oran 1, Algeria

Abou El Hassan Benyamina
LAPECI Laboratory, University of Oran 1, Algeria

Rabaie Benameur
Research Laboratory in Industrial Computing and Networks, University of Oran 1, Algeria

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://orcid.org/0000-0001-8635-4667


151

Precision Agriculture
 

INTRODUCTION

Agriculture uses 85% of worldwide available freshwater resources, and this percentage will continue 
being dominant in water consumption because of population growth and increased food demand. There 
is an urgent need to create strategies based on science and technology (Gutiérrez, 2014) . The use of 
wireless sensor networks (WSNs) needin agriculture applications becomes a reality nowadays after the 
success of theoretical research contributions in the previous decade (Dahane, 2015). WSNs have recently 
motivated the information technology solutions adoption in crop fields within precision agriculture ap-
proaches, which contribute to the rational use of water, including technical, agronomic, managerial,…
etc. Research studies on irrigation systems to achieve water savings in diverse crops from basic ones to 
more technologically advanced ones. To achieve water saving, irrigation system frameworks have been 
proposed, based on various techniques, e.g., thermal imaging, Crop Water Stress Index (CWSI), direct 
soil water measurements, etc.

Due to the recent advances in sensors to implement irrigation systems for agriculture, the evolution 
of WSN and the Internet of Things (IoT) technologies, that can be applied in the development of these 
systems,IoT takes a major role in the revolution of digital transformations. Today, we can, therefore, 
discuss the IoT applications in agriculture (See Fig. 1).

Rapid climate change affects not only agriculture, but also the agricultural system. In this crisis, IoT 
applications play a key role in improving agriculture. Sensors are installed outside and inside the agri-
cultural domain. In the Intelligent Greenhouse System, IoT applications adjust the state of the climate 
according to the particular predefined instructions set. Above all, these sensors collect real-time data that 
helps control the automatic irrigation system in an intelligent greenhouse. In the livestock monitoring 
and management system, IoT applications have a major impact. Here, the location tracker is implemented 
in the livestock. They are tracked at grazing time. More importantly, the health conditions of all animals 
are recorded at the same time.

The agricultural drone is a crucial invention in the IoT field in agriculture. There are two types: 
Ground Drone and Aerial Drone.Agriculture drone benefits to the use ease, time-saving, crop health 
imaging, integrated GIS mapping and the ability to increase yields.

Collecting data from sensors helps defining the exact irrigation time. Although this is expected in 
many situations, IoT applications have facilitated timely water management. As a result, the water misuse 
is reducing day by day.Thus,IoT implements digitization in all possible sectors, especially in agriculture.

Within the farming activities that use water inputs, too known as watered farming, there are different 
conducts to convey the water. The different alternatives show different efficiency and, in a few cases, 
a particular way ought to be used for a particular corp. The particular irrigation practice has several 
forms that can be represented into categories (See Fig. 2): attending to the way of water is dispersed 
able to consider: (i) flood irrigation, (ii) shower water system, (iii) dribble water system, and (iv) nebu-
lizer water system. Forthe existence of detecting frameworks ready to have: (i) water system without 
any thought, when the watersum isn’t calculated or assessed, (ii) scheduled irrigation when the water 
is provided agreeing to the assessed needs in a period of the year, (iii) Ad hoc water system when the 
watersum is calculated based on the sensors measurements or prediction using artificial intelligence 
techniques. The tremendous larger part of the precision agriculture research area proposes usingpumps 
and valvesin order to convey the water in conjunction with sensors to degree natural parameters in ar-
range to calculate the water needs.
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Figure 1. IoT applications on precision agriculture

Figure 2. Water management in precision agriculture
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In a previous work plant, water status was monitored and irrigation scheduled based on canopy tem-
perature distribution of the plant, which was acquired with thermal imaging (Gutiérrez, 2014; Wang, 
2010). Irrigation systems can also be automated through information on the volumetric water content of 
the soil, using dielectric moisture sensors to control actuators and save water, instead of a pre-determined 
irrigation schedule at a particular time of the day and with a specific duration. An irrigation controller is 
used to open a solenoid valve and apply watering to bedding plants (impatiens, petunia, salvia, and vinca) 
when the volumetric water content of the substrate drops below a set point (Gutiérrez, 2014; Nemali, 
2006). Authors suggested evapotranspiration (ET) based approach, which is an important parameter to 
decide crop irrigation needs which are influenced by climate parameters, e.g., solar radiation, relative 
humidity, temperature, wind velocity, and crop features such as the crop growth phase, assortment and 
plant density, soil properties, nuisance, and disease control. ET-based frameworks can save water up to 
42% over time-based water irrigation scheduling (Goap, 2018; Wang, 2011; Prathibha, 2017; Rahman, 
2016). An electromagnetic sensor to measure soil moisture was the basis for developing an irrigation 
system at a savings of 53% of water compared with irrigation by sprinklers in an area of 1000 m2 of 
pasture (Gutiérrez, 2014; Goap, 2018). From the 89 evaluated papers by (García, 2020), 83 include clear 
information of the proposed irrigation system, the other six only mention that they include actuators for 
irrigation, see Figure 3. Those 83 include different levels of detail, there are 49 papers that only indicate 
that there are motor/pumps in their system (40 papers) or valves (nine papers) without more detail.

From those papers which or more details, 19 of them include sprinklers (the most used system), eight 
use drip irrigation, two propose the utilization of sprayers (Nemali, 2006) and the rest use a very specific 
irrigation systems (robots, pivot, rain gun or it can be applied to multiple systems).

In conjunction with the principal irrigation system, three papers propose the use of a fogging system 
and two papers propose the use of fertigation in their systems.

Figure 3. Different Irrigation Systems in precision agriculture
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A reduction in water use under scheduled systems also have been achieved, using soil sensor and an 
evaporimeter, which allowed for the irrigation adjustment to the daily fluctuations in weather or volu-
metric substrate moisture content. (Wang, 2010) developed an irrigation sensor based on a smartphone. 
For sensing soil moisture, the digital smartphone camerais used to process RGB to gray for theratio 
estimation between wet and dry soil areas. The wetness and dryness ratio is transmitted via a gateway 
to the water motor controller. A Mobile Application (APP) is developed to control sensor activity (like 
wakeup) and to set a sensor in sleep mode. The majority of the earlier irrigation systems do not consider 
the weather forecasting information (e.g., precipitation) while making irrigation decisions. It leads to a 
freshwater waste, energyand loss of crop growth (due to excess water) when rain is followed immediately 
by the crop watering. To handle such cases, WSNs based solutions can provide better decision support 
for irrigation by using weather forecasting information (e.g., precipitation) from the Network. In this 
chapter, we propose an automated irrigation system based on Arduino and wireless communication at 
an experimental scale within rural areas are presented. The implementation aim was demonstrating that 
the proposed platform could help making effective irrigation decisions with optimum water use.

The rest of the chapter is organized as followed. Section 2 briefly surveys the related works. Section 
3 presents our proposed platform in precision agriculture,especially irrigation. Section 4 introduces and 
explains the tool developed to show real time monitoring and data visualization interface. Section 5 
concludes the paper and outlines directions for future works.

RELATED WORKS

In this section, we outline some approaches of the irrigation system, (Wang, 2010) developed irrigation 
sensor based on a smartphone. For sensing soil moisture, the digital smartphone camerais used to process 
RGB to gray for ratio estimationbetween wetand dry soil areas. The wetness and dryness ratio is trans-
mitted via a gateway to the water motor controller. A Mobile Application (APP) is developedto control 
sensor activity (like wakeup) and to set a sensor in sleep mode. The majority of the earlier irrigation 
systems do not consider the weather forecasting information (e.g., precipitation) while making irriga-
tion decisions. This leads to a waste of fresh water, energy and loss of crop growth (due to excess water) 
when rain is followed immediately by the crop watering. To handle such cases, WSNs based solutions 
whichcan provide better decision support for irrigation by using weather forecasting information (e.g., 
precipitation) from the Network. Irrigated agriculture represents the bulk of the demand for water, being 
the first sector affected by water shortage, resulting in a decreased capacity of maintainingper capita 
food production. Therefore, the efficient water use in agriculture remains one of the most important 
agricultural challenges that modern technologies are helping to resolve (Bonfante, 2019). The authors 
objective in (Chakraborty, 2020) was developingan understanding onsite-specific suitability of the Mid 
Elevation Spray Application (MESA) and Low Elevation Spray Application (LESA) sprinkler systems 
in irrigating corn crop and potential water as well as energy savings. The automated irrigation system 
put in place has proven being feasible and cost-effective to optimize water resources for agricultural 
production (Gutiérrez, 2014]. The authors of this paper (Goap, 2018) propose an intelligent irrigation 
architecture based on IoT,as well as a hybrid approach based on deep learning in order to predict soil 
moisture. The proposed algorithm uses sensor data from the recent past and weather forecasts to predict 
soilmoisture. Due to the recent advances in sensors for the implementation of irrigation systems for 
agriculture specially smart farming (Prathibha, 2017; Kumar,2016 and Singh, 2017) and the evolution 
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of IoT technologies that can be applied in the development of these systems, IoT takes a major role in 
the revolutions of digital transformations. We anticipate the proposal of IoT-based intelligent irrigation 
architecture with a machine learning approach to predict soil moisture to reach more convincing conclu-
sions (Dahane, 2020]. The disadvantage of these approaches is that they set the maximum humidity and 
do not take into account the need for water exactly needed. They don’t plan to save water.

Automated Irrigation Platform

The automated irrigation platform architecture (Fig.1) has been proposed to collect, transmit and process 
the physical parameters (soil moisture, air temperature, air humidity, water level, water flow, luminous 
intensity, Combustible Gas (vapors) for the crops security) of farming land along with the weather forecast 
information to manage the irrigation efficiently. The architecture system is designed for three layers: data 
layer, data processing layer and application layer, our architecture systemis shown in Fig.1.The platform 
that we present is based on the ideas proposed by (Gutiérrez, 2014; Goap, 2018; Vuran, 2018; Dahane, 
2019), with changes made for our irrigation management platform. This proposed platform runs in three 
layers: data collection layer, data processing layer and the application layer.

The platform presentedabove is based on the ideas proposed by (Gutiérrez, 2014, Goap, 2018, Vuran, 
2018; Hwang, 2017; Mekki, 2015; Patil, 2016; Kumar,2016; Singh, 2017 and Parra, 2018),with changes 
made for our application. As we can observe in Fig. 4, the devices of our platform in the first layer aim 
to collect data and transmit these parameters using NRFL01 radio module. It can bestored in a private 
database, the user (farmer) can analyze data and monitor the crops in real time. To lance irrigation plan-
ning, we need to calculate the useful reserve of water UR parameter in mm. There are multiple functions 
for quantifying UR from soil texture data.

The linear regression equations have the advantage of being simple and have been tested on a large 
sample of US soils (2,500 horizons taken from 32 states of the United States), their validation offered 
correlation coefficients of 0.80 and 0.87 for water content estimation at -15,000 hPa and -330 hPa re-
spectively.

The Useful reserve (URi) of a farm i is a key metric in our contribution. Initially, we calculate the 
field capacity with:

• W330 water content at -330 hPa(mm/m).
• W15000 water content at -15.000 hPa(mm/m).
• Ar: Clay content(%).
• Sa: Sand content(%).
• MO: Organic matter content.
•  h: the thickness of the horizon(mm).

𝑊330 = 257.6 − (2 ∗ Sa) + (3.6 ∗ Ar) + (29.9 ∗ MO) (1)

𝑊15000 = 26 + (5 ∗ 𝐴𝑟) + (15.8∗ 𝑀𝑂) (2)

The useful reserve (UR) in mm is calculated for each horizon by the following function:
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UR =  (𝑊330 − 𝑊15000)∗ ℎ	 (3)

• Wilting point: W1500 without irreversible dieback of plants.
• Field capacity: W330 after saturation and drying for 48h.

Figure 4. The proposed platform architecture

Figure 5. Field data collection device. [Legends 1: DHT22 Sensor, 2: LDR Sensor, 3: Water level Sen-
sor, 4: Relay Switch, 5: Water pump, 6: Power supply 9 V, 7: Water flow sensor, 8: Soil moisture sensor, 
9: LCD display, 10: MQ2 sensor, 11: LEDs, 12: Jumpers]. The mega Arduino card and NRF module 
are in theBox
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This reserve determination depends on the soil characteristics and the plant nature. Figure 13 depicts 
water requirement calculation for tomato crop with rooting of 30 cm. In our application,we have proposed 
two calculation methods, the first method calculates the RU according to the soil texture thanks to the soil 
structure knowledge (Clay, Limon, Sand, Organic Matter), the soil texture table that directly estimates 
the RU, and for the second method,we used the Rawls linear regression equations. The formula (4) is 
valid for relative humidity (hr)>=  50% (on the month), the formula (5) for hr<50%.

ETP = +( )
+







0 013 50

15
. j Rg T

T
 (4)

ETP = +( )
+







 +

−





0 013 50

15
1 50

70
. j Rg T

T
hr

 (5)

B =  ETR – (Peff +  RFU) (6)

Peff =  0.6*Pmoy – 10 if Pmoy≤70mm (7)

Peff =  0.6*Pmoy – 25 if Pmoy>70mm (8)

ETR =  ETP*Kc (9)

With:

• ETP: evapotranspiration in mm /month.
• J: number of days in the month.
• T: average temperature over the month (°C).
• hr: average relative humidity(%).
• Rg: average solar radiation (here measured) in cal / cm2 /day.
• ETR: the actual evapotranspiration.
• RFU: it’s easy reserve useful RFU.
• Peff: effective rain.
• KC: is a cultural coefficient.

Implementation and Results Analysis

This section presents the proposed platform implementation using the programming languages IDE 
Arduino, JAVA and the analysis of the obtained results. We update all the results,especially the predic-
tion part of our approach according to space limitation.

The main objective of this experiment remainshow to create your own wireless network under the 
Arduino environment to transmit data from one or more sensors at any time of the day. Along with weather 
forecast information for developing an algorithm for prediction of the upcoming dayssoil moisture. The 
system was tested in our laboratory (RIIR) in the Oran1 university and we plan to test the platform in 
a real farm of the vine yard to El-Malah city, close to Oran city (Algeria). Figs. 8, 9, 10 and 11 depict 
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the physical parameters (soil moisture, air temperature, air humidity, water level, water flow, luminous 
intensity, combustible Gaz (vapors), for the crops security from burning),of farming land in real time.
An algorithm has been developed (see Fig. 7) to predict the soil moisture based on field sensors data 
and weather forecasting data, using support vector regression model and k-means clusteringalgorithm. 
The algorithm shows information regarding the upcoming dayssoil moisture.It also provides irrigation 
suggestions, based on the soil moisture defined level and predicted precipitation. In order to save water 
and energy, the generated information by algorithm and device is stored in MySQL Database at the 
server. The algorithm is discussed in detail in our future works.

In order to understand how our platform works,we model it by representing conceptually all commu-
nications involved in its operation. To do this, we use the UML (Unified Modeling Language)modeling 
approach to model configuration tasks and the information exchange between different communicating 
objects that are involved in the test environment used in our project context. Sequence diagrams allow 
us modeling these exchanges.This diagram (see Figure 6) depicts the various data collection exchange, 
storageanddisplay messages that can take place between communicating objects: sensor/actuator, Work-
station (Gateway, Java application, MySQL server) and the intermediary (the farmer).

Our goal remains the creation of an autonomous platform for environmental data measurements, such 
as air temperature, air humidity, solar radiation, soil humidity ...etc, in real time. In this work, a sensor/
actuator node has the collecting data role and sending them to the gateway, which is connected to a se-
rial port on the PC. A desktop application developed with Java allows us reading received data via this 
serial port, and storing them in a MySQL-type database, then visualizing them through graphical curves 

Figure 6. Sequence diagram of the system
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and calculating the need for soil water with the different defined methods. After that, The application 
sends this need to the sensor/actuator node to perform the irrigation process. The main steps related to 
the operation of the platform are presented in Figure 7.

These results are preliminaries because the test was made inside the laboratory, so we plan testing 
the platform in a real vine farm in order to demonstrate the proposed platform performance. All data 
were uploaded each hour to the web server for remotesupervision.

For instance, real time experimentation datais shown in Fig.11. The first graph in Fig.8 shows tem-
perature value analysis. The vertical bars indicate automated irrigation periods triggered by temperature 
when soil temperature was above the threshold value (30%).

In figure 12 we evaluate the irrigation planning algorithm for real-time monitoring and decision 
support system, which shows the current soil moisture recorded by the sensor.

precipitation information will help user/farmer in planning/scheduling of optimum irrigation by calcu-
lating the real useful reserve (UR). If the moisture has increased to 30%, irrigation will start automatically.

The variables used in the algorithm for irrigation planning:

• Threshupper: selection of minimum soil- moisture required to maintain crop growth.
• Threshlower: selection of minimum soil- moisture required to maintain crop growth.

Figure 7. The Irrigation planning flowchart
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• C_Date: read precipitation information of upcoming days and select the nearest precipitation 
date.

• D_Irrigation: irrigation at a specific date.
• C_SM: current soil moisture.
• Rsm: calculate the required soil moisture.

Figure 8. Temperature value analysis (°C)

Figure 9. Humidity value analysis (%)
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Figure 10. Moisture value analysis (%)

Figure 11. Real time monitoring and data visualization

Table 1. Growth-stage-specific KC for tomato

Crop Clay % Silt % Sand %
Organic 
matter %

Rooting depth 
cm

Crop coefficients (KC)

Kc ini Kc mid Kc fin

Tomato 28,0 55,0 17,0 1,75 30-60 0,2 0,8-0,9 0,8- 0,7
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Growth-stage-specific KC for potato and tomato used in this study are mentioned bellow the table 1. 
Figure 13 depicts the estimation of the reserve of a soil from the texture triangle is: RFU =  12.20, for 
visual representation of the dependence the texture class was: slity clay loam with a red dot. The estima-
tion of the reserve of a soil from Rawls formulas is: RFU =  12.0. We can also estimate of actual ETR 
evapotranspiration for the month 2019-03-22 until 2019-04-22. T: average temperature over the month 
=  20 (° C). Hr: average relative humidity over the month=  46 (%). With the surface =  10 hectares and 
Kc ini =  0.8. So the monthly water requirement available =  76.33, the need for daily water available 
= 2.46. We have also considered the growth-stage-specific KC to calculate the UR, It has been found 
that for a growth-stage-specific KC fin =  0.8 the actual evapotranspiration ETR =  9.83 (see Figure 13). 
Similarly, ETR is also calculated for the KC ini =  0.2 and KC mid =  0.9 the results obtained are succes-
sively ETR= 2.45 and ETR= 11.06.

CONCLUSION AND FUTURE WORKS

In this chapter, a new automated irrigation system was implemented and presented. It has been deemed 
to be feasible and cost-effective for optimizing water resources for agricultural production. This irrigation 
system allows cultivation in places with water scarcity thereby improving sustainability. . This system 
main experimentation objective is collectinga farming land physical parametersusing sensors, and us-
ingthe collected data along with weather forecast information for developing an algorithm for predicting 
soil moisture of the upcoming days using machine learning and open sources technologies. Besides the 
monetary savings in water use, the importance of this natural resource preservationjustifies the use of 
this kind of irrigation system. We anticipate the proposal of IoT-based intelligent irrigation founded on 
new EDGE-Fog-IoT-Cloud platform with a machine learning approach, to predict soil moisturein order 
to reach more convincing conclusions.

Figure 12. Analysis of irrigation launching
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ABSTRACT

The use of technology for the purpose of improving crop yields, quality and quantity of the harvest, as 
well as maintaining the quality of the crop against adverse environmental elements (such as rodent or 
insect infestation, as well as microbial disease agents) is becoming more critical for farming practice 
worldwide. One of the technology areas that is proving to be most promising in this area is artificial 
intelligence, or more specifically, machine learning techniques. This chapter aims to give the reader an 
overview of how machine learning techniques can help solve the problem of monitoring crop quality and 
disease identification. The fundamental principles are illustrated through two different case studies, one 
involving the use of artificial neural networks for harvested grain condition monitoring and the other 
concerning crop disease identification using support vector machines and k-nearest neighbor algorithm.
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INTRODUCTION

Agricultural production and trade is a major contributor to the global economy, accounting for 1.6 trillion 
USD in 2016, based on data from the Food and Agriculture Organization (FAO) of the United Nations 
(FAO, 2018). Given this huge trade volume, it is clear that producers of agricultural products will need 
to offer high-quality products to the marketplace. In this context, one typically has to contend with two 
main problems.

The first problem is that there is typically a delay between the time agricultural products are harvested 
and the time they end up in the hands of consumers. This delay can be anywhere between a few days 
and a few months. This implies that the end products will need to be stored in special storage areas to 
ensure that the products will stay in peak quality prior to being shipped to end customers. Many kinds 
of agricultural products, such as grains, fruits and vegetables, are typically stored in this manner. While 
the products are being stored, it is possible that their quality will be degraded due to suboptimal storage 
conditions, the onset of disease-producing agents (such as bacteria and fungi), as well as insect and/or 
rodent infestation. It is critical that this possible degradation in product quality be monitored and detected. 
It is equally crucial that any products with degraded quality be immediately withdrawn from circula-
tion, so as to avoid any danger to human health. The impact of this problem is profound, as illustrated 
by the fact that up to approximately 5.5% of the total weight of harvested grains, such as rice, can be 
lost due to pest damage, making the harvested product unfit for consumption, or even as seed(Togola et 
al., 2013). From a purely economic perspective, the impact is even more astounding, with some studies 
reporting that approximately one-third of the food produced (which amounts to some 1.3 billion tons) 
is lost globally during postharvest operations every year at an estimated cost of some 1 trillion USD 
(FOOD, 2016; Kumar & Kalita, 2017).

Another typical problem is that a disease-producing agent will attack agricultural products, prior to a 
harvest, making it unfit for consumption. Previous studies in the open literature indicate that approximately 
25% of total harvested produce in the US alone is lost in this manner, with the loss figures in tropical 
areas reaching a staggering 50% (Wilson & Wisniewski, 1989),(Savary, Ficke, Aubertot, & Hollier, 
2012). Again, it is critical that these agents be detected and that prompt action (such as the application 
of insecticides or fungicides) be taken in a prompt manner in order to avoid losing an entire harvest.

Today, both problems can be effectively addressed thanks to advances in a number of technological 
fields, namely sensor technology, low-power embedded systems, wireless networking, and artificial 
intelligence. Advances in sensor technology are enabling suboptimal storage conditions and disease-
producing agents to be detected with a high-degree of precision (West, Canning, Perryman, & King, 
2017), (M. Zhang, Qin, Liu, & Ustin, 2003). Advances in low-power embedded systems, particularly 
microcontrollers, are making it possible to integrate these sensors into powerful computing infrastructures 
that can effectively process the data collected by the sensors(Eisenhauer, Rosengren, & Antolin, 2010), 
(Atmojo, Salcic, Kevin, Wang, & Park, 2015). Advances in wireless networking, particularly wireless 
sensor networks and machine-to-machine (M2M) communications, are enabling storage infrastructures 
and agricultural fields typically spanning many square kilometers to be monitored at a distance in a cost-
effective manner(Ojha, Misra, & Raghuwanshi, 2015), (Yu, Wu, Han, & Zhang, 2013). Finally, artificial 
intelligence techniques, particularly machine-learning algorithms, are enabling producers of agricultural 
products to make sense out of the vast quantities of data collected, to quickly arrive at conclusions and 
take corrective action where necessary(Park, Im, Jang, & Rhee, 2016).
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In this chapter, we aim to illustrate how the aforementioned technologies can help with effective 
monitoring of harvested grain conditions, and also with disease identification on agricultural products. 
With this backdrop, the rest of this chapter is organized in three parts. In part 2, we illustrate how effective 
grain condition monitoring can be accomplished using wireless sensor networks and machine learning 
techniques, with a particular focus on neural networks. We do this via a case study devoted to the actual 
development of an actual system prototype for the Turkish Grain Board (TMO). Part 3 is devoted to 
addressing the problem of disease identification on crops, through image processing via machine learn-
ing techniques. We end the chapter with some conclusions and suggestions for future work in the field.

HARVESTED GRAIN CONDITION MONITORING 
USING WIRELESS SENSOR NETWORKS

Wirelesss Sensor Networks (WSNs) are generally defined as network of low-power sensor nodes, and 
control nodes. They have been, and continue to be used, in many diverse fields (such as environmental 
monitoring, military and public safety, and healthcare), of which agriculture is a prime example, and the 
focus of this chapter (Akyildiz, Su, Sankarasubramaniam, & Cayirci, 2002). Within a specific agriculture 
focus, the use of WSNs aims to achieve certain concrete goals. These can be summarized as: reduction 
in required labor, ensuring greater efficiency in the farming process (thus ensuring farmers’ welfare), 
obtaining a harvest that is higher in both quality and quantity, as well as proliferate environment-friendly 
farming practices (by detection of overuse of pesticides or fertilizers, for example) (Dilay, Soy, & Bayrak, 
2012), (Y. Zhang, 2011).

From the perspective of both farmers and final consumers of harvested grain products (such as corn, 
rice, wheat etc.) there are two main issues to be considered. The first is the effective use of the harvested 
product, and the second is sustaining its quality from the time it is harvested to the time it gets in the hands 
of consumers. In Turkey, as in many other countries, these objectives are within the purview of a public 
sector organization, known as the Turkish Grain Board (TMO). The TMO specifically aims to achieve 
these objectives by operating different channels to buy the harvested product from farmers, as well as to 
store the harvested product and sell it. In this manner, market stability for these products is maintained.

The TMO currently operates with a storage capability of approximately 4 million metric tons, specifi-
cally devoted to harvested grain and distributed throughout Turkey. This storage capability is mostly in 
the form of enclosed storage structures, such as vertical silos. However, in some regions building such 
storage structures has been found to be either cost-prohibitive or unfavorable regional conditions. In 
these cases, open-air stacks have also been deployed as an alternative. However, open-air stacks expose 
the harvested grain to harmful environmental elements such as rain, as well as insect and/or rodent dam-
age. As an alternative solution, the TMO has deployed the Silobag system for open-air grain storage. 
The Silobag system uses large, hermetically sealed bags for storing grain in an open-air environment.

Of course, a hermetically sealed bag like the Silobag system cannot be expected to protect the stored 
grain from all detrimental environmental elements. Therefore, a system to monitor the status of the stored 
grain is critical. The currently deployed Silobag system accomplishes this function solely via measure-
ments of CO2 concentration (manually taken by TMO personnel onsite using handheld terminals). In-
creased CO2 concentration values are associated with increased rodent, insect or microorganism activity 
in the stored grain pile. CO2 measurements from a particular grain pile are sent to a web-based database 
system, which then classifies the pile as “safe”, “risky”, or “dangerous”. In the course of making this 
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determination, the monitoring system also takes into account such variables as the relative humidity, and 
the general physical condition of the silobag (e.g. whether the silobag is torn or damaged etc.). Figure 
1 below illustrates the main features of the current grain condition monitoring system.

Grain condition monitoring with the current Silobag system, as explained above, has some problems, 
which we have attempted to rectify through our work. The most important problem we have noted is that 
determination of grain condition is solely on the basis of CO2 concentration measurements. This meth-
odology implicitly assumes that the temperature and relative humidity within a grain pile stays constant, 
which is far from realistic in actual field scenarios. A better method would be to take into account tem-
perature, relative humidity, as well as CO2 concentration values for determining the condition of stored 
grain. Another problem with the current monitoring system is that CO2 measurements are manually taken 
by TMO personnel. This measurement method is inherently error-prone, not to mention time- as well as 
resource-intensive. Considering the fact that many silobags are deployed in out-of-the-way, rural areas 
(which will require considerable fuel consumption so personnel can get to a particular silobag), and the 
general trend towards environmentally friendly farming practices (such as the reduction of the carbon 
footprint), it is obvious that there is an opportunity for further optimization of this monitoring system.

Our solution to the aforementioned problems comes in the form of an Improved Grain Condition 
Monitoring System (I-GCMS). In this system, WSNs are utilized continuous monitoring of stored grain 
condition from a distance, thus removing the need for personnel to travel to distant locations to take 

Figure 1. Grain condition monitoring for the currently deployed Silobag system
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measurements, and enhancing measurement accuracy quality by removing the error-prone human ele-
ment from the equation. The proposed system also takes into account temperature and relative humidity 
within a grain pile. Machine learning algorithms, specifically artificial neural networks (ANNs), are 
utilized to classify the stored grain condition. The results of our experiments with the current prototype 
of the I-GCMS indicate that stored grain condition can be classified with approximately 99% accuracy 
with this system. The structure of I-GCMS is pictorially depicted in Figure 2 below.

In the next few subsections, we explain the general structure of I-GCMS (including the WSN com-
ponent), give some details regarding the ANN algorithms used for classifying stored grain condition, 
and give some performance results obtained from the prototype system.

The General Structure of I-GCMS

We are now ready to explain the general structure of the I-GCMS. Referring to Figure 2, there are N 
sensor modules for the N silobags, which measure temperature and relative humidity measurements 
within each silobag. Associated with each sensor module is a combined 3G/Wi-Fi module that relays the 
measurement data periodically to a gateway and, from there, to a database server via the local network. 
Within the database system, ANN algorithms are run in the background. The ANNs come up with a 
classification of the stored grain in each silobag on the basis of periodically received measurements. 
Classification results are presented to the user via the user interface.

Figure 2. The general structure of I-GCMS
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We have adopted a modular, layered architecture perspective for the design of the I-GCMS, with 
each layer specializing in a certain function. This is illustrated in Figure 3 below. The system consists 
of three layers, namely the hardware layer, software layer and user layer. The hardware layer basically 
consists of the sensors that make temperature and relative humiditymeasurements, as well as the WSN 
component to relay the measurements to the central database system. The software layer then processes 
the measurement data collected by the hardware layer via ANNs and comes up with a classification 
of the grain condition. The user layer consists of a Graphical User Interface (GUI), which presents the 
results in a user-friendly manner.

As illustrated in Figure 2, each silobag has a network node associated with it. Each of these nodes 
consist of the temperature and relative humidity sensors to make measurements in that grain pile, as 
well as the radio transceivers to relay the data. We have used the SHT-10 sensor module (see Figure 4) 
which could make both temperature and relative humidity measurements. The whole network node is 
controlled by a Raspberry Pi 3 microcontroller, with one node being designated as a master node and the 
others being designated as slave nodes. The master node serves as the interface to forward the data on to 
the server. At the server side, the database archives all the data received from the sensors. This database 
has been implemented through MySQL, the rest of the server side code was implemented using Ruby 
2.3, running on a Windows 10 machine employing the Ruby on Rails 5.0 framework.

All that remains to be discussed is the ANN structures to accomplish the actual grain condition clas-
sification. For the purposes of our prototype, we chose the MATLABTM environment for ease of imple-
mentation. The details of the ANN structures chosen for this study, as well as the issue of training the 
network will be addressed in the following subsections. We have also designed a MATLAB-based GUI 
to make the system more user-friendly. The GUI simply requires that the user input a temperature and 
relative humidity value, and returns a classification as “safe”, “risky”, or “dangerous”, as seen in Figure 5.

Figure 3. Layered architecture of I-GCMS
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ANN-Based Classifier Structures for I-GCMS

ANNs have been widely used for classification and data analysis problems in many different applica-
tions, and the field of agriculture is no exception (Haykin, 1994), (Panda, Ames, & Panigrahi, 2010). 
Within an agriculture context, it is possible to find ANN applications for problems such as classifica-

Figure 4. SHT-10 temperature and moisture sensor

Figure 5. A view of the MATLAB-based GUI for grain classification
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tion of different grain types using image processing and ANNs (Visen, Paliwal, Jayas, & White, 2002), 
classification of different varieties of durum wheat (Taner, Tekgüler, & Sauk, 2015), and improving 
classification accuracy by exploiting the color and formal characteristics of fruits(Li & Zhu, 2011), 
(Majumdar & Jayas, 2000).

When using ANNs to solve any classification problem, it is first necessary to train the network, i.e. 
update the synaptic weights between the neurons forming the network. For the I-GCMS, this entails first 
creating a database of representative temperature and relative humidity data for each of the grain condi-
tion classes (“safe’, “risky” and “dangerous”). The training data representing each class is appropriately 
labeled (so the network knows which data belongs to which class). The network is then trained with this 
data, so it will be able to recognize a given class when presented with unfamiliar data. In ANN literature, 
this training methodology is known as supervised learning (Haykin, 1994).

The Training Database

The first step in the creation of the training database was to come up with three prototype silobags (one 
representing each class) that could hold approximately 2.5 kg of grain. Care was taken to ensure that the 
starting point for all three classes was identical, i.e. that the exact type of grain with exactly the same 
base temperature and relative humidity was used. These base temperature and relative humidity values 
were measured by qualified personnel using calibrated equipment.

The data representing the “safe” class was collected from one of the three piles with a nominal 
relative humidity value of 13.8% (generally considered acceptable for safe storage, per TMO standard 
procedures)(Baykara, 2018). To create the “risky” and “dangerous” datasets, it was necessary to “spoil” 
the grain in a controlled manner. For the “risky” dataset, this meant adding a certain amount of water to 
the associated grain pile, until the relative humidity reached 17% (generally considered risky for grain 
storage, per TMO processes). As for the creation of the “dangerous” data set, a small amount of grain 
from the associated pile was doused with water and then allowed to germinate; the grain would normally 
rot during the germination activity. The rotten grain was then added back to the pile, which would cause 
the rest of the pile to rot. Following this process, sensor modules were embedded in each pile, and all the 
bags were then hermetically sealed (just as they would be for an actual silobag in the field; see Figure 
6 below). Relative humidity and temperature data were collected from each silobag over a period of 
approximately three months. Approximately 100.000 readings were logged from each silobag, which 
resulted in about 300.000 data points in total.

Figure 6. Prototype silobags and the measurement setup
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The Training Process

The process of training the network was carried out in MATLAB™ environment, and specifically the 
Neural Network Toolbox, as it allowed us to do rapid prototyping of the system in a flexible manner. 
We have considered the use of three popular training algorithms for this purpose, namely the Gradient 
Descent with Momentum (GDM), Levenberg-Marquardt (L-M) and Scaled Conjugate Gradient (SCG) 
algorithms. A common ANN topology, namely the feedforward backpropagation network, was selected. 
As mentioned above, a grand total of 300.000 total measurements were collected (100.000 for each class). 
This whole data set was further partitioned into the training data set (80% of the total data, or 240.000 
data points), and test data (20% of the data, or 60.000 data points).

The choice of the feedforward backpropagation network as the ANN topology warrants some discussion. 
This choice has not been made arbitrarily, but is the result of a literature review, which has indicated that 
this network topology indeed exhibited better performance than the alternatives when applied to similar 
classification problems in the agriculture space. Specifically, the performance of the backpropagation 
network has been compared against nonparametric classifiers for the problem of classifying five different 
types of grain kernels from different regions of Canada; and the backpropagation network was found to 
exhibit superior performance(Paliwal, Visen, Jayas, & White, 2003). A more extensive study devoted 
to classifying four different varieties of rice compared the performance of the backpropagation network 
against other machine-learning approaches (support vector machines, nearest neighbor algorithm and 
the Bayesian classifier) and the backpropagation network was again observed to outperform the other 
techniques(Singh & Chaudhury, 2016). Yet another study investigated the use of the backpropagation 
network for classifying different types of wheat on the basis of nine different physical features (such as 
diameter, kernel weight etc.) (Taner et al., 2015). The performance of the backpropagation network was 
compared against three different types of multilayer perceptron and the backpropagation network once 
again exhibited superior performance. All this can be considered sufficient basis for our fundamental 
working hypothesis that the backpropagation network would be a good choice for the I-GCMS.

The next step in the training process was to select optimal values of the training parameters for all 
three algorithms. To come up with these values, we have followed a systematic, iterative process which 
we describe as follows. First, we assigned values to all the parameters that are common to all three 
algorithms, namely the adaptation learning function, performance function, number of layers, transfer 
function, and the number of epochs. In this process, care was taken to ensure that the values of all pa-
rameters, except for the parameter to be optimized, were kept constant. To determine the optimal value 
of a given parameter, the required classification results and the results produced by the network were 
compared, and the best value was determined based on the error rate performance (i.e. the number of 
misclassifications). The ANN was programmed to give an output of ’1’, ‘2’, or ‘3’ for the safe class, 
risky class, and the ‘dangerous’ class, respectively. Once this process was completed for the common 
parameters, algorithm-specific parameters were optimized in a similar manner. The full parameter list 
is given in Table 1.

Classification Results

As mentioned in the previous section, 20% of the total number of data points (60.000 in total) were 
used for testing the classification performance of the network. To do this, the results produced by the 
network, and the expected classification results based on the test data set were compared. Note that, due 
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to the nonlinear nature of the ANN structure, the output would not always be exactly 1, 2 or 3; there 
would always be a small amount of deviation (reflecting a small amount of ambiguity characteristic of 
any real-life decision-making problem) as can be observed from the sample results of Table 2. For each 
data point, the difference between the expected classification result and the result produced by the ANN 
were computed, and the result was expressed as a percentage of the original expected value. Subtraction 
of this percentage from 100% resulted in the success rate with which the ANN could make an accurate 
classification. This success rate was adopted as the principal performance criterion in this study.

For all three algorithms, an average value of the success rate (averaged over all test data points) was 
calculated, and the results are given in Table 3. It is clear that all three algorithms can classify the grain 
condition with approximately 99% accuracy, but GDM still has the best performance among the three 
algorithms, although the edge it has over the other algorithms is decidedly small.

For a more graphical perspective on these results, we refer the reader toFigure 7, where the expected 
classification results (based on the test data set), and the results produced by the network are superim-
posed. Based on this figure, the ANN can classify the ‘safe’ data set (class 1) and the ‘dangerous’ data 
set (class 3) with essentially no uncertainty. However, for the ‘risky’ data set (class 2) that lies in the 
middle between these two extremes, the network produces results with more uncertainty (evidenced by 
the substantially higher deviation between the expected results and the results produced by the ANN). 
Part of the reason for this behavior might be that the network simply needs more data to characterize 
the ‘risky’ class.

