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Abstract 

 
Fruit growth monitoring is a beneficial tool in precision orchard management which can provide 

various physiological indicators such as ripening and water status. To obtain accurate indicators, 

using constant high-resolution data collection (ranging from seasonal period up to minute intervals) 

has been suggested. There are different proximal and remote sensing techniques, which are able to 

collect a wide range of data about fruit growth. Concurrently, development of innovative methods to 

adjust sensor output to physiologically meaningful parameters is advantageous. 

In the first study, at the intensive olive grove in Gallignano of Ancona (central Italy), combination of 

extensimeter and RGB camera has been used for continuous monitoring of olive fruit growth (Olea 

europaea L. cv. 'Frantoio'), in the attempt to determine whether fruit growth dynamically responds to 

environmental variables such as diurnal vapor pressure deficit (VPD) change in different stages of 

fruit development. In order to data analysis, different types of hysteresis curves for daily response of 

fruit diameter (FD) to VPD have been employed. In the II and III phases of fruit growth 85%  (100 

out of 118) of cases formed complete clockwise hysteresis loops, however, it reduced to 2% (1 out of 

42) in the IV phase of fruit growth (fruit maturation). We conclude that disappearance of complete 

clockwise hysteresis loops could be a good indicator of fruit maturation phase (IV). Additionally, 

Images of the RGB camera have been analyzed by the Labelbox platform (Labelbox Inc., San 

Francisco, CA, USA) for fruit maturation detection and results were in line with what we obtained 

from hysteretic patterns.     

In the second study, at the high-intensive olive orchard in Agugliano of Ancona (central Italy), FD of 

four olive cultivars ('Ascolana dura', 'Piantone di Falerone', 'Arbequina', and 'Lea') was monitored 

continuously by extensimeters in order to monitor fruit growth dynamics under deficit irrigation 

treatments. The assessment of fruit growth parameters of the daily diameter fluctuation (∆D, mm), the 

daily growth (∆G, mm), the cumulative fruit growth (CFG, mm), and the fruit relative growth rate 

(RGR, mm mm−1 h−1 ) showed cultivar-specific response to water stress. However, evaluation of 

magnitude change in the hysteretic pattern of FD versus VPD , showed a non-cultivar-specific 

pattern. A quantitative index (height of hysteresis curves) used for explanation of hysteresis 

magnitude change according to the deficit irrigation treatments. The results showed a significant 

reduction of height of hysteresis curves by irrigation treatments in the four olive cultivars and can 

efficiently estimate the plant water response to irrigation treatment in olive orchards. 

Development of extra virgin olive oil (EVOO) as a typical product (consisting of DOP and IGP 

certification), becomes a territorial development strategy. Ripening and water status detection are 

beneficial for production of high quality  EVOO, meanwhile nutritional and organoleptic quality 

EVOO are affected by them.  Accurate ripening detection by employment of various types of  

hysteresis curve and water status detection  by employment of magnitude of hysteresis curve has been 

derived from results of our first and second study. 

In the third study, at an apple orchard (Malus x domestica, cv. 'Gala') in the experimental field of 

ATB (Potsdam, Germany), 3D fruit temperature (Instead of canopy temperature) was measured by 

integration of LiDAR and thermal camera in order to develop an innovative methodology for crop 

water stress index (CWSI) calculation. The CWSI has been computed via 3 different approaches (by 

manually measured temperature (TRef) and 3D temperature (TEst). Among them, 2 methods showed a 

strong relation between CWSI obtained by TRef and TEst (R2 = 0.99).  
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(Italian) 
Il monitoraggio della crescita dei frutti è uno strumento efficace nella frutticoltura di precisione che 

può fornire vari indicatori fisiologici come la maturazione e il contenuto idrico. Per ottenere indicatori 

accurati, è stato suggerito di utilizzare una raccolta dati ad alta risoluzione continuativa nel tempo (ad 

intervalli che possono arrivare fino al minuto). Esistono diverse tecniche di rilevamento prossimale e 

remoto, che sono in grado di raccogliere un'ampia gamma di dati sulla crescita dei frutti, tuttavia il 

punto chiave è mettere a punto metodi innovativi per correlare i dati raccolti dai sensori a parametri 

fisiologicamente significativi. 

Nel primo studio, presso l'oliveto intensivo di Gallignano di Ancona (Italia centrale), è stata utilizzata 

una combinazione di estensimetro e telecamera RGB per il monitoraggio continuo della crescita del 

frutto dell'olivo (Olea europaea L. cv. 'Frantoio'), nel tentativo per determinare se la crescita dei frutti 

risponde dinamicamente a variabili ambientali come la variazione del deficit di pressione di vapore 

diurna (VPD) nelle diverse fasi di sviluppo dei frutti. Per l'analisi dei dati, sono stati impiegati diversi 

tipi di curve di isteresi per la risposta giornaliera, dal diametro del frutto (FD) alla VPD. Nelle fasi II 

e III della crescita del frutto l'85% (100 su 118) dei casi ha formato cicli di isteresi completi in senso 

orario, tuttavia, si è ridotto al 2% (1 su 42) nella fase IV della crescita del frutto (maturazione del 

frutto). Concludiamo che la scomparsa dei cicli di isteresi in senso orario completi potrebbe essere un 

buon indicatore della fase di maturazione del frutto (IV). Inoltre, le immagini della telecamera RGB 

sono state analizzate dalla piattaforma Labelbox (Labelbox Inc., San Francisco, CA, USA) per il 

rilevamento della maturazione dei frutti e i risultati erano in linea con quanto ottenuto dai modelli 

isteretici. 

Nel secondo studio, presso l'oliveto ad alta intensità di Agugliano di Ancona (Italia centrale), è stata 

monitorata in continuo la DF di quattro cultivar di olivo ('Ascolana dura', 'Piantone di Falerone', 

'Arbequina' e 'Lea') mediante estensimetri al fine di monitorare la dinamica di accrescimento dei frutti 

nei trattamenti di irrigazione in deficit. La valutazione dei parametri di crescita dei frutti, la 

fluttuazione giornaliera del diametro (∆D, mm), la crescita giornaliera (∆G, mm), la crescita 

cumulativa dei frutti (CFG, mm) e il tasso di crescita relativo dei frutti (RGR, mm mm− 1 h−1) hanno 

mostrato una risposta specifica della cultivar allo stress idrico. Tuttavia, la valutazione del 

cambiamento di grandezza, nel confronto tra il modello isteretico di FD rispetto a VPD, ha mostrato 

un modello non specifico della cultivar. Un indice quantitativo (altezza delle curve di isteresi), 

utilizzato per spiegare la variazione dell'entità dell'isteresi, cambia in base ai trattamenti di irrigazione 

deficitaria. I risultati hanno mostrato una significativa riduzione dell'altezza delle curve di isteresi 

mediante trattamenti di irrigazione nelle quattro cultivar di olivo e possono stimare in modo efficiente 

la risposta dell'acqua della pianta al trattamento di irrigazione negli oliveti. 

La valorizzazione dell'olio extravergine di oliva (EVO) come prodotto tipico (costituito da 

certificazione DOP e IGP), diventa strategia di sviluppo territoriale. Il rilevamento della maturazione 

e dello stato dell'acqua sono vantaggiosi per la produzione di EVO di alta qualità, mentre la qualità 

nutrizionale e organolettica di EVO ne risentono. Il rilevamento accurato della maturazione mediante 

l'impiego di vari tipi di curva di isteresi e il rilevamento dello stato dell'acqua mediante l'impiego 

dell'ampiezza della curva di isteresi è stato derivato dai risultati del nostro primo e secondo studio. 

 

Nel terzo studio, in un meleto (Malus x domestica, cv. 'Gala') nel campo sperimentale di ATB 

(Potsdam, Germania), è stata misurata la temperatura 3D della frutta (invece della temperatura della 

chioma) mediante l’utilizzo di LiDAR e termocamera, al fine di sviluppare una metodologia 

innovativa per il calcolo dell'indice di stress idrico delle colture (CWSI). Il CWSI è stato calcolato 

tramite 3 diversi approcci  - mediante temperatura misurata manualmente (TRef) e temperatura 3D 

(TEst). Tra questi, 2 metodi hanno mostrato una forte relazione tra CWSI ottenuto da TRef e TEst 

(R2 = 0,99). 
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Chapter 1 
 

Introduction 
 

Olive (Olea europaea L.) is an evergreen tree which was originally come from 

Mediterranean basin, from where it spread later on, to many parts of the world with 

Mediterranean climate (Khosravi et al., 2021a). In the recent decades, olive fruit and olive 

oil consumption has been increased with a noticeable breakthrough in the global scale, both 

in traditionally producing regions and in new regions and countries (Amanpour et al., 

2019). It imposed a greater need for agricultural inputs as we address resource scarcity and 

climate change (Seifi et al., 2015; Rodrigues et al., 2018; Fraga et al., 2020). In addition to 

this, the growth of the fruit is the result of genetic, metabolic, hormonal and environmental 

interactions that determine the size, shape and oil composition (Gucci et al., 2009). Such 

degree of complexity in olive fruit growth demands a more accurate crop management to 

maintaining production constant and high (in both aspect of quality and quantity) (Khosravi 

et al., 2021a). One of the most recent concepts in this regard is precision farming (synonym 

of precision agriculture). Precision farming (PF) emphasize on utilization of technology to 

record and manage the variation of crops and soils within a field, thus reducing surplus 

inputs (e.g. fertilizer), increasing yields and aiding environmental sustainability (Morgado 

et al., 2020). For PF promotes an advance stage of collecting and using high-resolution data 

(ranging from seasonal period up to minute intervals) for on-time agricultural practices with 

respect to soil, plant and climate (Shafi et al., 2019). Therefore, constant data collection 

(continuous monitoring) is beneficial in PF. 

Monitoring is a continuous function that uses the systematic collection of data on specified 

indicators, to provide information via analyzing of data (Scheerens et al., 2003; Kusek, 

2010). The aim of continuous monitoring in the olive orchard is to obtain orchard 

properties for real-time optimization of orchard performance. In the olive orchards several 

types of data can be collected during the growing season either from micro-climate, soil and 

plant (Fernández 2014, Zude-Sasse et al., 2016). Among these data types, plant-based data 

are the most mainstream of continuous measurement methods. In soil plant atmosphere 

continuum (SPAC), plants play an interface role between soil and environment, and its 

physiological response is a combination of results of both soil and environment (Measham 

et al., 2014; Fernández, 2017; Scalisi et al., 2020). The plant-based monitoring could be 

performed on root, trunk/stem, flower, leaf/canopy and fruit. Each of them has own pros 

and cons, however olive fruit represents the actual goal of production, and optimal fruit 

growth is caused by efficient physiological conditions on trees (Boini et al., 2019). 