Table 1. Optimal parameter values for the three training algorithms

Training Algorithm

GDM LM SCG

Network Type Feed Forward Back 
Propagation

Feed Forward Back 
Propagation

Feed Forward Back 
Propagation

Training Function Learngdm Learngdm Learngdm

Activation Function Purelin Purelin Purelin

Number of Nerons 12 12 12

Hidden Layer Number 3 3 3

Epoch Number 2500 2500 2500

Momentum Coefficient 0,6 not applicable not applicable

Learning Coefficient 0,4 not applicable not applicable

Mu value not applicable 0,00002 not applicable

Mu_dec value not applicable 0,0005 not applicable

Mu_inc value not applicable 10 not applicable

Mu_max value not applicable 10000000000 not applicable

Sigma value not applicable not applicable 5,00E-01

Lambda Value not applicable not applicable 5,00E-01
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Table 2. Sample classification results

DataRecordNo Temperature Moisture ExactValue TestResult Difference SuccessRate

1 22,37 47,53 1 1,00 0,00% 100,00%

2 22,24 47,53 1 1,00 0,00% 100,00%

3 22,23 47,53 1 1,00 0,00% 100,00%

4 22,24 47,50 1 1,00 0,00% 100,00%

5 22,25 47,53 1 1,00 0,00% 100,00%

20000 23,17 46,14 1 1,00 0,00% 100,00%

20001 22,52 85,84 2 2,20 9,89% 90,11%

20002 22,61 85,59 2 2,15 7,65% 92,35%

20003 22,62 85,53 2 2,14 7,19% 92,82%

20004 22,64 85,45 2 2,13 6,47% 93,54%

40000 23,30 84,57 2 1,98 1,18% 98,82%

40001 23,48 94,73 3 2,95 1,62% 98,38%

40002 23,54 94,60 3 2,95 1,69% 98,31%

40003 23,56 94,48 3 2,95 1,77% 98,23%

40004 23,57 94,46 3 2,95 1,78% 98,22%

59999 24,86 98,69 3 2,99 0,37% 99,63%

Table 3. Success rate for all three algorithms considered

Training Function Success Rate (%)

GDM 98,9924

SCG 98,9912

LM 98,9855

Figure 7. Comparison of the expected classification results vs. results produced by the ANN-based grain 
classifier
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From a practical perspective, an important question arises: out of the parameters measured (tempera-
ture andrelative humidity), which one has greater impact in terms of determining the status of the stored 
grain? In other words, do temperature and relative humidity both carry equal significance in terms of 
determining the status of stored grain? An answer to this question could determine whether the sensor 
structure could potentially be simplified. To help address this question, we next present Figure 8 and 
Figure 9, which depict the temperature and relative humidityvariation for all three classes, respectively. 
In comparing these figures, we can clearly observe that relative humidity values exhibit a much greater 
variation across all three classes than temperature (42 – 48% range for the ‘safe’ class, 82-86% for the 
‘risky’ class, and 92 – 99% for the ‘dangerous’ class). Therefore, it can be said that the relative humid-
ity parameter has a much bigger impact, and is thus a bigger determinant of the status of stored grain.

Figure 8. Temperature variation for each grain class

Figure 9. Relative humidity variation across all three grain classes
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Concluding Remarks on the I-GCMS

As mentioned in the previous sections, the I-GCMS was designed to solve concrete practical problems 
associated with the existing generation of grain condition monitoring systems. As of the time of writing, 
the I-GCMS is in prototype stage and has not yet been deployed in a pilot field application. For this rea-
son, a detailed quantitative comparison between the I-GCMS and the existing system is not yet possible. 
However, some general quantitative comparisons can be made on the basis of reasonable assumptions.

Within the context of the existing system, a TMO field technician examines the silobags 8 times a 
month, on average. A typical TMO silobag deployment consists of 8 silobags. Allowing 20 minutes’ travel 
time for one technician to physically get to a silobag location, and approximately 10 minutes’ measure-
ment time per silobag, we can calculate the average time that one technician spends for measurement 
to be 660 minutes, or 11 hours / month. Assuming a regular 8-hour work day, a technician will need to 
spend over one day per month on a non-productive measurement job that can be automated. Please note 
that this analysis is just for the direct personnel costs; the fuel costs associated with travel to access the 
silobag, and the ever-increasing cost of fuel also have to be considered. Another noteworthy item here 
is the fact that the I-GCMS will allow for proactive 24/7 monitoring of grain stacks, drastically reducing 
the possibility of post-harvest losses. All these factors make the I-GCMS much more attractive from a 
business case standpoint.

CROP DISEASE IDENTIFICATION THROUGH IMAGE PROCESSING

Growth monitoring and disease detection on plants are very important for sustainable agriculture. Since 
manual monitoring is very difficult, many methods have been developed for this purpose. One of these 
techniques, image processing, can be used for detecting many types of crop diseases. The main steps in 
the plant disease detection using image processing are; image enhancement, image segmentation, feature 
extraction and classification, as depicted in Figure 10 below. In the next few subsections, we aim to give 
the reader an overview of all these different stages of crop disease detection. We end this section with 
a brief application example.

Figure 10. Main steps for plant disease detection
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Plant Image Enhancement

Image processing begins with image acquisition where data is captured as in the form of digital images. 
The performance of the image processing isdramatically affected by the image quality. The develop-
ment in image capturing technology made it possible to get higher quality images in larger areas. Also, 
employment of unmanned aerial vehicles and drones for monitoring of plant growth from the air is 
increasing day by day.

Once an image has been captured, various processing methods can also be applied to improve the 
image quality. Among them, image clipping can remove the outer parts of an image to improve the fram-
ing; image smoothing can reduce the noise and histogram equalization can improve the image contrast. 
Also, various filters are used to emphasize important features in the image and color space conversion 
can convertRGB images to grey images.

Plant Image Segmentation

Image segmentation, which extracts objects within an image, is the most important and critical stepbe-
cause it influences the success of all the subsequent steps. Most commonly used image segmentation 
techniques are thresholding, edgebased techniques and region based techniques.

The thresholdingcreates binary images from gray scale images based on a threshold value which 
maximizes the interclass variance. The thresholding techniques can be categorized into global and lo-
cal thresholding. While the global thresholding techniques use the same threshold for the whole image, 
local thresholding techniques choose different threshold values for every pixel in the image depending 
on its neighboring pixels.

The edge based techniques detect edges to extract an object of interest from the image. Sobel, Canny, 
Robert and Prewitt are widely used edge detection operators. Once the edges are detected, they are con-
nected together to form the object boundaries.

The region based techniques adopt the idea that the pixels belonging to one element of the object can 
have similar properties and split the image into various regions with similar characteristics.

Plant Feature Extraction

Feature extraction methods capture relevant information in the object such as texture, color, shape, size, 
etc. The dimensionality can also be reduced by the feature extraction methods of which some examples 
are gray level co-occurrence matrix, gabor filter, histograms of oriented gradients. Classification ac-
curacy is influenced by the feature extraction method used.

Classification

Classification is a supervised learning approach thatbuilds a model from the given labeled data and 
predicts the class of an unseen data on this model. Logistic Regression, K-Nearest Neighbors, Decision 
Tree, Support Vector Machines, Random Forest, Adaboost, Multilayer Perceptron and Convolution 
Neural Network are some classification methods.
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An Application: Disease Detection on Apple Leaves

In this chapter, we give a brief example of disease detection. Here, we demonstrate a classification 
approach utilizing apple images with three different types of diseases (or healthy) which is available 
through the Plant Village project (Hudges, & Salathé, 2015). Examples of the images can be seen in 
Figure 11. In this study, the features are extracted from images by using the Gray Level Co-Occurrence 
Matrix (GLCM) method (Haralick, Shanmugam, & Dinstein, 1973), trained K-Nearest Neighbors (KNN) 
(Altman, 1992) and Support Vector Machine (SVM) (Cortes & Vapnik, 1995) for classification. The 
features are extracted from images by using the GLCM method, which generates a feature vector of 
seven parameters including contrast, correlation, energy, homogeneity, entropy, standard deviation and 
mean values. Then, the feature vector is passed to different classifiers. We trained KNN and SVM on a 
dataset of 3171 apple image data where 1645 of them correspond to the normal (i.e. non-diseased) case, 
and 1526 of them correspond to different types of tree diseases. Disease names and sample size for each 
disease are listed in Table 4. Classification results are presented in Table 5.

As shown in Table 5, the accuracy of SVM methods are higher than KNN methods; however their 
training time is longer than the KNN methods. The cubic SVM algorithm is the best classifier with 86.1% 
classification accuracy. Confusion matrix and Receiver Operating Characteristic (ROC)curve graphs of 
Cubic SVM are given in Figure 12 and Figure 13, respectively.

On the confusion matrix of Figure 12, the rows correspond to the predicted class (Output Class) and 
the columns correspond to the true class (Target Class). The diagonal cells correspond to observations 
that are correctly classified. The off-diagonal cells correspond to incorrectly classified observations. 
Both the number of observations and the percentage of the total number of observations are shown in 

Figure 11. Examples of apple leaf images from the PlantVillage dataset, 1) Scab, 2) Black Rot, 3) Cedar 
Rust, and 4) Healthy Leaf

Table 4. Details of the utilized dataset for detection of plant diseases

Class ID Disease Name Sample Size

1 Scab 630

2 Black Rot 621

3 Cedar Apple Rust 275

4 Healthy Leaf (no disease) 1645
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each cell. Based on the results of Figure 12, we can say that the cubic SVM can correctly classify the 
four classes considered (scab, black rot, cedar apple rust and healthy leaf) with 83%, 84%, 65%, and 
92% probability, respectively.

The ROC curve depicted on Figure 13 is actually another metric commonly used to check the quality 
of a machine-learning classifier. For a general classification problem consisting of N classes, two param-
eters are calculated: the True Positive Rate (TPR) and the False Positive Rate (FPR). A good classifier 
will have a high TPR and low FPR. The ROC curve depicted in Figure 13 is for the fourth class (healthy 
leaf with no disease) and the results clearly indicate that this class can be distinguished from the other 
classes with 92% probability. The area under the ROC curve (AuC) is another figure of merit for the 
overall system. The larger this value, the higher the reliability of the system.

CONCLUSION

It should be clear to the reader at this point that agricultural activity in the 21st century is expected to be 
increasingly technology-driven. The overarching vision is that this technology push is expected to drive 
improvements in production quality and quantity, as well as to reduce costs and post-harvest losses to the 
greatest extent possible. In this chapter, we have attempted to illustrate how the convergence of sensor 
technology, wireless sensor networks, and artificial intelligence techniques are helping to realize this 
vision by improving monitoring of crop quality. We have elaborated on fundamental concepts and at-
tempted to illustrate them with two case studies, one focused on proactive, 24/7 monitoring of stored grain 
condition using a wireless sensor network and ANNs, and another focused on crop disease monitoring 
via image-processing techniques. Our results clearly illustrate the promise of these technologies. With 
regards to stored grain condition monitoring, the results obtained indicate that it is possible to classify 
the condition of stored grain using temperature and humidity sensors with an accuracy level approaching 
99%. On the issue of crop disease monitoring, we have showed that it is possible to distinguish diseased 
produce through image processing with an accuracy of over 86%.

Table 5. Performance comparison of the GLCM-based SVM and KNN classifier

Classification methods Accuracy % Training time (Sec)

Support Vector Machine

Linear 80.8 8.18

Quadratic 85.5 122.01

Cubic 86.1 512.62

Fine Gaussian 79.1 4.01

Medium Gaussian 79.2 5.99

K-Nearest Neighbors

Fine 72.8 1.40

Medium 77.4 1.20

Coarse 72.6 1.60

Cubic 77.1 1.96

Weighted 78.1 1.44
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Figure 12. Confusion matrix for GLCM-based Cubic SVM

Figure 13. Roc curve for GLCM-based Cubic SVM
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Future research trends with respect to the AI applications in agriculture discussed in this chapter 
will most likely involve the integration of these systems into more complex infrastructures that will not 
only monitor agricultural products for disease or other quality deterioriation, but will also proactively 
take some kind of physical action. This will pave the way for agricultural cyberphysical systems that 
will automate the farming process for enhanced quality and efficiency. As a potential concrete example 
of this concept, the silobag could conceivably be redesigned to automatically dry the grain in case the 
relative humidity gets too high, without explicit human intervention.

Of course, introduction of AI technology in agriculture will not come without challenges. While 
these technological advances increase agricultural productivity, they have some drawbacks such that 
their initial establishment costs can be relatively high. Most applications will likely depend on cheap 
and widespread availability of sensor infrastructure. The relatively simple structure of the sensor mod-
ules makes them susceptible to hacking and other kinds of cyber-attacks. Security and privacy in data 
transfer are also very important since the data will be mostly stored on cloud storage infrastructure. 
While a decision support system guides the agriculturalists about climate model, plant modeling, using 
such systems has a steep learning curve. Moreover, since most of the technological applications in the 
precise agriculture are hardware dependent, some hardware failures can cause delays in the field and 
lead to inaccurate decisions. Furthermore, farmers’ attitudes and lifestyle can affect the success of such 
systems. All these issues will need to be addressed by the research community before any widespread 
deployment of AI technology in agriculture takes place. It is without a doubt that we are on the cusp of 
a technology revolution in agriculture, and hope that this chapter stimulates other researchers to devote 
their energies to this fast-growing field.
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KEY TERMS AND DEFINITIONS

Artificial Intelligence: A paradigm of modern-day computing that tries to mimic the workings of 
the human brain to come up with highly adaptive, self-configuring computing infrastructures that can 
constantly learn.

Artificial Neural Network: A highly nonlinear computing structure, modeled after the neuronal 
organization of the human brain, used for solving some of the most complex problems in science and 
engineering, including regression, classification, and pattern recognition. A typical artificial neural net-
work consists of an input layer, an output layer, as well as one or more hidden layers with connections 
between the neurons at each layer.

Feature Extraction: A common step in most image processing applications, where the image is 
pre-processed in order to come up with those aspects of the image that uniquely characterize a given 
image (for an image classification application, for instance). In most image processing applications, not 
all parts of the image are equally important. Feature extraction is therefore employed in order to take 
advantage of this fact and reduce the computational burden.

Grain Condition Monitoring System: A system utilizing sensors, wireless sensor networks and 
machine learning techniques to monitor the condition of harvested grain that is stored somewhere (e.g. 
in a silo, or silobag etc.).

Image Segmentation: A step in most image processing applications, where the image is processed 
to extract a given object.

Supervised Learning: A learning model employed by a neural network, whereby the network is 
presented with training data that is appropriately labeled. In supervised learning, the network knows 
what output it is supposed to give in response to a given input, and thus, the network tries to adjust its 
parameters to approach the desired output as part of the learning process.

Wireless Sensor Network: A network composed of physically small, low-power network nodes that 
also incorporate sensing functionality.
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ABSTRACT

Cannabis (Cannabis sativa L.) growers worldwide lack reliable and research-based information about 
precision management practices (PMP) of cannabis. The history, legal framework, and PMP for cultiva-
tion of cannabis have been reviewed with special emphasis on water management, nutrient management, 
and disease control for optimum cannabis production. The aim is to provide guidelines for precision 
farming of cannabis to meet fibrous and medicinal needs of the humankind. Therefore, the scope of this 
chapter is for the potential of hemp cultivation to meet industry needs of fiber and medicine. Methods of 
irrigation scheduling, nutrient applications, and keeping greenhouse hygienically clean for disease-free 
(i.e., powdery mildew) hemp production are discussed. Reviewed and recommended application rates of 
irrigation and nutrients, and environment controls have been tabulated. Chemical, biological, and physical 
controls of PM control and crop input requirements for disease-free cultivation of hemp are presented.
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INTRODUCTION

Cannabis can grow in all climate extremes with its life cycle starting from germination time of 7 days 
and total growing season of approximately 100-120 days. Its cultivation in North America prevails a long 
history recorded from the Government of the United States of America encouraging its farmers to grow 
the fibrous form of cannabis for meeting the country’s fiber needs for clothing, rope making, and fiber 
sails products during 1800s (Millery, 2011). However, the immigrants from South of USA introduced 
amusing use of cannabis during 2000s; this forced USA to enact the Marijuana Tax Act during 1937, to 
effectively criminalize marijuana consumption in USA; nonetheless, USDA (the United States Depart-
ment of Agriculture) incentivized farmers to grow fibrous form of cannabis to meet wartime fiber needs 
of the country and collating partners during World War II (Millery, 2011).

The cannabis international legal framework comprises the 1961 Single Convention on Narcotic Drugs as 
amended by the 1972 Protocol (UNGA, 1975), the 1971 Convention on Psychotropic Substances (UNGA, 
1975), and the 1988 Convention Against Illicit Traffic in Narcotic Drugs and Psychotropic Substances 
(UNESOC, 1998). The use of cannabis for scientific and thus medical purposes has been permitted 
under the legal framework of the European Union (EMCDDA, 2018). There has been a recent trend in 
some countries of decriminalizing the use of cannabis for personal use, but the current international 
laws still require them to regulate and control the use of cannabis. For an increased public acceptance of 
recreational marijuana use and challenges in controlling illegal use of cannabis in Canada, the issue of 
legalizing the illicit use of this drug has been raised publicly (Hajizadeh, 2016). Department of Justice 
of the Government of Canada on its official website https://www.justice.gc.ca/eng/cj-jp/cannabis/ details 
legalization and regulation of cannabis in Canada (Government of Canada, 2019).

In this book chapter, history and legal framework of cannabis cultivation, and PMP for legal cultivation 
of cannabis are presented by putting a special emphasis on water management, nutrient management, and 
disease control particularly under greenhouse situations. The aim is to promote and provide guidelines 
to the farmers/growers for precision farming of cannabis to meet fibrous and medicinal needs of the 
humankind. This chapter is concerned only with medical purpose production of cannabis.

Cannabis (Cannabis sativa L.) has a long history of cultivation (Schulteset al., 1974) originating from 
central Asia (McPartland, 2000) and has been on industrial demand for centuries to produce fibers, oils, 
textile products, papers, construction materials, energy, cosmetics, medicines and chemicals (Grabows-
kaet al., 2009; Bakroet al., 2018). Cannabis has also been used medicinally dating back approximately 
5000 years (Lemberger, 1980; Pertwee, 2014). The potential use of cannabis and cannabinoids has been 
termed to be a source for relief medicines as painkillers, anti-emetics, anticholinergic, appetizer, and in 
treatment of glaucoma and epilepsy by the US and the British bodies specialized in medical services 
(Morris, 1997).

Cannabis: Hemp vs. Marijuana

Numerous synonyms for the word ‘cannabis’ have been used in literature including hemp, marijuana, 
ganja, hash, or hashish in North America, Europe, Caribbean, and Asia, respectively. However, English 
literature commonly refers to the word “cannabis”. Forsyth (2000) enlisted a detailed list of synonyms 
comprising historic and contemporary, scientific and slang used for cannabis.
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Cannabinoids and Strains of Cannabis

Cannabis is classified sativa and indica. Hemp is a member of the cannabis sativa family. Marijuana is 
a member of either the sativa or indica families. Since, the two originate from sativa, they have some 
similar chemical properties. Physically and biologically, the two are different from each other. For ex-
ample, hemp has thin leaves more intensified in upper parts of the plant and less dense on the lower part 
of its stem. Its plants grow taller and skinnier than those of Marijuana which has wider leaves and thick 
buds possessing a short bushy look. A typical plant of hemp is 1.2 to 5 m tall with a stem diameter of 4 
to 20 mm. Typically, the male plants are longer with less branches compared to female plants (Clarke, 
1999). Kompolti is a Hungarian industrial strain of cannabis with potential of high CBD; over 14% of 
Cannabidiol is possible when you grow these industrial cannabis seeds. Kompolti has a peculiar growth 
style. Lissonet al., (2000) modeled development of a Kompolti to simulate the effect of plant density on 
leaf appearance, expansion and senescence and found that leaf area per node before reaching to a plateau 
increased linearly with node number followed by a linear declined. They further reported slowed down 
node production and reduction in the maximum leaf area per node with increases in plant density. Can-
nabis yield is estimated from floral bud tissues (Hawleet al., 2018); the bud has a relatively high density 
of oil-rich cells targeted for high and quality yield of cannabis (Happyanaet al., 2013).

MAJOR CROP INPUTS, ENVIRONMENTAL CONTROL AND CHALLENGES

Growth of hemp is affected by nutrient supply, intensity and duration of light hours and water use ef-
ficiency. Nitrogen (N) supply can rapidly increase the growth of hemp; however, oversupply of N results 
in irregular growth of hemp resulting to leafy and juicy plants and stems diameter thickness more than 
the optimum range (Ranalli, 1999). Long days with more light hours (12-14) support vegetative growth 
(Sankari&Mela, 1998); whereas, short days with less light hours are supportive environment for flower-
ing and maturation stages. With proper irrigation water supply hemp cultivars reach to the height of 5 
m in 4 to 6 monthperiod (Clarke &Merlin, 2016).

One of the major challenges in growing hemp is a disease-free cultivation. Like many other crops, 
cannabis plants experience threats from a variety of diseases including powdery mildew (PM), which 
(Podosphaerapannosa) is one of the major challenges in greenhouse cultivation. Spores of PM travel 
through wind and enter into the greenhouse their ventilation systems. They are also carried by pets and 
greenhouse workers to the greenhouse. Favorable conditions for PM spores to spread and become prob-
lematic for disease free cultivation of cannabis become available in warmer conditions like in Spring 
and Fall months famous for high relative humidity (RH) and changing day-night temperatures.

Open and Controlled Environment Cultivation

Open fields provide ideal conditions for cannabis wild growth. Since these ecosystems provide the 
required sunlight, light well-drained composted/fertile soil, and enough irrigation, it grows well wildly 
when exposed to open water bodies including canals and rivers, pastures, and agricultural fields (Mil-
lery, 2011). However, open field cultivation of hemp faces soil borne diseases from pathogens including 
pythium spp. and sclerotiumrolfsii especially during the warmer spring periods and in the well-drained 
lighter sandy soils (Hall et al., 2017). Field cultivation of hemp has ever been debated for plant density 
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for the financial importance of single biomass content of the plant. Van der Werfet al., (1995) studied 
quality and yield of a fiber hemp variety under the influence of density of plants and their thinning and 
reported that the number of nodes at the onset of flowering decreased with increasing plant density; 
however, the rate of decrease with age of plant was not sensitive to density of plants.

Greenhouses are used for controlled environment cultivation of hemp. A typical greenhouse has 
various section for management of irrigation water, nutrients, mother plants, nurseries, growing plants 
to maturity, harvesting flowers, and processing the final product for packing. The workers follow pro-
tocols for dressing, handling items, and performing various duties. The protocols may include wear-
ing prescribed clothing and protective masks/gadgets specified for working in various sections of the 
greenhouse to ensure safety, security, disinfection, and prevention of plants from physical, chemical and 
biological damages.

Most of the arrangements in greenhouse are made artificially. The sections where mother or regular 
plants are kept are lit with artificial lights to mimic sunshine for extended number of hours. Usually 15 
to 18 hours of artificial lights are provided to the plants. Most of the greenhouses use dataloggers to 
record inside temperature, relative humidity, and light intensity.

Precision Management Practices

Precision management practices cover a range of material, input and practices needed to grow cannabis; 
for example, a medium to grow plants such as soil and inputs such as water and nutrients. The practices 
include measures to control disease and weeds.

Soilless media

Since the natural soil comes with threats of disease carrying bacteria and pathogens, it is a common 
practice to use soilless media in greenhouse to grow cannabis. Soilless media, typically called as grow-
ing media is commercially available. Different inert materials including, coconut crush, rock wool, peat 
moss, pine bark, coconut coir, are sometimes synthetic materials are used to form loose media, grow-
ing cubes or slabs for plants. The media come with certain porosity to accommodate growth of roots, 
movement of irrigation water, supply of oxygen to roots, and transport of nutrients. Soilless media are 
most commonly peat-based, with a wide array of amendments used to create the best media based on 
crop requirements and production techniques. Adjusting water-holding capacity, pore space within the 
media, bulk density and even characteristics like pH are possible with the careful selection of media 
components and amendments.

Irrigation water management

Hawley et al. (2018) reported that bud quality and yield of cannabis was affected by irrigation schedul-
ing in addition to other plant carrying aspects. Pejiceet al., (2018) used Hargreaves equation to calculate 
evapotranspiration requirements of hemp (320 mm for the whole growing season) at its growth stages 
comprising i) Stage-I: the stage between sowing of seeds and the point of developing of 3-4 pair leaf pairs, 
ii) Stage-II: from 3-4 pair leaf pairs to coming out of male flowers, and iii) Stage-III: a period beyond 
appearing of male flowers. They reported that irrigation water application with drip irrigation system to 
meet the calculated evapotranspiration resulted in significant improvement in developing of plant stem, 
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emerging of new leaves, flowers and increase in plant height, but not the thickness of stem indicated from 
its diameter and thus the fiber content. Kleinwächter&Selmar (2015) reported that controlled or moderate 
drought stress influence the production of certain secondary metabolites of cannabis. Irrigation water 
requirements collected from literature for various environmental conditions are tabulated as Table 1.

Irrigation scheduling

Advanced cultivation of cannabis has used soil moisture content sensors the readings of influenced by 
location of the sensor within the pot/media and growth media composition (Stemeroff, 2017). This influ-
ence of external factors necessitates sensor calibration for specific growth media/systems (Abbas et al., 
2011; Fares et al., 2011). Although as a common practice, a network of sensors is used in a field or in a 
greenhouse setup, but an average value of soil moisture content is used for the entire crop is used to trig-
ger the valve of irrigation system on or off the automated irrigation system. However, numerous factors 
are considered to develop proper irrigation scheduling (Ehlers &Goss, 2003). Since, it is impractical to 
expect growers to deploy these research tools on a large scale to apply irrigation management strategies 
(Stemeroff, 2017), the use of simple methods to schedule irrigation for cannabis can be beneficial. Ir-
rigation scheduling for cannabis can be conducted using Pan Evaporation method (FAO, 1998) and/or 
Hargreaves equation (Hargreaves & Allen 2003).

The pan evaporation method involves the use of i) a standard “USWB class-A pan” and ii) a standard 
rain-gauge. The USWB class-A pan is used to determine values for daily pan evaporation (Ep) by moni-
toring water level drop from its free water surface. The USWB class-A pan can be made with a 20-gauge 
galvanized iron sheet panted white. The diameter of this top-open and closed bottom pan is to be fixed 
at 121.5 cm and pan depth at 25.4 cm. The pan is equipped with a vertical pointer in the stilling well 
accompanied with a hook gauge to see the level of the maintained water. In order to let air circulated 
beneath the pan, the pan is placed on a hollow frame preferably made of wood or a material that does 
not warm out with heat or freeze with low temperature ensuring insulating effect to the pan from its 
bottom. Depending upon irrigation intervals (hourly versus daily), rate of evaporation can be measured, 
with the help of a hook gauge, from the fall of level of water in the stilling well at specified irrigation 
intervals. In case of field use and rainfall, necessary evaporation values need to be adjusted. The water 
in the pan is brought back to its original level by adding the equal amount of water that evaporated to 
the pan bring back pan’s pointer tip to its original position. That is, the drop of water level is maintained 
by adding water in the pan to the original position of pointer tip level. The amount of water added is 

Table 1. Irrigation requirements for cultivation of hemp

Sr. No. Climatic conditions Irrigation requirements (mm) Source

1 Not mentioned 250-350 per growing season Kišgeci, 1994

2 Ukraine 250-280 per growing season Pejiceet al., 2018

3 The Netherlands 650 mm per year Van Dam, 1995

4 Northwest Tasmania in Australia 535 mm during growing season Lisson& Mendham, 1998

5 Not mentioned 700 mm Bócsa&Karus 1998

6 Italy 410-460 Di Bari et al. (2004)
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divided by the surface areas of pan and stilling well together to find out the depth of water added which 
is taken as the daily evaporation rate (EP).

Marketable rainfall gauge with a graduated cylinder wall or conventionally made simple gauge con-
sisting of a deep pan equipped with a ruler can be used to measure rainfall on daily basis. Amount of 
rainfall water in the gauge can be converted to depth units by dividing the total volume received with 
surface area of the gauge for effective rainfall values (RE). The following equations can be used to cal-
culate supplemental irrigation water requirements (SIWR).

SIWR E k k REP P C= × ×( ) −  (for field cultivation) 

SIWR E k kP P C= × ×( )  (for greenhouse cultivation) 

Where, kP is pan coefficient (0.7 for USWB pan as the rate of evaporation from USWB pan is higher than 
that over a large free water surface; therefore, the EP value is multiplied by 0.7 to obtain the evaporation 
rate over the large free water surface), kC is crop factor, and RE is effective rainfall. The values of kC for 
the three stages of crop growth; i.e., Stage-I, Stage-II, and Stage-III can be taken as 0.5, 0.9, and 1.1, 
respectively (Cosentinoet al., 2012; García-Tejeroet al., 2014).

Hargreaves equation: Daily evapotranspiration (ETD) from cannabis plants can be calculated using 
Hargreaves equation as given below (Hargreaves & Allen, 2003):

ET T T T RO m a= +( ) −( )0 0023 17 8. . max min  

where ETO is reference evapotranspiration (mm day-1), Tm is the daily average temperature of air (oC), 
Tmax is the daily maximum temperature of air (oC), Tmin is the daily minimum temperature of the air (oC), 
and Ra stands for the extraterrestrial radiation (MJ m-2 day-1). Values of Ra vary with coordinates of the 
location, day of the year and can be found in Chapter 4 of the famous paper 56 of Food and Agricultural 
Organization of the United Nations (FAO, 1998). The Daily water used on plants evapotranspiration 
can be calculated as:

ETD = (ETO) kC 

where kC crop coefficient, and (ETD) is the daily ET.

Application of Supplemental Irrigation

It is a common practice to apply supplemental irrigation to the plants by keeping a margin of 10-15% 
over-irrigation than the calculated depth/volume - a factor recommended for covering up errors in ir-
rigation application efficiency of the irrigation application systems be that drip or sprinkler irrigation 
systems. The reason behind this exercise is to avoid plants going under wilting point and to ensure that 
the media of growth (artificial media used to grow cannabis in greenhouses) remains within the field 
capacity range. However, excessive application of supplemental irrigation results into salt accumulation 
in the soil-less growth media

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



193

Precision Management Practices for Legal Cultivation of Cannabis (Cannabis sativa L.)
 

Nutrient Management

Application of N to the seedbeds or during the early stage (vegetative stage) of crop growth benefit 
growth of industrial hemp since N is important for protein content in the grain and the dry matter yields 
of fiber crops (Hall et al., 2017). There are numerous plant nutrition sources available in the market 
including silica that helps strengthening the plants overall by thickening the leaves’ cell wall in order to 
make it resistant for spores of PM to hold on to it and enter into the surface of leaves in search of food. 
The leaves as well as stem of cannabis can be thickened and hardened with the supply of N that increases 
the plant biomass for fibrous yield (Jordan et al., 1946; Ivonyiet al., 1997; Bócsa&Karus 1998).

Van der Werfet al. (1995) compared growth of cannabis in treatments applied with 80 kg N/ha, and 
200 kg N/ha and reported increase in biomass due to increased stem as radial growth of plants supplied 
with N at the rate of 200 kg/ha. On the other hand, Van der Werf and Van den Berg (1995) reported that 
the application of 80 kg N/ha resulted in increased bast content, plant height, proportions of male and 
female plants and stem dry matter. Struiket al. (2000) tested the effects of rates N application including 
100, 160, and 220 kg/ha on stem health and reported that it increased with increases in rates of applica-
tion of N; however, they concluded that treatments with relatively lower rate of N application produced 
enough fiber for the tested species. This is complemented by the suggestion of Scheifele (1999) that the 
requirements of N requirements for fiber sativa species are lower than expected and may be decreased 
from 140 to 100 kg/ha, the phosphorus (P) and potassium (K) levels should be increased. Ivanyi (2005) 
related the concentration of leaf nutrient of fiber hemp with its yield and reported concluded that sug-
gested to redesign nutrient management practices of hemp for its advanced production. Forrest et al. 
(2008) investigated anatomy and morphology of an industrial fiber hemp species sativa “Fédrina” for 
their cultivation in field and in greenhouse settings in western province of Canada – British Columbia and 
reported that the application of N at the rate of 150 and/or 300 kg/ha was beneficial for field cultivation 
and application of 90 kg P2O5/ha resulted in maximum fiber yield under greenhouse settings. Nutrient 
requirements for hemp have been reported in literature as summarized in Table 2.

Salt Accumulation

Fertilization is one of the most important factors for indoor cannabis production. Over-fertilization can 
lead to salt accumulation in the root zone; whereas, under-fertilization can cause nutrient deficiency and 
lower yields (Bar-Yosef, 1999). Guttormsen (1969) studied distribution of salts in plastic pots having 
lettuce plants irrigated under sub-irrigation methods and reported accumulation of salts particularly in 
the upper soil layers of the growing pots even with normal amount of application of N and K through 
water application. His detailed results showed a proportion between the amounts of the applied N, K and 
the amounts of Ca and Mg in water extracts showing a tendency of exchangeable Ca and Mg.

The decision about base fertilizer rates for cannabis is difficult to make due to the differences in grow-
ing conditions (Wright &Niemiera, 1987). Nutrient requirements for cannabis vary with growth stage in 
flowering plants; the flowering stage requires higher concentration of nutrients (Raviv&Lieth, 2007). No 
reports have been published on nutrient requirements of cannabis at its different growth stages. Cannabis 
growers can benefit from the knowledge based on nutrient requirements calculated and experimented for 
different growth stages of other crops. For example, for sweet peppers (Capsicum annum L.), the supply 
of 30% N from NH4+-N in the vegetative stage and using only NO3–N in the flowering stage can result 
in the highest total plant and fruit yield (Xuet al., 2001).
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Salt accumulation because of the application of synthetic fertilizers can be avoided by using organic 
manures that release nutrients at a slower rate providing less chance of salts soil build-up in soil and 
resultant uptake by plants. Voglet al. (2004) compared hemp seed yields (variety Fedora-19) under an 
open experimental field comprising small plots with those grown in eleven open hemp fields under 
practical organic growing conditions in Austria.

Diseases of Cannabis and Their Control

In the face of the quote “hemp has no enemies” (Dewey, 1914), there are plenty of pathogens and pests 
that act as enemies of hemp causing a huge damage to its growth, production, yield, and quality (Bakroet 
al., 2018). Bakroet al. (2018) has summarized common fungal disease of cannabis typically caused by 
more than fungi taxa (McPartland& Hughes, 1994).

The outbreak of PM in the greenhouse can be detected in-situ by developing an image processing-
based machine vision system as the machine learning techniques have been utilized in a variety of 
data-driven applications including image processing in agriculture and food industry (Chen et al., 2010; 
Savakar&Anami 2015; Rojas-Moraledaet al., 2017). Cameras installed at various angles on a moving 
buggy or on a robot in a greenhouse can also detect early stage leaf infection but with the added task of 
processing a large number of images for disease feature detection. Technology advancement in near or 
far future may solve this technical issue.

Powdery Mildew

Powdery mildew (PM) is a common fungal disease infecting cannabis. A casual organism for PM in hemp 
was first reported for eastern Europe by Jaczewski (1927). This fungal infection is common in outdoor 

Table 2. Summarized literature on nutrient requirements for production of cannabis

Nature of study Nutrient requirements Source

Field study 200 kg/ha N Van der Werfet al., 1995; Ehrensing, 
1998; Vera et al., 2004; Aubinet al., 2015

Field study 80 kg/ha N (for bast content, stem height, and proportion of 
stem dry matter) Van der Werf& Van den Berg, 1995

Field study 100 kg/ha N Scheifele, 1999

Field study 100 kg/ha N Struiket al., 2000

Laboratory experiments 150 mg/kg AL-P2O5; 200-350 mg/kg AL-K2O
100 kg/ha N Kadar et al., 2003

Laboratory experiments 110-130 mg/kg AL-P2O5; 310-330 mg/kg AL-K2O; 80 kg/
ha N Ivanyi, 2005

Field study NPK (at a rate consistent with wheat production) Reisingeret al., 2005

Field and greenhouse trials 150-300 kg/ha N of any N fertilizer type 
90 kg/ha P2O5

Forrest et al., 2008

Walk-in growth chamber 283 mg N/L of a liquid organic fertilizer (2.0N–0.87P–
3.32K) Caplanet al., 2017a

Greenhouse 389 mg N/L using a liquid organic fertilizer (4.0N–1.3P–
1.7K) Caplanet al., 2017b

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



195

Precision Management Practices for Legal Cultivation of Cannabis (Cannabis sativa L.)
 

hemp particularly in the regions of temperate and subtropical environment (Transhelet al., 1933). The 
top leaf surfaces are easily infected showing dusty look of powdery mycelium that turns leaves chlorotic 
and dead. Symptoms of PM can be identified by the growth of a white powdery fungus on diseased 
portions of the affected plants.

Symptoms of Powdery Mildew

Symptoms of PM, in addition to appearing on the upper surface of leaves, get developed on the lower 
surface of leaves. This sequence is not necessary as the disease symptoms vary randomly in their ap-
pearance as irregular purplish spots, followed by the appearance of white powder on the leaf surfaces. 
The symptoms may include unusual scab-like cuts, witches’-brooms, bendy and distorted shoots, early 
leaf colouring followed by fallen, reduced or undersized growth and curling of leaves.

Effect of Powdery Mildew on Plant Growth

The powdery appearance results from the superficial growth of the fungus as threadlike strands over the 
plant surface and the production of chains of spores. In the environment of combination of moderate to 
high temperatures and high humidity, more or less 300,000 spores are produced each day on the infection 
site equivalent to the size of 1 cm2. An infected plant becomes producer of spores in a period of 5-10 
days with a continued cycle under greenhouse conditions (2019 Kentucky Pest News). Younger and new 
shoots, stems, other vegetative parts of cannabis easily come under the attack of fungi of PM than the 
mature parts of plants. Plants of cannabis must be continuously monitored to detect earlier appearance 
of PM which initially appears on the lower and/or middle leaves before spreading to the top leaves.

Sources of Powdery Mildew

This disease is caused by a range of fungi genera including Erysiphales, and Podosphaeraxanthii, which 
are commonly reported ones. For greenhouse cultivated cannabis, the important genera are Oidium, 
Erysiphe, Leveillula, Sphaerotheca, and Microsphaera. Botrytis cinerea remains and dominant parasite 
fungi for cannabis. Its spores are commonly present in outdoor air as well as in indoor environments. In 
the North America its average concentration ranges between 45 and 49 CFU/m3 (Shelton, 2002). Botrytis 
cinerea is a necrotrophic fungus (a type of fungi that attack damaged and injured wine vines producing 
toxins that then kill the vine; the nutrients of the dead vine thrive the fungi).

Powdery Mildew in Greenhouses

Plant cuttings and clones contaminated with PM are the main source of spread of this disease in other 
plants in the greenhouse; however, the PM is often easily overlooked in the early stages, especially when 
one is handling a large number of microscopic spores during activities in greenhouses (Chris, 2017). 
Most of the times, it is no possible to judge if the spores of PM exist till the moment, they start taking 
life and spread throughout the greenhouse.