Consequently, olive fruit growth monitoring could be a prominent aspects of olive orchard 

management. Fruit monitoring has numerous applications like growth assessment, ripening 

stage detection, accurate fruit load determination, fruit quality control, water stress 

assessment, orchard yield mapping, mechanized/robotic fruit harvesting, fruit tree disease 

treatments, and precise agronomic and agrochemical applications (Pourreza et al., 2015; Sa 

et al., 2016; Amatya et al., 2016; Gené-Mola et al., 2019; Wu et al., 2019; Saedi et al., 

2020; Khosravi et al., 2021b) (Table 1.1). For instance, Fazari et al. (2021) applied spectral 

imaging (visible and near-infrared hyperspectral images) for detection of anthracnose in 
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olive fruit, where it achieved 100% of accuracy, sensitivity, and specificity, when the 

damages on the skin of the olives were still minor and had a visual aspect of a small stain.  

 

Table 1.1: Applications of olive fruit monitoring  

Purpose References 

Ripening assessment Khosravi et al., 2021a; Khosravi et al., 2021b 

Water status detection 
Fernandes et al., 2018; Scalisi et al., 2020; 

Marino et al., 2021; Khosravi et al., 2022 

Phenological phase detection Khosravi et al., 2021a 

Fruit growth mechanism  Hernandez‐Santana et al., 2018 and 2021 

Lepra fruit rot, Parlatoria oleae, Aspidiotus nerii  Alruwaili et al., 2019 

Fruit size and load determination Ponce et al., 2019 

Fruit quality  Fazari et al., 2021; Sepulcre-Cantó et al., 2007 

Orchard yield mapping Sepulcre-Cantó et al., 2007 

Precise agronomic and agrochemical applications Fernandes et al., 2018 

 

According to our goals for monitoring and in order to obtain accurate results, the resolution 

of collected data and collecting time’s intervals should be considered. For instance, several 

research (Scalisi et al., 2020; Marino et al., 2021; Khosravi et al., 2021a) suggested that 

precise fruit management obtained through fruit’s growth monitoring in short time intervals 

(up to minute), whereas sensor installed in proximity of fruit. In this case, sensor’s outputs 

can be employed for various aspects including growth assessment, ripening detection and 

water stress assessment. With consideration of data collection during all phases of olive 

fruit growth in continuous manner and with short time intervals, the most adopted sensor’s 

platform is stationary loggers. According to research of Zude-Sasse et al. (2016) applicable 

sensor in stationary platform range from soil sensors, climate data, balance, acoustic 

system, cameras, water sensors, dendrometer, extensimeter (fruit gauge) and optical fruit 

sensor. Among these, extensimeter is the most common sensor which has been used for 

continuous olive fruit growth monitoring (Scalisi et al., 2020; Marino et al., 2021; Khosravi 

et al., 2021a). Extensimeter is plant-based sensor which measures fruit’s diameter (FD). 

Production of highly precise instruments for accurate measurement of fruit growth has been 

developed and there are various experimental as well as commercial instruments (Morandi 

et al., 2007). Nevertheless, Morandi et al. (2007) described that, in most cases, the 

instrument consists of a sensor, supported by a frame, placed in contact with the epidermis 

of the growing fruit. FD monitoring has been investigated in several studies by researchers 

to measure daily fluctuation in the volume of olive fruit (Fernandes et al., 2018; Scalisi et 

al., 2020; Marino et al., 2021; Khosravi et al., 2021a). A common challenge with tree-based 

sensors is to adjust their output to physiologically meaningful parameters in a consistent 

manner (Fernández, 2017; Khosravi et al., 2021a; Zucchini et al., 2021). Therefore, 

innovative approach of data analysis is highly recommended.  

In this paradigm, the project (innovative PhD program with industrial characterization and 

financed by Marche Region) was planned with the title of “Sustainable management of 

local olive productions by using precision farming systems and development of territory” . 
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It designed to develop precision farming techniques, with more emphasize on regional 

(Marche region , central Italy) olive orchards. In relation to this particular subject, olive 

fruit’s monitoring at intensive and high-intensive olive orchard was set to enhance 

monitoring systems, optimizing olive grove’s performance  in both terms of  quality and 

quantity and reach territorial development through the production of high quality olive oil 

(extra virgin olive oil). Two different types of experiment were designed. The first study 

was conducted in 2019 in the intensive olive grove (Olea europaea L., cv. 'Frantoio') of the 

experimental research station and botanical garden of Polytechnic University of Marche at 

Gallignano of Ancona (AN), Italy. Trees were planted 6 × 6 m and trained as free open 

vase. These were about 40 years old at the time of experiment. it was designed to hourly 

monitor FD from approximately initial pit hardening (II Phase), extension (III Phase) until 

harvest time (IV Phase) in the attempt to determine whether fruit growth dynamically 

responds to environmental variables such as diurnal VPD change in different stages of fruit 

development. The second experiment was carried out in 2021 at the experimental farm of 

the Polytechnic University of Marche, located in Agugliano (Marche, Italy), in a high-

density olive orchard in four self-rooted olive (Olea europaea L.) cultivars of 'Ascolana 

dura', 'Piantone di Falerone', 'Arbequina' and 'Lea'. The trees were planted 4 × 2 m (1250 

tree ha−1 ) in May 2012, about 9 years old at the time of experiment. It was designed to 

hourly measure FD in order to monitor fruit growth dynamics under deficit irrigation 

treatments. 

Finally, in 2022 at the experimental field of ATB (Field Lab for digital agriculture, 

Potsdam, Germany), an innovative method of crop water stress index calculation was 

tested. This innovative method could be used in precision irrigation management of 

orchards. 

Accordingly, this PhD project was conducted in the mentioned areas based on the following 

objectives and hypotheses. 

 

Objectives and Hypotheses  

1) Enhancement of proximal and remote monitoring systems at intensive and high-intensive 

olive orchard.  

Hi. Continuous fruit’s growth monitoring by application of extensimeter and RGB camera 

will be an efficient monitoring systems. 

2) Optimization of the olive grove’s performance (both quality and quantity). 

Hii. Continuous fruit’s growth monitoring will enhance orchard performance by fruit 

maturation detection. 

3) Development of the irrigation management of orchards 

Hiii. Continuous fruit’s growth monitoring will enhance orchard performance by water 

status detection. 

Hiv. Crop water stress index detection by integration of LiDAR and thermal camera and 

employment of fruit temperature for computation of index, could be innovative method of 

water status detection. 

4) Development of local olive products and territory through the resilient production of 

extra virgin olive oil. 

Hv. Continuous fruit’s growth monitoring will provide beneficial data for appropriate 

management of orchard to achieve high quality olive products (olive oil and table olive). 
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The dissertation is written in seven chapters to address the above-mentioned goals. Chapter 

1 provides a general introduction to precision farming including different data collection 

approaches, followed by description of importance of continuous plant-based monitoring 

via continuous monitoring of fruit as a final goal of the production. Chapters 2, 3, 4, and 5 

have been written in multiple paper formats. Chapter 2 is under submission in Acta 

Horticulturae (Leuven). This methodological review addressed current applications and 

challenges of continuous plant-based monitoring of olive tree and fruit via ground-based 

platforms. Chapter 3 has been published in Horticulturae (Basel). This paper focused on 

objectives 1 and 2, which assessed the olive fruit growth in 2019 and focused on circadian 

monitoring as an important orchard management tool through the ripening detection by 

proximal and remote sensing (integration of Extensimeter and RGB camera). Chapter 4 has 

been published in Horticulturae (Basel), where we evaluated objective 1, 2 and 3. In 2021 

the transversal fruit diameter (FD) was monitored continuously in order to monitor fruit 

growth dynamics under deficit irrigation treatments and a quantitative index for water 

status detection has been introduced. Chapter 5 covered objective 3, and it is under 

submission to Journal of plant science (Amsterdam), where we discussed the new 

methodology of crop water stress index computing by integration of LiDAR and thermal 

camera, in 2022. In addition for the first time fruit temperature has been employed for water 

stress index calculation. Chapter 6 described development of territory by implementation of 

finding of chapter 3 and 4. It focused on objective 4.  Chapter 7 will provide a synthesis of 

the findings of the whole PhD project and describe the implications of adapting findings in 

orchard management and propose directions for future research. 
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2.1 Abstract 
 

Precision agriculture (PA) is a farming management concept that emphasizes the 

application of information technology to collecting and using high-resolution data (ranging 

from seasonal period up to minute intervals) for on-time agricultural practices with respect 

to soil, plant and climate. Therefore, constant data collection (continuous monitoring) is 

beneficial in PA. Continuous monitoring could be performed on soil, plant and 

environment, however, plants act as a connector between soil and environment and its 

physiological response reflects integrated effect. Accordingly, continuous plant-based 

monitoring can be employed for olive tree and fruit management widely. Several sensor 

platforms have been used for monitoring of olive orchards and among them, ground-based 

is the most suitable platform for continuous plant-based monitoring (up to minute 

intervals). Several fundamental information for precision olive orchards management 

including water stress, disease and pest status, fruit growth, fruit maturation, fruit size and 

yield could be provided by continuous plant-based monitoring via ground-based sensor 

platforms. This methodological review addressed current applications and challenges of 

continuous plant-based monitoring of olive tree and fruit via ground-based platforms. 

Finally, we hypothesize possible future development of it for providing wider services for 

agricultural practices. 

 

Keywords: olive precision farming, continuous data collection, stem and trunk 

monitoring, flower and fruit monitoring, leaf and canopy monitoring 
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2.2 Introduction 

 
The olive (Olea europaea L.) is an ancient and evergreen tree which originally comes from 

the  Mediterranean basin and has been cultivated for its fruit and oil. It is significant 

element of Mediterranean diet nevertheless in the recent decades, olive fruit and olive oil 

consumption has been increased with a noticeable breakthrough in the global scale, both in 

traditionally producing regions and in new regions and countries such as Japan, United 

States, Canada, United Kingdom, and Germany (Amanpour et al., 2019). Consequently, 

major increases in olive production through agricultural intensification are generally 

deemed necessary to meet the demands of a fast-increasing global population (Crist et al., 

2017; Morgado et al., 2020). However, in the last three decades there has been an 

accelerating trend towards the intensification of olive production, with the standard 

intensive systems involving high-yielding irrigated orchards (4.0–10.0 tones ha−1) designed 

for harvest with trunk-shakers, and with 200–450 trees ha−1 (Tous et al., 2014; Silveira et 

al., 2018; Morgado et al., 2020). More recently, high intensive irrigated hedgerow systems 

have been developed, using highly productive dwarf varieties and densities of 1,000–2,500 

trees ha−1, which facilitate the use of continuous over the row mechanical harvesters and 

the achievement of very high yields (8.5–10.5 tons ha−1) within only 3–4 years after 

planting (Tous et al., 2014; Connor et al., 2014; Silveira et al., 2018; Morgado et al., 2020). 