Environmental controls including low temperature, high RH, low light shade, and poor air circulation 
are the factors responsible for development of PM in a greenhouse. Until these factors are not optimal, 
the microscopic spores of PM stay dormant meaning that they exist but do not show no visible signs of 
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growth, which does not necessarily mean that there is no potential of this disease to spread; it does as 
soon as the favourable conditions become available (Chris, 2017).

In greenhouses, PM usually survives between crops as hyphae (a long, branching filamentous structure 
of a fungus) because of ideal conditions comprising temperatures ranging from 68 to 86 °F and rela-
tive humidity beyond 95% followed by low light intensities. With an inverse relationship between RH 
and temperatures RH increases with lowering of temperatures influencing production as well as spread 
of PM conidia. High RH stimulates conidia to germinate; a conidium (plural conidia) is an asexual, 
non-motile spore of a fungus. Non-motile spore cannot move independently, using metabolic energy. 
Literature has reported the following tabulated optimal conditions suitable for PM to thrive on various 
crops in greenhouses (Table 3).

Plant Disease Detection Through Machine Vision

Machine vision is a science that duplicates the effect of human vision by electronically perceiving and 
understanding an image, and preparing a suitably rapid, consistent, cost effective/economic and objec-
tive assessment of objects (Sun, 2000). The approach involves development of studies and algorithms to 
analyze and automatically extract useful details about an object or a set of objects perceived (Gunasek-
aran, 1996; Sun, 2016). Machine vision also involves processing images of physical objects for feature 
detection from them. With the help of good algorithms, machine vision systems progressively improve 
their performance on a specific task. Machine vision systems are being applied to identify, detect and 
predict crop diseases and plant stress phenotyping in agricultural research fields.

Several successful machine vision applications have been reviewed in the literature to detect plant 
diseases in different cropping systems (Story et al., 2010; Pineda et al., 2018). Wspanialy and Moussa 
(2016) developed and tested a machine vision system for PM detection in greenhouse tomato plants to 
a success rate of 85%. The PM detection system can reduce expenses associated with manual scouting 
for monitoring diseased plants in a greenhouse. This can be done through adopting the use of a robotics 
system to watch out for early signs of diseases in the greenhouse on daily basis and report the observation 
to the operators to ground truth the observation for further steps (Wspanialy&Moussa, 2016).

Real-Time Detection of Powdery Mildew With Deep Learning and Machine Vision

The outbreak of PM in the greenhouse can be detected in-situ by developing an image processing-based 
machine vision system using deep learning techniques. The machine vision system can consist of a 
graphical user interface based PM detection program, two μeye cameras, a real-time kinematic global 

Table 3. Optimum conditions for powdery mildew to thrive in a greenhouse

Crop Temperature (°F) Relative 
humidity (%) Other conditions Source

Marijuana 68-86 > 95 Low light intensities or shade 
Light air circulation Brais, (n.d.)

Rose 68 75 ± 2 Normal day light Suthaparanet al., 2012

Cannabis Cool to moderate high - Barloy&Pelhate, 1962
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positioning system, and a laptop computer. A colour co-occurrence matrices-based image texture analysis 
program can be generated by using C# programming language. The installed cameras inside the green-
house can be programmed to take images of the plants on intermittent basis. Factor affecting machine 
vision parameters can be selected by evaluating performance upon collected images from several healthy 
and PM affected leaves. Mahmud (2019) tested the real-time performance of developed vision system 
in comparison to manual detection in three strawberry fields targeting a total of 36 randomly selected 
rows. He reported that the machine vision system was moderately capable of detecting PM disease with 
acceptable mean absolute errors and root mean square errors.

Challenges in Automated Detection of Disease

In-situ detection of infected leaves in a crop has real challenges and opportunities. Technology has always 
been on the go for innovation and advancement. The machine vision system introduced by Wspanialy 
and Moussa (2016) has various innovative features, as claimed by the developers, including i) it does 
not require specific environment but operates under normal lighting conditions, ii) it learns PM image 
features using the Hough forest machine learning technique without demanding for clean and ideal 
background conditions, and iii) its image acquiring and processing speed is very high because of the use 
of parallel nature of the Hough Forest algorithm. Systems using machine vision and visible light image 
processing to detect disease and pests attacked leaves under field conditions have attained high detection 
rates (Velázquez-Lópezet al., 2011). Limitations with such systems include i) input images making them 
unsuitable for independent detection and ii) uniform background against images taken from the top of a 
plant, and iii) limiting an input image to only a single centered leaf (Zhenget al., 2009; Zhang &Meng, 
2011). Cameras installed at various angles on a moving buggy or on a robot in a greenhouse may help 
solve this issue but with the added task of processing a large number of images for disease feature detec-
tion. Technology advancement in near or far future may solve this technical issue.

Optimal Greenhouse Environments

Greenhouse cannabis cultivation and management practices consume high energy use, operating costs, 
and uncontrolled greenhouse gas emission; nonetheless, for cannabis producers, energy costs are usually 
acceptable given the high product value (Mills et al., 2012). Chris (2017) enlisted three precautionary 
measure to preventing cannabis cultivation from PM in greenhouses; the measures include i) genetics, 
ii) plant nutrition, and iii) controlled environments.

Seed Selection

Depending upon the source of seed, some of the strains of the same plant get infected and some do not 
even under identical conditions of growth. Therefore, it is worth surveying prior to deciding for the 
cannabis strain and picking varieties known best for pest and disease resistance. Only a registered seed 
distributer must be contacted for quality seeds as well as for detailed information about strain’s resistance 
from pests and diseases.
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Control After the Outbreak of Disease

Botrytiscinerea is the most dangerous and tough parasite fungi that dominate cannabis. Its spores are 
found in inside as well as outside air. Cannabis fungi can be controlled by chemical, biological, physical, 
or by the combined use of these methods.

Chemical Control

Spores of Botrytis cinerea migrate to the cannabis greenhouses through air and through ground carried 
by workers’ clothing and shoes. Therefore, the most of greenhouses have protocols of disinfecting their 
employees prior to their entry to the facility. The use of traditional fungicides for controlling Botrytis 
cinerea, may include the precautionary measure of using concentration not harmful for seriously ill 
patients (Cervantes 2006). Usually, the fungicide sprays are recommended in emergency cases since the 
fungicide affects quality of buds resulting into poor quality taste, taste and value of the products. Small 
scale spraying of K soap or Neem oil on infected parts are considered the best chemical treatments of 
plants grown for pharmaceutical purposes (Barco et al., 2018). The attack of PM in greenhouse can 
be prevented through proper supply of nutrients to the plants. A healthier plant can defend itself better 
against disease attacks.

Biological Control

In its early stages PM appears as white colored cushions on plant leaves; therefore, it can be detected at 
earlier stages. Kendrick (1985) has recommended hyperparasitic fungi including Ampelomycesquisqualis 
as a biological control of early stage PM. Eladet al. (1998) tested two biocontrol preparations for their 
ability to control SphaerothecafuscaandBotrytis cinereaon greenhouse cucumber and reported that Tricho-
dermaharzianumT39 (TRICHODEX) spray reduced PM severity by up to 97% but its efficacy declined to 
18–55% control as the epidemic progressed. They further reported that unlike on young leaves, on older 
leaves the control of PM by T. harzianumT39 was poor; whereas, Ampelomycesquisqualis(AQ10) was 
very effective against PM, achieving up to 98% of control. Some microorganisms that compete PM have 
also been tested to serve as an organic control of PM (Schumacher &Tudzynski, 2011; Costa et al., 2013).

Physical Control

Rise of temperature due to sun or due to artificial sources of heat causes lowers RH. The chain of conidia 
dries under such conditions. Conidia are source of spread of dry PM and can be functional only through 
air circulation in the greenhouse. Physical entry of conidia is thus through open portions of greenhouse 
where from the air or the workers enter or exit the facility. The airborne conidia can be removed from the 
greenhouse through proper air filtration and through the use of UV germicidal disinfection. Air filtration 
in combination with UV-C wavelength light serves efficiently in removing airborne conidia and other 
fungal spores from inside of the greenhouse. Because of the reasonable size of Botrytis cinerea spores; 
i.e., diameter = 11-12 microns, these spores can completely be captured with filters rated MERV 12 
and higher (Brais, n.d.).

In cases where chemical and biological controls do not effectively control PM in the greenhouse, 
physical methods remain the only ways to limit PM invasions. The use of germicidal UV as a proven 
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disinfection technology has been recommended in the literature which shows that a well-engineered 
mix of air coil treatment with germicidal UV and air filtration can be an efficient way of reducing PM 
outbreaks in greenhouses. Such a system follows continuous UV surface decontamination of all cooling 
and heating coils of the facility and frequent air changes with filtration complemented by germicidal UV.

Sterilization of Botrytis Cinereasporesl

Literature reports the use of germicidal sterilization of Botrytis cinerea spores with varying wavelength 
UVs including UV-A (315-400 nm), UV-B (28-315 nm), and UV-C (100-280 nm). Mercier et al. (2001) 
achieved 95% spore disinfection rates using 40-450 mJ/cm2 of UV-C irradiation dosage for slowing down 
the decay on Bell peppers caused by Botrytis cinerea. Among UV-A, UV-B, and UV-C, Latorreet al. 
(2012) found UV-C as the most effective wavelength to for irradiation on Botrytis cinerea. Their findings 
showed no survival of PM spores at a UV dose of 110 mJ/cm2. Using UV susceptibility rate constant 
(k = 0.0052 m2/J) a UV lighting system can be designed for Botrytis cinerea to apply the sterilization 
dosage in less than a minute exposure.

Proper filtration of air supported with germicidal disinfection of air and surfaces using ultraviolet 
(UV) light is an efficient way of eliminating PM outbreaks in the greenhouse. However, UV-C radiation 
induces metabolic modifications in plants as reported by Marti et al. (2014) for secondary metabolite 
biosynthesis. Marti et al. (2014) tested UV-C radiation for its effects on leaves of three different selected 
species of plants including cannabis and reported that the metabolomic modifications were species-
specific; for example, no notable changes in the content of cannabinoid were observed in cannabis plants.

Environmentally, following some basic routine can prevent PM to attack greenhouse plants. The rou-
tine includes selection of seed genetics (registered safe strain of cannabis), ensuring plant health through 
proper plant nutrition, and maintaining controlled environments inside the greenhouse. Optimal condi-
tions for growing healthy and PM free cannabis in a greenhouse include i) 70-80 °F inside temperature, 
ii) 40-50% relative humidity, iii) good fresh blowing air circulation including an exhaust system, iv) a 
combination of nutrients (150 mg/kg AL-P2O5, 310-330 mg/kg AL-K2O, 150-300 kg/ha N from any 
fertilizer type, 90 kg/ha P2O5), v) UV-C germicidal disinfection, and vi) hygienic indoor conditions.

Fujikawaet al. (2013) tested the use of supplemental UV radiations to controls a rose PM disease 
under the greenhouse conditions and suggested that UV radiation can suppress PM development through 
inhibition of fungal growth and activation of host defenses. A system designed for controlling Botrytis 
can also effectively control other fungal contaminants. The UV floor/surfaces disinfection systems and 
the UV air disinfection systems are the efficient ways to use germicidal UV light for controlling mold 
in greenhouses. Furthermore, the greenhouse air quality can be upgraded with the use of air filters and 
positive pressurization.

An air-tight growing facility with positive air pressure minimizes outbreak of PM. In China, the major 
greenhouses are designed to have a pressurized isolated entry point to control the entrance of spores 
into the facility. Based on literature review, the optimal conditions for PM free optimum production 
require control on greenhouse temperature and humidity. Germination and reproduction of PM spores 
is favored by a combination of temperatures and humidity of certain values. Controlling the greenhouse 
environments is vital for disease free cultivation of cannabis. This can be achieved through avoiding 
the favourable environmental conditions for PM to live as well as correct setting of controlled environ-
ment for cannabis plants to flourish. The following controlled environmental factors can take away the 
environment for PM and allow the cannabis plants to thrive.
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Indoor temperature: Greenhouse inside temperature in combination with a proper airflow reduces 
spreading of PM infections to the plant leaves. For optimal production of cannabis, literature suggests 
70-80 oF (Mills et al., 2012) and 68 oF (Marti et al., 2014) indoor temperature.

Humidity control: A proper exhaust or ventilation system replaces the stale air with fresh air resultant 
into reduced humidity. Literature reports different values for RH to maintain during greenhouse cultiva-
tion of cannabis; for example, 40-50% for cannabis (Mills et al., 2012), 70% for cannabis (Marti et al., 
2014), and 60-70% for seedlings and 40% for flowering stages of marijuana (Online Blog).

Airflow: A constant blow of air prevents tiny spores of PM to land and latch on plant leaves. A 
proper airflow keeps the greenhouse breezy and fresh. For a small greenhouse (grow room) of 22 m2 
size, Mills et al. (2012) modeled a ventilation system that computes using 7 oscillating fans to keep the 
place dry and simultaneously equipped with 30 supply and exhaust fans for ventilation. Table 1A an-
nexed with Mills et al. (2012) details several other components features modeled for a highly equipped 
and controlled greenhouse.

Lighting: Spectral quality of greenhouse lights affect cannabis plant growth. Therefore, making the 
quality of lights to address the needs of plants can result in increases quality of buds, consistency in plant 
growth, and the cannabis yield. Spectral quality of lights varies with species, cultivars, and production 
strategies (Critten, 1991; Nemali& van Iersel, 2004; Fu et al., 2012; Ilicet al., 2012; Blomet al., 2016; Li 
et al., 2017). Studies have been reported on growth of various plants affected by spectral quality of lights 
(Loughrin&Kasperbauer 2001; Yorioet al., 2001; Beamanet al., 2009; Chang et al., 2009; Lefsrudet al, 
2008). The role of sub-canopy lights on production of cannabis was investigated by Hawley et al. (2018) 
by growing plants without additionally provided lighting to the below canopy areas, with red/blue, and 
with red-green-blue supplemental sub-canopy lights and reported that both combinations of lights result 
in significant increases in cannabis yield as well as THC concentration in tissues of bud present at lower 
portions of canopy of the plants that were grown in control treatments.

Consistency: Ideal greenhouse climate helps as sudden changes in temperature and/or humidity can 
create favorable conditions for PM to spread. This can be done through environmental controllers avail-
able in the market. Literature report values on the optimal environmental conditions for a greenhouse 
to grow powdery mildew free cannabis (Table 4).

Table 4. Summarized literature on temperature, relative humidity, day light hours, and air flow for 
greenhouse production of cannabis

Crop Temperature (°F) Relative 
humidity (%)

Daily photo 
period (hr) Air flow Source

Cannabis 70-80 40-50

7 oscillating fans to keep a 
22 m2 room dry
30 supply and exhaust fans 
for ventilation

Mills et al., 2012 
(See annex Table 
1A for further 
detail)

Cannabis 68 70 16 - Marti et al., 2014

Marijuana 70-80 60-70 (seedling) 
40 (flowering) Normal day Fresh air and sun light Blog
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Hygienically maintained greenhouse: A regular protocol of ensuring thorough cleanliness inside the 
greenhouse can help avoid favorable environment of PM to grow and spread. Cleanliness of a greenhouse 
starts from the basic steps of cleaning all the tools, picking up and discarding all plant debris immediately, 
and wiping down all surfaces regularly to greatly reduce chances of a PM outbreak.

The work areas are typically recommended to be cleaned with solution of peroxide and water. If diluted 
to very low concentration, this solution can be used to spray on plant leaves, branches, and stem. The 
common equipment under use in greenhouse for plant trimming including scissors, cutters, trimmers, 
and blades can be cleaned using rubbing alcohol. Care must be taken for not spraying alcohol on plants. 
Glick (2012) enlisted precautionary measures to take care of hygienic conditions of the greenhouse, 
which include i) consistently observing the plants during all especially development stages, ii) looking 
for symptoms of congregation aphids and mites on above and especially under the leaves, iii) remov-
ing of the debris of the diseased/infected plants, and iv) looking for any cutworms and soil predators 
gathering around the base of the plant stem.Table 5 summarizes the optimal greenhouse environmental 
and crop input requirements for disease free cultivation of cannabis.

FUTURE SCOPE

Future scope of cannabis research and production activities depend on its legalization in various coun-
tries. Although its production for medical or recreational use has been ongoing since 1999 in selective 
states of North America but full-scale activities still wait for a country and/or worldwide adoption of 
this practice. Despite the use of cannabis and its effects on population health, many countries have yet to 
legalize its commercial production. This has resulted limitations on the use of cannabis and cannabinoids 
and its health effects. Development and testing of best management practices for cannabis production 
this remain halted. Literature suggest that the research on cannabis and cannabinoids cannot be promoted 
without removing barriers, which are yet to be identified and addressed.

CONCLUSION

Literature reveals that despite high energy related costs, cannabis cultivation in greenhouse seems profit-
able because of its high product value. However, regardless of the production costs related to energy, the 
producers need to pay attention to important measures for disease control in greenhouse that remain i) 
genetics, ii) plant nutrition, and iii) controlled environments. Genetics deals with seed selection, plant 

Table 5. The optimal greenhouse environmental and crop input requirements for disease free cultivation 
of cannabis

Temperature (°F) Relative 
humidity (%) Daily light (hr) Air circulation and sterilization Nutrients

70-80 40-50 16

To keep a 22 m2 room dry and 
ventilated 
- 7 oscillating fans 
- 30 supply and exhaust fans 
UVC (100-280 nm)

150 mg/kg AL-P2O5
310-330 mg/kg AL-K2O
150-300 kg/ha N from any fertilizer 
type 
90 kg/ha P2O5
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nutrition is all about maintaining optimal concentration of NPK especially N, and controlled environ-
ment including controlled supply of irrigation water, light, aeration, and indoor temperature can help 
efficiently controlling disease outbreak through chemical, biological, physical, or by the combined use 
of these methods.
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ABSTRACT

MATLAB will be utilized to validate the various irrigation systems and report it; the air temperature, 
wind, and humidity will be member functions to improve the efficiency of irrigation performance before 
the irrigation process, and the fuzzy information system consists of fuzzy rules, which are derived from 
information of experts or from input-output learning of the system. Rules mimic human reasoning. 
Mamdani method is mostly applied in the fuzzy inference technique, and the generalized bell function is 
used for both of temperature and wind where the triangular function used for humidity. The principles 
were based on the last experiments and personal experiences, and the output will change into a crisp 
value from this procedure of defuzzification. There are many different methods to do defuzzification, but the 
most common technique is centroid method. The resultant surface graphic is enough to monitor, validate, 
and report the irrigation system efficiency to execute and schedule the irrigation practice management.

INTRODUCTION

Soft computing technology is an interdisciplinary research field in computational sciences. At present, 
various techniques of soft computing, such as statistics, machine learning, neural network, and fuzzy 
data analysis, are being used for exploratory data analysis.
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Proposed a fuzzy set theory in which the set boundaries were not precisely defined; but, boundar-
ies were in fact gradational. Such a set was characterized by the continuum of grades of membership 
(characteristic) function which assigned a grade of membership ranging between zero and one to each 
object. The central concept of fuzzy set theory is a membership function, which numerically represents 
the degree to which an element belongs to a set. In fuzzy set theory, an element can be a member of a 
particular set and, at the same time, a member of a different set to a certain degree. In fuzzy rule-based 
systems, knowledge are represented by an if–then rules (Zadeh, 1965).

Fuzzy rules consist of two parts: an antecedent part, which states conditions on the input variable 
(s), and a consequent part, which describes the corresponding values of the output variable (Allahverdi, 
2002; Carman & Seflek, 2004). Fuzzy application areas include estimation, prediction, control, approxi-
mate reasoning, intelligent system design, machine learning, image processing, machine vision, pattern 
recognition, in medical computing, robotics, optimization, civil, chemical and industrial engineering, 
but fuzzy applications in hydrology and meteorology, are relatively less common (Kindler, 1992).

An automated irrigation system not only allows a better water use efficiency, but it also provides 
all the necessary information to generate detailed water usage reports which are critical to assess and 
improve irrigation performance. An automated irrigation system resolves one of the most difficult irriga-
tion problems: when and how much water to apply to ensure thorough wetting of the root zone without 
loss of water past the roots. The flow front of the irrigation water can easily be detected with soil, water 
sensors buried in the ground at the required depth (Castilla, 1997).

Agriculture plays a vital role in economy of countries throughout the globe providing raw material 
to industries and fulfilling the increasing needs of immensely growing population pressure. However, in 
spite of great agricultural importance, productivity is not up to the mark and farmer’s gains are substantial. 
Several issues are anticipated responsible like high cost of production, inflation, poverty, agricultural 
risks, inadequate access to finance, inadequate availability of inputs and the most noteworthy climate 
change; putting huge threat to the water availability, which is prime source of irrigation in agriculture 
sector (Shabbir & Tahir, 2014).

Once the soil has reached desired moisture content, the sensors send a signal to a controller to turns 
off the power to a solenoid valve or a pump which controls irrigation. As a result, the automated irriga-
tion system prevents water escaping past the root zone and therefore, improves the efficiency of water 
use (Sigrimis et al., 2001). The main goal of this investigation is produce a intelligence model using 
MATALB and Fuzzy logic system to monitoring, validate and reported the irrigation systems efficiency 
to correct the irrigation practices managements.

Table 1. List of acronyms and nomenclature

TEMP = Temperature membership function,

WIND = Wind membership function,

HUM = Humidity membership function,

RAIN = Rain fall membership function,

IE = efficiency of irrigation performance membership outputs,

MF = Membership function, and

FIS = Fuzzy information system.

IF = Irrigation efficiency
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MATERIALS AND METHODS

Software

For sprinkler irrigation system, fuzzy logic is used based on the most factors effect of the irrigation 
performance, such as (air temperature, wind and air humidity) to predict the perfect time to start and 
shutdown the sprinkler irrigation using the automated control valve.

• Control surfaces identification

The variable factors and function membership will estimate for every calculated variable. Figures: 
1 and 2.

Figure 1. The generalized bell function

Figure 2. The triangular function
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• Control surfaces attitude

Fuzzy logic rules will design for input data to achieve a variance procedure, in addition to merge all 
of the input data and output data through fuzzy logic control. Figure: 3, 4, 5, 6 and 7.

• Fuzzy logic system and decision action

Fuzzy rules are used derived from information of experts or from data. The rules mimic human 
reasoning. Mamdani method is generally used in a fuzzy inference technique. Fuzzy inference system 
used rules to generate fuzzy outputs, in this scheme, there are 3 inputs against each input there is fuzzy 
linguistic variables as indicated in Figure 8 and 9.

Figure 3. The membership functions for temperature input

Figure 4. The membership functions for wind input
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• The rules of fuzzy logic for sprinkler irrigation system controller

The rules of fuzzy logic were putted according to the many past experiments in addition to the ir-
rigation expert predictable behavior of sprinkler irrigation system and climate change.

1- If (TEMP is COLD) then (IF is High) (1)
2- If (TEMP is NORMAL) then IF is Med) (1)
3- If (TEMP is HOT) then ((IF is LOW) (1)
4- If (TEMP is HOT) then (IF is LOW) (1)
5- If (WIND is HIGH) then ((IF is LOW) (1)
6- If (WIND is MID) then (IF is Med) (1)

Figure 5. The membership functions for humidity input

Figure 6. The membership functions for rainfall input
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7- If (WIND is LOW) then (IF is High) (1)
8- If (HUM is WET) then (IF is High) (1)
9- If (HUM is MID) then (IF is Med) (1)
10- If (HUM is DRY) then ((IF is LOW) (1)
11- If (RAIN is LOW) then (IF is High) (1)
12- If (RAIN is MED) then (IF is Med) (1)
13- If (RAIN is HIGH) then (IF is LOW) (1)

Figure 7. The membership functions for efficiency of irrigation performance output

Figure 8. The Fuzzy Logic Tool Box uses simple Mamdani system
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Identification of Control Surfaces

Linguistic variables are recognized and membership values for each variable are calculated in this step. 
Figures 3, 4, 5, 6 and 7.

Behavior of Control Surfaces

In this step fuzzy rules are constructed for different inputs to perform different actions. Fuzzy inputs 
associate with fuzzy output by fuzzy rules. Figure 9.

Fuzzy Inference System and Decision Making

The Fuzzy information system (FIS) consists of fuzzy rules which are derived by information of experts 
or from input-output learning of system. Rules mimics ‟ human reasoning. Mamdani method is gener-
ally used in fuzzy inference technique. Fuzzy inference system used rules to generate fuzzy outputs, in 
this system there are 4 inputs against each input there is fuzzy linguistic variables as shown in Figure 9.

Defuzzification

Defuzzification is a process of conversion from a fuzzy set to a crisp number. For crisp input value, there 
are fuzzy membership for input variables, and each variable cause different fuzzy outputs cells that will 
used to activate or to be fired. Output will change into crisp value from this procedure of defuzzifica-
tion. Defuzzification can be done by different methods but most common technique is centroid method 
(Patil & Desai, 2013; Figure 10).

Figure 9. The fuzzy defined rules for irrigation performance
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The first membership function input is temperature and the second is wind, they are under the gen-
eralized bell membership function. The generalized bell -membership function is specified by three 
parameters and has the function name Gbell-MF. Gbell MF formula is next:

F (x; a, b, c) = 1/ (1 + │(x-c)/b│20). 

The third membership function is humidity and the fourth is rainfall, beside, they are under triangular 
function. The simplest membership functions are formed using straight lines. Of these, the simplest is 
the triangular membership function, and it has the function name triMF. It’s nothing more than a col-
lection of three points forming a triangle. Figures 2.

The data values of temperatures are ranged from zero to 40 Celsius, where the data values of wind 
MF are ranged from zero to 6 Km/h, and then the data values of humidity are ranged from zero to 80%, 
finally the data values of rainfall are ranged from zero to 1000 mm/day.

The triangular function formula is next:

(x; a, b, c) = max (min((x-a)/(b-a).(c-x)/(c-b)),0) 

A membership function associated with a given fuzzy set maps an input value to its appropriate 
membership value.

Fuzzy Rules

The basic fuzzy rules were needed to describe a useful relationship between the four inputs and the final 
output (Efficiency of irrigation performance). The fuzzy rules are given based on published experiments 
and personal experiences. Figure 9, 10 and 11.

Figure 10. Steps involved in Fuzzy Logic
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THE FIELD EVALUATION OF FUZZY LOGIC DESIGN 
FOR SPRINKLER IRRIGATION SYSTEMS

The filed evaluation trials were done on research farm, tests were conducted in various hours during the 
day and night to study the climate condition on the sprinkler irrigation performance and water losses, 
the nozzle diameter of sprinkler is 7.32 mm and the riser length is 2 meters above the soil surface, the 
operating pressure is 4.5 bar, there are 100 containers (water receptacles) as a net design (10 x 10 m) 
the diameter of the container is 15 cm. The temperature, wind and humidity were measured during the 
test process, the water volume in the container was measured after test process done, in addition to the 
water salinity (EC) in water before pumping and water after pumping in containers, by the same way 

Figure 11. The rules interaction of variables under various membership functions
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the water amount measured before and after pumping, the time of one test is one hour. By using the next 
equation, it could be calculated the evaporation of water losses, according to the increasing of saline 
water, which the salt concentration in the pumped saline solution is exposed to the EC increasing as a 
direct result of the decreasing of water amount by water evaporation, and using the percentage of both 
of the pumped water EC and the received water in container to determine the evaporation losses by wind 
drift, temperature and defect pressure of humidity. According to the next relationship:

E = 100 (ECA – EeB) /EeB 

Where

E : The evaporation losses (%), 

ECA : The electrical conductivities of the samples of the water in the catch-containers, after pumping, 
and 

EeB : The electrical conductivities of the samples of the supply water, before pumping. 

RESULTS

Air Temperature

Fuzzy surface graph of temperature shows the defuzzification relationship of temperature and other mem-
bership function such as humidity, rainfall and wind, beside the irrigation performance, the increasing of 
temperature is followed by evaporation and transpiration of both of soil and plant, the soil evaporation 
causes the water losses specially in the highest temperatures degrees and reduces the efficiency of ir-
rigation performance and efficiency, As a consequence, there will be a salt stress on the plant according 
to the soil salt concentration increasing as a result of water losses by evaporation.Figures 14 (A, B, C, 
D, G and K).

The irrigating efficiency, when the air temperature increased the evapotranspiration increased also, the 
evaporation is the water which transfer from the liquid water of plant surface and soil surface, transpira-
tion is the consumed water during biological process from plant, and both of water evaporation caused 
the water losses and reduction of water efficiency, for that when the environment condition is support 
to evaporate water, in the same token, loss water, it’s advised to shut off the valve of irrigation system.

The relationship between increasing of evaporation and temperature, it’s crystal clear the positive 
relationship, according to Lorenzini (2002). See Figure 12.

Air Humidity

The humidity degree ranged from 0 to 80% according the climatology of Hungary beside the green wild 
area of forest and fields.
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The air humidity is important factor of irrigation performances and influences indirectly on the ef-
ficiency of irrigation performance and by the same token on the plant productivity and quality. When 
the humidity degree increased may be caused a lot of fungus disease so the efficiency of irrigation 
performance will reduce specially, the irrigation systems which apply water on the plant surface like 
sprinkler system, beside the high humidity degree influence negatively on the transpiration process. 
Figures 14 (B, E, G, H, J and M)

When temperatures are high and the air humidity is low, the vapor pressure deficiency (and evapo-
ration rate) will be higher. Note that when temperatures are low, the vapor pressure deficiency will 
be depressed, despite the humidity level. Likewise, when the air humidity is high, the vapor pressure 
deficiency will be decreased, despite the temperature. Figure, 13.

In Hungary, the humidity degree ranged from 0 to 80%, because of the climatology beside the green 
wide area.

The air humidity is an essential membership condition of irrigation operations and influences indi-
rectly on the irrigation operation by the same token on the plant productivity and quality. When the air 
humidity increased, it causes fungus disease, the sprinkler irrigation systems applied water along the 
plant surface, beside the high air humidity influence negatively on the transpiration process.

Wind Velocity

This wind variable shows the effect of air flow on irrigation performance, where there’s correlation 
between both of wind and irrigation performance, when the wind velocity increasing this cause the air 
moisture movement, by the same token the air need to have a lot of evaporation to replace the Humidity 
reduction and makes evaporation from both of plant and soil making water and salt stress. According 
to the relationship of both of wind and efficiency of irrigation performance the suitable function is The 
generalized bell function. Figures 14(A, D, E, F, H and L).

Figure 12. Evaporation vs temperature (Dimensionless), cited from G. Lorenzini. 2002
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The Most Perfect Time for Evaporation

The most perfect time for evaporation is a short time, when the water droplet leaves the sprinkler hole 
and end by fall down on the surface soil or plant. When the water is pumped through sprinkler which 
has more riser and more jet length, this time will be increased and give more chance for water to evapo-
rate, the water evaporation increased for the more riser height according to the wind speed is increased 
whenever the height of sprinkler riser increased according there is no limitations of wind.

Rain Fall

The average annual precipitation across the country is 600 millimeters. The maximum of rain, nearly 
1,000 millimeters, so the rainfall is an important factor in irrigation process, beside control of supple-
mental irrigation on and off, there is a strong correlation relationship between of rainfall and efficiency 
of efficiency of irrigation performance as shown in the fuzzy defuzzification of rainfall and other factors 
versus irrigation efficiency. Figures 14(C, f, J, K, L and M).

THE FIELD EVALUATION OF FUZZY LOGIC OF SPRINKLER 
IRRIGATION SYSTEM CONTROLLER

Regards to table (There are many tests were done to evaluate fuzzy logic of sprinkler irrigation system, 
will compare the results to the predictable rules and surface fuzzy surface graphs according to the loca-
tion weather conditions as follows: Table 2.

If HUM is in the overlap zone of both of MID to WET (51%), WIND is MID (14 mil/h) and TEMP 
is WARM (29Co) the evaporation is MID (7.1%) so the valve opining hole must be MID according to 
irrigation efficiency (IF) is MID and also the irrigation time will be recommended to be not long not 
short according the next day’s weather conditions. It’s important to mention that the mean of MID for 
valve is referring to the time of irrigation will be under control and not to be fully recommended or fully 

Figure 13. Sprinkler evaporation nomograph (cited from Forst and Schwalen, 1955)
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prevented, according to also the next day the weather conditions, in other test If HUM is MID (31%), 
WIND is MID (23 mil/h) and TEMP is NORMAL (22 Co) the evaporation is MID (8.9%) so the valve 
opining hole must be MID. Finally, test If HUM is HIGH (78%), WIND is LOW (7 mil/h) and TEMP 
is HOT (39 Co) the evaporation is LOW (4.4%) so the valve will be open according to the irrigation ef-
ficiency (IF) is high and means the time irrigation will be recommended to be lengthier. That clear the 
fuzzy logic system is able to be the nuclear design of the control system of sprinkler irrigation system 
to increase the irrigation performance efficiency.

Figure 14. The Fuzzy surface graph of membership functions versus efficiency of irrigation performance
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Sprinkler Irrigation Controller

Flowchart clears the irrigation controller in sprinkler systems, besides; it can monitor and operate the 
monitor in three crossed phases. The desired climate parameters, this item shows the parameters of both 
of wind, temperature and humidity (climatic conditions) which it needed to start irrigation process, the 
input variables in this phase, there is a physical sign impact to start the decision of sprinkler irrigation 
process under typical climate conditions (wind, temperature and humidity) to save water, the three actual 
input values compared with the database values, where the dynamic decision is token related to the start 
time and the time of irrigation process. Figure 15.

Closed Loop Control System

This is based on collected of back controlling concept (feed-forward) and reactions of watching factors, 
in this kind of control, there is a reaction of necessary data to determine the start time and the irrigation 
time. There are many of climate factors (wind, temperature and humidity), which impact of irrigation 
process scheduling (start time and irrigation time). Some of them are variables and must measure before 
irrigation process, these factors have physical nature, such as (wind temperature and humidity). So that, 
when the values of these factors change the irrigation start decision must change also, according the 
climate factor changing, the monitor receives the reaction from one or more remote sensor in a field 
where continually present a modern data to the control unit of factors of climate, according to the pre-
sented sensors measurement and the past historical parameters for programing. The monitor controls of 
valve open and close process. It’s important to note on this system, the system status compared with the 
desired status and based on this comparison the decision will take to on or off in the irrigation process 
using the solenoid valve. The control tools of closed loop for irrigation system lead to deiced of irriga-
tion process time and start time. It chooses the most perfect and ideal time and climate condition, which 
do not cause of water losses by evaporation from sprinkler irrigation system, and increase the irrigation 
performance efficiency. Figure: (6).

Table 2. The evaporation water losses versus HUM, WIND and TEMP

TEMP (Co) WIND (mil/h) HUM (%) Evaporation losses (%)

29 14 51 7.1

32 11 57 5.8

22 23 31 8.9

22 13 39 7.3

21 13 36 7.4

34 12 64 6.6

39 7 78 4.4

37 9 65 5.4

34 16 51 7.5

39 9 64 5.6

31 13 28 7.4
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DISCUSSION

Air temperature, wind, humidity and rainfall are basic influence of irrigation efficiency directly, beside 
the interaction between every factor and the others, and need to monitor and watch irrigation process to 
report and validate it, the resulted surface graphic are enough to monitor, validate and report the irriga-
tion systems efficiency to exact and schedule the irrigation practices managements

CONCLUSION

The water lost by evaporation in the air during sprinkler irrigation system process, the evaporated water 
losses depends on (climate, evaporation time, the surface of evaporation area). The basic environmental 
factors which effect on the sprinkler irrigation systems are (air temperature, wind velocity, air humidity 
and the interaction of them), the obtained surface graphic shown the last interaction during fuzzy logic 
rules and introduce the predictable results for every case, and it’ base of establishment of a control sys-
tem of sprinkler irrigation systems using fuzzy logic control, depends on the monitoring and predictable 
of weather data and does a defuzzification to them to desist the most right decision to on or off the of 
irrigation systems. It’s important to mention that the fuzzy logic system has availability to change the 
boundary of data of parameter according to the sit weather conditions.
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Figure 15. The flow chart of sprinkler system controller design
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APPENDIX: SOME TYPES OF SPRINKLER IRRIGATION SYSTEMS

Sprinkler irrigation system is defined as a pressurized system where water is distributed through a net- 
work of pipelines to the field and applied through selected sprinkler heads or water applicators (Dainello 
and Fipps, 2001). The adoption of sprinkler irrigation technology accelerated after World War II, due 
to development of light-weight aluminum pipes with the impact-type sprinkler (Scherer et al., 1999). 
Sprinkling is mans imitation of natural rainfall. Such application is adapted to most soils that can be 
irrigated and is particularly adapted to sandy soils that take water rapidly. Soils that are too shallow, too 
steep, or too rolling to be irrigated by surface methods can often be effectively irrigated with sprinklers.
Small streams of water can be used efficiently with this type of irrigation and it is adapted to all the major 
farm crops except rice. Sprinkler systems have certain limitations, whatever, in that water distribution 
is affected by wind, and power requirements are usually higher than for other methods of irrigation. 
The water used must be clean and free from debris, and a constant water supply is needed for most 
economical use of the equipment. Sprinkler systems will give many years of satisfactory service if they 
are designed specifically to fit the conditions on the farm and are properly operated and maintained 
(Swarner et al., 1959).

a)  Advantages of sprinkler irrigation system:
1.  Land with irregular topography can be irrigated with minimum leveling and disturbance of 

the topsoil. The same applies to shallow soils.
2.  On sloping lands runoff and soil erosion that usually accompany it can be eliminated.
3.  Sandy or other highly permeable soils can be irrigated with out excessive losses by deep 

percolation, thus reducing the danger of creating drainage problems.
4.  Field ditches are not necessary. Thus, increasing the area available for crop production and 

minimizing the problem of ditch maintenance.
5.  Effective use of small continuous streams of water,
6.  Nutrients can be applied through the irrigation system (fertigation).
7.  Excessive losses by deep percolation can be eliminated, thus reducing the danger of creating 

drainage problems.
8.  With proper drainage, sprinklers can be used efficiently to flush accumulated salts own the 

profile.
9.  Automation is readily available for many sprinkler systems.

10.Can be effective for weather modification (micro-climate).
b)  Disadvantages:

1.  Initial cost can be high (compared to surface irrigation systems).

Also, operating cost (energy) can be high compared to nonpressurized systems, unless sufficient head 
is available from a gravity-fed supply.

2.  Low irrigation efficiencies under high winds and hot conditions.
3.  Distribution uniformity can be deteriorating over time.
4.  Fluctuating flow rates at the water source can be very problematic.
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5.  Water quality can be a problem with overhead sprinklers if water is saline, and in terms of clogging 
and nozzle wear. Also some types of water are corrosive to sprinkler pipes and other hardware.