Besides, changes in orchard structure and mechanization levels, the intensification of olive 

production is associated with higher inputs of inorganic fertilizers and pesticides (Tous et 

al., 2014; Sánchez-Martínez and Cabrera, 2015; Infante-Amate et al., 2016; Russo et al., 

2016; Morgado et al., 2020). At present, the high intensive olive production systems are 

fast expanding in the Mediterranean region, either replacing traditional orchards or 

occupying areas formerly used to produce other crops (Herrera et al., 2015; Sánchez-

Martínez and Cabrera, 2015; Infante-Amate et al., 2016; Morgado et al., 2020). Although 

this production intensification process is contributing to improve farmer’s incomes and the 

global competitiveness of the olive sector, it is raising increasing concerns on the 

sustainability of olive farming (Moreira et al., 2019). Therefore implementation of 

innovative agricultural practices, methods and concepts which introduce sustainable 

orchard management is essential. One of the most recent concepts in this regard is precision 

farming. Precision farming practices, also known as precision agriculture or site-specific 

farming, have been used within agriculture for several decades, but within the past few 

years have become more common (Webber et al., 2019). Precision farming aims to utilize 

technology to record and manage the variation of crops and soils within a field, thus 

reducing surplus inputs (e.g. fertilizer), increasing yields and aiding environmental 

sustainability (Morgado et al., 2020). Precision farming represents a new level of high-

resolution data collection on farms with regard to soil mapping, soil nutrient analysis and 

crop growth data. In the other word, precision farming with monitoring and real time 

actions enables farmers to know precisely what parameters are needed for a healthy crop, 

where these parameters are needed and what amount at a particular instance of time (Shafi 

et al., 2019). In order to improve the efficiency of the data collection procedure, and to 

improve the precision with which agricultural operations are managed, it is helpful an 

automated system that collects data, especially to record long-term and up-to-the-minute 

fluctuations (Jiang et al., 2008). Thus, continuous monitoring and collecting data is a 
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fundamental component in precision agriculture. Monitoring is a systematic approach of 

supervision of activity along with regular collection and analyzing of data. The aim of 

continuous monitoring in the olive orchard is to obtain orchard properties for real time 

optimization of orchard performance. In the olive orchards several types of data can be 

collected during the growing season either from micro-climate, soil, plant and fruit 

(Fernández, 2014; Zude-Sasse et al., 2016). Among these data types, fruit and plant-based 

data are the most mainstream of continuous measurement methods. In soil plant atmosphere 

continuum (SPAC), plants play an interface role between soil and environment, and its 

physiological response is a combination of results of both soil and environment (Measham 

et al., 2014; Fernández, 2017; Scalisi et al., 2020). Besides, olive fruit represents the actual 

goal of production, whereas olive fruit growth is the result of diverse genetic, metabolic, 

hormonal and environmental interactions (Gucci et al., 2009) therefore, optimal fruit 

growth is caused by efficient physiological conditions on trees (Boini et al., 2019). 

Consequently, olive fruit and plant monitoring could be prominent aspects of olive orchard 

management. There are several different ways for categorizing current continuous 

monitoring systems of olive orchards such as technological point of view, application area, 

etc. (Zude-Sasse et al., 2016). According to research of Zude-Sasse et al. (2016) applicable 

sensor platforming orchards range from satellite, autonomous platform, unmanned aerial 

system to stationary sensor at the tree. The possible platforms for continuous monitoring in 

orchards are satellite and stationary sensors at the tree. However, continuous or frequent 

satellite scanning during a season can be problematic due to cloud cover and/or other 

limitations/uncertainties associated with the sensor platform (e.g., revisit period) 

(Primicerio et al., 2012; Sishodia et al., 2020). Additionally, recent findings (Fernández, 

2014, 2017; Scalisi et al., 2017, 2020) mentioned that for continuous monitoring, In most 

cases, sensors are installed on aboveground organs such as trunk, stem, leaves and fruit. 

With consideration of different categorizing methods of continuous monitoring and 

according to our goals, the stationary sensor at different aboveground organs of the tree was 

considered a prominent categorizing approach for this paper. Sishodia et al. (2020) 

suggested that stationary sensors (ground-based) platforms can be classified into three 

categories of hand-held, free standing in the field as well as mounted on tractor or farm 

machinery. Recent research (Sishodia et al., 2020) mentioned that ground-based systems 

are located in close proximity to the object (organ) surface and counted as proximal remote 

sensing. The only fitted category for continuous ground-based monitoring is free standing 

in the field. As a result, for tailor approach, the continuous monitoring through the free 

standing in the field platform has been described for each organ. 

Therefore taking into account the significance of continuous plant-based monitoring at 

precision agriculture and the necessity of application of them in the olive groves, the 

present paper contributes to having an overview on the continuous olive tree and fruit 

monitoring via ground-based sensor platforms in intensive olive orchards. The rest of 

article is presented as follows: section 2 describes continuous trunk/stem-based monitoring 

in olive; section 3 presents continuous leaf-based monitoring in olive; section 4 presents 

continuous flower-based monitoring in olive; section 5 presents continuous fruit-based 

monitoring in olive; section 6 describes continuous canopy-based monitoring in olive; 

section 7 describes combination of sensors for continuous monitoring in olive; section 8 

describes soft computing development; outlook and conclusion is presented on the section 

9. 
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2.3 Trunk/Stem-Based Monitoring in Olive 

 
Sap flow (SF) was considered as one of the most common continuous trunk/stem-Based 

measurement parameters for olive. SF defined as a movement of fluid through xylem 

tissues and thermometric methods of tracing fluid movement through xylem tissues have 

been called sap flow methods (Burgess and Dawson, 2008; Forster, 2017). For the first time 

SF measurement in olive carried out  by Moreno et al. (1996). But, due to the research of 

Fernández et al. (2018) the continuous measurement of SF has been done later for 

evaluation of olive water status and monitoring water stress and for scheduling irrigation. 

Production of highly precise instruments for accurate measurement of sap flow has been 

developed and there are various experimental as well as commercial instruments (Smith 

and Allen, 1996; Vandegehuchte and Steppe, 2013; Forster, 2017). Findings by  Smith and 

Allen (1996) and Forster (2017) described that, Sap flow measurements are mostly 

conducted with sensors based on thermal dissipation (or heat dissipation) (TD), heat 

balance (HB), or heat pulse velocity (HPV) methods. Nevertheless, some researchers 

(Steppe et al., 2010; Fernández et al., 2018) added heat field deformation (HFD) sensor as 

another important SF sensor. Sap flow sensors are helpful as they can potentially estimate 

transpiration rate without the need for sensor calibration. Consequently, sensors can be 

employed across disparate species, with different anatomies, saving the time and expense of 

laborious calibrations (Forster, 2017). The most demanding point related to SF method is 

related to installation; most of the SF methods suitable for fruit trees are invasive, such that 

sensors must be located within the trunk of the trees (Fernández, 2014; López‐Bernal et al., 

2017). In olive, SF sensors measure a wide range of flow rates, including low, zero, and 

reverse flows (Testi and Villalobos, 2009; Nadezhdina et al., 2012; Green and Romero, 

2012; Ferreira et al., 2013). Depending on the method, the sensors usually consist of two to 

four thin needles which measure the temperature variations at one or several points after or 

during the application of heat (one of the needles is always a heater), with sap velocity 

being subsequently estimated from the temperature changes in response to heating 

(López‐Bernal et al., 2017). The thermal dissipation, heat balance and heat field 

deformation require continuous heat application to the plant and measure mass heat flow 

whereas heat pulse velocity methods require a periodic pulse of heat and measure its 

velocity (Steppe et al., 2010; Forster, 2017). Significant amount of research has 

demonstrated that sap flow sensors are not reliable in direct estimations of transpiration 

(Forster, 2017). In fact, sap flow rate demonstrates transpiration dynamics that depend on 

stomatal activity and environmental variables (Scalisi et al., 2019), and for calculation of 

sap velocity and sap flow from sensor data, conversion factors are required (Forster, 2017). 

Continuous measurement of SF in olive orchard (Table 2.1) has been applied for detecting 

water stress (Fernández et al., 2001, 2011; Diaz-Espejo et al., 2012; Cuevas et al., 2013; 

Hernández-Santana et al., 2016; Marino et al., 2021), monitoring water status (Nadezhdina 

et al., 2007; López‐Bernal et al., 2012; Vandegehuchte et al., 2012) as well as precision 

irrigation (Nadezhdina et al., 2007; Vandegehuchte et al., 2012; Egea et al., 2017). 

Application of  SF methods also consist of some uncertainties and limitations. The common 

sources of error in SF measurement are wounding of xylem tissue, probe misalignment, 

sapwood radial and azimuthal variability as well as wood thermal diffusivity (Green et al., 

2003; Fernández et al., 2006 ; Forster, 2017). Recently, noticeable studies have been done 
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on improving SF methods such as single-probe heat pulse by López‐Bernal et al. (2017) 

nevertheless, further investigations need to be done to promote more accurate SF methods. 

Another continuous monitored parameter for olive is xylem sap concentration. The main 

target is assessment of nutrient availability and to minimize agriculture dependency on 

mineral fertilization and/or face nutrition stress (Amato et al., 2021). The organic 

electrochemical transistors (OECT) device examined by Amato et al. (2021) to estimate ion 

accumulation rate in leaves, and demonstrated that the signal response of an OECT sensor 

is inversely proportional to the water flux density flowing-through the transpiring tree. 

OECTs are devices based on a semiconductor, typically an organic polymer, that is 

permeable to the ions of a solution and can be doped/dedoped by those ions under the 

action of an external voltage (Gentile et al., 2020). Findings by Amato et al. (2021) 

suggested that OECT output should be analyzed according to the time of day (i.e., 

“morning”, “afternoon”, “night”), beside, possible hysteresis pattern versus Vapor pressure 

deficit (VPD) should be considered. Application of  OECTs is attracting attention for their 

potential, however, with consideration of xylem tissue as a live material, it is faced with 

some challenges. Xylem consists of diverse specialized, water-conducting cells with 

variation of conformation, resistance and conductivity (Gentile et al., 2020; Amato et al., 

2021). It may change over the time depending on the sap content of the plant, and in turn 

may depend on external factors, such as irrigation (Gentile et al., 2020). Consequently, 

time, space and spice dependency should be taken into account (Coppedè et al., 2017; 

Gentile et al., 2020; Amato et al., 2021). 
 