6.  Some fruit crops cannot tolerate wet conditions during maturation (unless fungicides, etc., are 
used).

7.  Low intake rate soils (< 3 mm/h) cannot be irrigated by sprinklerirrigation system due to the runoff 
loss.

8.  Damage of weak branches and flowers near sprinkler head.

Types of Sprinkler Irrigation Systems

Sprinkler systems have been generally classified as pivot, liner mover, permanent,semi- permanent (semi-
portable), and portable. The classificationdepends on whether the lateral pipe line (including sprinklers), 
mainpipeline and pumping unit are movable or fixed. Sprinkler systems maybe more specifically clas-
sified according to special mechanical featuresthat are used to move the lateral pipelines (Pair, 1960).

Center Pivot Irrigation Systems:

The first “Self-Propelled Sprinkling Irrigating Apparatus” was invented in 1948 and patented in 1952 
by Frank Zybach in eastern Colorado. The early systems were the foundation of the development of 
modern self-propelled center pivot and linear move irrigation systems. These very adaptable water 
application methods have experienced tremendous growth around the world in recent years due to: 1) 
their potential for highly efficient and uniform water applications; 2) their high degree of automation 
requiring less labor than most other irrigation methods; 3) large areal coverage; and 4) their ability to 
economically apply water and water soluble nutrients over a wide range of soil, crop and topographic 
conditions. Most of the following discussion is directed towards center pivot machines although much 
will also apply to lateral move machines.

Water losses from spray heads near the top of the canopy typically range from 0-2% due to droplet 
evaporation, wind drift is usually less than 5%, evaporation from crop canopy ranges from 4 to 8%, and 
soil evaporation less than 2% whereas runoff may range from 0 to 15% or more depending on slope and 
soil conditions. Spray heads and impacts mounted on top of the pipe lateral may have droplet evapo-
ration and wind drift losses as high as 15%. Evaporation may slightly offset crop water use, but this 
amount is difficult to measure or calculate and is usually less than 15% of total ET. For spray irrigation 
on drops over a crop with a full canopy, application efficiencies of about 90 to 92% are attainable with 
no surface runoff whereas sprinklers on the top of the pipe may attain efficiencies from 80-85% (Evans 
et al., 2000). See Figures 16 to 19.

a)  Permanent systems: A fully permanent system has buried main line, sub-main and laterals with 
stationary pumping plant. Sprinklers (or nozzles) are permanently located on each riser (James, 
1988). Equipment and installation cost is higher than that of any other system, but labor require-
ments are low. Figure 20.

b)  Semi-permanent systems: Have portable lateral line, permanent main line and stationary water 
source and pumping plant. The main line is usually buried. The risers are located at suitable in-
tervals on the laterals (James, 1988). Cost of equipment and installation is moderate, also labor 
requirements are moderate. Figure 21 and 22.
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c)  Portable systems: The fully portable system has portable lateral pipelines with sprinkler and 
portable pumping plant (FAO, 1960). This type has the lowest cost of any sprinkler system. Labor 
requirements for operating are higher than those of any other system. Portable systems can be 
used anywhere sprinklers are used. Sprinkler systems have been generally classified as permanent, 
semi- permanent (semi-portable), and portable. The classification depends on whether the lateral 
pipe line (including sprinklers), main pipeline and pumping unit are movable or fixed. Sprinkler 
systems may be more specifically classified according to special mechanical features that are used 
to move the lateral pipelines (Pair, 1960). Figure 23.

Side-Roll Sprinkler System

In this type the lateral is axed carry out on a big diameter wheel and moved along filed for distance 
ranged from 18-24m according to the desired design and the lateral spaces, a diesel engine is installed 
in the center of line to move system to irrigated the next site in the field, the lateral length is ranged 
from 120-400 m and this system is good for feed and pasture, the rise of axe pipe is rise above ground 
by 0.6-1.0 m, in case of higher crop such as maize, the rise of axe pipe is 1.3 m. Figure 24 to 26.

Figure 16. Primary center pivot Figure 17. Lateral move

Figure 18. Pivot irrigation systems
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Figure 19. The water draft by wind during irrigation process using pivot irrigation system

Figure 20. Permanent sprinkler irrigation systems

Figure 21. Semi- Permanent sprinkler irrigation system
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Figure 22. Semi-portable sprinkler irrigation systems

Figure 23. Types of portable sprinkler irrigation systems

Figure 24. Side wheel roll sprinkler irrigation systems
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The Gun Sprinkler

The gun sprinkler system is suitable for wide irrigated area and grass cultivated, where the space between 
sprinklers ranged from 35 to 50 m, according to the sprinkler characters, and the sprinkler flow is about 
30-35 m3/h. and worked under operating head reached to 5-7 Bar, the water droplet size of gun-sprinkler 
is big which caused the soil impacting and losses water by run-off according to the poor of infiltration 
rate happiness. Figure 27 and 28.

Sprinkler Nozzles

Generally, gun sprinkler nozzles are fitted with either tapered or orifice nozzles. Jets produced by tapered 
nozzles have large drops and are less susceptible to wind than those produced by orifice nozzles. Since 
orifice nozzles produce smaller drops, they are used on more delicate crops, which are susceptible to 
large drop impact. However, the jets from orifice nozzles are also more susceptible to wind.

Figure 25. Side-roll wheel sprinkler during irrigation process and water losses

Figure 26. Side roll wheel sprinkler system during operating on slope
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Sprinklers Types

Most of the agricultural sprinklers are the hammer-drive, slow rotating impact type, single or twin nozzle. 
The sprinklers shoot jets of water into the air and spread it to the field in the form of raindrops in a cir-
cular pattern. They are available in various nozzle sizes, flow discharges, operating pressures and wetted 
diameters or diameter coverage, full circle or part circle. They are classified as low, medium and high 
pressure/capacity, as shown in Table 3; according to the height of the water jet above the nozzle, they 
are divided into low angle (4º–11º), or high angle (20º–30º). They are made of brass or high engineer-
ing plastics with internal or external threaded connections of –1 inch. They are installed vertically on 
small diameter riser pipes, 60 cm above ground, fitted on the laterals. The sprinkler spacing in the field 
is rectangular or triangular at distances not exceeding 60 percent of their diameter coverage. Filtration 
requirements, where necessary, are about 20 mesh. Figure 29, 30 and 31.

Figure 28. Gun sprinkler system during irrigation process

Figure 27. Gun sprinkler system (mounted on tractor)
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Mini -Sprinklers

These water emitters are small plastic sprinklers of low capacity with flow rates less than 300 litres/h. 
Their main characteristics are their rapid rotation/whirling, less than a minute per rotation, the very small 
size of the water drops and the low angle of the water jet above nozzle. They have only one nozzle, of 
about 2.0 mm. They discharge 150–250 litres/h at 2.0 bars operating pressure. They are full circle and 
the wetted diameter is only 10–12 m. Mounted at a height of 60 cm onmetallic or plastic rods inserted 
into the ground, they are connected to PE laterals (25 or 32 mm) through small flexible tubes 7 mm in 
diameter and 80 cm long. The spacing arrangement in the field is the same as for conventional sprinklers. 
The spacing does not exceed 6.0 m, i.e. 50 percent of the wetting diameter. The filtration requirements 
are about 60 mesh (300 microns). Figure 30.

Table 3. Sprinkler engineering classifications

Agriculture sprinklers Nozzle size mm Head (Bar) Flow (m3/h) Coverage Diameter (m)

Low pressure 3 -4.5 x 2.5 -3.5 1.5- 2.5 12 - 21

Mid pressure 4 - 6 x 2.5 - 4.2 2.5 3.5 24 - 35

High pressure 12 - 25 x 5 - 8 4 – 9 60 - 80

Figure 29. Rotating sprinkler

Figure 30. Mini-sprinkler
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Spitters, Micro-Jets and Sprayers

These are small plastic emitters with a low water discharge at a low angle in the form of fine drops in 
a sectorial or full circle pattern. They are mainly used for tree crops. They are of various mechanisms 
with a wide range of flow rates and water diameters. They have a small passage diameter, thus filtration 
of the water is essential. Their main performance characteristics are:

• Operating pressure: 1.5–2.0 bars;
• Flow rate: 35–250 litres/h (generally 150 litres/h);
• wetting diameter: 3–6 m;
• Precipitation rate: 2–20 mm/h (generally 4–8 mm/h);
• Filtration requirements: 60–80 mesh (250–200 microns).

Their heads are fixed to small plastic wedges 20–30 cm above ground and they are connected to the 
PE laterals with 7–9 mm flexible plastic tubes 60–120 cm long and a barbed plunger. They are placed 
one per tree, 30–50 cm apart. Figure 31.

Figure 31. Micro-jet irrigating
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ABSTRACT

In this chapter, the research theme is focused on the relationship between small farmers and informa-
tion and communication technologies (ICT). Although there are other previous works that have already 
analyzed this same relationship, the authors believe that access to information remains a major chal-
lenge for farmers. With the application of workshops on agricultural practices of maize, in communities 
of Oaxaca and Veracruz, they learned about the practices of farmers around the production cycle and 
applied a survey to find out their opinion regarding the use of ICT. In addition, they used a specialized 
database to complement the workshops objectives. Next, in collaboration between researchers in the areas 
of biology and computing, they developed a web platform for access and use of information related to 
the variables of interest to farmers. Among the main results, they highlight that the community prefers 
to use cell phones to access such information and that the older generations are looking to transmit 
experiences and knowledge to the young with the aim of conserving ancestral knowledge.
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INTRODUCTION

Information and communication technologies (ICT) are having increasing impact on different domains 
and when it comes to agriculture,this is not an exception. The compiled and managed information could 
be of interest to a broad range of different actors, such as governmental audience, educational and research 
institutions, small associations, and certain producers.

In the case of precision agriculture (PA), the agronomic experience is one variable that can greatly 
influence the agricultural decision-making process, and even more, if technology transfer helps to take 
the right action in the right place at the right time, the benefits for any producer could be highly positive.

Broadly speaking, technology transfer includes the development of activities aimed at facilitating 
access to knowledge, products and technological services developed for the agricultural sector(Corpoica, 
2015). The concept of technology transfer is evolving towards knowledge transfer, by understanding 
arguments from personal, social or cultural experience(González Sabater, 2017).

The processes involved in knowledge management are the creation, transmission or socialization, and 
use of knowledge(EcuRed, 2011), (Canals, 2003). Technology transfer strategies in the agricultural sector 
are aimed at getting producers to adoptand use the technologies. To the extent that a community makes 
use or appropriates knowledge or technology, we can speak of innovation; an action that contributes to 
the social and cultural transformation of a community. Knowledge management is facilitated by ICTs 
through virtual communities and communities of practice, among others, promoting collective learning 
through exchange(Badia & García, 2006), (García Yeste, Leena Lastikka, & Petreñas Caballero, 2013).

Information related to these factors is characterized by the analysis and/or control of the behavior 
(temporal and spatial) of agricultural and social environmental variables associated with the crop. It is 
therefore of interest to explore studies related to techniques linked to the experimental work of the farmers.

The objectives of this chapter are focused on two main situations that involve collaborative work and 
complement one another. Firstly, the exchange of information, experiences, culture and traditions of small 
farmers dedicated to the cultivation of native maize in the different regions ofMexico(Ali et al., 2019); 
Secondly, this research is based on the interdisciplinary work of experts in the area of biology, mainly in 
ethnobotany, ecology, sustainable development and agroecology, in combination with researchers from 
the ICT area, with regard tosoftware development for mobile and web applications.

Although there are some definitions of precision agriculture and several components are continu-
ously added to its conceptual frame, the relevant aspect to consider in the present chapter is the need for 
information of the small farmers (Ali et al., 2019).

The expected impact of the objectives stated aboveaim to remark, from a research perspective, the 
conceptual and operational framework used to integrate and distribute the information and knowledge 
obtained from small maize farmers in specific regions of Mexico, as well as the supported technology. 
Both aspects can be used as a guide for economic studies within governments and world or local orga-
nizations programs.

The chapter begins with an analysis of representatives works from the state of the art and with the 
specification of the problems related with the understanding of the research context; then it continues 
with the acquisition of data, first using a maize database from CONABIO and alsofrom the application 
of a survey among small farmers of specific communities from Oaxaca and Veracruz. Next, there is a 
specificsection linked to the appropriate use of ICT for the proper visualization and interpretation of the 
maize crops information by the small farmers. Finally, it concludes and summarizes the main findings 
as well as a brief description of future work.
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BACKGROUND

Extensionism, a term defined by the OECD (2011) as the service provided by staff of education and 
research institutions, aims to facilitate access to knowledge, information, and technologies for different 
audiences. Among these audiences are producers, rural economic groups and organizations, and actors 
in the agricultural, fisheries and aquaculture sector, as it currently occurs in Mexico.

The essential components of extensionism are communication for development and innovation, 
technology transfer using information and communication technologies, education and training of key 
actors, and technical support (Cadena Iñiguez et al., 2018).

In 2015, the Inter-institutional Extension Group (IEG) was formed to promote the emergence of dif-
ferent voices and readings to facilitate the exchange of ideas, experiences and visions, with resources 
such as information and communication technologies (ICTs)(GIE, 2015).

The study developed in this chapter is about getting a better understanding of the factors that affect 
farmers’ decisions, particularly with regard to ICT adoption and, consequently to answer the question, 
howcouldmaize information systems be improved through the exchange of useful information? The 
previous research question is based on the three basic elements from Figure 1.

ICT play an important role in precision agriculture (PA), since different parameters that impact the 
production of crops of given characteristics, can be analyzed and managed using these technologies. 
The precision agriculture term was first published and defined by the National Research Council as “a 
management strategy that uses information technology to bring data from multiple sources to bear on 
decisions associated with crop production”.

Also, previous works for PA shows that demographics parameter can affect adoption of ICT(Adrian, 
Norwood, & Mask, 2005). Some of these parameters are age, farming experience, education level of 
farm managers/owners, off-farm employment, and farm size, which represent an important subset that 
could guide a new way of accessing a distributing the information.

With the aim of describing specific topics of Figure 1, the following subsections address each one 
of the elements (blue boxes).

Data Acquisition

This element is related with the selection of representative works in the maize an ICT domain. The 
analysis of these studies allows us to know the state of knowledge. In addition, the information collected 
on maize in Mexico highlights the currently known parameters, as well as those that require further 
effort to achieve.

Figure 1. Elements that guide the technological contribution towards small farmers
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Agriculture literature review

The efforts of the government’s extension program efforts in Mexico are aimed at three defined sectors 
of the rural population: self-consumption (smallholder farmer), productive potential, and large produc-
ers. For the typology of self-consumption, the perspective is at a territorial scale, with construction of 
social enterprise, dialogue and exchange of knowledge, capacity building and systemic analysis of life 
strategies. In this sector, food security and biodiversity conservation are the priority.

The productive potential segment, focuses on production, organization, financing, and integration 
to the value chain, prioritizing the network of specialists with interdisciplinary vision and biodiversity 
conservation. For large producers, the focus is on incentives and integration into other export strata, and 
concentrates on the search for flexible policies and promotion of national seed(GIE, 2015).

According to Razaet al. (2020), some demographic attributes of farmers (e.g. age, education, land 
tenure, tenure status, area cultivated) play an important role in the awareness and adoption of modern 
production practices. In addition, the authors analyze the most effective information tools among farm-
ers, identifying those that meet their needs, i.e., timely, accurate and quality information to improve 
their skills in agriculture.

The information needs expressed by farmers depend on the category to which they belong, because 
some topics are indispensable and others additional. The demanding information is grouped into four 
areas: technical production, business policy management, trade finance and regulations. Formaize pro-
ducers in particular, the climate, markets and prices are three areas that demand information in a special 
way. However, the economic, commercial and climate information areas are the least attended (Nagel 
Amaro & Martínez Vergara, 2016).

There are other works related to the analysis of production, nutritional quality and other indicators 
related to agronomic factors of various food products of plant and animal origin. Among these, maize 
represents one of the most studied because of its importance in the human diet and in the productionof 
other goods.

Given the importance of this resource in Mexico, there have been numerous studies on this species 
in various topics such as agronomic uses (Espinosa Tamayoet al., 2019), morphological variability of 
the native maize(Alvarado-Beltrán et al., 2019),in situ and ex situ conservation, genetic analysis, phar-
maceuticals, among others.

However, as stated, these studies are generally regional and dedicated toresearchers from various 
disciplinary areas, but rarely focused on providing information for farmers that could support them in 
making decisions regarding their crops.

ICT literature review

InMéndezLópez (2017) the authors state that the process of ICT adoption by farmers occurs in stages. 
The starting point is digital literacy, where practice is acquired in basic functionssuch as communication 
and navigation in simple applications. Then, ICT focus on production processes, including precision 
agriculture, traceability, and biotechnology. Next comes the use of ICT in administrative management, 
which involves the use of management software and transaction portals, among others. Also, compre-
hensive computerized management considers cloud data processing and enterprise resource planning 
(ERP) systems.
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In this process, producer groups are associated, and in the first phases, subsistence farmers are lo-
cated, followed by family farmers, small and large entrepreneurs. In each phase there is an increase in the 
quality and use of information for knowledge-based agricultural development(Nagel Amaro & Martínez 
Vergara, 2016),(Méndez López, 2017).Other studies show that the effective use of ICT among farmers 
provides easy access to information.

In the experience of ICT use in Latin America, the traditional means used for technology transfer in 
the agricultural sector, such as radio, television and other face-to-face methodologies, have worked well 
(Molano Bernal, 2017), (Raza et al., 2020). Text messaging has represented another popular strategy 
in the agricultural sector, not only in Latin America but also worldwide. For the Food and Agriculture 
Organization of the United Nations (FAO), the appeal of Short Message Service (SMS) is based on its 
low cost and ability to work on all types of mobile phones (Palmer, 2012).

The global context requires finding options of different levels of use for each actor or sector regard-
ing ICT. At present, everything leads to a greater availability and access to information, therefore, the 
type of public to which the information is addressed, the contents and the type of information must 
be considered. AnICT that has already been used in the agricultural sector isthe Sowing Platform in 
Colombia, which is aimed at providing information, analysis and support for stakeholder coordination, 
decision-making and knowledge management in science, technology and innovation for the agricultural, 
livestock, forestry, fisheries and agro-industrial sectors (Corpoica, 2015).

PLATICAR and Linkata are two platforms that allow the exchange of knowledge and experiences 
through blogs, forums, discussion groups and chat. In Mexico, the Ministry of Agriculture, Livestock, 
Rural Development, Fisheries and Food (SAGARPA) implemented a freemarketing application called 
“Mercados Mx”. This mobile applicationis aimed at producers and buyers in the Mexican Agricultural, 
Livestock and Fishing sectors. The users are able toregister their products for sale and specify charac-
teristics such as place of origin, pictures, if it has a certification, etc. In addition, it is possible to consult 
information from the sector like Customs Services, Certifying Agencies, national and international buyers, 
among others. In Chile, there is theIDI Plataforma Silvoagropecuaria, which offers information services 
for innovation, and promotes planning for small farmers (Nagel Amaro & Martínez Vergara, 2016).

Moreover, there is a special interest in young producers who already are land-workers or community 
members, belonging to a second or third generation of farmers, so their relationship or roots with the land 
has another nuance. However, their age is more related to the use and adoption of ICT (Méndez López, 
2017). There is also a marked and accelerated process of feminization of the countryside (Concheiro & 
Grajales, 2005), which representsan opportunity to introduce them to the use of ICT.

The incorporation of farmers in the access and use of ICT, provides them with useful information 
that supports their decision-making process in the following aspects:

• Planning: from choosing production, knowledge about production and determining the produc-
tive input (seeds, seedlings, etc.).

• Technical feasibility: in terms of soil, water and climate requirements and economic, financial, 
commercial, and human resources.

• Production: data on irrigation practices, pruning, harvesting, storage, nutrition control, weeds, 
pets, and diseases.

• Marketing: national and international market strategies, financing, procedures, and institutional 
support.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



241

A Web-Based Platform for Crop-Specific Data Management and Exchange of Farmers’ Experiences
 

• Export: the process of exporting, negotiations, shipment of products, franchises, and special 
funds.

Shankaret al. (2020) point out that, given the primacy of the agricultural sector in India, the analysis 
of massive data (Big Data), is key to decision making, in favor of understanding the possible ways in 
which a farmer’s income can increase. The authors propose a simulation model based on Bayesian clas-
sifiers, which allow the farmer to make a cost-benefit balance between low and high commercial value 
crops, according to the characteristics of the producer and the conditions of the land. It also provides 
useful information for policy makers to study and analyze crop growth trends in different states and 
regions. Finally, this work provides a discussion forum or social network where farmers from different 
regions can exchange information.

Adityaet al. (2020) in their study on the use of Big Data in agriculture, highlight general information 
that is used in different areas of agriculture: climatology and climate change, land, research on plants 
and animals, crops, soil, weeds, food availability and security, decision-making by farmers, insurance 
and financing for farmers and remote sensing. They recognize the importance of data correlation and 
classification methods for pattern detection in agriculture. In addition, they discuss how critical it is for 
farmers to understand the importance of technology collecting large amounts of crop data and transform-
ing it into meaningful knowledge.

Other works recognized the different technologies that could be applied in agriculture and its compo-
nents such as management, nutrients or plant physiology (Ali et al., 2019), and which couldbe enhanced 
with the use of techniques like geospatial analysis or remote sensing. In fact, authors identified a set of 
topics that might benefit from ICT adoption, for example, the development of expert systems, the design 
of government policies as well as detecting information needs among local producers.

In the case of tools for the dissemination of agricultural information, the design and development 
of webapps represents an increasing popular alternative. The systematic review performed by Tejeda-
Castro et. al. (2019) found that Spain, Mexico, Colombia and US are the countries that most use web 
applications. According to their results, most of the webapps are oriented to multiple areas of the crop 
cycle instead of providing a single or specific function. Another finding showed that web systems have 
the highest percentage for deployment (71%), but in the case of mobile apps(android and iOS platforms), 
these represent only the 14%.

For a detailed analysis of the application of ICT in the farming life cycle, Sorensen et.al. (2019) es-
tablished a three-stage process associated to pre-cultivation, cultivation & harvesting and post-harvest.

In the case of Mexico, there are private associations and national organizations that carry out studies 
related to ICTs. Particularly, the Internet MX Association (AIMX), presents in its web platform different 
studies about the Internet, for example, electronic banking, online education, and digital economy, to 
mention a few. However, it is very interesting to know the results of one particular study (AIMX, 2015), 
which we consider appropriate for the subject of this chapter.

This study is focused on the barriers of access to Internet among people between 13 and 55 years. 
Although the cities participating in the study are concentrated in 4 geographical areas of Mexico, the 
labor activity of farmers is not represented.

If the main barriers to Internet access are costs and slow connection, it is to be expected that rural or 
semi-urban communities will suffer a greater impact. Another important and closely related problem is 
the little or no supply of service providers in areas where connection problems are constant.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



242

A Web-Based Platform for Crop-Specific Data Management and Exchange of Farmers’ Experiences
 

Regarding the search for information, the second barrier linked to greater use corresponds to the 
existence of other mechanisms to meet the need. This means that among the adult and older population, 
the presence of traditional media such as radio and television cover their needs. However, it is recog-
nized that specialized information is increasingly being disseminated and given more space, as is the 
case with the written press.

Collaboration with CONABIO

Due to its great variety of ecosystems, Mexico offers ideal conditions for the cultivation of diverse 
products. Prominent among these agricultural products is maize, not onlyas an essential part of the 
Mexican diet, but also because it is the cereal with the greatest production worldwide in order to satisfy 
the needs of both human and animal consumption, as well as those of industry.Mexico is the center of 
origin and diversification of 59 breeds of maize. These were created by Mexican farmers, who generate 
and maintain this diversity, being even greater within each breed (CONABIO, 2012).

However, the most recent and outstanding work in terms of its impact at a national level is the Global 
Project on Native Corn, coordinated by the National Commission for the Knowledge and Use of Bio-
diversity (CONABIO).

This study founded the theories of centers of origin and diversification of maize in Mexico and 
showed the state of the art of diversity and distribution of the species in the country. One of the results 
that concerns us is the Native Maize Database that contains more than 20 thousand records of native 
maize populations, with information declared by the farmers.

Native Maize Dataset

The data taken into account for this study are derived from the Global Native Corn Project, coordinated 
by the CONABIO.The objective of the project, in which a total of 206 researchers from 65 academic 
institutions participated, is to update the information on maize and its wild relatives in Mexico for the 
determination of centers of genetic diversity.

A database with 22,931 maize records was built, through the filling out of passport data by farmers 
and complemented with the collection of germplasm (maize cobs).

The database tables are composed of text, alphanumeric and numeric fields. Of the 103 fields that 
make up the database, 30 are considered in this platform according to the information that most farmers 
are interested in consulting.

MAIN OBJECTIVE OF THE CHAPTER

As part of the strategies to combat poverty and generate sustainable regional development, precision 
agriculture enablesthe efforts to be channeled towards crop management through the use of data analysis 
and technologies that allow estimation, evaluation and understanding of the variables involved.

This chapter focuses on promoting the use of ICT for the exchange of knowledge and experiences 
among subsistence farmers. These farmers are characterized by their small agricultural areas, where 
they carryout low-input farming practices that tend to be sustainable and represent about 70% of the 
producers in Mexico (FAO & SAGARPA, 2012). These producers are not linked to the market, but ac-
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cording to theFAO (2015) they are the agricultural sector on which the world’s food depends and not 
on intensive farming of large areas.

Public institutions are an influential source of information for small farmers, and those with websites 
are the most visited. In addition, supplier companies, marketing companies and agrobusinesses assume 
an informative role towards them. At the same time, private support institutions and technology promo-
tion companies and cooperatives are a strategic factor in transmitting messages across and generating 
reliable information flows for farmers.

According to Figure 2, the first objective of the technological contribution is data acquisition. In 
this stage two main activities in green color were achieved: the literature review and the maize dataset 
analysis; the second stage consisted of the establishment of a partnership with CONABIO, with aninter-
disciplinary teamof researchers and with the maize farmers to select the variables from his experience.

Then, the third stage, focuses on access and distribution of information usingthe Native Maize System, 
(blue color text due to the application of ICT in this research). In addition, the i-Gamma platform ap-
pears as a system that benefits from the information shared by the maize system and vice versa. The use 
and exploitation of ICTs depends on a final training activity. Each of these activities will be described 
in the following sections.

Interviews with Farmers

In order to explore the possibilities of usingICT for consultation and knowledge sharing among maize 
producers, they were interviewedto determine the ICTs they have access to, the ability to use themand 
the type of information they are interested in consulting and sharing.

Interviews were conducted with maize producers from the communities of Ocotempa, Oxtotitla, 
Atlajco and Atempa, in the municipality of Tequila in Veracruz; and San Andrés Huayapam and San 
Antonino Castillo Velasco in Oaxaca.

Figure 2. Research elements differentiated by its analysis & use (green) and construction (blue)
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Approaching the Problem in an Interdisciplinary Team

This work, inspired by empirical and traditional knowledge, is inevitably collaborative, as there is a 
need to preserve and share this knowledge through automated mechanisms. Today, the loss of traditional 
knowledge among younger generations is a reality. The current economic system forces young people 
to engage in profitable activities outside their communities and therefore prevents their participation in 
agricultural practices.

Producers, now mostly elderly, have no one to pass their knowledge to and, in the near future, the 
land will not be cultivated for the same purpose. Having this traditional knowledge at hand could prevent 
irreparable loss and could represent a source of information available to interested young people as they 
identify new opportunities in the rural sector.

Deciphering and understanding producers’ decision making to grow their crop, in one way or another 
in specific scenarios, underlines the weight of knowledge that must be disseminated and conserved to 
contribute to the sustainable development of rural families.

It is important to reflect on the intention of the content to be disseminated, whether for information 
purposes or knowledge generation purposes, in order to determine the narrative to be used, and the 
appropriate means for its transfer. The processes involved in knowledge management are the creation, 
transmission or socialization and use of knowledge (EcuRed, 2011; Canals, 2003).

Therefore, the fundamental proposal is to disseminate knowledge through the use of technology. The 
idea is to design a platform containing maize crop data collected from farmers in different regions of the 
country, and to make it accessible to other farmers through a mobile device.

Variable Selection Based on Farmers’ Experience

Each year, 70% of the area harvested of maize in Mexico corresponds to native varieties grown on 
seasonal plots, where the agronomic variables of interest to the producer depend on the environment.

Rainfall determines the time of sowing, while drought and frost affect the yield. The topography of 
flat areas, or steep slopes define the sowing type, either with land rotation or with conservation tillage. 
Soil composition and depth are related to the moisture and nutrients available to the crop. This is the set 
of variables that producers face cycle after cycle as they test methods and generate strategies to resolve 
seasonal adversities.

Some examples of the variables compiled in a maize production unit managed by a family are: the 
geographic coordinates, the common name of the maize sown, the race to which it belongs, the origin of 
the seed (where it originated and how it was obtained), the time during which this seed has been sown, 
the sowing density, the amount of seed used in sowing and the dates of the main activities during the 
maize cycle.

The analysis of the above variables is complemented by the exchange of experiences among farm-
ers, where several variables are addressed, such as yield, uses, consumption preferences and the most 
appreciated characteristics of the maize, as well as its resistance to different weather phenomena such 
as wind and frost, are addressed.

Similarly, data about the cob, such as size and type of grain, are important variables that allow the 
identification of the breed. The classification of maize by race allows the grouping of populations that 
share common characteristics, some of which are morphological, ecological, and genetic. Therefore, 
some maize crops share cultivation techniques and cares, pest or disease problems.
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Relationship Between i-Gamma and the Maize System

The analysis of the data presented in this research, results from the link between two projects developed 
at the Institute of Ecology, in Xalapa, Veracruz. The first is called “Strategies for Maize conservation 
and Food Sufficiency” and the second, “Integrity for the Environmental Management of Development 
Supported by Massive Data and Automated Learning (i-GAMMA)”.

Within the i-GAMMA project, ecosystem integrality is explored through the analysis of massive 
data that provides a measure of ecosystem changes and health status. The agricultural sector depends on 
the environmental services of ecosystems such as pollination, erosion control, provision of water, soils, 
nutrients, and pest control, among others. Therefore, it is essential to share data from small farmers, 
who promote good agricultural practices, with care for the environment, diversity, and food security.

The data set obtained comes from an effort to combine complete and consistent data that will sys-
tematize and facilitate the decision-making process of maize farmers in Mexico supported by experts 
who intend to advise on these crops.

ICT Training

The training of farmers is through community workshops. In this teaching, multimedia resources are 
used in an important way, thus illustrating each concept in detail.

Because most producers are elderly and most are low-literate, classroom videos and field practices 
are the most accurate means of learning.

The participation of community technicians is fundamental in the development of workshops. These 
people know the problems and goodness of the community. They speak the same language as the farm-
ers and are proud to be part ofthe community. They are also the link between the specialists and the 
producers since their preparation strengthens their performance from the academy in the understanding 
and transmission of concepts.

Young people in middle and high school represent an important sector for ICT training, since they 
have skills and relationships with mobile technologies.

FINDINGS AND RECOMMENDATIONS

This section presents the results of the implementation of the framework. After reviewing the literature 
and the data sets obtained by CONABIO, all the procedures performed by the interdisciplinary team 
led to the results described below:

Interviews on the use of ICTs by Producers

In order to explore the possibilities of access to the exchange of experiences among maize producers, 
through the use of ICTs, and also to find out what kind of information they would like to share with 
other farmers, interviews were conducted with twenty producers from the communities of Ocotempa, 
Oxtotitla, Atlajco and Atempa in the state of Veracruz and San Andrés Huayapam and San Antonino 
Castillo Velasco in Oaxaca, to assess the possibilities of access to ICTs, specifically the use of radio, 
television, telephone, mobile phone, computer, Internet and social networks.
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The interview data show that most have radio and television, few have mobile phones and only a few 
people have access to the internet and social networks. However, they mention the Internet and social 
networks as means of accurate and timely information. They even consider the cell phone as the main 
means of exchanging information with other producers.

They were asked about the agricultural information they are interested in consulting and the data 
they manage and would like to share with other farmers.

The information they are interested in consulting in ICT is mainly, pests and diseases of maize, or-
ganic fertilizers, and production methods. They are not interested in knowing means and prices of maize, 
because the total of their production is for self-consumption. They would also like to share information 
on yields, pests and diseases, organic fertilizers, types of seeds, maize from other places and best agri-
cultural practices for maize cultivation.

Platform Design with Respect to Workshops

It is believe that, in order to improve the methods of management and operability of national programs 
of field fomentation directed at the production of basic foods such as maize, it is vital to have a source 
of information that demonstrates the dynamic of the crop over time, through an informatic tool that 
provides data to the public, from public policy decision-makers to communication among producers of 
different regions of Mexico.

Figure 3. Localization of the communities in Oaxaca and Veracruz
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The exchange of experiences regarding the attention given to different phenomena could help resolve 
problems in similar localities. The experience of working in the field allows us to know the information 
that is important to share among farmers according to their interests. Here we highlight data such as: 
soil conservation practices (periods of rest of the soil, types of organic fertilizers), nutritional content of 
maize (by color, by size) and forms of seed exchange. The exchange occurs with the appropriate technical 
advice, taking advantage of the experience of Mexican researchers and producers, which requires the 
use of ICTs to provide a fluid and updated communication of what is happening in the field.

Figure 4. Results in the use of ICT resources

Figure 5. Main topics around maize information
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The wireframes shown in Figures 6 to 10, represents graphically the basic operations of the web 
system. The responsive structure of this page allows to register and consult from different devices, the 
variables selected from the CONABIO database, which include sowing and harvesting season, control 
of diseases and plagues and post-harvest treatment that producers carry out from their experience.

Additionally, these records allow queries by state, municipality and locality, identifying the specimen 
ID, primary race, altitude, uses, yield, variety characteristics and topographical aspects.

In order to acquire complete and consistent data, it is important to drive the systemization of processes 
in the area of agriculture.According to this study, modern ICTs currently have a higher effective com-
munication capacity than traditional sources. This study recommends that information departments and 
divisions of agriculture modify the content of modern tools according to the needs and socio-economic 
conditions of farmers to increase their capacity of use.

This is possible if it is involve Mexican businesses, obtain adequate technical advice and take ad-
vantage of the experience of Mexican researchers and producers, which necessitates the use of ICT to 
provide fluid and up to date communication of that which takes place in the field.

However, such instruments require other elements in order to successfully construct a software-type 
technological product; i.e., in addition to data collection, the development of an information system must 
integrate or consult information from other web platforms, such as CONABIO, CONANP or SIAP, only 
when these are prepared to receive consultations of information from the manual records of focal groups, 
including the results of systemized interviews applied to farmers.

Figure 6. Selected variables for the communication with producers, Part A
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Figure 7. Selected variables for the communication with producers, Part B

Figure 8. Selected variables for the communication with producers, Part C
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Figure 9. Selected variables for the communication with producers, Part D

Figure 10. Selected variables for the communication with producers, Part E
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Operational Strengths

The interdisciplinary work of this project has made possible the open exchange of information for analy-
sis and the establishment of a common plan of action. The contributions of each member allowed the 
development of a whole method from different perspectives and theories.

Different methods of agricultural research were combined, such as study sites, household surveys, 
preference analysis and estimation of the most likely general classifications of information options, 
among others. Also, from the area of systems engineering, the technological tools for data management 
and access were generated, as well as the creation of the necessary interfaces.

The willingness of farmers to learn and participate, as well as the selection of multimedia resources 
for the system training process, allowed the identification of the resulting data and the most appropriate 
use of ICT.

Figure 11. Process of information exchange
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Procedural Shortcomings

A small number of community surveys were achieved; however, these data can be generalized for most 
producers in Mexico, as they share the same conditions. They live in remote communities, in areas of 
difficult access, with little infrastructure, where basic water and electricity services are barely covered. 
The producers are people of low resources, who invest the minimum in agricultural inputs, mainly ex-
ercise the family labor and most of them are older adults.

The condition of being older adults and low schooling, can be considered a deficiency in the process, 
since most do not have someone to inherit the land and share knowledge. However, the few young people 
who see opportunity in the work of the field, can be considered key elements for the transcendence of 
this new proposal to share knowledge.

The databases extracted from CONABIO are combined with the data obtained from the interviews, 
allowing the generation of a semi-automatic system of information exchange between producers.

The correct visualization and interpretation of the data is still in the process of usability and func-
tionality testing, after the training of the farmers.

FUTURE DIRECTIONS OF RESEARCH

Beyond great knowledge in computing or software applications, platforms designed for different types 
of actors, which are highly intuitive and easy to use, are required. Of course, induction through training, 
courses and workshops will be necessary with the collaboration of external actors or by taking advantage 
of the city’s infrastructure and human capital.

Advancing the design of communication and development technology in the field, which is accessible 
and useful for small farmers. Given that they are the majority in our country, they should be included in 
communication innovation to conserve knowledge.

Continue with the training of small farmers through community workshops, which, for now, is the 
fast and safe way to inform this sector. But, in addition to being directed at producers, is important to 
direct to the young people in middle and high school in the community, to create greater vision of the 
trends in the field, highlighting that they are the ones who easily adopt new techniques and technologies.

This effort to build a platform for the use of small producers is the first step, to introduce them to the 
use of technologies with topics of their interest. The vision is that, in the near future, they will actively 
participate in enriching this platform by adding their data and keeping it updated as much as possible, 
from their location.

CONCLUSION

According to the interviews conducted, it is perceived that producers are interested in having expedi-
tious agricultural information, but there are two limitations: access to current ICTs and the capacity to 
use them. The adult and elderly producers do not have the ability to use mobile phones and navigate the 
internet. On the other hand, the limitation of access ICTs is not only an economic issue, but also one of 
little or no accessibility due to lack of coverage.
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Traditional ICT such as radio and television remain the major means of information for producers in 
rural areas, but they do not prefer them for information exchange. The proposed system should be noted 
that the assistance of technicians in rural schools is vital for bringing maize producers closer to the use 
of current ICT for information exchange.

It is considered, that facilitating access to digital ICT among the marginal sectors of the country 
will not automatically promote its development; however, its intelligent adoption could boost it. The 
development of technological services designed from the study of the socio-cultural reality of its users 
is a way to achieve this goal.

The critical limitations of the use of ICT in the agricultural sector are not only the time in which the 
information arrives due to the quality of internet connection, because it turns out to be inefficient in 
some areas. Digital literacy in farmers is incipient, especially in the advanced age producers.

The learning obtained from the interdisciplinary work achieved so far, consisted of combining a 
series of data derived from interviews applied to small maize farmers, among which aspects related 
to the experience and traditions of these actors stand out. The understanding of these data starts from 
the identification of their meaning and structure, until the transformation of them into values that can 
be related to each other. The initial development of the web platform selects and shows the important 
variables for the small producers. However, the user interface needs a further refinement with the aim 
of improving its usability. Therefore, a mix of text data and multimedia components such as maps or 
images will be topics to be analyzed in the short term.