Table 2.1: Continuous trunk/stem-based measurement which was applied on olive. 

 

 
The trunk diameter variations (TDV) are daily cycles of swelling and shrinking which 

depends on the hydration level of the plant (Girón et al., 2015a; Fernández et al., 2018) and 

reported for the first time in the second half of the 20th century (Klepper et al., 1971; 

Martín-Palomo et al., 2021). This cycle is produced for the lag between transpiration and 

root uptake that is partially compensated with the water of the trunk (Moriana et al., 2010). 
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Daily TDV varies from a few tens of micrometers to a few hundred micrometers 

(Fernández et al., 2018), consequently, the significance of a highly precise instrument 

(dendrometer) for accurate TDV measurement is obvious. The appearance of electronic 

devices permitted accurate measurements of daily TDV (Kozlowski, 1967; Ortuño et al., 

2010). There are several different ways for categorizing dendrometers such as technological 

point of view, measurement type (contact and noncontact) and other (Clark et al., 2000; 

Dangare et al., 2018). The most commercially available sensors for Micrometric TDV 

measurements are Linear Variable Displacement Transducer (LVDT) and strain gauge type 

(Ortuño et al., 2010). LVDT is the sensor that transduces the movement of the trunk/stem in 

electrical signals. The trunk moves an electromagnetic rib that is between two electrical 

circuits, one charged with continuous power and other which is off. The movement of the 

rib produces an induced electrical power that is linearly related with the displacement 

(Ortuño et al., 2010). Strain gauge is the sensor that transforms fluctuation of the 

trunk/stem to electrical resistance (Link et al ., 1998; Ortuño et al., 2010). Strain gauge is a 

physically simple device, which can easily be applied in a straightforward manner for 

elementary measurement of surface strains (Hannah and Reed, 1992). It is a caliper style 

gauge that sensor mounted on the flexible frame then provides an electrical output 

proportional to applied force (translate trunk/stem deformations) (Hannah and Reed, 1992). 

The main obtained indicators from TDV are maximum daily shrinkage (MDS), trunk 

growth rate (TGR) and maximum trunk diameter (MXTD) (Table 2.1). TDV employed in 

olive orchards  to assess water stress and to schedule irrigation (Girón et al., 2015a; Agüero 

Alcaras et al., 2016; Fernández et al., 2018). Cuevas et al., 2010) mentioned that the first 

paper published by Michelakis (1997) on the use of TDV to optimize irrigation scheduling 

in olive by evaluating the response of MDS and TGR. In olive trees, MDS is not reported 

as a useful indicator, while TGR is considered an early water stress detector (Girón et al., 

2015a; Fernández et al., 2018). Nevertheless,  the range of daily TGR variations are too 

wide in olive trees, so patterns and differences are not always clear (Girón et al., 2015a; 

Agüero-Alcaras et al., 2016; Corell et al., 2019; Martín-Palomo et al., 2021). Such 

variations were only partially related to changes in the evaporative demand (Girón et al., 

2015a; Corell et al., 2019). Besides, relationship between TGR and water potential was not 

simple and, even in full irrigated trees, values of TGR could be changeable (Corell et al., 

2019; Martín-Palomo et al., 2021). Findings by Corell et al. (2017) suggested that TGR was 

real indicator of water stress only when values of it was lower than − 0.1 mm day− 1.  

MXTD, as another important index driven from TDV monitoring, was investigated in some 

researches (Fernández et al., 2011; Agüero Alcaras et al., 2016). Recent researches 

suggested that the monitoring of MXTD was useful to indicate the onset, and severity, of 

water stress in deficit irrigated olive trees. Lastly, trunk diameter fluctuations are affected 

by plant age and size, crop load, environmental variables and growth patterns (Fernández, 

2017). In this sense, choosing an exact dendrometer, employing effective TDV indicators 

as well as precise analyzing of outcomes is necessary. 

Application of  trunk/stem surface monitoring for disease detection has also been presented. 

Plant diseases adversely influence both the quality and quantity of crop production. Thus, 

the early detection of such diseases proves efficient in enhancing the crop quality and 

reducing the production loss (Alruwaili et al., 2019). Recent research developed a deep 

learning model that could achieve an overall accuracy of 99.1% to detect Canker. However, 

it did not perform continuous monitoring, and developed a model by RGB image from a 
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plant-village dataset but It explained that classification during testing runs quickly in a few 

seconds even on a CPU. Therefore, the model could be easily implemented on a 

smartphone. Consequently, a combination of this method with RGB cameras could be 

applied in real-time continuous monitoring of trunk/stem surface in orchards. 

 

2.4 Leaf-Based Monitoring in Olive 

 
The leaf is one of the most important organs of the plant with key functionalities such as 

photosynthesis, controlling transpiration rate, several metabolic activities, etc. (Hamed et 

al., 2021). Besides, the appearance of leaves could address some abnormality in plants 

including lack of nutrients,  disease and pest effect.  