Likewise, extensionism must emphasize the improvement of the quality of life of producers and their 
families in an integral manner and not only focus their efforts on increasing agricultural production. It 
should promote that the processes be participatory and long-term, as well as the use of farmer-to-farmer 
methodologies accompanied by training strategies that use simple and practical language in computer 
media that highlight the importance and need of youth participation in improve the agricultural impact 
and guarantee the sustainability of the means of production.
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Interdisciplinary Work: Field of study that crosses the traditional boundaries between various 
academic disciplines which implies consensus on different priorities, thinking styles, and ethical values.

Native Maize: They are varieties of maize that are given in each locality, also called criollo maize. 
These maizes have developed appropriate characteristics to the environment where they grow, therefore, 
they can hardly grow well in places outside the region.

Seasonal Agriculture: It is agriculture in open spaces, which depends on residual humidity and 
rainfall for the development of the crop. These areas are not susceptible to irrigation technology. In 
Mexico, 80% of the agricultural production is under these conditions.

Small Farmers: Agricultural producers that are characterized by having a recuded sowing area up 
to 2Ha. Their parcels are generally distributed in areas of slope or difficult access and they are people 
with low economic resources and little or no schooling.

Traditional Knowledge: It is the wisdom, attitude, and practices that are developed in a place or 
region according to the predominant culture. It is important to value and rescue it in order to transmit 
it to new generations.

Usability: It is a collection of techniques aimed at facilitating the interaction between users and 
software products.
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ABSTRACT

This research was carried out to study the effect of crop factor, which is represented in some plant roots 
of crops residues (broad bean and wheat) on soil mechanical properties (cohesion strength, C, and in-
ternal friction angle, Φ), and thus, the effect of these roots on the power requirements of chisel plow to 
face the soil resistance was studied. Soil mechanical properties and power requirements of chisel plow 
(7 blades) were measured in the field directly at various soil depths of (0.05, 0.1, 0.15, and 0.2 m) with 
and without roots at constant tractor forward speed of about 4 km/h. Moisture content of the soil, broad 
bean roots, and wheat roots were 21%, 16%, and 14%, respectively, The results showed that the effect 
of roots of previous crops residues had a significant effect on the soil mechanical properties and power 
requirements for chisel plow when using the crop factor, which is represented in characteristic of crop 
residual roots in terms of root mean diameter.

INTRODUCTION

Endo and Tsuruta (1969) reported that soil shear strength increases in proportionto the amount of roots 
in thesoil. Waldron (1977) reported that when the soil is subject to shear strengths, there is the mobili-
zation of an adding opposition due to the development of tensile strength inside of roots and the whole 
soil has a greater resistance.

Waldron and Dakessian (1982) mentioned that soil-root shear strength is directly proportional to root 
cohesion. This means a soil with high root cohesion will increase the soil-shear strength, adding to slope 
stability. Roots of plants increase soil cohesion by binding to soil particles. Wu (1984) reported that the 
number, depth, size, and growth patterns of roots affect the soil cohesion. Greenway (1987) reported that 
in generally accepted that plant roots provide reinforcement to a soil matrix due to the different material 
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properties of soil and roots. He also added that several factors could affect the root-reinforcement of a 
soil, including root density, root branching and tensile strength of the roots. Fitter (1993) appeared that 
root systems mechanically reinforce soil by transferring shear stress in the soil to tensile resistance in the 
roots. Ekwue and Stone (1995) proved that soil shear strength is very important in studying draft of tillage 
tools. In other words, the draft of farm implements is mainly affected by shear strength of soil. Lawrence 
et al. (1996) carried out shear tests in soil without roots and soil contents roots. The results showed that 
the increase in soil strength parameters (C and Φ) in the soil with roots compared soil without roots was 
included between 48% and 56%. Ekanayake et al. (1997) concluded that Field and laboratory shear tests 
have quantified the shear strength of soils both with and without roots. Roots increase the soil shear 
strength and the normal components of soil resistance. Goldsmith (1998) presented preliminary findings 
of increased soil shear strength due to roots of plants. Greenway (1987) and Collins (2001) mentioned 
that several factors can affect the root-reinforcement of a soil, including root density, root branching, 
tensile strength of the roots and root moisture content. Operstein and Frydman (2000), and Consoli et al. 
(2002) reported an increase in internal friction angle of soil reinforced by root sand, an increase in the 
apparent cohesion with increasing cross-sectional area and tensile strength of the roots. Singh and Huat 
(2004) appeared that the roots interact with the soil to produce a composite material in which the roots 
are fibers of relatively high tensile strength and adhesion inherent in a matrix of lower shear strength soil. 
The main contributor to the increase in shear strength appears to come from the cohesion (an increase 
of 22-64%) and the angle of shearing resistance (increase of 24-54%). Thorne (1990) and De Baets et 
al. (2008) mentioned that the mechanical characteristic of roots is that they are strong in tension. Soils, 
on the other hand, are strong in compression and weak in tension. A combined effect of soil and roots, 
producing a composite material in which the roots are fibers of relatively high tensile strength and adhe-
sion embedded in a matrix of lower tensile strength soil mass, resulting in a reinforced soil. Therefore, it 
is the tensile of the roots, which contribute to the overall strength of the soil-root composite. Gerardand 
Mehta (1971) reported that root crops increased bulkdensity, permeability and strength of soil. Willatt 
and Sulistyaningsih (1990) showed that rice roots increased both the bearing capacity and shearing 
resistance of soils and a linear relationship between these strength parameters was observed. Huat et al. 
(2005) said that the root in soil the main elements which related to soil shear strength. Ali and Osman 
(2008) showed that root significantly contribute to the increase in soil shear strength. Abdullah et al. 
(2011) found that the presence of vegetation roots would result in an overall increase in the soil strength. 
Wu et al. (2014) said that roots play an important role in soil reinforcement has been accompanied by 
a growing interest in studying the mechanical strength of soil-root composites. Murielle et al. (2014) 
reported that soil mechanical properties were most influenced by (i) density of roots crossing the shear 
plane, (ii) branching density throughout the soil profile, (iii) total length of coarse roots above the shear 
plane and (iv) total volume of coarse roots and fine root density below the shear plane. During failure, 
fine, short and branched roots slipped through soil rather than breaking. Conclusion Root morphologi-
cal traits such as density, branching, length, volume, inclination and orientation influence significantly 
soil mechanical properties. Cohen and Schwarz (2017) showed that the main contribution related to the 
presence of small roots in the most superficial soil layers, particularly in the first 2.0 m that mobilize 
their tensile strength by soil-root friction increasing the compound matrix strength. Such an effect has 
been largely known as root reinforcement. Bordoni et al. (2016) found that different vegetation types 
have the capacity to modify significantly the structure of the soil and soil mechanical properties. Bor-
doni et al. (2020) mentioned that root density in soil and root mechanical properties vary significantly 
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within different land use type, according to the physiological feature of each vegetation species. Root 
reinforcement is correlated proportionally to root density in soils.

Estimates of root reinforcement of soils have commonly been attained using simple perpendicular 
root models such as those of Waldron (1977)and Wu et al. (1979) that calculate root reinforcement as an 
add-on factor to soil strength. The root reinforcement model of Waldron (1977) based on the Coulomb 
equation in which soil shearing resistance calculated from cohesive and frictional forces:

S C N= + ∅σ tan  (1)

Where S soil-shearing resistance (kPa) 𝜎N is the normal stress on the shear plane (kPa), ϕ is soil friction 
angle (degrees), and C is the cohesion (kPa). Waldron (1977) extended equation (1) for root-permeated 
soils, by assuming that all roots extended vertically across a horizontal shearing zone, and the roots act 
like laterally loaded piles, so tension transferred to them as the soil sheared. The modified Coulomb 
equation becomes:

τ σsr s r NC C= + + ∅tan  (2)

Where Cr increased shear strength due to roots (kPa). In the Waldron (1977) model, the tension developed 
in the root as the soil is sheared is resolved with a tangential component resisting shear and a normal 
component increasing the confining pressure on the shear plane. Cr can be represented by:

C T A Ar r R= + ∅( )( )sin cos tan /θ θ  (3)

Where Tr average tensile strength of roots per unit area of soil (kPa), (AR/A) is the root area ratio (no 
units), A is the area of the soil shear surface, AR is the total cross-sectional area of all roots crossing the 
shear surface. Gray (1974) reported the angle of internal friction of the soil appeared to be affected little 

Figure 1. Deformed root (Waldron, 1977)
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by the presence of roots. Sensitivity analyses carried out by Wu et al. (1979) showed that the value of 
the bracketed term in equation (3):

sin cos tanθ θ+ ∅( )  

fairly insensitive to normal variations in θ and ϕ (40-90° and 25-40° respectively) with values ranging 
from 1.0 to 1.3. A value of 1.2 was therefore selected to replace the bracketed term and the simplified 
equation becomes:

C T A Ar r R= ( )1 2. /  (4)

Thus, according to the simple perpendicular root model of Wu et al. (1979), the magnitude of rein-
forcement simply depends on the amount and strength of roots present in the soil. Therefore, the objec-
tive of this study is to investigate the effect of crop factor on some soil mechanical properties and power 
required for operating chisel plow.

MATERIALS AND METHODS

This experiment was conducted in an area of El-QantaraSharq in a sandy loam soil. The experimental 
area was divided into three experimental pieces. The three pieces were planted in season 2009-2010 as 
follows: the first with Wheat crop, the second with Broad bean crop and the third left without planting, 
and taking into account that removal of weeds in all pieces. Wheat and Broad bean were harvested at a 
height of 5 cm from the soil surface and each piece was divided into four experimental pieces include 
soil depths (0.05, 0.1, 0.15 and 0.2 m). Soil shear strength was measured in the field immediately at 
different soil depths for the experimental pieces, which contain the roots of previous crops. Total cohe-
sion force was CT and total internal friction angle was ∅T . Also for the piece without roots soil shear 
strength were CS and ∅S .Therefore, the root shear strength only was obtained (Cr and ∅r ) as follows:

C C Cr T S= −  (5)

∅ =∅ −∅r T S  (6)

Root mean diameter and root density in soil were measured at different soil depths and made the 
equations between root shear strength(Cr and ∅r ) and root mean diameter, root density andsoil depth 
as follows:

C d drb rb rb= − − − +119 2 1228 571 1042 857 33 851. . . .ρ  (7)

∅ = − + − +rb rb rbd d37 157 143 314 286 11 307. . .ρ  (8)

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



261

Raising the Efficiency of Seohen’s Model to Predict Soil Resistance Faced by Chisel Plow
 

C d drw rw rw= + + −59 833 3750 291 667 15 171. . .ρ  (9)

∅ = + + −rw rw rwd d26 467 2200 33 333 6 537. . .ρ  (10)

Where: Crb, Crw= cohesion force for Broad bean and Wheat roots respectively (kPa), ∅rb , ∅rw= inter-
nal friction angle for Broad bean and Wheat roots respectively (degree), d= soil depth (m), drb, drw= root 
mean diameter for Broad bean and Wheat roots respectively (m) and ρrb, ρrw= root density in soil for 
Broad bean and Wheat roots respectively (g/cm3 of soil). Then replacement the values of (C and Φ) in 
the Soehne (1956) general equation to predict the power requirements for chisel plow with new values 
of (CT and ΦT) where:

C C CT S r= +  (11)

∅ =∅ +∅T S r  (12)

It was compensation directly from the values of Cr and Φr for roots by terms of root mean diameter, 
root density and soil depth in Soehne general equation. Power requirements were measured for chisel 
plow in the field using a hydraulic dynamometer device. The predicted values of power requirements 
for chisel plow were estimated in the soil with and without roots from Soehne general equation. Predic-
tion of the power requirements in the soil with and without roots was compared with the actual values 
measured in the field and the efficiency of the Soehne general equation was determined when taking 
into account the existence roots from non-existence it.

Shear Ring Apparatus

The measurement of soil cohesion and soil internal friction angle was carried out using a shear ring 
apparatus by (Bekker 1969), Figure 2.

This device consists of a shear ring imbedded in the soil. This enables the operator to apply 105 kPa 
(15 Ib/in2) normal pressure comfortably. It also has a calibrated spring, which deflects when the soil is 
in shear failure, a recording drum on which a recoding pen writes to indicate the values of the shear and 
normal pressures applied. It also has a handle for the operator to hold and apply the required combination 
of pressures. The operator forces the circular shear head into the soil so that the shear ring grips the soil 
and then applies a known amount pressure. Operator twists the handle to apply a shearing force on to the 
soil. At the point of failure, the shear head starts to turn. The operator takes note this point by making 
a mark on the recording drum to which is attached a special paper indicating the relationship between 
normal and shear pressure. Varying amounts of normal pressures are applied and a mark made at each 
point when the soil starts to fail. A straight line drawn through the points represents the soil failure line 
or the soil strength. The soil cohesion obtained by interpolating this line so that it cuts the shear stress 
axis. The intercept is the soil cohesion, C (kPa). The angle between this line and the horizontal gives 
the value of the soil internal friction angle Φ.
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The shear stress τ can be calculate from the torque T as:

τ
π

=
−( )

3
2 2

3
1
3

T
R R

 (13)

Where: R1 and R2 are the inner and outer radius of the shear ring. Torque is given by the mean load on 
the tie rods measured as:

Figure 2. Picture of the shear ring apparatus in the field, (a) and illustration of device parts (b)
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T
F F L

=
+( )1 2

2
 (14)

Where: F1 and F2 are forces separated by the distance L.
The normal stress is given by the vertical load N as:

σ
π

=
−( )
N
R R2
2

1
2

 (15)

From measured shear strength for soil without root τs obtained:

τ σs s NC= + ∅tan  (16)

Where: Cs is the effective cohesion of the soil without root.
The soil-root composite shear strength τsr expressed by:

τ σsr s r NC C= + + ∅tan  (17)

Where: Cs is the effective cohesion of the soil, Cr is the apparent cohesion provided by roots, 𝜎N is the 
normal stress due to the weight of the soil and ∅  is the effective internal friction angle of the soil that 
is unaltered by the presence of roots (O’Loughlin and Ziemer 1982; Wu 1995).

C T A Ar r R= ( )1 2. /  (18)

Where: Tr is average tensile strength of roots per unit area of soil (kPa), (AR/A) is the root area ratio (no 
units), A is the area of the soil shear surface, AR is the total cross-sectional area of all roots crossing the 
shear surface.

Draft Force

Draft force measured by hydraulic dynamometer coupled between the two tractors with the attaching 
chisel plow to estimate its draught force.

Mathematical Model for Prediction the Power Requirements

The following mathematical model for Soehne (1956) built on Matlab program version-7 to predict the 
power requirements for chisel plow. The inputs data for the mathematical model were represented with 
their units in Figure (3: a, b and c) andthe flow chart of the proposed model was as shown in Figure 4.
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Figure 3. Inputs data and their measuring units to predict the power requirements for chisel plow in soil, 
without roots, (a), with Bean roots, (b) and with Wheat roots (c)
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Figure 4. Flow chart of the proposed model to predict the power requirements for chisel plow in soil 
with and without roots
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RESULTS AND DISCUSSION

Root Mean Diameter and Root Density at Different Soil Depths

As shown in Figure 5 the results showed that both of the mean diameter and density of the roots in the 
soil for crops residual, Broad bean and Wheat decreased with the increase of soil depth. Also, found 
that the mean diameter and density of roots for the residual of Broad beans was higher than Wheat crop.

Cohesion Strength and Internal Friction Angle at Different 
Depths for Soil With and Without Roots

As shown in Figure 5 the results showed that in general both of the cohesion strength and internal fric-
tion angle increased with increasing soil depth whether presence or absence of roots in the soil because 
of the increase in compaction of the soil layers with increasing depth, this leading to increase the den-
sity of the soil. But found that where there are roots of the previous crop residual causes increasing in 
mechanical properties of the soil compared with soil-free roots, this is because the roots of the previ-
ous crop residues increase soil cohesion by binding to soil particles in addition to the resistance which 
caused by the root material itself when exposed to stress. The results showed as well as in Figure 5 that 
the increase percentage of mechanical properties which caused by the roots of crops residual decreased 
with increasing the soil depth due to decrease of the mean diameter and density of roots with increasing 
soil depth and this is evident in Figure 6. The results also indicated that the roots of broad bean caused 
a greater increase of the soil mechanical properties compared with wheat roots.

Effects of Tillage Depth on the Power Requirements for 
Chisel Plow in Soil With and Without Roots

The results indicated as in Figure 7 that, in general, the power requirements (measured or predicted) for 
chisel plow increased with increasing tillage depth. But found that the power requirements increased 
in the case of a root crop residues compared in the absence of roots in soil. The results showed that the 
percentage of increase in power requirements which resulted from the presence of roots decreases with 
increasing depth of tillage due to the reduction of mean diameter and density of roots in soil with increas-
ing depth, which caused a decrease in mechanical properties of soil and thus lower the soil resistance 
to shear strength which facing the chisel plow. The results also indicated that the roots of broad bean 
caused a greater increase of the power requirements compared with wheat roots.

Relationship Between Predicted and Measured Power for Chisel Plow

As in Figure 8 results proved that the introduction of crop factor which represented in this study as the 
roots in the soil for crops residual (mean diameter and density of roots in soil) as a component of the 
Soehne mathematical model which used to predict power requirements for chisel plow led to increase 
the accuracy of the expected values and the model became more a simulation of the practical realities 
of the measure power requirements for chisel plow in the field. The results showed more accurate for 
prediction of this model when using crop factor which amounted to about 95% compared with about 
91% when non-use of crop factor in the model calculations.
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Figure 5. Root mean diameter (m) (a), root density (g/cm3 of soil) (b), average increase in soil cohesion 
strength with roots (%) (c), average increase in soil internal friction angle with roots (%) (d), soil cohe-
sion strength with roots (kPa) (c) and soil internal friction angle with roots (degree) (d)
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Figure 6. Increasing in soil cohesion strength (kPa) and soil internal friction angle (degree) due to root 
density (g/cm3 of soil) and root mean diameter (m) for Broad bean (a) and Wheat (b)

Figure 7. Effect of tillage depth (m) on average increasing in the prediction of power requirements (%) 
(a), increasing in the measurement of power requirements (%) (b) for chisel plow due to roots, predic-
tion of power requirements (kW) (c) and measurement of power requirements (kW) (d) for chisel plow 
at soil with and without roots
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Figure 8. Relationship between predicted and measured power for chisel plow when not taking roots 
factor (a) and taking roots factor (b) in the mathematical model
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CONCLUSION

This research helps in achieving a precision agriculture system as it increased the accuracy of predicting 
the power requirements of the chisel plow, which helps in adopting the appropriate decision in provid-
ing the tractor with the appropriate power to perform the required work accurately. This study showed 
that the presence of the roots for the previous crop residual in the soil had a significant and effective 
impact on the soil mechanical properties and thus roots affect on the soil resistance to shear for chisel 
plow when compared with the soil, which does not contain the roots. When added the properties of 
these roots, which represents in the form of mean diameter and density of roots through the soil depth 
as a component of the mathematical Soehne’s model to predict power requirements for chisel plow led 
to increase the accuracy of this model because the components of the mathematical model closer the 
simulation of reality which chisel plow faced in the field.
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APPENDIX

List of Symbols for Mathematical Model

Pc   Power requirements for chisel plow (kW)
ρ   Specific weight (kN/m3)
β   Angle of soil shear plane (degree)
α   Rake angle of tool (attack angle) (degree)
A2   Area of the soil slice side (m2)
W   Weight of the soil slice (kN)
d1   Depth of soil disturbed (the effective depth) (m)
b   Chisel blade width (m)
d   Chisel tool depth (the operating depth) (m)
Vo   Volume of the soil slice (m3)
g   Acceleration due to gravity m/sec2
A1   Area of shear failure surface (m2)
Fa   Acceleration force (Inertial force) (kN)
δ   Angle of the soil-metal friction (degree)
μ   Coefficient of internal soil friction
μ’   Coefficient of soil-metal friction
Ao   Chisel tool area (m2)
Ca   Adhesion stress (kPa)
N2   The forces due to earth pressure on the sides of soil slice (kN)
Ko   Coefficient of passive earth pressure
n   Number of shanks
ϕr   Internal friction angle of root (degree)
Cr   Cohesion strength of root (kPa)
ϕrw  Internal friction angle of wheat root (degree)
Crw  Cohesion strength of wheat root (kPa)
ϕrb  Internal friction angle of bean root (degree)
Crb  Cohesion strength of bean root (kPa)
ϕs   Internal friction angle of soil (degree)
Cs   Cohesion strength of soil (kPa)
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Section 4

This section addresses the agriculture development and food security from the economic and policy 
perspective. It presents research on the use of quantitative and qualitative analysis methods to recognize 
the agricultural export future under the new trends of World Trade Organization taking the Egyptian 
exports as the case study, and to analyzing the role of institutions, funding/assistance sources, informa-
tion sources in achieving food security, and extension policy taking the Indonesia food security policy 
as the case study
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ABSTRACT

The chapter aims to analyze the role of institutional sources of funding/assistance, source informa-
tion in term of food security and extension policy. The results of the research show the information on 
problematic areas in policy implementation with respect to food security and extension policy in term 
of poverty reduction. The role of the institutional, assistance, and source information is useful in the 
implementation of other policy sectors in the future, because similar issues or problems may be avoided 
by taking precautions not to repeat the same mistakes or by applying measures which address the imple-
mentation issues. In this way, policy implementation can be carried out effectively, and the outcomes 
will meet the policy objectives.

INTRODUCTION

The growth in agriculture has been a guiding source of poverty reduction in most developing nations, 
particularly in the case of rural poverty. The agriculture sector contributes to poverty reduction in terms 
of employment generation to the poor and supports the development of non-agricultural employment 
generation in rural fields. Development in agriculture also contributes to a larger supply of food and 
lower food prices benefiting both rural and urban poor (Grewal et al., 2012).
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Agricultural development is important in a developing country for achieving industrialization. Farming 
is the backbone of economic growth in many growing countries, because it provides food security, food 
self-sufficiency, diversification, and value-added enhancement of competitiveness of exports. Moreover, 
it increases the wellbeing of farmers and leads directly to poverty reduction.

Indonesia has shifted from an agricultural economy to an industrial one. Nevertheless, the agriculture 
sector remains a key sector for millions of those who depend directly on agriculture for their livelihood. 
The agriculture sector has been playing a key role in improving living standards and alleviating poverty. 
Poverty in rural areas, where most people depend on agriculture for their livelihoods, is one of the im-
mense problems in Indonesia. The poverty level indicates that 16.56% of people in rural areas are poor 
(CBS, 2010). The increasing numbers of poor people are due to the fact that the bulk of the people can-
not satisfy their basic needs and survive at the subsistence level, and therefore ensuring household food 
security via affordable agricultural workplaces and sustainability scheme policies on the basic demands 
of the farming sector is vital, especially in terms of food security policy.

According to Darwis and Rusastra (2011), the Food Self-Sufficiency Village Programme (Desa-
MandiriPangan) implemented by community groups was supported by agricultural and non-agricultural 
capital programmes, as well as by rural financial institutions. It was facilitated by agricultural extension 
workers and expert consultants. This programme is directed at several other objectives: raising the avail-
ability of foodstuffs, growing the family unit entitlement, recovering the efficiency of food supply and 
access programmes, enhancing the local marketplace availability for selling and buying food products, 
raising capital and industrial options through the introduction of high-yielding varieties of seeds that 
agriculture community in rural area can develop to increase income, as well as improving the quality of 
food consumption handling at the household level, and so forth.

The reasons for choosing the Food Self-sufficiency Village Programme (DesaMandiriPangan) as 
the subject of the study are that: 1) The programme has a comprehensives scheme and assistance; 2) 
The programme has a direct or an indirect beneficial impact on poverty alleviation and food security 
efforts; 3) This programme is aimed at resolving the existing problems at the grassroots level; 4) It is 
expected to contribute importantly to rural growth; and, 5) The programme has been implemented in 
most of Indonesia’s provinces.

Active institutions play a very important role in supporting the DMP Programme. There were insti-
tutions in the village sites before the introduction of the DMP Programme, such as the village leader, 
village councils, farmer groups, rice milling units, a village health station unit, a school, a mosque, a 
church, private lenders, village shops and traders. New institutions introduced by the Programme are 
affinity groups, food village teams, rice barns and microfinance institutions. In Kedungdowo, the vil-
lage leader is serving his second elected term. This shows the trust that villagers have for the village 
head. The relationship of village leader and village council should be harmonious in order to ensure 
good consultation with the village council, which typically advises and monitors every village activity.

MATERIALS AND METHODS

This research is focused on the existing food security policy in Indonesia with regard to the DMP 
Programme that has been implemented since 2006. The methodology used in the study was mainly 
quantitative, but a qualitative approach was also used to enrich the findings of the quantitative study. 
Primary data were analysed using Microsoft Excel and Statistical Program for Social Science (SPSS). 
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Research site in Java island has the largest number of population in Indonesia. It was chosen to represent 
the research site. Central Java was chosen for this case study because it constitutes 17.0% of the popula-
tion experiencing poverty (CBS, 2011). Secondly, it has many poor villages when compared to other 
provinces. Four villages were selected purposively.

Two villages from KebumenRegency, KedungDowo Village at Poncowarno District and SelogiriV-
illlage at Karanggayam District, and the others in Magelang Regency at Madukoro Village Kajoran 
District and Candirejo Village Borobudur District were selected. These villages have been implementing 
the programme in varying stages with different characteristics and success rate. (Rusliyadi, et al 2019)

Data related to the DMP Programme and extension service were collected using unstructured and 
semi-structured questionnaire. The survey was conducted in four villages, each of which involved 100 
samples. Samples were selected using a purposive and clustered sampling technique based on some 
particular sample criteria. Criteria of the sample chosen were based on farmer characteristics such as 
rich farmer, poor farmer, farmer leader, the village leader, man and women. The Scoring o the data 
presented is by author perception and the investigate scoring exercises using replication, cross-check 
scoring exercises, and interviews. These activities were undertaken with scoring exercises were devel-
oped to assess how local people perceived the importance of various environments and resource (Sheil, 
D &Liswanti, N 2006).

The purposive sampling technique is a type of non-probability sampling that is most effective when 
one needs to study a certain cultural domain with knowledgeable experts within. Purposive sampling 
may also be used with both qualitative and quantitative research techniques. The sample that is selected 
based on characteristics of a population and the objective of the study. This type of sampling can be 
very useful in situations when you need to reach a targeted sample quickly, and where sampling for 
proportionality is not the main concern (Rusliyadi, M and Libin, W, 2018)

RESULT AND DISCUSSION

The Role of Institutions, Organizations, Groups and Individuals (Venn Diagram)

The following Venn diagrams show the institutions, organisations, groups and important individuals 
in each village site. The institution on the Venn diagram is involved directly with villagers in terms 
of importance activity in the community. The closeness of the relationship between institutions and 
communities in the group is shown by placing them in the same area. The Venn diagrams also provide 
information on external and internal factor such us institutions, organisations, groups or individuals 
linking in the community. The expectation from this diagram is the provision of information on the 
direct impact of and influential institutions in the community. This tool helps identify and characterise 
different institutions in terms of impact, cooperation, and link integration in different circumstancesin 
a rural village. The output is the information and provision of relationships between the institutions in 
terms of delivery of programme activities.

Each Venn diagram shows the importance of institutions in a village community. The assessment of 
the DMP Programme in this analysis is focused on food security and nutrition issues at household level. 
The institutional collaboration needs adjustments in measurement, especially closeness relative to other 
institutions. However, each programme has different target groups or institutions in the community, for 
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example, not all member groups receive allocation of aid from the programme. The cooperation is the 
key to identifying institutional problems in the community and programme implementation.

The Venn diagrams can be used to discover what formal and informal institutions exist in each vil-
lage and their relationships and benefits for the local community. The distance between the circles in 
the diagrams indicates the closeness of their relationship, while their sizes indicate their relative sizes 
or influence in the community.

Kedungdowo Village

As shown in Figure 1, institutions within the village all lie within a larger circle, while outside institu-
tions are shown outside the large circle, with their respective estimated distances from Kedungdowo. The 
distance here is very important, because the process of assisting a programme will be more effective and 
efficient when the distance between the donor and recipient policies is not too great so that monitoring 
and implementation can be maximised. The influence and availability of institutions when needed is 
determined by the symbiotic relationship between villagers and importance institutions in the village.

Each institution shown is an active institution that plays a role in supporting the DMP Programme. 
There were institutions in the village before the introduction of the Programme. These were village lead-
ers, village councils, farmer groups, rice milling units, the village health station unit, a school, a mosque, 
a church, private lenders, village shops or traders. New institutions introduced by the Programme are 
affinity groups, a food village team, rice barn and microfinance institutions. In Kedungdowo, the village 
leader is serving his second elected term. This shows that the trust that villagers have in the village head 
is high. The relationship of village leaders and village councils should be harmonious, since activity in 
the village needs to be consultative with village councils. Normally the village council gives advice and 
monitors every activity in the village.

The rice milling unit (RMU) in Kedungdowo is relatively small but useful, because it is not far away 
for villagers to grind their rice. The RMU is an important institution in the village since its function 
is like a rice barn or financial institution. The RMU assists villagers by providing farming inputs and 
store for rice stock. The mechanism involves the villagers being given cash or input in the pre-planting 
stage and they repay this after harvest in the form of rice or money that is equivalent to the value of 
inputs provided at the pre-planting stage. It is like a soft loan with low interest, but in some cases the 
RMU charges double the price of the inputs given to farmers, with the result that the villagers have 
low earnings. Since the implementation of the DMP Programme in Kedungdowo the introduced rice 
barns are also providing farmers with micro financing (LKD), which reduces the function of theRMU. 
The role of the RMU has been taken over by the farmer groups who run the operation of the ricebarn 
and the LKD. Low interest is an important factor for poor farmers in making a decision to seek a loan, 
which is handled at the regular meeting of farmer groups. The poor members of society find the rice 
barn beneficial, especially during periods of food shortages.

The nearest institutions outside the village, such as the district office, the agriculture and forestry 
office, the military/police outpost and the market are about 7km distant. This is relatively far from the 
village, which makes coordination less optimal. According to villagers, “a far distance from the district 
office means lack of information for their development”. The centres of district municipalities in gen-
eral are the centres of economic activity for some villages. The point is that economic development in 
villages depends on the distance from the village to the district centre. The nearest market is about 7km 
from the village. It is important to understand that the closer the village is to the market, the more it is 
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developed. The market is, therefore, central to village activity and employment opportunity. The local 
daily market that provides the basic needs of the rural community is an economic buffer (food security) 
for surrounding villages to do business. It is related to the previous observation that the availability of 
a market makes it easier to start or do business.

Selogiri Village

Institution/group activity in Selogiri is generally not very dynamic. Village institutions would be involved 
only if there was a government programme for the village. The village leader has uneasy relations with 
some community leaders, according to the interviews. This has reduced the effectiveness of existing 
programmes in the village. Affinity groups as drivers in the DMP Programme are quite active, but the 
effectiveness level is still below the level of effectiveness in other villages.

Figure 2 describes the general institutional Venn diagram for Selogiri. The distance of the village from 
the district office is less compared to the situation in Kedungdowo, but the distance to the regency office 
is considerable – about 35 kilometres. The Affinity Group (AG) formed as a result of the DMP activities 
consists of four groups of farmers with different business areas of agriculture, livestock, fisheries and 
cassava cracker manufacturers. Fifty percent of funds are channelled to agricultural groups so that many 
more farmers are involved in the programme. The village food team (FVT) which consists of representa-
tives of each affinity group holds regular meetings every month attended by the head of the village and 
the village council. The constraints faced in the implementation of activities and future implementation 
plans are being worked out together so as to encourage the participation of all levels of society.

Figure 1. Venn Diagram for Kedungdowo Village
Sources: Field work primary data (2013)
NB: RMU = Rice Milling Unit, FVT = Food Village Team, FG = Farmer Gorups, AG = Affinity Groups.
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Candirejo Village

The farmer groups in Candirejo are relatively more dynamic than in the other villages. The fundamental 
difference in the diagram below compared to other villages is, firstly, an absence of rice milling units 
(RMU) in the village, as farmers grind their rice in a neighbouring village. Secondly, grants are not al-
located to the building of rice barns, but are used to purchase livestock in the form of local and etawa 
goats. The allocation of funding is for poor families, which is involved as a farmer group (affinity group).
Thirdly, the distance from the village to the district office is 4km. Finally, tourism resources are con-
tributing to the revenue of the village, such as a handicraft store and homestay facilities. Some villagers 
earn money by selling when local and foreign tourists visit Candirejo.

Madukoro Village

Madukoro Village is located on the border between Purworejo Regency and Magelang Regency, rela-
tively far from the centre of the district (about 7km). DMP activities run well as the farming group in 
this village is much better in terms of their participation. In Madukoro an individual or group has self-
motivation initiated by the village leader. High response of the public to a programme makes it easy to 
introduce and implement it. The important success factor is the efforts of the village/hamlet leader in 
driving the activity initiated by the DMP Programme. The influence of the hamlet leader in Madukoro 
is greater than village’s head because the village head is relatively young and pays less attention to 
villagers. The important point of this case is the role of the village head or chief of the hamlet, which 
is a critical factor in the village’s development. Village leaders should have the ability to mobilise the 

Figure 2. Venn Diagram at Selogiri Village
Sources: Field work primary data (2013)
NB: RMU = Rice Milling Unit, FVT = Food Village Team, FG = Farmer Gorups, AG = Affinity Groups.
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community to be active in most village programmes. Key persons who have great influence in the vil-
lage have a significant impact on the success of a programme, measured by the highest participation of 
the community. The policies at village level require effort and involvement from several key persons to 
achieve implementation impact.

Analysis of the Sources of Information and Assistance

This analysis is the result of focus group discussions (FGD) and randomly surveyed poor households 
as respondents. Information is a source of knowledge that can be used by farmers to contribute to their 
income by practical business. To villagers, knowledge is difficult to obtain due to village remoteness. 
Education alone is not enough for development to take place at village level. Villagers need experience 
and accurate information. Starting businesses (the opportunity to open/start a business) in the village is 
difficult because of lack of information and capital. Therefore, information is very helpful for villagers 
to start a business and information on the latest technologies should also be useful for them to promote 
business development.

The sources of funding received by the villages are identified and analysed based on perception of 
the randomly selected villagers. The funding resources are categorised on the basis of where the funding 
comes from: the State budget (National budget), local budget (Province or Regency budget), International 

Figure 3. Venn Diagram for Candirejo Village
Sources: Field work primary data, (2013).
NB: RMU = Rice Milling Unit, FVT = Food Village Team, FG = Farmer Groups, AG = Affinity Groups.
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funds, and NGOs. There are four types of assistance made available to the research sites for rural village 
development: cash funding, physical assistance, aid-type of goods, and types of integrated programmes 
such as the DMP Programme.

Kedungdowo Village

Based on discussions and analysis of several groups in Kedungdowo (Table 1), villagers receive informa-
tion from friends, relatives and parents. This shows that verbal information obtained through discussion 
and conversations is influential. Information obtained through formal schooling is less influential, be-
cause it tends to contain theoretical knowledge with little information on practices. Villagers expressed 
their desire to be continuously trained and exposed to the latest technologies for agriculture, fisheries 
and husbandry. Extension officers need to be more active at village level in providing information and 
knowledge-based resources in village workshops.

Funds in Kedungdowo mostly come from the National budget. The majority of the financial resources 
coming from the central government are distributed through local government. This means that, in the 
distribution of financial resources, the central government should still consider the local situation by 
administering a proper allocation of funds. The local government is currently striving to boost revenue 
by looking to local and foreign investors and persuading them to invest in their areas so that more fund-
ing is available for rural development. The local government should be proactive in generating sources 

Figure 4. Venn Diagram at Madukoro Village
Sources: Field work primary data (2013)
NB: RMU = Rice Milling Unit, FVT = Food Village Team, FG = Farmer Gorups, AG = Affinity Groups.
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of funds through local revenue – PendapatanAsli Daerah (PAD). This point is very important for rural 
development and the gap between the national and regional budgets can be minimised.

Selogiri Village

In Selogiri, information obtained from friends, relatives and parents also received high score from 
respondents. Why are these information sources significant for farmers’ farming knowledge? This is 
because other resources, such as the mass media, are rarely accessed by villagers or they must actively 
obtain this information, while information from friends, relatives and parents is readily available through 
daily interactions in the village. Also, this information is free of charge. Villagers might have no time 
to seek information through the media because of working in the fields.

The sources of financial assistance in Selogiri (Table 4) are almost the same as in Kedungdowo, that 
is, the majority of financial assistance comes from state funds. The biggest aid funds are derived from 
the National Programme for Community Empowerment (Rural PNPM Mandiri) at 252 million IDR. 
These funds were directed to the construction of concrete rural roads with partial support employment 
comes from the community. Villagers in the group discussions said that the national budget has the great-
est impact on physical development in PNPM and the highest score (value of 10: see Table 4) in terms 
of impact on social development through the Health Card/household health scheme. The agricultural 
extension programme receives assistance from two fund sources with the same pattern and type but 
different commodities (wetland rice and upland rice). This programme was initiated by School Field of 
Integrated Rice Crop Management (SekolahLapangPengelolaanTanamanTerpadu - SLPTT) funded by 
APBN. The upland rice SLPTT is funded by the Local Budget APBD. The collaboration programme 
implementation by national and local budgets in the same time but different commodities is possible, 
but it needs different targets (villagers) and areas (location).

Table 1. Information Source Scoring of Kedungdowo Village

No. Information type 
required

Information Source

Media (TV, 
Newspapers, 
magazines)

Schools Extension 
Officers

Friends, 
relative, 
parents

Score

1 Agriculture 3 4 8 9 24

2 Livestock 4 3 7 8 22

3 Fisheries 5 4 7 7 23

4 Forestry 7 3 9 8 27

5 Business opportunity 7 6 6 9 28

6 Markets 8 3 6 8 25

7 Employment 8 4 5 8 25

Score 42 27 48 57

NB: Scoring is out of 10; the higher the score, the greater is the information obtained
Sources: Field work primary data (2013)
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Table 2. Sources of Assistance Scoring of Kedungdowo Village

No. Type of poverty Assistance

Sources of Assistance

ScoreAPBN 
National 
Budget

APBD 
Provinces or 

Regency Budget

International 
Funds NGO

1 Bantuan IDT - National Aid for underdeveloped 
villages 6 - - - 6

2 KartuSehat/GakinHealth Card 9 - - - 9

3 Raskin (rice for the poor) 9 - - - 9

4 BantuanlangsungTunai BLT - Direct cash 
assistance 8 - - - 8

5 Desa mandiri pangan (DMP) Programme 9 - - - 9

6 PAMSIMAS - Community-Based Water Supply 
and Sanitation 0 - 8 - 8

7 BedahRumah - House Renovation Programme 5 7 12

8 Agricultural Extension assistance 8 - - - 8

9

Programme NasionalPemberdayaanMasyarakat 
- PNPM Mandiriperdesaan -National 
Programme for Community Empowerment - 
Rural PNPM Mandiri

10 - - - 10

Score 64 7 8

NB: Scoring is out of 10; the higher the score, the higher its impact
Sources: Field work primary data, (2013).

Table 3. Information Source Scoring of Selogiri Village

No. Information type 
required

Information Source

Media (TV, Newspapers, 
magazines) Schools Extension 

Officers
Friends, relative, 

parents Score

1 Agriculture 2 4 7 8 21

2 Livestock 3 4 8 10 25

3 Fisheries 5 5 6 6 22

4 Forestry 6 4 8 9 27

5 Business opportunity 5 7 5 8 25

6 Markets 7 3 5 7 22

7 Employment 7 3 4 9 23

Score 35 30 43 57

NB: Scoring is out of 10; the higher the score, the greater the amount of information obtained
Source: Field work primary data (2013)

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



285

Role of the Institutional, Assistance, and Source Information Analysis on Food Security and Extension Policy
 

Table 4. Sources of Assistance Scoring of Selogiri Village

No. Type of poverty Assistance

Sources of Assistance

ScoreAPBN 
National 
Budget

APBD 
Provinces 

or Regency 
Budget

International 
Funds NGO

1 Bantuan IDT - National Aid for underdeveloped 
villages 5 - - - 5

2 KartuSehat/Gakin
Health Card 10 - - - 10

3 Raskin (rice for the poor) 8 - - - 8

4 BantuanlangsungTunai BLT - Direct cash assistance 7 - - - 7

5 Desamandiripangan (DMP) - Food Self-Sufficient 
village Programme 8 - - - 8

6 PAMSIMAS - Community-Based Water Supply and 
Sanitation 0 - 9 - 9

7 BedahRumah - House Renovation Programme 0 6 - - 6

8 Agricultural Extension assistance 8 7 - - 15

9
Programme NasionalPemberdayaanMasyarakat - 
PNPM MandiriperdesaanNational Programme for 
Community Empowerment

9 - - - 9

Score 55

NB: Scoring is out of 10; the higher the score, the higher its impact
Source: Field work primary data (2013).

Table 5. Information Source Scoring of Candirejo Village

No. Information type 
required

Information Source

Media (TV, Newspapers, 
magazines) Schools Extension 

Officers
Friends, relative, 

parents Score

1 Agriculture 4 3 9 10 26

2 Livestock 6 4 8 9 27

3 Fisheries 6 7 9 9 31

4 Forestry 7 3 9 8 27

5 Business opportunity 7 6 6 9 28

6 Markets 7 4 5 9 25

7 Employment 7 6 4 8 25

Score 40 30 41 52

NB: Scoring is out of 10; the higher score, the higher the information
Sources: Field work primary data (2013)
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Candirejo Village

Candirejo is a village which enjoys good access to information. It is a tourist village that often interacts 
socially and culturally with people from outside the village. The information obtained by villagers is 
varied and spreads quickly in the village. One example is about business opportunities in other places 
and success stories become special information for villagers. However, not all villagers have access to 
the information. It depends on the distance between the village centre where they live and the other 
villages where their relatives live. The neighbourhood activity in the village is very important, since 
information resources are mostly transmitted and received from the interactions of people and relatives. 
Thus the information obtained by villagers is very limited. The important implication from this case 
is that rural development policy should be focused on providing information through actual practical 
training in agriculture and business development opportunities, rather than through information provided 
through various media sources. An additional solution is training on how to get information from reliable 
resources such as the Internet and news media.

Table 6. Sources of Assistance Scoring of Candirejo Village

No. Type of poverty Assistance

Sources of Assistance

ScoreAPBN 
National 
Budget

APBD 
Provinces or 

Regency Budget

International 
Funds NGO

1 Bantuan IDT -
National Aid for underdeveloped villages 7 - - - 7

2 KartuSehat/Gakin
Health Card/Gakin scheme 8 - - - 8

3 Raskin - Rice for the poor 9 - - - 9

4 BantuanlangsungTunai BLT - Direct cash 
assistance 6 - - - 6

5 Desa mandiri pangan (DMP) Programme –
Food Self-Sufficient village 8 - - - 8

6 PAMSIMAS - Community-Based Water 
Supply and Sanitation 0 - 8 - 0

7 BedahRumah - House Renovation Programme 7 6 - - 13

8 Agricultural Extension assistance 6 7 - - 13

9 PNPM Mandiriperdesaan - National 
Programme for Community Empowerment 9 - - - 9

10 DesaWisata
Tourism Village 9 - - 8 14

Score 69 13 8 8

NB: Scoring is out of 10; the higher score, the higher its impact
Source: Field work primary data (2013)
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The sources of funding assistance in Candirejo can be seen in Table 6. Unlike the previous villages, 
funds from NGOs are provided. This aid comes in the form of mentoring activities provided near the 
famous Borobodur Temple in the field of hospitality and tourism. From 2009 until 2011 Candirejo was 
provided with full assistance by NGOs from Yogyakarta. In 2012 the local government assisted Candirejo 
through the Program NasionalPemberdayaanMasyarakat- PNPM programme to build infrastructure and 
support facilities to become a tourist village. The community believes that the tourism programme can 
contribute significantly to their economy if some villagers take the opportunity to make their homes 
into guesthouses. In terms of the DMP Programme, its activities are more focused on agriculture de-
velopment, including introduction of livestock farming packaged with management training, and skills 
training based on local resource availability. The goal of the Programme is to increase the income of 
poor families living on the village’s border where the impact of tourism is less obvious.

Madukoro Village

Based on the results of group discussions (Table 7), extension officers have an important role in every 
activity in the village. The expected function of the extension officers is to successfully disseminate 
knowledge and information on programme implementation activities. However, the scoring results show 
that the sources of information are mostly friends, relatives and parents, with total of 63 points, whereas 
information disseminated by extension officers only scored 57. This means that extension officers need 
to improve their performance to the expected level, for example, by frequently visit the villages and visit-
ing their friends or relatives so that they know the problems of villagers. In other words, the extension 
officers need more creativity and innovation in disseminating information. The villagers at Madukoro 
suggested that the extension activities should not only come from the district level but also from the 
regency level and even from the provincial level. The extension officers in this case are from various 
sectors such as agriculture, husbandry, fisheries and even health. In addition, the variety of information 
from experienced extension officers is very important. The important issue to be borne in mind is the 
need for information about the villagers to be known deeply by extension officers through observations. 
Information to be disseminated should include updated technology and knowledge associated with 
programme implementation.

Madukoro enjoys considerable aid from the government. Many programmes implemented successfully 
in a village benefit from cooperation by many agencies in implementation and this gives rise to high 
impact contribution in terms of village development. In the case of Madukoro, the DMP Programme was 
not implemented in conjunction with other programmes; they were implemented at different times. The 
point to be learned is that many programmes should be integrated and implemented at the same time so 
that the impact is more significant.

CONCLUSION AND RECOMMENDATION

The DMP Programme has resulted in the establishment of a microfinancial institution (LembagaKeuan-
ganDesa - LKD) in the village, participated in by farmer groups. However, the funds allocated for the 
LKD are limited and they cannot cover the needs of all villagers. There remains a lack of capital neces-
sary to start businesses for some farmers. The villagers proposed establishing a farmer cooperative in 
the village to support ‘off-farm’ and ‘on-farm’ activities and to be managed by farmer groups. The aim 
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Table 7. Information Source Scoring of Madukoro Village

No. Information type 
required

Information Source

Media (TV, 
Newspapers, 
magazines)

Schools Extension 
Officers

Friends, 
relative, 
parents

Score

1 Agriculture 4 4 7 10 25

2 Livestock 5 4 9 9 27

3 Fisheries 6 5 10 9 30

4 Forestry 6 4 8 9 27

5 Business opportunity 8 6 8 8 30

6 Markets 7 4 7 9 27

7 Employment 7 6 8 9 30

Score 43 33 57 63

NB: Scoring is out of 10; the higher score, the higher the information
Source: Field work primary data (2013)

Table 8. Sources of Assistance Scoring of Madukoro Village

No. Type of poverty Assistance

Sources of Assistance

ScoreAPBN 
National 
Budget

APBD 
Provinces 

or Regency 
Budget

International 
Funds NGO

1 Bantuan IDT -
National Aid for underdeveloped villages 6 - - - 6

2 KartuSehat/Gakin
Health Card/Gakin scheme 10 - - - 10

3 Raskin/ rice for the poor 9 - - - 9

4 BantuanlangsungTunai BLT - Direct cash 
assistance 8 - - - 8

5 Desa mandiri pangan (DMP) Programme –
Food Self-Sufficient village 9 10 - - 19

6 PAMSIMAS - Community-Based Water Supply and 
Sanitation 0 - 7 - 7

7 BedahRumah/House Renovation Programme 5 6 - - 13

8 Agricultural Extension assistance 7 7 - - 14

9

Programme NasionalPemberdayaanMasyarakat - 
PNPM Mandiriperdesaan
National Programme for Community 
Empowerment

8 - - - 8

10 Fishery fishpond programme 8 - - - 8

11 KawasanRumahPangan Lestari (KRPL)
Sustainable Food House zones 8 - - - 8

Score 62 23 7 0

NB: Scoring is out of 10; the higher score, the higher its impact
Source: Field work primary data (2013).
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of the cooperative is to provide the place for savings and loans with low interest rates and to gain profits 
for the villagers.

On the issue of information sources, analysis shows that the villagers receive information related to 
the Programme mostly from friends, relatives and parents. Verbal information obtained through discus-
sion and conversations is influential. Information obtained through formal schooling is less influential 
because it tends to contain theoretical knowledge with little information on practices. Villagers want to 
be trained and exposed to the latest technologies for agriculture, fisheries and husbandry. Extension of-
ficers need to be more active at the village level in provided information and knowledge-based resources.

Analysis on sources of funding shows that villages receive funding mostly from the national budget, 
implemented through local government. To ensure sustainability in efforts to alleviate poverty central 
government should continue to consideration the local situation in allocation of funds. The local govern-
ment is currently striving to boost revenues by looking to local and foreign investors to invest in their 
villages so that the budget can be increased. The local government should be proactive in generating 
financial sources through local revenue. In this way the gap between the national and regional budgets 
can be reduced.

Extension officers play an important role in every activity in the village. Their function is to dis-
seminate knowledge and information on programme implementation. However, that information is 
mostly obtained from friends, relatives and parents. If extension officers are to play their role they need 
to frequently visit villages and come to the problems faced. Extension activities should not be only from 
the district level but also from regency or province level. Information dissemination is more effective if 
officers are experienced and come from various sectors, such as agriculture, husbandry, fisheries and 
health. Extension officers need to know villagers’ problems through close observation. Information 
should include up-to-date technology and information in terms of programme implementation.
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1  Purposive sampling is also known as judgmental, selective, or subjective sampling. Based on the 
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Section 5

This section takes the technological perspective especially with respect to plant biotechnology subject 
and its role to secure food and to alleviate the risk of loss of the genetic variability of cultivated plants 
as a result of environmental changes and human practices. Also, it touches the issue of increasing the 
efficiency of producing animal-derived food products.
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ABSTRACT

Plant biotechnology (micropropagation, secondary metabolites, etc.) is the science of growing different 
plant cells under controlled artificial environment conditions. Thence, successful plant biotechnology 
depends on the techniques of plant tissue culture. Plant tissue culture laboratories have style needs that 
distinguish them from alternative forms of laboratories and a few wants are distinctive for successfully 
plant growth as well as production of plant secondary metabolites. The most often manipulated physi-
cal parameters are light, temperature, and relative humidity within the culture vessels. The light is most 
important physical factor which might have an effect on metabolite production. Light not only affects the 
in vitro growth and developments but also very important factor affecting the production of plant sec-
ondary metabolites. The action of light on plants happens in the most part in two ways. In the first way, 
the light source gives the energy required by the plant for photosynthesis. In the second way, the signal 
which gotten by photoreceptors it regulates plant metabolism, differentiation, and growth. Temperature 
is different with the different in vitro life cycle, as well as the aim of production such as plant growth or 
secondary metabolites production.
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INTRODUCTION

Plant biotechnology is presently utilized in several fields to attain completely different objectives like: 
micropropagation, in vitro preservation and cryopreservation, secondary metabolites’ production etc. 
(Kozai and Smith, 1995).

The major factors of plant tissue culture, which are interconnected or linked to each other (Figure 
1), are a) establishment and sterilized plant material, b) media composition for culture, and c) in vitro 
physical conditions for the growth room and the culture vessel (DeFossard, 1986).

The importance of in vitro culture futures, as contrasted to any other plant production system, is the 
exacting controlled, artificial, of the environment condition surrounded the in vitro cultures. All These 
environmental factors had a significantly affected on the growth characteristics (Lumsden et al. 1994; 
Chen, 2015). Unlike plants in the field, which is growing at the unpredictable environment changes, 
each factor of the tissue culture condition, surrounding the plant cell cultures within a vessel, can be 
managed (Kozai and Smith, 1995; Isah, 2015) (Figure 2).

Physical condition, factors including temperature, light (quality, quantity and duration), air move-
ment, and the culture vessels are predetermined and can be maintained as a constant or changing during 
the growth cycle of plant cell cultures. These physical factors can be modified, controlled, to achieve 
a desired effect by controlling growth room temperature, changing vessel bottom to influence internal 
humidity, modified the light quality and quantity to reach the optimum growth of plant cell cultures 
(Kozai and Smith, 1995; Chen, 2004). This high opportunity for physical conditions control is unique to 

Figure 1. The main barriers of plant tissue culture
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in vitro plant cell growth and gives plant biotechnology distinct advantages for manipulating plant cells 
under his control. Hence, control the physical conditions, factors, is an awesome responsibility and an 
advantageous challenge for in vitro plant growth and as well as plant secondary metabolites’ produc-
tion. Finally, in vitro physical factors are correlated to each other and it must be control all of them in 
the same growth room (Figure 3).

In this state of the art, physical conditions such as; temperature, culture vessels, and light will discuss.

LIGHT

Plant biotechnology laboratories, can be defined as an agriculture technology wherein the surrounding 
microclimate of any plant cells are fully controlled by normal and/or modern facilities during the cell life 
cycles. Hence, light is the most important physical factor in controlled environmental conditions, which 
is directly affect not only plant cell growth and development but also the production of plant secondary 
metabolites (Kendrick and Kronenberg 2012; Hart 2012; Kozai 2016).

Light Sources and History

In order to decide on the most effective source of illumination for plant growth, it’s necessary to know 
the history, characteristics, light mechanism and applicability of light sources. Light source have three 
major technologies, which are 1) incandescence lamp, 2) electrical discharge (fluorescent lamb), and 
3) solid state light sources (LED; light-emitting diode, organic OLED; light-emitting diode) (Figures 
4). Shortly, first two are called “legacy” technologies, and also the third is taken to account modern 
technologies (Batista et al. 2018).

Figure 2. An overview of plant tissue culture growth room A) empty growth room, and B) culture incu-
bated in growth room
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Legacy Light Sources

• Incandescence lamp
Incandescent lamp is the first generation of the artificial light, and was the most common lamb for 
more than 130 years. While, there has been prohibition to use by several countries in step with the 
rule: phase out of incandescent lamps in 2008 (Paul, 2010).

• Fluorescent lamb
Fluorescent lamb is the second generation of the artificial light, and it is considered the most com-
mon lamb in all plant biotechnology (Schuerger et al. 1997; Bantis et al. 2016).

Figure 3. Physical conditions of in vitro plant cell cultures
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Figure 4. Light source: A) incandescence lamp, B) fluorescent lamb, C) light-emitting diode (LED), and 
D) organic light-emitting diode (OLED)
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Fluorescent lamps have three main types: cold cathode, hot cathode and electroluminescent lamps 
(Bagher, 2016).

Solid State Light Sources

• Light - emitting diode
Solid state light sources, including both Light Emitting Diode (LED) and Organic Light Emitting 
Diode (OLED), are the new generation of artificial lighting sources, which had more than 50 years 
of history from the first infrared LED patented in 1961 (Bourget, 2008). Reference to Samsung 
study, the price of a white LED system will decrease by 50% in order to make it more competitive 
with fluorescent lamps over the next 4–5 years (Chang, 2008; Chang et al. 2012). Nowadays, LEDs 
are used in anywhere, such as TV and computer displays, home lighting, traffic lights, greenhouse 
lighting, plant biotechnology labs etc. LEDs are available in a multi broadband wavelength across 
the ultraviolet (250-380 nm), visible (380-760 nm) and infrared (760-1000 nm), which have been 
becoming common due to their high efficiency and brightness. Additionally, LED light technology 
has more advantages, which are small volume, the longest life, low heat, high energy conversion 
and wavelength controls specifications (Massa et al. 2008; Morrow 2008; Schuerger et al. 1997).

Light and Plant

Light action on plants happens essentially in 2ways: first, light supply by required energy for photosyn-
thesis, especially red and blue light. Second, the signalwhich received via photoreceptors it regulates 
plant metabolism differentiation, and growth (Wang et al. 2001; Hart, 2012; Kozai, 2016).

Light is that the supply of energy for photosynthesis, and gives signals for photomorphogenesis 
(Smith, 2013). Photosynthesis is gotten by photosynthetically active radiation (400 to 700 nm) (Figure 
5). Chlorophyll a, chlorophyll b and a variety of accessory pigments, including carotenoids (plant pig-
ments transfer absorbed energy to photosynthetic reaction centers (Nishio, 2000). Each pigment has a 
characteristic action spectrum, which is characterized by physiological activity rate of light wavelength. 
The red and blue light spectra are strongly absorbed by chlorophyll a and b, but green light is weakly 
absorb (Nishio, 2000) (Figure 6).

Figure 5. Visible wavelength spectrums from 400 to 700 nm
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The light reaching plants reflected, transmitted or absorbed. In photosynthesis, part of photons con-
verts into chemical energy, which is in the process of growth and morphogenetic and the other part lost 
in the form of heat (Kozai, 2013).

Light Applications in in vitro Plant Growth

Light, among any other in vitro physical factor, is the most important physical factors in plant biotech-
nology lab (Gupta and Jatothu, 2013). Light is affecting in vitro plant cells through different ways such 
as light quantity (intensity), duration (light/dark) and light quality (Gupta and Jatothu, 2013). Moreover, 
light has different influence on the plant cells during the in vitro stage or culture life cycle. For example, 
potato tissue culture found to produce fewer microtubers/plantlet in the dark than under light conditions 
for 8 hours (Pruski (2001). Furthermore, microtubers were produced more under shorter photoperiod-
with white fluorescent (100 µmol m-2 s-1) (8 h light) than under longer days (16 h light) (Wang and Hu, 
1982). And, decreasing light photoperiod was increased the size of potato microtubers (Seabrook et al. 
1993) also resulted in earlier microtuber formation (Garner and Blake, 1989). In order to light inten-
sity, several studies have confirmed that plant cells incubated under low light intensity as well as under 
dark condition might be favorable for different stages of in vitro life cycles (Konstas et al. 2003). One 
of the most important and economical plant propagated by tissue culture is date palm, which is need 
complete dark conditions in the early stage, callus induction from offshoot (Tisserat, 1979; Huong et 
al. 1999). And for date palm regeneration and growth multiplication, un-differentiated callus cultures 
were transferred to a new media composition and incubated under normal fluorescent light, white, (100 
µmol m-2 s-1) (16/8 light/dark) (Aslam and Khan, 2009) (Figure 7). Several studies demonstrated that 
dark condition has positive impact on plant growth, shoot induction and somatic embryogenesis from
some species, like cucumber (Colijn-Hooymans et al. 1988), melon (Gray et al. 1993; Kintzios et al. 
1998a, Kintzios and Taravira, 1997) and rose (Kintzios et al. 1998b), lavender (Lavandula angustifolia 
Miller subsp. angustifolia) callus proliferation was improved with increasing of darkness incubation 
periodwhereas the somatic embryogenesis was reduced under the identical conditions (Konstas et al. 
2003). Also, wall germander (Teucrium chamaedrys) incubation in darkness didn’t have an effect the 
growth of wall germander cultures, but improved somatic embryogenesis(Kintzios et al. 2002). Summart 

Figure 6. Pigments wavelength absorption
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et al. (2008) reported that the highest growth of rice callus (Oryza sativa L.) was obtained under dark 
condition. Pandino et al. (2017) reported that successful established callus cultures from in vitro leaves 
of globe artichoke were inoculated in the dark for the first four weeks, then moved under cool-white 
fluorescent light (16/8 light/dark). Since, the fluorescent lambs were the most popular in plant biotech-
nology growth rooms (Economou and Read, 1987). Furthermore, these lambs, light, have a wide range 
of wide range of wavelengths (350 to 750 nm), such wavelength appears to be unnecessary and gave 
low quality for promoting plant growth (Gupta and Jatothu, 2003). Other disadvantages of fluorescent 
lambs are consumption a lot of electrical and generating heat in the growth room, which cause damage 
or suffer from light stress. Hence, there was a need for improving light source to improve the quality of 
in vitro growing plants as well as reduce the cost of electricity and control the light wavelength.

Recently, LEDs have an applicable alternative source of light for in vitro cultures growth and develop-
ment (as reviewed by Gupta and Jatothu, 2013; Batista et al. 2018). LED lighting has high and flexible 
ability to manage the spectral composition (Hoenecke et al. 1992; Brown et al. 1995), this ability allows 
studying the application of LED with specific spectral in the physiological changes of plant growth and 
development (Yeh and Chung 2009; Nhut and Nam, 2010). Various in vitro growth and development 
are considered as influence under LED lighting as compared to those growings and development under 
normal fluorescent light. Particularly, red and blue lights have a highly significant impact on in vitro 
plant growth, which used alone or in combination (Nhut et al. 2000, 2002; Lian et al. 2002; Duong et al. 
2003; Kim et al. 2004a, b, c; Poudel et al. 2008; Shin et al. 2008; Li et al. 2010).Jao and Fang, (2004a,b) 
studies the effect of LEDs instate of fluorescent light in in vitro potato plantlets. They found that LEDs 
red and blue (ratio 9:4) with photoperiod 16/8 (light/dark) stimulated plant growth as compared with 
traditional fluorescent light. Similar was with red and blue (1:1) lights were also obtained from in vitro 
cultures of lilium (Lian et al. 2002), strawberry (Nhut et al. 2003), banana (Duong et al. 2003), and 
chrysanthemum (Kim et al. 2004c).

Budiarto, (2010) reported that Anthurium, number of shootes, was promoted by growing under red light 
that blue light. In vitro stem and internods elongation of Chrysanthemum (Kim et al. 2004c) and grape 
(Poudel et al. 2008) were higher under LED red light. On the other hand stem length of marigold was 
higher under blue LED light (Heo etal . 2002). Also, red with blue led lights enhanced the protocorm-like 
bodies induction in Phalaenopsis amabilis (Nhut et al. 2006). Higher growth of in vitro plantlets grown 
under a red/blue (4:1) led ratio, comparing with white light for Eucalyptus, Musa, and Spathiphyllum 
(Nhut and Nam 2010). In Cymbidium, the highest protocorm-like bodies formation was obtained with 

Figure 7. Date palm growing under dark and light conditions
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red:blue (25%:75%) LEDs (Huan and Tanaka, 2004). Blue diode light was found to be the best condi-
tion for shoot promoting of protocorm-like bodies ofDendrobium officinale in vitro culture (Lin et al. 
2010). The results in optimum responses has been suggested that the matching of LEDs wavelengths to 
plant photoreceptors influence plant morphogenesis (Bourget 2008; Massa et al. 2008; Morrow 2008).

Light Applications in Plant Secondary Metabolites

Light influences plant defense stress through regulation of secondary metabolites production (as reviewed 
Batista et al. 2018). Light quality has been involved in the regulation of pigments biosynthetic pathways 
(carotenoids such as β-carotene and lutein), as well as bioactive compounds such as polyphenols (phe-
nolic acids, anthocyanins, and flavonoids), terpenoids, and glucosinolates (Ballaré 2014; Darko et al 
. 2014; Huché - Thélier et al. 2016; Demotes- Mainard et al. 2016; Taulavuori et al . 2016) (Table 1). 
The regulation is made through selective activation of different photoreceptors (Ballaré 2014; Huché 
- Thélieret al . 2016; Demotes - Mainard et al . 2016). Many studies the influence of light quality on 
the production of secondary metabolites in in vitro plants (Arena et al . 2016; Szopa and Ekiert 2016; 
Gupta and Karmakar 2017).Light qualities gotten by fluorescent lambs have been used to stimulate an-
tioxidant secondary metabolites in shoot and callus cultures of many species (Tariq et al . 2014; Fazal 
et al . 2016; Szopa and Ekiert 2016; Gazolla et al . 2017; Kawka et al . 2017). However, the spectrum 
of light emitted by fluorescent lamps wasn’t specific, can’t be controlled and like intensity, moreover, 
its stability decreased over the time (Darko et al. 2014; Taulavuori et al. 2016). LEDs light have been 
used to circumvent problems related to fluorescent lamps and to optimizeplant in vitro cultures develop-
ment (Gupta and Jatothu 2013; Shukla et al. 2017). However, the influence on secondary metabolism 
is underexplored up till now. How and Smith (2003) investigated the effect of four different light/dark 
cycling treatments on growth and anthocyanin production in callus culture of Ajuga reptens. They found 
that the level of anthocyanin is decreasing with as the length of the duration decrease.Also, the wave-
length is significant in case of monochromatic light (Ramawat and Mathur 2007; Mengxi et al. 2011).

Favorable impact of light quality on the accumulation of different compounds; flavonoids (Krewzaler 
and Hahlbrock, 1973), anthocyanin (How and Smith, 2003), betalains (Shin et al. 2004), ginsenosides 
(Yu et al. 2005), phenolic acids and linear furanocoumarins (Szopa et al. 2012) and lignans (Szopa and 
Ekiert, 2016) has been shown.Recently, Younas et al. (2018) investigate the effect of different LED spec-
treson silymarin accumulation in callus culture. They found that the level of silychristin, isosilychristin, 
silydianin, silybin A and silybin B were showed greatest in red light, whereas green light showed the 
highest accumulation of isosilybin A and isosilybin B. While, the taxifolin amount was the greatest 
under continuous white light.Khan et al. (2018)evaluated the synergistic effects of melatonin and dif-
ferent LEDs in callus cultures of Fagonia indica. They investigated that total flavonoids content and 
Free radical scavenging activity (97%) was found in cultures grown under white LED and melatonin. 
Inaddition, cultures maintained under white light were also found with highest levels of phenolic and 
flavonoids production. However, the antioxidant enzymes; Superoxide dismutase and Peroxidase were 
found optimum in cultures grown under blue LED.

Ultraviolet Radiation-Elicited

Ultraviolet radiation is a small part of the solar radiation, (200 to 400 nm), reaching the Earth’s surface 
but with significant biological impact on all living organisms. These wavelength region can divided into 
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three categories UV-A (315 – 400nm), UV-B (280 – 315nm) and UV-C (100 – 280nm) (Commission 
Internationale de l’Eclairage, 1987). UV effect is depending upon the plant sensitivity (Lavola et al. 
2003; Zu et al. 2011). UV-B or UV-C with low doses may trigger acclimation responses in plants such 
as; activation of enzymatic and non-enzymatic defense systems (Loyall et al. 2000; Jansen, 2002; Lavola 
et al. 2003; Katerova and Todorova, 2009; Katerova et al. 2009; Katerova and Todorova, 2011; Rai et 
al. 2011), while positive response of high UV doses, which could activate repair mechanisms in order to 
cope with the stress (Frohnmeyer and Staiger, 2003). It is clearly, the defense to UV-B can be related to 
the stimulation of different secondary metabolite production as well as DNA repair mechanisms (A-H 
Mackerness, 2000; Brown et al. 2005; Ishibashi et al. 2006). Low doses UV-C doses (0.5– 9.0kJm-2) has 

Table 1. Impact of different LEDs on the accumulation of plant secondary metabolites

Light spectrum Type of explant Product Plants Ref.

The highest accumulation observed with 
Red light and the lowest with Blue light Axillary shoots

phenolic 
acid and flavonoid 

contents
Myrtus communis L. Cioć et al. 2018

LEDs light red, blue, green and yellow Nodalsegments Volatile compounds Hyptis suaveolens Andrade et al. (2017)

Red led light is higher than fluorescent Apical 
segments

Carvacrol 
γ-Terpinene 
p-Cymene

Plectranthus amboinicus Silva et al. (2017)

Blue led Shoot Total phenolics and 
flavonoids Swertia chirata Gupta and Karmakar 

(2017)

White led Plantlets (aerial 
part) Essential oil profile Lippia alba Batista et al. (2016)

White and yellow led
Callus and 
tissue culture 
plants

Chlorogenic acid Peucedanum japonicum Chen et al. (2016)

Far-red/red/blue/UV-A/white light
Shoot-
differentiating 
callus cultures

Dibenzocyclooctadiene 
Lignans 
Phenolic acids

Schisandra chinensis Szopa and Ekiert 
(2016)

Blue, red, green, white LEDs and white 
fluorescentPhotosynthetic flux density: 
13, 27, 35, 47, 69 μmol m−2 s−1

Leaves Monoterpenes 
Sesquiterpenes Achillea millefolium Alvarenga et al. (2015)

Red and far-red LEDs Shoots Cucurbitacins Aquilaria agallocha Kuo et al. (2015)

red:blue (20:80%) plantlets Ginsenoside MR2 Panax vietnamensis Nhut et al. (2015)

blue led Shoots Total phenols
Rehmannia glutinosa Manivannan et al. 

(2015)Red led shoots Increase total flavonoids 
content

Red and blue led Adventitious 
shoot

Harpagoside, 
(−)-epicatechin 
caffeic acid, sinapic acid, 
ferulic acid 
Trans-cinnamic acid 
(−)-gallocatechin 
Ellagic acid 
Chicoric acid

Scrophularia takesimensis Jeong and Sivanesan 
(2015)

Blue:green:red Leaves

Amino acids, organic 
acids, 
fatty acids, and flavonoid 
glycosides

Oryza sativa cv. Ilmi Jung et al. (2013)

Red, blue, and white fluorescent Adventitious 
roots

Total phenolic acids, 
α-tocopherol 
and β-amyrin

Panax ginseng Park et al. (2013)
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been considered to have commercial prospect by causing beneficial effectsin preventing pathogen dis-
eases and delay senescence during storage of fruits (Shama and Alderson, 2005). In addition, ultraviolet 
(UV) radiations consider an effective elicitor for boosting the biosynthesis of various plant secondary 
metabolites (Matsuura et al. 2013) (Table 2). UV treatments as an emerging elicitation technology has 
been applied to different plant and herbs enriched with valuable phytochemicals and causing the increased 
these health-beneficial substances (Kanazawa et al, 2012; Zhang et al., 2013; Nguyen et al. 2014; Pandey 
and Pandey-Rai, 2014 a,b). Hence, UV radiation is considering one of the modern promising elicitation 
approach the production system and can be easily manipulated (Jiao et al. 2015). Therefore, an interesting 
possibility is to exploit UV radiation for enhancing secondary metabolites production in in vitro cultures.

TEMPERATURE

Temperature is different for each plant species as well as its cell culture (Smetanska, 2008). Moreover, 
temperature is different with the different in vitro life cycle, as well as the aim of production such as 
plant growth or secondary metabolites production.

Temperature Application in Plant Growth and Development

Cui et al. (2000) examined temperature during light and dark conditions, light period (18◦C) and dark 
period (26◦C), and they found increasing the shoot and root weights of Rehmannia glutinosa plantlets 
under light with 26◦C. Chen (2015) studied the optimal microclimate conditions for Phalaenopsis pot 
plant in vitro growth, results showed that the optimal temperature with light was 29-32◦C, while on dark 
condition the optimal temperature was 22-25◦C.

Table 2. Impact of different ultraviolet on the production of secondary metabolites

UV types Product plant Cell Culture Ref.

UV-A isoflavonoid Astragalus membranaceus Hairy root Jiao et al. 2015

UV-B

isoflavonoid Astragalus membranaceus Hairy root Jiao et al. 2015

artemisinin Artemisia
annua hairy roots Liu et al. 2003

vinblastine & vincristine Catharanthus roseus plants Bernard et al. 2009

Rutin and quercetin Fagopyrum tataricum Gaertn Hairy root Huang et al. 2016

UV-C

isoflavonoid Astragalus membranaceus Hairy root Jiao et al. 2015

dicaffeoylquinic acids Cynara cardunculus L. var. 
scolymus Callus Menin et al. 2013

resveratrol grapevine Callus Ku et al. 2005

resveratrol groundnut Callus Liu et al. 2010
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One of the most important applications of temperature in plant biotechnology is in vitro preserva-
tion (Cruz-Cruz et al. 2013; Kaminska et al. 2018). Which use for medium-term preservation by slow 
growth of in vitro culture under low temperature or long term-preservation, which call cryopreserva-
tion (under -196°C). Slow growth conservation allowssaving the in vitro plant cells for several weeks 
or months depending on the plant species (Cruz-Cruz et al. 2013). Son et al.(1991) stated that, shoot 
cultures of Populus alba × P. grandidentata remained for 5 years at 4°C. Dorion et al.(1993) observed 
that survival rate of Ulmus sp. was higher than 85% for 24-30 months at 7°C. Fukui et al.(1992) found 
that Diospyros kaki shoot tip cultures of cultivar Fuyu explants survived for 12 weeks at 10°C, while cv. 
Nishimurawase explants survived for 30 weeks at the same temperature. Hausman et al.(1994)reported 
that in vitro shoots cultures of Populus tremula × P. tremuloidessurvived by 100% at 4°C for 7, 14 and 
28 days periods, Roxas et al.(1995) recorded the same results on Dendranthema grandiflorum stored 
at 5°C for 12 and 24 months. Bonga (1997) reported that, explants of Larix decidua and L. xeurolepis 
remained viable for at least 9 months at -5°C. Quan Yin et al.(1996) observed that, shoot tips and 
stem segments of citrus survived at a relatively high rate (more than 60%) with storage at 15°C for 12 
months. Romano and Martins (1999) on Quercus suber, reported that in vitro shoots cultures survived 
by 90% at 5°C for 2 months. Lata et al. (2010) found that germplasm of Podophylum peltatum preserve 
at 10°C for 4 and 8 months had higher proliferation than germplasm preserved at 25°C. Similar results 
showed with Kaminska et al. (2016) when successes to prolong the shoot tip preservation of Taraxacum 
pieninicum at 10°C for 9 months. that Slow growth preservation at 4°C showed to be most suitable for 
several in vitro plants such as Dalbergia sissoo(Chang and Singh, 2004), Quercus cerris and Quercus 
robura(Tsvetkov and Hausman, 2005), Eclipta alba(Singh et al. 2006), Deutzia scabra (Gabr and Sayed, 
2010), Withania somnifera(Singh et al. 2010), Pistacia vera(Akdemir et al. 2013), Prunus cerasifera 
and Prunus domestica(Gianni and Sotile, 2015), Kober 5BB (Vitis riparia x Vitis berlandieri) (Benelli, 
2016),Taraxcum pieninicum(Kaminska et al. 2018).

Temperature Applications in Plant Secondary Metabolites

The normal temperatures for callus growth and developments as well as cell suspension cultures are 
in the range of 17- 25°C (Rao and Ravishankar, 2002). And, when the temperature was maintained at 
19 °C, biotransformation of digitoxin to digoxin was favored, whereas 32 °C was optimal for the pur-
pureaglycoside-A formation in Digitalis lanata cell cultures. A higher yield of ubiquinone in Nicotiana 
tabacum cell cultures has been observed at 32 °C when compared to 24 °C (Smetanska, 2008). Alkaloids 
in cell cultures of Catharanthus roseus at 16 °C had 12 fold higher as compared to the normal 27 °C 
(Courtois and Guren, 1980). On Additionally, Toivonen et al. (1992) reported that 25°C is the optimum 
temperature for alkaloid production from cell suspension culture of Catharanthus roseus. Shohael et 
al. (2006) observed the effect of low and high temperature (12, 16 and 30°C) on biomass, phenolic 
and flavonoids accumulation in somatic embryo of Eleutherococcus senticosus. They found that low 
temperature increase the accumulation of eleutheroside E and increase the antioxidant capacity, while 
the biomass was decreased. Yu et al. (2005) studied the effect of different temperatures during the in 
vitro daily (light/dark) on growth and ginsenosides accumulation in hairy root of Panax ginseng. They 
reported that the highest hairy root growth was obtained at 20/13° (light/dark), while the accumulation 
of ginsenosides was obtained in culture incubated at 25/25 (light/dark).
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HUMIDITY

Humidity, as in vitro physical factor, is considering an important factor for in vitro cells grow and devel-
opment (Chen and Chen, 2002). In vitro plant cells are growing in different types of sterilized vessels 
(Figure 8). Humidity within the in vitro culture vessels is, usually, very high, which cause poor develop 
of epicuticular wax layer and interrupt stomata function (Chen, 2004). Vessels and their covers are 
responsible to regulate the air between the internal microenvironment and the external environment of 
outside air (Huang and Chen, 2005). However, the microenvironment of cultures, in the vessels, are not 
easy adjusted (Chen and Chen, 2002). In vitro plant cells are planted in vessels, which have an important 
specification, in order to provide uniform and adequate light and to allow the gas exchange, adequate hu-
midity and CO2 concentrations (Aitken-Chrisie et al. 1994; Zimmerman, 1995). In vitro cultures growths 
are affected by the internal vessels microenvironment such as light, humidity and air temperature (Hung 
and Chen, 2005). Many studies have been reported that high humidity in the culture vessels cause many 
physiological and morphological disorder of in vitro plantlets (Preece and sutter, 1990; Ghashghaie et 
al. 1992). Under in vitro higher relative humidity, the epicuticular and stomata didn’t have the normal-
ity for evaporation (Ziv, 1990). One of the most common problems in plant tissue culture caused by 
the high relative humidity is hyperhydricity, (vitrification) (Gribble, 1999; Perez-Tornero et al. 2001).

The only or the optimum way to control on the internal microenvironment is to control on the ex-
ternal environmental conditions (Chen, 2003). Chen and Chen, (2002) reported thatin vitro plantlets 
grown in small vessel, and the air exchange rate is very low between inside and outside. And medium 
vessel had sufficient nutrient and water, the internal humidity is very high. These vessels have caps or 
closures, which have a clear role to isolate the inside environment from the contamination of outside 
environment and allowance for some gas exchange and provision of sufficient growing area (Smith and 
Spomer, 1995). Majada et al. (2001) were found that Dianthus caryophyllus shoots cultured on airtight 
or ventilated vessel had better performance of stomata function than those grown in sealed vessels. 
Huang and Chen (2005) studied the effect of seven types of vessels in order to determine their physical 
properties. These vessels were 1) conical flask glass with black rubber stopper, 2) conical flask plastic 
with plastic screw-cap closure (flask and closure are made of polycarbonate), 3) Japanese irregular box 
with polypropylene lids and the wall is made by polycarbonate, 4) GA-7 box with polypropylene lids and 
the wall is made by polycarbonate, 5) round vessel made by polypropylene (lids and wall), 6) square box 
made by polypropylene (lids and wall) and 7) rectangular box made by polypropylene (lids and wall). 
And they measured air exchange rate, transmittance in the culture vessel and the spectral irradiance. 
References to the gas exchange rate, they had divided the seven vessels to three categories: The first one 
included conical flasks (glass and plastic) and they had low exchange rate, the second group included the 
Japanese irregular box, GA-7 box, round vessel and square box had intermediated exchange rates, and 
the highest exchange rate was shown with the rectangular box. In this point Chen, (2003) reported that 
the effect of air exchange rate in the internal air temperature of vessels could be neglected. Moreover, 
air exchange rate is very functional to solve gases accumulation problems.

Humidity Application in Plant Growth and Development

Kozia et al. (1995) studied the effect of different relative humidity (80 to 95%) on shoot growth and 
elongation of potato culture. They reported that potato shooltlet length reduced with decreased the relative 
humidity. nakaet al. (1992) reported that the relative humidity in the potato culture vessels had significant 
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Figure 8. Different types of plant tissue culture vessels

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



306

Artificial Environment Conditions on Plant Biotechnology, Plant Growth, and Secondary Metabolites
 

effect on the shootlet evaporation during the first 10 days, while the shootlet evaporation had no effect 
after 20 days of culture. Sallanon and Maziere, (1992) examined the effect of two levels of humidity 
on two growth room on in vitro rose development. They found that low level of humidity growth room 
enhance rose growth. Islam et al. (2005) studied the effect four different culture vessels (industrial glass 
jar, magenta vessel, Erlenmeyer flask and culture tube) on the growth of four accessions of mint for 6 
weeks at 25°C. They found that the highest losses from the media mint fresh weight were showed with 
the industrial glass jar while the magenta vessel showed the best in vitro performance.

CONCLUSION

Light quantity effect on plant growth, and light quality effect on plant secondary metabolites. Controlled 
temperature during the in vitro culture life cycle is very urgent to reach the goal of work. Optimize the 
humidity inside the vessel is very critical to avoid the abnormality growth of in vitro cultures
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ABSTRACT

Overpopulation and the consequences of urbanization and reduction of agricultural lands represent 
the most important challenges that face scientists nowadays. In addition, extinction of specific species 
or reduction in their number occurs continuously in different places of the world at a rapid rate. These 
challenges urge scientists to use the biotechnological techniques to secure food and to alleviate the risk 
of loss of the genetic variability of cultivated plants as a result of environmental changes and human 
practices. These techniques are based on preservation of the genetic materials for long periods. Plants 
can be stored either in vivo or in vitro. The plant preservation includes in situ and ex situ. One form of 
the ex situ plant preservation is the in vitro plant preservation. There are different in vitro preservation 
techniques. However, the two main approaches of in vitro preservation of plants germplasm are slowing 
the growth and crysoperservation. The former technique could be achieved through either modifying the 
culture medium or reducing temperature and/or light intensity. The latter is taking place through storing 
the species between -79 and -196°C, the temperature of liquid nitrogen. Each approach includes several 
techniques that will be thoroughly discussed with examples in this chapter.
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INTRODUCTION

Plant biotechnology includes all the promising approaches to develop new plant properties and varieties. 
These new varieties could be produced in a large scale to be commercialized and to fulfill the human 
needs (Bhatia, 2015). In additions, there are numerous techniques and routes that are utilized by plant 
biotechnology for genetic control and screening to improve plant/plant products (Kalia, 2018).

Plant genetic resources describe the plants genetic material of potential value in the present and 
future. In general speaking, it is specific for crop plants and their wild relatives, yet it can be extended 
to include all plant species (Maxted & Kell, 2003).

Plant preservation is usually concern with the safety of the plant from any form of injury, destruction 
or extinction. Preservation of plant genetic resources has become extremely important for improve-
ment of crops so as to face the increasing depletion of natural resources. Preservation of plant genetic 
resources is necessary for security of food and agro – biodiversity. Genetic diversity provides new and 
more productive crops which are resistant to different stresses (Rao, 2004).

Preservation of plant genetic resources can be performed in vivo or in vitro, and either in- situ or 
ex- situ. In- situ approach depends on keeping of the plant species in their natural environment, besides 
maintaining the cultivated species where they have advanced their distinguishing characteristics such as 
farms (United Nations Conference on Environment and Development, 1992). However, in- situ strategy 
suffers from some drawbacks as for example, a decline of species and biodiversity loss due to popula-
tions and ecosystem composition that result in destroying their habitat. Therefore, the in- situ strategies 
alone are insufficient for saving endangered species.

The ex- situ strategies may solve these problems. The ex -situ strategies tend to preserve the biological 
material away from their natural habitats (United Nations Conference on Environment and Development, 
1992). The ex-situ strategies include different approaches depends on either they use the whole plant to 
be conserved like botanical gardens, and field banks or they use parts from the plants to be conserved 
like seed banks, gene banks or in- vitro preservation. There are many botanical gardens all over the 
word as an example for them; the Royal Botanical Garden in Sidney (Fig. 1). It is considered one of the 
major botanical gardens and it is located in the middle of Sydney at Australia. It was opened in 1816; the 
garden is considered the oldest scientific institution in Australia and one of the most important botanical 
institutions in the world. It covers about 74 acres.

As for the gene banks, the Svalbard Global Seed Vault could be considered as the most famous ex-
ample for them (Fig. 2). It occupies the deep inside the Norwegian mountain, has the capacity to store 
about 4.5 million samples. Currently, it holds one million samples. They are collecting samples from 
all the countries around the world.

Gene banks conserve genetic resources. The most important activity in a gene bank is to treat the 
samples in a way which will lead for prolonging its viability as long as possible while ensuring its 
genetic stability. The samples are monitored to be sure that they are not losing viability. Plant samples 
must periodically regenerated, and new seeds harvested because, even under the optimum conditions 
of conservation, samples will eventually be lost. However, gene banks are intended to ensure that the 
genetic resources are adequately collected and used. This means to make sure that the collections are 
characterized and documented. Gene banks must be able to serve the healthy samples to those who need 
them (Fig. 3).
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Figure 1. The Royal Botanical Garden, Sydney, Australia

Figure 2. The Svalbard Global Seed Vault at the Norwegian Mountain
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Ex situ conservation is highly promising route for preserving plants and in some cases it is the only 
method to keep certain species (Ramsay et al., 2000). We could conclude that in situ and ex situ strategies 
are complementary approaches, since they offer several alternatives for conservation. While, the choice 
of the most desirable strategy between them for conservation, usually relies on several factors such as, 
the biological nature of the species and the feasibility of applying the methods (Altman et al., 2012).

In the past few decades, different invitro preservation techniques have substituted for field gene banks 
based on the required period of storage (Ashmore, 1997; Engelmann, 1991). These techniques usually 
work well for conserving of species, which have no seeds at all, produce recalcitrant (non- orthodox) 
seeds, and for plants which are spread vegetatively to preserve specific genotypes (Newburry et al., 1997). 
In vitro preservation process involves storing the explants in a sterile and a pathogen-free environment. 
Explants miniaturization offers an advantage of reducing the space needed to preserve the plant thus it 
maintains the germplasm collections with lower labor cost (Newburry et al., 1997). In vitro preserva-
tion of plants germplasm includes two types. Type I, depends on slowing down the growth by changing 
the culture medium or decreasing temperature (Withers, 1991). Type II is concerned with freezing the 
samples, which is called cryopreservation between -79 and -196 °C (Dodds et al., 1991). Cryopreserva-
tion allows for preservation of the valued germplasm for long time.

Figure 3. Schematic diagram of the steps, which are included in gene banks
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IN VITRO PLANT PRESERVATION USING MINIMAL GROWTH CONDITIONS

In this strategy, preservation is performed via decreasing cell proliferation therefore decreasing the 
rate of cell growth and consequently extends the lifetime without any genetic alterations. The storage 
via lowering the frequency of cell growth is performed by decreasing the metabolism of plants; thus 
increasing the lifetime of the species for months and in some cases for years. In additions, the reduc-
tion mechanism of plants metabolism decreasing the storage cost through minimizing the number of 
subcultures with the benefits of avoiding more contamination that might take place during preparing it. 
Reduction of the plant metabolism can be achieved via several methods among them (a) lowering the 
temperature of storage medium, (b) decreasing of the light intensity, (c) controlling the water content 
through addition of osmotic materials i.e. mannitol or sucrose, and (d) adding a growth retardant to the 
storage environment such as gibberellin biosynthesis inhibitors (Grout & Grout, 1995; Rademacher, 
2000; Silva & Scherwinski-Pereira, 2011). These methods are applied individually or collectively. The 
most conventional way for slowing the growth in order to preserve the plant is by reducing the tempera-
ture and light as well. This reduction has a subtle influence on decreasing the respiration, controlling 
the amount of water loss, the production of ethylene which leads to growth reduction (Jain et al., 2010). 
Many factors affects the efficiency of the in vitro slow growth storage technique such as the type and 
physiological state of the explants in the initial stage of storage and culture vessel type and volume, in 
additions to the type of termination of the culture vessel (8). In the following sections, we will discuss 
in details the mechanisms of reducing the plant metabolism.

In Vitro Plant Preservation Using Low Temperature

Reduction of the incubation temperature is one of the major tissue culture parameters applied for plant 
preservation through slowing growth. Under these circumstances, unsaturated lipids are accumulated 
on the cell membrane resulting in their thickening and impede cell proliferation and their propagation 
(Newburry et al., 1997). Cold preservation is usually performed in the temperature range of 0 - 5 °c for 
the cold tolerant species (Ashmore, 1997). While, a higher storage temperature is needed for the tropical 
and subtropical plants, which have less tolerance towards low temperature (Ford-Lloyd & Jackson, 1986). 
As an example for low temperature used for minimizing growth, cultured grape cells and organs, which 
have been stored at temperature (2-10 °C) (Frankel et al., 1975). Also, apple germplasm was successfully 
stored at 1 - 4 °C (19).Moreover, in- vitro raspberry (Rubus spp.) and mint (Mentha spp.) cultures were 
kept in twelve hours photoperiod at 4°C(Reed, 1993; Reed, 1999). Furthermore, pear (Pyrus communis) 
was safely maintained at temperature between 4 - 10 °c (Dereuddre et al., 1990). Interestingly, With-
ers, (Withers, 1982) successfully preserved date palm cultures for 12 - 18 weeks at 5 ° C. Bekheetetal. 
(Bekheet et al., 2001) stored shoot bud and callus culture of date palm at 5 ºC in dark for 12 months. 
Later on, Boissonet al., (Boison et al., 2012) had preserved plant cell cultures of both Sycamore (Acer 
pseudoplatanus) and Arabidopsis as cell suspensions cultures on a phosphate free nutrient medium at 
5°Cfor six months without subculture. Also, Bekheet et al., (Bekheet et al., 2016) reported that using the 
low temperature (5°C) is more preferred for the healthy storage of in vitro grown jojoba shoot lets till nine 
months. However, kiwi shoots are conserved at 8 °c (27). In the contrary, some plants have no tolerance 
for cold they needs higher temperature for preservation as for example cassava plantlets are stored at a 
temperature greater than 20 °c (Roca et al., 1984). In this respect, Banerjee and De Langhe (Banerjee & 
de Langhe, 1985) Musa in vitro plants was saved at 15°C for 15 months. Oil palm plantlets and somatic 
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embryos cannot sustain upon lowering the temperature than 18 °c (Corbineau et al., 1990). Coffee also 
was preserved at relatively high temperature (20°C) (Bertrand-Desbrunais et al., 1992). Also, Hassan 
(Hassan, 2002) succeeded in storing somatic embryos of date palm at 18 °C or 27 ° C for 2 -10 months.

In Vitro Plant Preservation at Darkness Condition

This strategy depends on reducing the light intensity and in some cases store in totally darkness. Con-
trolling the light intensity is commonly used in parallel to cold strategy for in vitro preservation of plant 
germplasm (Engelmann, 1991). Intervals between subcultures can be increased by keeping cultures in 
a weak light intensity or in the dark and a temperature which is less than the optimal temperature for 
growth. Whether light or dark storage is preferable and the suitable temperature for storage depends on 
genotypes (George, 1993). This was obvious in the cases of preservation of banana and plantain, which 
were preserved for 12 - 15 months at temperature 15 ° C under light intensity of 1000 lux (Banerjee & 
de Langhe, 1985), while below temperature of 15 ° C, a rapid deterioration occurred causing the death 
of the culture. It is worth to mention here that variation of the light intensity is important for the plant. 
Wanas (Wanas, 1999) reported that the leafy or defoliated shoot tips of Citrus spp. cultured on multipli-
cation medium were maintained at 24, 10 and 8 ° C under low light intensity or in complete darkness. 
The cultures remained viable at 24 ° C for 12 -16 months without any need for subculture. Read and 
Preece (Read & Preece, 2003) demonstrated the importance of both light and darkness condition for the 
plant photosynthesis processes to produce the constituents needed for growing. Light is important for 
the plants to convert its energy into chemical processes, which are converted in to glucose under dark 
conditions. Glucose is considered as the fuel for the activities needed for the plant growth. Therefore, 
the performance of the cultures is highly influenced by the light intensity during storage (Romano & 
Martins, 1999).

In Vitro Preservation by Addition of Osmotica to Culture Media

Osmotic materials are compounds that reduce the water potential of plant cells when added to the culture 
media causing its slow growth and increase the life time of preservation as seen for a lot of plant spe-
cies (Shibli, 1991; Wilson et al., 2000).Although, Zimmermann (Zimmermann, 1978)assumed that, the 
addition of high concentrations of osmotic materials to the culture medium might decrease the turgor 
pressure that drives cell growth and expansion. According to his hypothesis, this stress would prevent 
the growth of callus and resist the development of shoots (Brown et al., 1979).

Examples for the osmatic agents that are used for the in vitro preservation of grown tissues are the 
mannitol, sucrose and sorbitol (Shibli et al., 1992).

Sucrose is present in most tissue culture media it acts as source of carbon and energy source. Tarmizi 
et al., 1993) claimed that using high levels of sucrose could help in reducing growth through decreas-
ing the requirements for subculture of oil plant polyembryonic cultures. This means that the cultures 
could be maintained for six months duration without the need for subculture. For example, addition of 
30 g /l of sucrose in to the tobacco callus culture medium, has declined the cultures ability to produce 
shoots and increasing the sucrose content to 150 g /l has disabled the shoots production (Brown et al., 
1979). In another example, elevating the sucrose level in the media of wild pear and potato has resulted 
in reduction in the elongation of the microplant (Sarkar & Naik, 1998; Tahtamouni & Shibli, 1999).
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Sugar alcohols like (mannitol or sorbitol) are not often metabolized by plant tissues and thus, they 
cannot be used as carbon sources. For that, they are regularly used as osmotic agents to change the 
water potential of plant cells. Therefore, sucrose is added together with sugar alcohols to provide the 
required energy for the tissues. Also, it was noticed that addition of sugar alcohols to the culture medium 
diminish the boron content (George, 1993). As mentioned above, it was thought that sugar alcohols are 
not metabolized by cells; however, in recent years it was believed that sugar alcohols exhibit a great 
antioxidant activity (Williamson et al., 2002).

Mannitol is used as an effective osmotic agent and acts as desiccation. It is produced by a number of 
plants, which can metabolized it (Moges et al., 2003; Tahtamouni & Shibli, 1999). Mannitol addition to 
the tobacco cultures prevent the tissue growth (Brown et al., 1979). In additions, it decreases the shoot 
growth of chrysanthemum (Shibli et al., 1992) and bitter almond (Shibli et al., 1999).

Sorbitol is another type of the sugar alcohol that reduces the shoot growth when added to the culture 
media of the in vitro grown bitter almond (Shibli et al., 1999).Addition of high contents of sucrose, and 
mannitol or sorbitol at room temperature was found to significantly decrease the growth of bitter almond 
micro shoots and extended the subculture intervals to four months(Shibli et al., 1997).Also, for the in 
vitro preservation of wild pear micro- shoots (Pyrus syrica)addition of both sorbitol and mannitol at 
0.2 to 0.4 M to the culture media that were kept at 15 ° C, caused a subtle reduction in the growth and 
lengthen the subcultures intervals to 5 months.

Sorbitol (40 g/l) was used for date palm in vitro preservation, resulting in healthy shoot bud cultures 
after six months that was extended for nine months for callus cultures (Bekheet et al., 2001). Later on, 
El Bahr et al., (El-Bahr et al., 2016) gave a recommendation by using 40 g/l mannitol or 20 g/l sorbitol 
for the in vitro preservation of Bartamoda date palm while they reported that using 20 g/l of sucrose for 
is more preferred for the Sakkoty cultivar for 12 months.

Da Silva et al., (Da Silva et al., 2018) had summarized the In vitro conservation of ornamental plants 
using slow growth techniques in the following table.

Cryopreservation

Cryopreservation could be defined as storing the biological material under liquid nitrogen (LN) at -196 
ºC for a long time. Cryopreservation aims to prevent metabolic processes and biochemical reactions 
and consequently the cell division, keeping the original properties without change for a long period of 
time (Niino & Sakai, 1992). This means that cryopreservation technique retain both the phenotype and 
genotype features of the preserved germ plasm without any genetic alteration. While cryopreservation 
has various advantages, thawing and freezing injuries of the cell membrane structure and function, which 
may result in decreasing survival percentages are the main drawbacks of this approach (Ashmore, 1997). 
Besides, it is too difficult to have the same cryopreservation protocol for all plants as each plant exhibits 
its own characteristics. The cryopreservation process composed of several steps; (i) addition of osmotic 
agent to the plant media, (ii) interaction with a cryoprotective agents, (iii) freezing and storing in the 
temperature of liquid N2 at -196°C, (iv) defrosting, (v) treatments and recovery of growth after melting 
(Moges et al., 2003). As it is seen in the procedure, the success of the cryopreservation is governed by 
each step (Razdan et al., 1997). In other words, the pre- and post- freezing manipulations, physiological 
status and genotype are the most affecting factors in cryopreservation succession (Ashmore, 1997). For 
example, the explant´s type and its initial physiological status is affecting the storage period (Newburry 
et al., 1997).Also, cells type govern the ability of cells to tolerate the cold stress (Swan et al., 1999).
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The first work on exposing plant tissues to extremely low temperature of liquid nitrogen after dehydra-
tion was in 1976 for hardy mulberry twigs (Sakai & Yoshida, 1976). After several years, cryopreserva-
tion techniques underwent improvement to be applied to larger range of tissues and organs (Vasil et al., 
1994; Wang, Batuman, Bar-Joseph et al, 2002; Altman et al., 1998). There are a lot of ongoing research 
in order to solve the aforementioned drawbacks of cryopreservation technique. The most critical factor 
to succeed in cryopreservation is to minimize the intercellular water without affecting the cells survival 
in order to minimize membrane injuries. Different methods of cryopreservation aim to minimize the 
intercellular water. Or on another words to cryoprotect the tissue to avoid freezing and thawing injuries. 
In this respect, Towill, (Dodds & Towill, 1991) suggested that a fast rewarming of the frozen species 
after cryopreservation is mandatory to prevent recrystallization.

Table 1. Slow growth in vitro preservation of ornamental plant

Species Light/Radiance 
Used Temp Used

Storage 
Period 

(Months)

Recovery 
Percentage Explant Used References

Acanthostachys 
strobilacea

 
12 h 

(30 µmol m-2 s-2)
10°C 3 100 Seedling Carvalho et al, 

2014(51)

Anthurium andreanum Darkness 6 -10 °C 8 56 Shoot cultures Benelli et al, 
2012 (52)

Camellia japonica (cv 
Alba Plena)

 
16h 

(8 µmol m-2 s-2)
2- 4 °C 12 100 Shoot cultures Ballester et al, 

1997 (53)

Deutzia scabra Darkness 2- 4 °C 12 96.67 Shoot cultures
Gabr and 

Sayed,2010 
(54)

Dianthus ingoldbyi Darkness 4 °C 6 58 Shoot cultures Arda et al, 
2016(55)

Drimiopsis kirkii  
16h (3000 lux) 15 °C 4 64.4 Synthetic 

seeds

Haque and 
Ghosh, 2014 

(56)

Epidendrum 
chlorocorymbos

 
16h (1500 lux) 23 °C 6 100 Seedling Lopez- Puc 

2013 (57)

Heliconia 
champneianacv

16h LED (100% 
blue, 100% red, 70% 
blue + 30% red and 

control white(25 
µmol m-2 s-2)

25 °C 3 100 Seedling Rodrigues et al, 
2018(58)

Metrosideros excelsa 
Soland exGsertn Darkness 4 -10 °C 4 58 Synthetic 

seeds
Benelli et al, 

2017 (59)

Nandina domestica Darkness 4 -8 °C 6 100 Shoot cultures Ozudogra et al, 
2013 (60)

Polygala myrtifolia Darkness 4 -10 °C 8 68.8 Synthetic 
seeds

Benelli et al, 
2017 (59)

Ranunculus osioticus Darkness 4 -10 °C 9 100 Shoot cultures Benelli et al, 
2012 (52)

Splachnum 
ampullaceum Darkness 5°C 30 50 Synthetic 

seeds
Mallon et al, 
2007 (61)
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There are two main approaches for cryoprotection; one is termed ‘traditional’ and is based on the 
application of cryoprotective agents. More recently, plant cryobiologists have placed greater emphasis 
on using procedures which avoid the formation of ice during the cryopreservation process and these 
are based on vitrification techniques. In the following figures some of the equipment’s needed for the 
cryopreservation are represented (Fig 5 and 6).

Pretreatments and Cryoprotection

Cryoprotectant is a treatment that is given before plunging the tissue into the liquid nitrogen to avoid 
the ice crystal formation in the tissue which leads to avoid occurring of any damage to the tissue which 
may negatively affect plant regeneration upon thawing of cryo-stored material. A dehydration step, 
which is necessary to avoid the formation of intracellular ice crystals leads to increase the concentra-
tion of solutes in cells and in strong plasmolysis of cells. Cryoprotectants should be non-toxic at proper 
concentrations, readily miscible with water, with low molecular weight and have the ability to penetrate 
cells rapidly (Reinhoud et al., 1995). Among those materials the most used cryoprotectants are glycerol, 
dimethyl sulphoxide (DMSO), ethylene glycol (EG), polyethylene glycol (PEG), amino acids and sugars 
(Al-Ababneh et al., 2003). In this connection, Tisserat (Tisserat, 1981) succeeded in cryopreservation of 
date palm embryogenic calli using cryoprotective mixture which consist of polyethylene glycol, glucose 
and di - methyl sulfoxide (DMSO). Ulrich et al., (Ulrich et al., 1982) reported that the embryogenic calli 
of date palm var. Medjool cultures were cryopreserved after using different cryoprotective mixtures at 
-196ºC. They added that the embryos grew and developed normally after cryopreservation when they 
were pretreated with a cryoprotectant mixture of glycerol and sucrose and then dried to reach a water 
content of about 0.4 - 0.7 g /g. On one hand, Dereuddre et al. (Dereuddre et al., 1988) declared that the 

Figure 4. In vitro conservation of N. domestica by slow growth storage. Shoot recovery following 6 
months of conservation at 4°C in darkness on storage medium containing 30 (A), 45 (B) or 60 g L-1(C) 
sucrose, or at 8 °C in darkness on 30 (D), 45 (E) or 60 g L-1 (F) sucrose. A, bar 15 mm; B-F, bar 20 
mm (Ozudogruet al., 2013).
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survival rates following cryopreservation in carnation shoot tips increased significantly after the pretreat-
ment with 0.3 to 0.75 molar sucrose for 24 hour. Moreover, Panis et al., (Panis et al., 1996) described a 
simple cryopreservation method for banana meristem cultures. It involves pre-culturing of the prolifer-
ated meristems on MS medium supplemented with 0.3 - 0.5 M sucrose. They found that the sucrose 
has an important role as a freeze-hardening factor or as a cryoprotictive substance for cryopreservation 
of banana meristems. On the same hand, Niino et al., (Niino et al., 1997) tested several concentrations 
of sucrose added to MS medium (0.1, 0.4, 0.7 and 1.0 M) as preculturing treatments for shoot tips of 
cherry cooled to – 196 ºC by vitrification. They reported that pre-culturing for one day on the medium 
containing 0.7 M sucrose gave the highest level of survival (97%) after cooling to -196 ºC. Shibli, (Shibli, 
2000) reported that using the sucrose as a pretreatment plays a major role in increasing the plant tis-
sues resistance to both dehydration and freezing in LN. Few years after, cryopreservation methods was 
performed for nodular tissue of date palm by (Bekheet et al., 2007). Undifferentiated tissue cultures 
(nodular cultures) were successfully cryopreserved. Among different types of sugars (fructose, glucose, 
sorbitol and sucrose) used as osmotic agents in pre-culture medium, it was reported that sucrose was the 
best for date palm tissue cultures. Moreover, cell suspension cryopreservation of date palm cv. Khalas 
were optimized by (Al-Bahrany & Al-Khayri, 2012). They reported that the highest colony formation, 
greatest callii growth and highest embryos number was obtained from cell cryoprotected in 10% DMSO 
supplemented with 0.75 M sucrose.

Figure 5. Samples for the liquid nitrogen containers

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



330

Role of Biotechnology in Plant Preservation for Food Security
 

Vitrification

Vitrification is the solidification of liquids without crystallization. It can be defined as «the solidification 
of a liquid brought about not by crystallization but by an extreme elevation in viscosity during cooling» 
(Fahy et al., 1984). Vitrification of water in biological systems is dependent on increased cell viscos-
ity, occurring as cell solutes become concentrated. Increased viscosity inhibits the coming together of 
water molecules to form ice. It can be achieved with different ways but all usually have the end result 
of increasing solute concentration to a critical viscosity. Vitrification involves treating of samples with 
cryoprotective substances, dehydration using highly concentrated vitrification solutions, rapid cooling 
and rewarming are necessary steps then the removal of cryoprotectants and recovery. Plant vitrification 
solution is an aqueous cryoprotectant solution in which living systems can be cooled slowly to below the 
glass transition temperature without appreciable ice formation either intra or extra cellularly. DMSO is 
considered the most common chemical pretreatment used for cryopreservation by vitrification. There are 
several Vitrification – based cryopreservation techniques like, vitrification, encapsulation- dehydration, 
encapsulation- vitrification and droplet – freezing. The simple rapid freezing of embryogenic tissues after 
sucrose cryoprotection and dehydration is considered the simplest vitrification based method which has 
been successfully used to cryopreserve both meristematic tissues of banana (Panis, 1995) and oil palm 
embryogenic tissues (Dumet et al., 2000).Matsumoto and Sakai (Matsumoto & Sakai, 2000; Matsumoto 
& Sakai, 2003) has established a vitrification protocol for grapevine. They used the axillary shoot tips 
which were excised from 4 to 5 month old in vitro stock plantlets then were precultured with 0.3 M sucrose 
for 3 days and then loaded with a loading solution containing 2 M glycerol and 0.4 M sucrose for 20 min 
at 25 °C, followed by exposure to half-strength PVS2 at 0 °C for 30 min and then to full-strength PVS2 
at 0 °C for 50 min. The PVS2 solution contains (w/v): 30% glycerol, 15% DMSO, and 15% ethylene 

Figure 6. The cryotube which contain the explant and plunge it into the liquid nitrogen

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



331

Role of Biotechnology in Plant Preservation for Food Security
 

glycol in 0.4 M sucrose (Sakai et al., 1990), the dehydrated shoot tips were plunged directly into liquid 
nitrogen for cryostorage. Cryopreserved shoot tips were thawed rapidly in water at 40 °C, and post-thaw 
cultured for shoot regrowth on a medium composed of half-strength MS supplemented with 1 mg/L BA. 
This cryoprocedure was applied to ten cultivars of Vitis, with an average recovery of about 64% obtained. 
This technique has been developed for apices, cell suspensions and somatic embryos of different species 
(Sakai & Engelmann, 2007; Reed et al., 2008). Also, cryopreservation of date palm embryogenic callii 
via vitrification, encapsulation-dehydration and encapsulation-vitrification was performed by (Subaih et 
al., 2007). Different components of cryoprotectant like di-methyl sulfoxide (DMSO), sucrose, glycerol 
and polyethylene glycol (PEG) were examined. In the vitrification-based cryopreservation techniques, 
precultured explants should be dehydrated by exposure to a vitrification solution like PVS2, before the 
direct immersion in LN. However, the direct exposing of explants to PVS2 without undergoing any os-
moprotection caused harmful effects, because of osmotic stress or chemical toxicity, which is considered 
as a critical factor in determining the success of cryopreservation by vitrification (Matsumoto et al., 
1994); therefore it is essential to induce a high level of osmotoleranceto PVS2. However, preculturing 
with sugar was insufficient for the shoot tips to establish the required osmotolerance, then a loading 
treatment was essential (Matsumoto et al., 1994).

Encapsulation-Dehydration

This technique is based on the artificial seed technology. Encapsulation-dehydration technique includes 
the encapsulation of plant material in calcium alginate beads, and then the pre- growth treatment using 
a medium containing high levels of sucrose. The alginate beads must be dehydrated before freezing 
using either by exposure to silica gel or using air-drying in a laminar flow hood (Ashmore, 1997). This 
technique has been developed by (Fabre & Dereuddre, 1990), and depends on the inclusion of solanum 
spp. apices in alginate beads and their culturing in a highly concentrated (0.7-1.5 M) sucrose solution 
followed by physical dehydration then the direct immersion in liquid nitrogen. It was observed that 

Figure 7. Garlic vitrification: 4) explants for vitrification; 5) first regeneration, after two weeks from 
rewarming; 6) regenerating explants in a petri dish after three weeks from rewarming; 7) Comparative 
experiment, plantlets taken out of the culture vessels after four months from rewarming (-LN control 
without liquid nitrogen, +LN after cryopreservation).
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culturing of apices on media supplemented with different sucrose concentrations (0.3-0.7 M), prior to 
encapsulation, improves the survival percentages after desiccation and freezing. Physical desiccation is 
carried out either with the exposure to silica gel or in the air flow of the laminar flow cabinet (Paulet 
et al., 1993). In some temperate species, the incubation of the in vitro shoots, nodal segments or apices 
at low temperature (ranging between 4º to 10ºC), for periods ranging from few days to weeks, elevates 
the percentage of survival after freezing while using encapsulation-dehydration technique, (Martinez 
& Revilla, 1999; Niino & Sakai, 1992; Scottez et al., 1992). In this regard, Lynch et al. (Lynch et al., 
1996) used the encapsulation-dehydration method for the cryopreservation of Rosa multiflora meristems 
which recorded 25%regenerating explants. While, Pawłowska and Bach (Pawłowska & Bach, 2011) 
obtained better results with the same method to cryopreserve meristems of Rosa ‘New Dawn’. In this 
connection, the encapsulation-dehydration technique was used for the long-term preservation of cocoa 
(Theobromacacao L.) germplasm (Fang et al., 2004). Few years after, N`Nanetal., (N` Nan et al., 2008) 
used the encapsulation-dehydration successfully with coconut plumules. The apical domes were used 
as plant materials; pretreatment duration, sugar concentrations and dehydration period were examined 
as key factors. A moderate survival level around 60% was obtained and 20% of leaf shoots were de-
veloped from the cryopreserved explants. In another usage for this technique with roses, Mubbarakh 
et al., (Mubbarakh et al., 2014) applied it for the in vitro fragmented explants of R. hybrid a ‘Helmut 
Schmidt’ using TTC (2,3,5-triphenyl-tetrazoliumchloride) to assess the survival. Costeet al., (Coste et 
al., 2014) used this technique for the cryopreservation of Romanian tomato (Lycopersicon esculentum 
Mill.) cultivars successfully. Shoot tips were excised from in vitro grown plants then precultured for24 
hours using various sucrose concentrations before dehydrated up to 6 hours in laminar air flow prior to 
direct immersion in liquid nitrogen(−196 °C) for 24 hours.

Encapsulation-vitrification Cryopreservation

A few years after, another cryopreservation technique based on encapsulation-vitrification was developed, 
in this technique the precultured shoot tips should be osmoprotected using a loading solution during the 
encapsulation (Hirai & Sakai, 1999a; Wang, Gafny, Sahae et al, 2002); the encapsulated vitrified shoot 
tips gave much better and earlier regrowth than encapsulated dehydrated shoot tips, following cooling 
in LN. This technique has been applied for only a few plants such as wasabi (Matsumoto et al., 1995), 
strawberry (Hirai et al., 1998), mint (Hirai & Sakai, 1999a), potato (Hirai & Sakai, 1999b), ‘Troyer’ 
citrange(Wang, Gafny, Sahae et al, 2002),the procedure of cryopreservation by encapsualtion-vitrification 
was further simplified.

Droplet Vitrification Cryopreservation

Droplet vitrification cryopreservation technique is one of the techniques that are based on vitrification 
which based on the usage of cryoprotectants and the high thermal conductivity of aluminum foil. It is 
done on aluminum foil strips. Initially this technique was developed for banana cryopreservation and raise 
the regrowth rate by 40–50% compared to vitrification protocol (Panis et al., 2005). In this connection, 
the shoot tips are dehydrated with a highly concentrated vitrification solution such as PVS2 and then 
plated on aluminum foil strips for direct immersion into LN. The current technique has been notably 
used for routine cryopreservation of Musa spp. (Panis et al., 2005).In this regard, Halmagyi and Pinker 
(Halmagyi & Pinker, 2006a; Halmagyi & Pinker, 2006b) used this technique to develop a procedure for 
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cryostorage the shoot tips of wild roses and ‘Rosa × Fairy’ hybrid, ‘Maidy’ and ‘Kardinal’, however, 
Pawłowska (Pawłowska, 2011), Pawłowska and Szewczyk-Taranek (Pawłowska & Szewczyk-Taranek, 
2015) used this technique for the shoot tips´ cryostorage of Rosa Canina, R. Rubiginosa, R. Agrestis and 
R. Dumalis. Moreover, Kwasnewska et al., (Kwasnewska et al., 2017) have developed a droplet vitrifica-
tion technique for Rosa Pomifera. They treated the explants with plant vitrification solution (PVS2) for 
10 to 30 minutes. The best results were obtained for shoot tips from dormant buds and a 20-minute in 
PVS2treatment: the survival reached 84% and regeneration recorded 73%.

Figure 8. Rosa Pomifera ‘Karpatia’ post-cryopreservation regeneration. Shoot tip survival on 12th day 
(A) and 4th week (B) after thawing, bar – 5 mm; rose shoots multiplication (12 week after thawing and 
in vitro rooted plants (D), bar – 10 mm; plant after six weeks of acclimatization (E), potted plant after 
wintering in the greenhouse and before planting into the soil (F), bar – 100 m
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In another study, droplet-vitrification technique has been used with a number of vine and table cul-
tivars, rootstocks and wild grape vine germ plasm some of which, are Chinese wild grape vine germ 
plasm resistant to grapevine fungal diseases (Bi, 2017).

Cryo – Plates Vitrification

Two effective and simple cryopreservation methods using aluminum cryoplates have been developed. The 
vitrification solution PVS2 for the V cryo-plate process is used for dehydration, whereas the dehydration 
system D cryo-plate is achieved with the air flow of the laminar fluid cabinet or silica gel. To date, more 
than 20 articles have been published related to both approaches. The main advantages of the V and D 
cryo-plate methods are as follows: handling of specimens throughout the procedure is easy and quick 
because only the cryo-plates are manipulated. Cryo-plates can be filled with a solution (LS) and PVS2/

Figure 9. Plant regeneration from cryopreserved shoot tip of V. vinifera ‘Cabernet Sauvignon’ by droplet-
vitrification. (a) Two weeks- old nodal segments cultured on shoot multiplication medium to promote 
bud break. (b) Shoot tip excised from (a). (c) PVS2 droplets on an aluminum foil strip. (d) Surviving 
shoot tip after7 d of post-thaw culture following cryopreservation. (e) Shoot regrowth after 6 weeks of 
post-thaw culture following cryopreservation. (f) A whole plantlet with well-developed root system after 
14 weeks of post-thaw culture following cryopreservation. (Bi 2017).
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air flow effectively applied to the sample. Cooling and warming are done easily through the immersion, 
which results in ultra fast cooling and heating, of the cryo plates respectively in the LN and the 1.0 M 
sucrose solution. All approaches can achieve high regeneration. The D cryo-plate method can be used 
for species sensitive to PVS2. The following methods include cryopreservation preparation of material, 
preconditioning, excision, preculture, explant mounting in cryoplates, osmoprotection, PVS or air flow 
dehydration, cryo-storage, rewarming and regeneration. Both protocols are promising in order for both 
herbal and woody plants to be cryopreserved, including tropical plants, following appropriate procedural 
changes. Optimizing dehydration times, materials pre-conditioning and regeneration conditions after 
cryopreservation are crucial to a high regrowth levels (Niino et al., 2019). In this regard, cryopreserva-
tion using an aluminium cryo-plate (V) was successfully applied to in vitro-grown strawberry (Fragaria 
× ananassa Duch.) shoot tips (Yamamoto, Fukui, Rafique, Khan et al, 2012). A vitrification procedure 
using aluminum cryo-plates (V-Cryo-plate procedure) was successfully adopted and adjusted to in vitro-
grown mulberry shoot tips (Morus spp.) (Yamamoto, Fukui, Rafique, Sekizawa et al, 2012).

CONCLUSION

Preservation of plant genetic resources has become extremely important for improvement of crops so as 
to face the increasing depletion of natural resources. Preservation of plant genetic resources is necessary 
for food security and agro – biodiversity. Genetic diversity provides new and more productive crops, 
resistant to biological and environmental stresses.

This chapter has highlighted and demonstrated the importance the two main approaches of the in 
vitro plant preservation as substitutions for the in vivo plant preservation. It could be concluded that, 
although there are some factors that may reduce the success of cryopreservation different techniques 
application they are still considered the most preferable techniques for the long term storage of plant 
genetic resources, since the cell division and metabolic and biochemical processes are arrested and thus 
the cells are allowed to retain their properties unchanged for an indefinite period of time. So, much more 
efforts must be made to overcome these constraints. Or on another words to cryoprotect the tissue to 
avoid freezing and thawing injuries.
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ABSTRACT

Scientific evidence and nutritional guidelines recommend a reduction in total fat intake, particularly of 
saturated fatty acids, which are associated with an increased risk of obesity, hypercholesterolemia, and 
cancer. Nutritionists recommend a higher intake of polyunsaturated fatty acids (PUFA), especially n-3 
PUFA at the expense of n-6 PUFA. Besides the beneficial effects of n-3 fatty acids on human health, 
the conjugated linoleic acid (CLA) isomers have attracted increased attention as a result of their health 
promoting biological properties. As milk and meat are the main sources of CLA for human consumption, 
increasing such important nutrient in animal products is strongly recommended. Fat supplementation 
is one of the methods of increasing PUFA content in ruminant products, and it has been shown that 
PUFA can be increased in milk by supplementation with vegetable oils and oil seeds. Vegetable oils as 
equivalent to oilseeds show similar effects on CLA content in ruminant products.

INTRODUCTION

An adequate supply of good-quality food is essential for human health and well-being. Ruminant’s prod-
ucts represent important sources of nutrients in human diets, providing a nearly ideal pattern of amino 
acids and energy. In addition, meat and milk contain several compounds of anti-carcinogenic properties. 
Conjugated linoleic acid (CLA) as one of these components has numerous potential benefits for human 
health, including potent cancer-fighting properties. This is especially interesting considering that most 
of natural anti-carcinogens are of plant origin.
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On the other hand, nutritional quality has an important consideration in food choices because of the 
growing consumer awareness of the link between diet and health. The goal of increasing the efficiency 
of animal production has been, and continues to be, an important consideration in producing animal-
derived food products. There is also increasing recognition that foods can be contributing factors in the 
prevention and development of some disease conditions. Many foods contain micro-components that 
have many effects beyond those associated with their traditional nutrient content, and these are often 
referred to as ‘‘functional food’’ components. “Functional foods” is a generic term used to describe 
food components that have beneficial effects on human health above those expected on the basis of their 
nutritive value. In other words, “functional foods” must have a relevant effect on well-being and health 
or cause a reduction of disease risk. Polyunsaturated fatty acids (PUFA), and especially of n-3 or ώ-3 
fatty acids represent one of these microcomponents in animal products.

In times of growing world populations, climate change, and with the damage to critical resources, 
it is important to take action to develop and sustain the capacity of agricultural and systems of manu-
facturing to continue to provide food for human. Functional foods” is a generic term used to describe 
food components that have beneficial effects on human health above those expected on the basis of 
their nutritive value. It represents an important category for the economic growth of different countries 
of the world. Concerns about health risks are growing; therefore, increased attention must be given to 
providing functional food in a sustainable manner to control these concerns. This chapter contends that 
it is substantial to finds ways to estimate the effects of innovation in this division.

The present chapter focused on:Fat chemistry that related to fatty acid composition of feeds and animal 
products and its functions. The different polyunsaturated fatty acids and its isomers and the importance 
of CLA. Factors affecting meat and milk fat content of CLA including the different dietary and animal 
factors. How to increase CLA content in animal product dietary manipulation and production system. 
Dietary lipids and human health.

FATTY ACIDS CHEMISTRY

Types of Fatty Acids

Fatty acids are classified as saturated or unsaturated fatty acids. They differ in length and often cat-
egorized as short, medium, or long chain fatty acids. Unsaturated fatty acids have one or more double 
bonds between carbon atoms. The two carbon atoms in the chain that are bound next to either side of 
the double bond can occur in a cis or trans configuration.

A cis configuration means that adjacent hydrogen atoms are on the same side of the double bond. A 
trans configuration, by contrast, means that the next two hydrogen atoms are bound to opposite sides 
of the double bond. As a result, they do not cause the chain to bend much, and their shape is similar to 
straight saturated fatty acids (SFA) (Fig. 1). In most naturally occurring unsaturated fatty acids, each 
double bond has three n carbon atoms after it, and all are cis bonds (Bhallaet al., 2009).

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



346

Lipids in Ruminant Nutrition and Its Effect on Human Health
 

Essential Fatty Acids (Efas)

Essential fatty acids are those fatty acids that humans and other animals must ingest because the body 
requires them for good health but cannot synthesize them. Also,the term “essential fatty acid” refers to 
fatty acids required for biological processes, and not those that only act as fuel.

Only two EFAs are known for humans: alpha-linolenic acid (an omega-3 fatty acid) and linoleic acid 
(an omega-6 fatty acid). Other fatty acids that are only “conditionally essential” include gamma-linolenic 
acid (an omega-6 fatty acid), lauric acid (a saturated fatty acid), and palmitoleic acid (a monounsaturated 
fatty acid).

Functions of Essential Fatty Acids

The biological effects of the ω-3 and ω-6 fatty acids are mediated by their mutual interactions. In the 
body, essential fatty acids serve multiple functions. The balance between dietary ω-3 and ω-6 strongly 
affects function such as:

§  The classic eicosanoids (affecting inflammation and many other cellular functions)
§  The endocannabinoids (affecting mood, behavior and inflammation)
§  The lipoxins from ω-6 EFAs and resolvins from ω-3 (in the presence of aspirin, down-regulating 

inflammation).
§  The isofurans, neurofurans, isoprostanes, hepoxilins, epoxyeicosatrienoic acids (EETs) and Neu-

roprotectin D.
 ◦ They form lipid rafts (affecting cellular signaling).
 ◦ They act on DNA (activating or inhibiting transcription factors which is linked to pro-inflam-

matory cytokine production).

Figure 1. Comparison between the trans and the cis-isomers. Adapted from Bhallaet al., (2009).
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The essential fatty acids start with the short chain polyunsaturated fatty acids:

• ω-3 fatty acids: α-Linolenic acid or ALA (18:3)
• ω-6 fatty acids: Linoleic acid or LA (18:2)

These two fatty acids cannot be synthesized by humans, as humans lack the desaturaseenzymes required 
for their production. They form the starting point for the creation of longer and more desaturated fatty 
acids, which are also referred to as long-chain polyunsaturated fatty acids:ω-3 fatty acid includeαLinolenic 
acid or ALA (18:3), Eicosapentaenoic acid or EPA (20:5), and Docosahexaenoic acid or DHA (22:6). 
ω-6 fatty acids include Linoleic acid or LA (18:2), Arachidonic acid or AA (20:4), Gamma-linolenic 
acid or GLA (18:3), and Dihomo-gamma-linolenic acid or DGLA (20:3). ω-9fatty acid is not essential 
in humans, because humans generally possess all the enzymes required for their synthesis.

Food Sources of Essential Fatty Acids.

Almost all the polyunsaturated fat in the human diet is from EFA. Some of the food sources of ω-3 and 
ω-6 fatty acids are fish and shellfish, flaxseed (linseed), hemp oil, soya oil, canola (rapeseed) oil, chia 
seeds, pumpkin seeds, sunflower seeds, leafy vegetables, and walnuts.

Plant sources of ω-3 contain neither eicosapentaenoic acid (EPA) nor docosahexaenoicacid (DHA). 
The human body can convert α-linolenic acid (ALA) to EPA and subsequently DHA. This however 
requires more metabolic work, which is thought to be the reason that the absorption of essential fatty 
acids is much greater from animal rather than plant sources.

CONJUGATED LINOLEIC ACIDS (CLA).

Chemical Composition and Isomers

CLAs are a group of isomers of LA, specially found in meat and milk from ruminants, it is composed 
of a chain of 18 carbons and ends with a functional group –COOH, with two double bonds in different 
carbon position (Fig.2). Each double bond can be cis-cis, cis-trans, trans-cis or trans-trans (Eulitz et al., 
1999), but those with one trans double bond are bioactive ones (Jensen, 2002). Also they may be in 7-9, 
8-10, 9-11, 10-12 carbons and so forth (Kim, 2003). 14 to 19 isomers of CLA where detected in milk 
fat (Sehat et al., 1998 and Lock and Bauman, 2004).

Benefits of CLA

Most naturally occurring anti-carcinogens are present only at trace amounts and of plant origin. However, 
CLA is unique among naturally occurring anti-carcinogens, in that it is potent at extremely low levels 
and present in milk, dairy products and meat from ruminant animals.

As the biomedical studies with CLA expanded, it became apparent that CLA had a range of posi-
tive health effects in experimental animal models such as anticarcinogenic, antiatherogenic, altered 
nutrient partitioning and lipid metabolism, antidiabetic, immunity enhancement, and improved bone 
mineralization(Bauman et al., 2001). Additional beneficial effects in reducing body fat accretion, delaying 
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the onset of type II diabetes, retarding the development of atherosclerosis, improving the mineralization 
of bone and modulating the immune system had also been reported (Belury, 2002).

So, conjugated linoleic acids (CLA) may influence the onset and severity of several chronic diseases, 
including various cancers, atherosclerosis, obesity, bone density loss, and diabetes. These findings are 
of special interest to the agriculture community, because dietary sources of CLA are almost exclusively 
beef and dairy products. Thus, a better understanding of the specific isomers and mechanisms responsible 
for these positive effects of CLA on human health would be both prudent and economically beneficial.

Data consistently show that relatively low levels of CLA can influence risk of cancer. The predominate 
CLA isoform (cis-9, trans-11 CLA or rumenic acid) found in beef and milk fat possesses anticarcino-
genic effects but does not alter body composition; the trans-10, cis-12 CLA has been shown to inhibit 
lipogenesis. It may be concluded that foods naturally containing high amounts of CLA (e.g., beef and 
dairy products) be considered as meeting the definition of functional foods having beneficial effects on 
human health above those expected on the basis of their nutritive value (Milner, 1999.

Bio Synthesis of CLA

Laura and Hartigh (2019) explained that CLA is synthesized in the rumen as an intermediate in the 
biohydrogenation of linoleic acid to stearic acid. The supplies of both intermediates and end products 
of biohydrogenation are affected by the substrate supply and extent of biohydrogenation, thus influenc-
ing the CLA content of milk from ruminants. The majority of CLAis present in the rumen in the form 
of the cis-9,trans-11 isomer. The transfer efficiency of CLA to milk fat is affected by the presence of 
different isomers of CLA. Ruminant mammary and adipose cells are able to synthesisecis-9,trans-11-
CLA from trans-11-18:1 (vaccenic acid) by the action of the _9-desaturase enzyme. Plant oils are high 

Figure 2. Structures of t-10, c-12-CLA, c-9, t-11-CLA and ordinary linoleic acid, c-9, c-12-octadeca-
dienoic acid (bottom)
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in both linoleic and linolenic acids, which results in increased CLA production in the rumenand in the 
mammary gland. The CLA content of milk increases when cows are offered grazed grass.

Therefore, it could be emphasized that theCLA found in milk and meat fat of ruminants originates 
from two sources:

• CLA formed during ruminalbiohydrogenation of linoleic acid.
• CLA synthesized by the animal’s tissues from desaturation of trans-fatty acids

Factors Affecting CLA Content in Animal Products

Factors affecting in CLA content in milk, meat and other food products from various species of animals 
classified into diet and animal related factors.

Dietary Related Factors

Griinari and Bauman (1999) grouped the dietary effects into three categories relative to the potential 
mechanism by which they may act in increasing CLA content in ruminant product.

The first category includes dietary factors that provide lipid substrate for rumen biohydrogenation. 
Plant oils high in linoleic and linolenic acids are particularly effective. These lead to increases in rumen 
outflow of vaccenic acid and to a lesser extent, CLA isomers.

The second category consists of dietary factors that alter the rumen environment thereby affecting 
the bacteria involved in rumen biohydrogenation. Forage to concentrate ratio plays an important part 
and can markedly affect the rumen environment and biohydrogenation.

Figure 3. Biosynthesis of CLA. (Bauman et al., 1999)
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The third category includes dietary factors that involve a combination of lipid substrate and modi-
fication of the rumen population of bacteria. Pasture is one example and typically cows on lush spring 
pasture will have a ruminant product content of CLA that is 2- to 3-fold greater than corn-based total 
mixed rations. However, as pasture matures, this difference in CLA diminishes.

Vegetable Oils (Soybean Oil, Rapeseed Oil, Safflower, Sunflower and Linseed).

Scollan et al. (2003) showed that vegetable oils influence CLA content in animal products by supplying 
PUFA which are substrates for bacterial isomerization or/and biohydrogenation in the rumen. Adding 
oilseeds to the diet has been proven to be an efficient method to increase the CLA content in the muscle 
lipids. The inclusion of linoleic acid-rich oilseeds, such as safflower or sunflower, in the diet of rumi-
nants appears to be most effective for increasing CLA concentration. Dietary oilseed supplementation 
does not only increase CLA content but has also a modifying impact on the fatty acid composition of 
adipose tissue. However, not all oilseeds exert the same effect.

Ludden et al. (2009) found that adding soybean oil at 5% of the diet of finishing steers for 77 to 189 
days may decrease the concentration of monounsaturated fatty acids without affecting the total saturated 
fatty acid content of beef. While supplementing soybean oil did not have an appreciable impact on the 
conjugated linoleic acid concentration of beef when a high-concentrate diet is fed. Soybean oil supple-
mentation may enhance desirable trans-vaccenic acid concentrations while producing an undesirable 
reduction in the monounsaturated content of lean beef.

Mao et al. (2012) investigated the effects of soybean oil on fatty acid profile. The results indicated 
that percentage of total conjugated linoleic acid was enhanced. The percentage of total saturated fatty 
acids in muscle decreased while the percentage of total polyunsaturated fatty acids increased.

Ferreira et al. (2014) determined the effects of partial replacement of soybean oil by fish oil on meat 
fatty acid profile of feed lot lambs. They found that the mixture of fish oil blend with soybean oil im-
proved the lipid profile of the meat by increasing the concentration of vaccenic acid, Eicosapentaenoic 
acid and Docosahexaenoic acid.

Rapeseed oil did not seem to have positive effects on CLA on meat. Of three studies (two in beef 
cattle and one with lambs) none showed increased CLA concentrations in the M. longissimusdorsi 
after supplementation with up to 6% of DM rapeseed oil (Stasiniewicz et al., 2000; Strzetelskiet al., 
2001andSzumacher-Strabel et al., 2001).

It is well established that the RA and a-linolenic content in milk fat can be increased by feeding oilseeds 
rich in C18:2 and C18:3 such as sunflower and flax seed, respectively (Dhiman et al., 2005 and Khanal 
and Dhiman, 2004). Many studies have been performed on the effect that different dietary regimens on 
the FA profile and CLA of milk fat in cows (Stanton et al., 2003) and goats milk (Chilliard et al., 2006). 
Despite the fact that the effects of lipid supplements on milk fat synthesis bear some similarities across 
ruminant species, often goats and ewes respond differently to cows (Chilliard et al., 2003).

Allam et al. (2012) fed goats on rations contained sunflower seed, and linseed, soybean or soy oil. 
They found that fatty acid of milk was altered by oil supplementation whereas, feeding oils reduced 
proportion of both short chin (c12:0) and medium chin (c16:0) fatty acid, and feeding oilseed increased 
the proportion of long chin (> c18:0) fatty acid in milk fat. The increasing of oil seed increased the 
concentration of CLA in milk fat and the highest value was recorded with SFS ration followed by SBS 
ration compared to the control of no oil seed inclusion.
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Safflower and sunflower are characterized as linoleic acid-rich oilseeds. Studies have shown that 
safflower seed and sunflower seed supplementation can have positive effects on fatty acid profiles in 
meat and in improved CLA levels in muscle tissue of lambs and cattle (Boles et al., 2005 and Noci et 
al., 2007). However, feeding a linoleic acid enriched diet can have a negative effect on the n_6/n_3 ratio 
(Kott et al., 2003).

Peng et al. (2010) reported that total saturated fatty acid concentrations could be reduced in intramus-
cular fat when ewes are supplemented with safflower oilseed meal. Fat trimmed from tail fat of ewes 
supplemented with safflower and sunflower oilseed meal appear to have greater ratios of polyunsaturated 
fatty acids to saturated fatty acids and greater levels of conjugated linoleic acid in tail fat from ewes 
supplemented with safflower oilseed meal. The essential fatty acids, linoleic acid and linolenic acid, ap-
pear to be generally greater in back fat. Consequently, it appears possible to produce meat products with 
more beneficial fatty acid composition through differential oilseed supplementation. This may provide 
more healthful choices of adipose tissue used to extend ground meat products.

Full Fat Soy (Extruded Soybeans)

Aharoni et al. (2005) compared soybean oil with full fat soybeans as supplements over five months in a 
high forage fattening diet of Friesian bull calves. Extruded full fat soybeans were about 20% more efficient 
than free oil in increasing the CLA concentration in intramuscular fat. The full fat soybean supplement 
also resulted in higher PUFA and lower SFA and monounsaturated fatty acids (MUFA) content in the 
intramuscular fat than supplementation with soybean oil. This may be due to a partial protection of the 
oils against ruminal biohydrogenation by roughly crushed seeds (Scheeder, 2004). Therefore; using 
oilseeds instead of free oils may be the preferred option.

Fish Oil

A comparable feeding design used with three lamb breeds documents no effect of fish oil (mean values 
of 10.0 vs. 11.0 mg/g FAME) but again a significant increase with linseed (Wachira et al., 2002). In 
both studies combining fish oil with whole linseed let to comparable CLA proportions as with linseed 
alone but another study (Demirel et al., 2004) with lambs found that the linseed fish oil mixture was 
more efficient than linseed alone. The comparison of the data is difficult, as the last study reports the 
CLA content only per 100 g tissue.

The reason for the observed increased CLA levels is not clear yet, as only small amounts of linolenic 
and linoleic acid are present and the long chain n-3 fatty acids are not isomerized /hydrogenated to CLA 
or trans-vaccenic acid. Thus long chain n-3 fatty acids present in fish oil may interfere with the biohy-
drogenation of linolenic or/and linoleic acids or affect D9-desaturase activity (Raes et al., 2004). Chow 
et al. (2004) postulate that fish oil increases ruminal accumulation of trans-vaccenic acid by inhibiting 
the final biohydrogenation step to stearic acid. This would supply more substrate for endogenous CLA 
synthesis. However, further studies are needed to provide an explanation. Feeding fish oil also increases 
the n-3 long chain PUFA concentration in the intramuscular fat due to the high eicosapentaenoic (EPA) 
and docosahexaenoic acid (DHA)content in fish oil. Ruminal biohydrogenation of EPA and DHA is 
limited, and therefore considerable amounts of these fatty acids are available for incorporation into the 
adipose tissue (Raes et al., 2004 and Ferreira et al. 2014).
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AbuGhazaleh (2008) studied the effect of adding fish oil (FO) and sunflower oil (SFO) to grazing 
dairy cows’ diets on the temporal changes in milk conjugated linoleic acid (cis-9, trans-11 CLA), Hol-
stein cows were divided into two diet regimen groups. One group (C) was fed a basal diet (7.6 kg DM 
basis) plus 400 g animal fat. The other group (FOSFO) was fed a basal diet plus 100 g of FO and 300 
g of SFO (FOSFO). It is observed that concentrations of cis-9 trans-11 CLA and vaccenic acid (VA) in 
milk fat were higher for cows fed the FOSFO over 3 week of lipid supplementation.

The concentration of cis-9 trans-11 CLA in milk fat reached maximum on day 3 with both diets and 
remained relatively constant thereafter. Milk production, milk fat percentages, milk fat yield, milk protein 
percentages, and milk protein yield were not affected by treatment diets. The concentration of VA in milk 
fat followed the same pattern of temporal changes as cis-9 trans-11 CLA. The concentration of cis-9, 
trans-11 CLA in milk fat reached a plateau on day 3 for both the C and FOSFO fed cows at approximately 
0.84 and 1.59 g/100 g fatty acids, respectively and remained relatively steady to the last day of feeding.

The effect of fish oil and sunflower oil either alone or in combination in milk cis 9 Trans 11 CLA, 
milk yield and Milk composition, vary in different articles as shown in Table 1.

AbuGhazaleh et al. (2002) observed that supplementing lactating cow diets with a blend of FO and 
extruded soybeans was more efficient in enhancing milk content of cis-9, trans-11 CLA than when these 
supplements were fed separately.

Table 1. Effect of fish oil and sunflower oil, either alone or in combination on milk cis-9, trans-11 CLA 
content, and milk yield and composition
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Whitlock et al. (2002) reported that, the increase in milk cis-9,trans-11 CLA and TVA concentrations 
when cows were fed a blend of FO and extruded soybeans was greater than the additive effect of feed-
ing both fat sources separately, Because FO has a very low concentration (<7%) of oleic, linoleic, and 
linolenic acids, so a component in FO may serve as a ruminal modifier causing greater than expected 
increases in milk cis-9,trans-11 CLA and TVA concentrations from dietary linoleic and linolenic acids.

The percentage of increasing CLA content in milk as result for fat and oil supplementation varied in 
the different experiments as shown in Table 2.

Using Unconventional Feed Sources

Vasta et al. (2008) and Rayudika et al. (2019) reviewed the effects of alternative feed resources, AFR 
(tannin containing feeds, legume grains, agro-industrial by products) as unconventional feeds on qual-
ity of meat and milk of small ruminant. They concluded that feeding sheep and goats alternative feed 
resources can maintain animal productivity and meat and milk quality. However, to achieve this purpose, 
diets supplemented with AFR should be carefully formulated, in order to guarantee small ruminants their 
nutritional requirements and to avoid the presence of anti-nutritional factors on the rations. For instance, 
tannin-containing feeds cause converse effects on meat and milk fatty acid composition, depending on 

Table 2. Effect of different sources of oil and fat supplementations on the percentage of increasing of 
cis-9, trans-11 CLA
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the amounts of condensed tannins ingested by the animals, while meat colour is evidently paler when 
condensed tannins are present in the diet. Legume seeds have a high nutritional value and do not cause 
any detrimental changes in meat quality and milk composition. Meat and milk fatty acid profile can be 
manipulated by the inclusion of some agro-industrial by-products in the diet depending on the energy 
value, the fatty acid composition and the fiber content of these alternative feedstuffs.

Dietary Manipulation

As a result of the fatty acid imbalance in human diets, dietary strategies have been used to improve the 
nutritional and health value of the intramuscular fat of cattle. Thus, manipulation of the fatty acid composi-
tion in ruminant meat to reduce SFA content and the n_6/n_3 ratio whilst, simultaneously increasing the 
PUFA and CLA contents, is of major importance in meat research. It has been shown that in ruminants 
grazing have potential beneficial effects on PUFA/SFA and n_6/n_3 ratios, increasing the PUFA and 
CLA contents and decreasing the SFA concentration of beef (Enser et al., 1998 and French et al., 2000).

Although several factors influence the fatty acid composition and the CLA content of beef (e.g. sea-
sonal variation, animal genetics and production practices), diet plays the most important role (Schmid 
et al., 2006). Dietary factors are often linked with particular production systems (Geay et al., 2001).

Feeding System

Alfaia et al. (2009) studied the effect four feeding system on intramuscular fatty acids and conjugated 
linoleic acid isomers of beef cattle. The results indicated that feeding systems have a major impact on 
the fatty acid profile, including CLA isomers, which is independent of the degree of intramuscular fat 
deposition. a-Linolenic acid, long chain n_3 PUFA, and t11,t13, t11,c13 and t12,t14 CLA isomers in 
meat were the most sensitive grass intake indicators. In addition, the data reinforced the evidence that 
beef from pasture-fed animals has a higher nutritional quality (mainly due to the higher levels of n_3 
PUFA and CLA) when compared to that from concentrate-fed bulls, as a result of the beneficial effects 
of grass on meat fatty acid profiles. Meat from bulls fed with pasture only and from animals with 2 
months of finishing on concentrate showed PUFA/SFA and n_6/ n_3 ratios of intramuscular fat inside 
the recommended values for the human diet, in contrast to that from animals exposed to longer finishing 
periods on concentrate (except for PUFA/SFA ratio in CCC diet). Finally, meat fatty acid profiles seems 
to be an efficient chemical marker to discriminate between the four feeding systems analyzed, including 
the different finishing periods of animals on concentrate.

Initial Diet

Bessa et al. (2008) used forty Merino Branco ram lambs to study the effects of initial diet and duration 
of supplementation with a conjugated linoleic acid (CLA) promoting diet, on carcass composition, meat 
quality and fatty acid composition of intramuscular fat. The experimental period was 6 weeks. The ex-
perimental design involved 2 initial diets (commercial concentrate (C); dehydrated lucerne (L)), and 2 
finishing periods(2 and 4 weeks) on dehydrated lucerne plus 10% soybean oil (O). Data were analyzed 
as a 2 _ 2 factorial arrangement with initial diet and time on finishing (CLA promoting) diet as the main 
factors. The lambs were randomly assigned to four groups: CCO; COO; LLO; LOO according to the 
lamb’s diet fed in each period.
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Lambs initially fed with concentrate showed higher hot carcass weights (11.2 vs 9.6 kg) than lambs 
fed initially with lucerne. The increase of the duration of finishing period reduced the carcass muscle 
percentage (57.4% vs 55.5%) and increased the subcutaneous fat percentage (5.67% vs 7.03%). Meat 
colour was affected by initial diet. Lambs initially fed with concentrate showed a lower proportion of 
CLA(18:2cis-9, trans-11 isomer) (0.98% vs 1.38% of total fatty acids) and most of n_3 polyunsaturated 
fatty acids than lambs initially fed with lucerne. Initial diet did not compromise the response to the CLA-
promotingdiet and the proportion of 18:2cis-9, trans-11 in intramuscular fat increased with the duration 
of time on the CLA-promoting diet (1.02% vs 1.34% of total fatty acids).

Pastures, Forages and Grass Feeding

CLA levels in milk of grazing animals are reported to be higher than those of cows, goats or ewes fed 
dried herbage (Nudda et al., 2005). Several studies in cattle had demonstrated that decreasing the pro-
portion of concentrate in the diet and increasing grass intake, caused a decrease in the concentrations of 
intramuscular fat and the n_6/n_3 fatty acid ratio (French et al., 2000 and Garcı´a et al., 2005).

French et al. (2000) determined in the intramuscular fat of steers (longissimusdorsi muscle) increas-
ing CLA contents consistent with increasing intakes of grass. Levels of 5.4, 6.6, and 10.8 mg CLA/g 
FAME were detected in grazing steers with increasing grass intake compared to 3.7 mg/gFAME in 
animals fed concentrate. Grass silage also positively influenced CLA content (4.7 g/g FAME) but not 
to the same extent.

Poulson et al. (2004) reported a 6.6 times higher CLA conten tin the longissimus and semitendinosus 
muscle from steers raised only on forages compared to steers fed a common high grain feedlot diet (13.1 
vs. 2.0 mg/g FAME). Steers fed a grain based diet in the growing period and grazed on pasture during 
the finishing period still had a 4 times higher CLA tissue content compared to those fed only the grain 
based diet (8.0 vs. 2.0 mg/g FAME). That finishing steers on pasture instead of concentrate feeding leads 
to higher CLA contents in intramuscular fat (5.3 vs.2.5 mg/g FAME in longissimusdorsi muscle) was 
confirmed by another study (Realini, et al., 2004).

Pasture feeding does not only cause higher CLA concentrations but also influences fatty acid com-
position. A decrease in the n-6:n-3 PUFA ratio as well as an increase in the PUFA: saturated fatty acids 
(SFA) is described in beef adipose and muscle tissue by inclusion of grass in the diet (Nuernberg et al., 
2002 and Realini et al., 2004). The decrease in n-6:n-3 PUFA are favorable in regard to current human 
dietary guidelines (USDA, 2005). Schmid et al. (2006) reported that switching from concentrate-based 
diet to pasture has been shown to increase CLA content of milk and meet. AbuGhazaleh et al. (2008) 
studied the response of milk cis 9, trans 11 CLA of cows managed in pasture or in confinement and the 
results of this study are summarized in Table 3.

Buccioni et al. (2008) reported that little information is available about the effect of the kind of forage 
on milk fat composition. In fact the modulation of milk fatty acids is generally achieved by lipid supple-
ments and not by the choice of herbage. Different geometrical and positional isomers are synthesized 
by rumen bacteria during the biohydrogenation of PUFA with respect to those formed in the mammary 
tissue by action of stearoyl CoA desaturase enzyme.
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Feeding Duration

Ludden et al. (2009) examined duration of soybean oil (SBO) supplementation needed to enhance 
carcass conjugated linoleic acid (CLA) and trans-vaccenic (TVA) content using 96 beef steers fed a 
78% corn based diet supplemented with SBO for 0, 77, 137, or 189 days before slaughter. Duration of 
SBO supplementation had no effect on animal performance or carcass traits, total saturated, or total 
polyunsaturated fatty acids of Longissimusdorsi (LD). Concentrations of CLA in LD were not affected 
by SBO supplementation. Concentrations of monounsaturated fatty acids (MUFA) decreased linearly 
in LD, whereas TVA increased in adipose tissue and tended to increase in LD with increasing duration 
of SBO supplementation. Supplementing SBO to a concentrate-based diet may enhance TVA without 
impacting CLA, while reducing the MUFA content of lean beef.

Animal Related Factors

Animal variation is also a major source of differences in milk and meat fat content of CLA.

Animal Species

CLA content is much higher in foods derived from ruminants than those from non-ruminants because of 
the ability of ruminants to biohydrogenate dietary unsaturated fatty acids (FA) with the help of bacteria 
present in the rumen. Cows’ milk is the richest source of CLA, which has been found to vary from as 

Table 3. The differences pasture and confinement systems in milk CLA, yield and composition

1alfalfa grass pasture, 2 mix of alfalfa hay and corn silage ad libitum.

 EBSCOhost - printed on 2/14/2023 5:35 AM via . All use subject to https://www.ebsco.com/terms-of-use



357

Lipids in Ruminant Nutrition and Its Effect on Human Health
 

low as 0.2% to as high as 3.7% of total milk fat. Non-ruminants Only small amounts of CLA have been 
found in the milk, meat, or egg from non-ruminants (Bee, 2000).

Animal Breed

Ruminant product CLA concentrations between the four breeds ranged from 14.7 to 18.6 mg/g fat, while 
the variation in milk fat CLA between individual cows within the four breeds ranged from 4.8 to 35.6 
mg/g fat. There were significant correlations between milk fat CLA concentrations of individual cows 
within NM, MB and IH and the correlation was close to being significant for DH cows at two sampling 
dates. In terms of total fatty acid profiles, DH had higher C16:0 concentrations than the other breeds. 
The IH had a higher C16:0 than the MB. The C18:0content was higher in milk fat from NM and MB than 
from DH and total C18:1 concentration was close to being significantly higher in the MB than in the IH.

The data indicated that animal breed has some influence over the CLA content of milk and that cows 
yielding high levels of milk fat CLA sustain this production over time. While there were some significant 
differences between the breeds in the concentrations of C16:0, C18:0 and C18:1 it is unlikely that they 
are large enough to be of practical importance.

Wachira et al. (2002) reported that while there were large differences between sheep breeds in their 
performance, the effects of breed on fatty acid composition were relatively small in comparison with 
the effects of diet. The deposition of CLA in muscle and adipose tissue of lambs was affected by both 
breed and dietary lipid source.

Interaction Between Breed and Diet

Wachira et al. (2002) concluded that the deposition of CLA in muscle and adipose tissue of lambs was 
affected by both breed and dietary lipid source.

Tsiplakou et al. (2008) conducted an experiment to study the interaction between breed and diet on 
conjugated linoleic acid (CLA) and fatty acids profile (FA) content of milk fat of four pure of dairy 
sheep breeds (Awassi, Lacaune, Friesland and Chios). The results of this experiment showed that the 
sheep breed had no effect on milk FA profile. The only significant effect was on Δ−9 desaturase activ-
ity index expressed as C18:1/C18:0. On the contrary, the diet affected significantly the FA profile of all 
ewes’ milk fat, with pasture to cause lower proportions of saturated and higher proportions of unsaturated 
FA, compared with those of sheep kept and fed indoors. The interaction between breed and diet was 
significant for the FA C10:0, C14:0, C15:0, C16:0, C17:1, C18:1, C18:2n6c, C18:2n6t, C18:3n6 and 
CLA and for FA groups SCFA, MCFA, LCFAand MUFA. The S/U FA ratio and the Δ−9 desaturase 
indexes (C14:1/C14:0 and C18:1/C18:0) were also affected by the breed × diet interaction. In conclu-
sion, pasture feeding when compared with supplementary diet, induce large variation in the milk FA 
profile.In addition pasture increases FA in milk fat which has potential interest for human health. Breed 
has small effect on milk FA profile,but it can be ignored as it is shown from the interaction breed × diet.

LIPIDS AND HUMAN HEALTH WITH REFERENCE TO CLA

Almost all the polyunsaturated fats in the human diet are essential fatty acids which play an important 
role in the life and death of cardiac cells.
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Dietary Lipids and Plasma Cholesterol

Fatty acid composition of meat is an important factor in the definition of meat quality due to its rela-
tionship to meat odor and flavor and the relationship of fatty acids to nutritional value of fat for human 
consumption. The ratio of polyunsaturated (PUFA) and saturated (SFA) fatty acids (P/S) and the ratio 
of n_6 and n_3 PUFA (n_6/n_3) are important indexes for nutritional evaluation of fat with the recom-
mendation that P/S be at least 0.40 and n_6/n_3 less than 4 (Department of Health, 1994).

Nutritionists have focused on the benefits of conjugated linoleic acid (CLA), associated with evidence 
that CLA is involved in reduction of fat deposition and increased lipolysis in animals (Park et al., 1997) 
as well as lowering serum cholesterol and reducing the incidence of atherosclerosis. Mensink (2005) 
confirmed a strong relationship between dietary lipids and plasma cholesterol.

Treatment for Depression

Research suggests that high intakes of fish and omega-3 fatty acids are linked to decreased rates of ma-
jor depression. Low plasma concentrations of DHA predict low concentrations of cerebrospinal fluid 
5-hydroxyindoleacetic acid (5-HIAA). It is found that low concentrations of 5-HIAA in the brain is as-
sociated with depression and suicide.

There are high concentrations of DHA in synaptic membranes of the brain. This is critical for synaptic 
transmission and membrane fluidity. The omega-6 fatty acid to omega-3 fatty acid ratio is important to 
avoid imbalance of membrane fluidity. Membrane fluidity affects function of enzymes such as adenyl-
ate cyclase and ion channels such as calcium, potassium, and sodium, which in turn affects receptor 
numbers and functioning, as well as serotonin neurotransmitter levels. It is evident that western diets 
are deficient in omega-3 and excessive in omega-6, and balancing of this ratio would confer numerous 
health benefits (Givens, 2005).

Cancer

Pariza et al. (2001) reported that milk fat is an important source of potential anticarcinogens as the con-
jugated linoleic acid (CLA) isomers. A 2006 report in the Journal of the American Medical Association, 
in their review of literature covering cohorts from many countries with a wide variety of demographics, 
concluded that there was no link between n−3 fatty acids and cancer (MacLean et al., 2006). This is 
similar to the findings of a review by the British Medical Journal of studies up to February 2002 that 
failed to find clear effects of long and shorter chain n−3 fats on total mortality, combined cardiovascu-
lar events and cancer (Lee Hooper, 2006). In those with advanced cancer and cachexia, n-3 fatty acids 
supplements may be ofbenefit, improving appetite, weight, and quality of life (Colomer et al., 2007).

Patterson et al. (2010) demonstrated that the consumption of high amounts of long chain omega-3 
polyunsaturated fats from food produced a 25% reduced risk of additional breast cancer events. These 
women were also shown to have reduced risk of “all-cause mortality.” On the other hand, additional 
studies performed by different cohorts of women failed to show any correlation between incidence of 
breast cancer and CLA (Laura and Hartigh, 2019).
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Cardiovascular Disease

Omega-3 fatty acids in algal oil, fish oil, fish and seafood have been shown to lower the risk of heart 
attacks. Omega-6 fatty acids in sunflower oil and safflower oil may also reduce the risk of cardiovascu-
lar disease (National Institute of Health, 2006). However, some evidence does not support a beneficial 
role for omega-3 fatty acid supplementation in preventing cardiovascular disease (including myocardial 
infarction and cardiac death) or stroke (Evangelos et al., 2012and Kwak et al., 2012).

Inflammation

Some potential benefits for omega-3 fatty acid have been reported in conditions such as rheumatoid 
arthritis (Fortin et al., 1995).Current research suggests that the anti-inflammatory activity of long-chain 
n−3 fatty acids may translate into clinical effects (Wall et al., 2010). For example, there is evidence that 
rheumatoid arthritis sufferers taking long-chain n−3 fatty acids from sources such as fish have reduced 
pain compared to those receiving standard NSAIDs (Ruggiero et al., 2009).

Developmental Disorders

Although not supported by current scientific evidence as a primary treatment for ADHD, autism spectrum 
disorders, and other developmental differences, omega-3 fatty acids have gained popularity for children 
with these conditions (Richardson, 2006).

Fish oils appear to reduce ADHD-related symptoms in some children (Richardson, 2006). Double 
blind studies have shown “medium to strong treatment effects of omega 3 fatty acids on symptoms of 
ADHD” (Richardson and Montgomery, 2005). There is not enough scientific evidence to support the 
effectiveness of n-3 fatty acids for autism spectrum disorders (Bent et al., 2009). Fish oil has only a small 
benefit on the risk of early birth (Secher, 2007 and Jensen, 2006).

Psychiatric Disorders

Though there is some evidence that n-3 fatty acids are connected to a variety of mental disorders (Perica 
and Delas, 2011) there is limited evidence that may be useful as an add-on for the treatment of depression 
associated with bipolar disorder (Montgomery and Richardson, 2008). There is preliminary evidence 
that EPA supplementation, either with DHA or medication, is helpful in cases of depression (Naliwaiko 
et al.,2004).

Cognitive Aging

Epidemiological studies suggest that consumption of omega-3 fatty acids can reduce the risk of demen-
tia, but evidence of a treatment effect in dementia patients is inconclusive (Kawakita et al., 2006 and 
Cederholm and Palmblad, 2010). However, clinical evidence suggests benefits of treatment specifically 
in patients who show signs of cognitive decline but who are not sufficiently impaired to meet criteria 
for dementia (Mazereeuw et al., 2012).
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CONCLUSION AND RECOMMENDATION

Omega-3 fatty acids offer a promising complementary approach to standard treatments for several 
diseases. It has been recommended by the Health organizations that the intake of saturated fatty acids 
should be reduced, while that of polyunsaturated fatty acids (PUFA) be increased.
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