In the last few years, many researchers suggested continuous monitoring of olive leaf water 

status by leaf patch clamp pressure (LPCP) probe (Table 2.2), both to assess plant water 

stress and to schedule irrigation (Fernández et al., 2018; Scalisi et al.,2020; Marino et al., 

2021). LPCP for the first time, as a novel and non-invasive online monitoring leaf-based 

probe, was introduced in 2008 by Zimmermann (Zimmermann et al., 2008). The 

technology includes a miniaturized silicone pressure sensor integrated into a spring clamp 

that is clamped to a patch of an intact plant leaf. The patch clamp pressure probe measures 

the attenuated pressure response of the leaf patch upon the application of a constant, 

clamped pressure (Zimmermann et al., 2008). Indeed, the output of LPCP probes is 

expressed as attenuated pressure of leaf patches (Pp), which is inversely related to cell 

turgor pressure (Pc) (Zimmermann et al., 2008; Fernández et al., 2011b; Scalisi et al., 

2020). The shape of the daily Pp curve has been employed as an indicator for tree water 

status (Fernández et al., 2018; Scalisi et al.,2020; Marino et al., 2021). However, 

consideration of the factors that affect the tree response to water stress, such as genotype, 

management, orchard characteristics, and location is an important aspect of employing 

published data of daily Pp curve (Fernández et al., 2018). The long term application of 

LPCP might damage leaf cuticle and alter measurements (Scalisi et al., 2017).  In addition, 

Brunetti et al. (2022), explained that water stress can be detected by LPCP probes only 

when trees have already activated physiological changes in tissue mechanical properties 

and osmotic adjustments, consequently, to early detection of olive tree response to water 

stress, it introduced novel sensor based on photon attenuation of radiation through the leaf. 

The sensor is a non-invasive tool for measuring leaf water content through the measurement 

of the absorption of radiation when this propagates through the leaf tissues (Brunetti et al., 

2022). It mentioned that an early detection of tree response to water stress could be 

provided by assessment of the changes in leaf water status under deficit irrigation regime. 

But, the future development of this technique is needed for commercial use in water status 

detection and automatic irrigation (Brunetti et al., 2022). 

Stomatal conductance (gc) is another important parameter, however, it cannot be 

automatically and continuously recorded (Fernández et al., 2018). Nevertheless, some 

researchers demonstrate that it could be estimated continuously through other plant-based 

sensors. Hernández-Santana et al. (2016) employed heat pulse velocity (HPV) sensor and 

showed the possibility of estimation of (gc) in olive trees automatically and in-continuous 

under field conditions by using sap flux density data directly without need of up-scaling to 

tree transpiration. Then after, Rodriguez-Dominguez et al. (2019) combined HPV and 
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LPCP probes and demonstrated that measurement of leaf turgor pressure can be used to 

infer the large variability in maximum stomatal conductance under moderate drought 

conditions in an olive hedgerow orchard. 

Olive disease detection by leaf monitoring has been explained by many researchers (Al-

Tarawneh, 2013; Cruz et al., 2017; Alruwaili et al., 2019) (Table 2.2). The leaf level 

monitoring provides a relatively pure signal of symptoms caused by a disease, which helps 

understand their spectral responses (Zhang et al., 2019). Optical sensing techniques are 

useful in identifying primary disease foci (Mahlein, 2016). Optical sensors range from 

RGB, multispectral, hyperspectral, thermal, chlorophyll-fluorescence as well as 3D-sensors 

(Mahlein, 2016; Zhang et al., 2019). The problem in the implementation of sensors is 

related to the large amount and complexity of collected data, therefore, to achieve accurate 

results, advanced data analysis and statistical methods are essential (Mahlein, 2016). 

However, data mining methods and deep learning techniques have been widely employed 

for accurate data assessment (Al-Tarawneh, 2013; Mahlein, 2016 ; Cruz et al., 2017; 

Alruwaili et al., 2019; Zhang et al., 2019). Deep learning technique was applied by 

Alruwaili et al. (2019) to detect Peacock Spot disease in olive orchards. It analyzed RGB 

images and demonstrated high overall accuracy (99.1%) in disease detection. Peacock Spot 

disease in olive orchards also was examined by Uğuz and Uysal (2021). In addition,  they 

worked on Aculus olearius, an important olive mite pest in Turkey. They analyzed a data 

set consisting of 3400 olive leaves samples and pointed out that Aculus olearius and olive 

peacock spot diseases can be identified at a high accuracy rating without necessitating an 

expert in the field.  

Olive quick decline syndrome (OQDC) caused by Xylella fastidiosa is another investigated 

disease. Cruz et al. (2017) developed an algorithm that detected OQDS with a true positive 

rate of 98.6 ± 1.5% in testing, showing great potential for image analysis for this disease. It 

demonstrates that it is possible to automatically detect leaf scorch in olive trees from leaf 

clipping images and that it can be discriminated against by other disorders or pathogens, 

despite the strong similarity (Cruz et al., 2017). However, recent research mentioned that 

this disease detection algorithm could not obtain specificity and sensibility of traditional 

diagnostic methods such as ELISA or qPCR. Finding by Zhang et al. (2019) suggested a 

general framework which may provide a reference in monitoring not only known but also 

any unknown diseases or pests. It mentioned that main challenges in monitoring plant 

disease and pests could be categorized as 1) the detection of plant diseases or pests at an 

early stage, 2) accurately detect a specific disease/pest under realistic field conditions, 3) 

continuously track the dynamics of the diseases or pests at a fine resolution as well as 4) 

data and information sharing. All mentioned researches related to olive disease detection by 

leaf monitoring (Cruz et al., 2017; Alruwaili et al., 2019; Uğuz and Uysal, 2021) have a 

great potential to use in field condition and with coupling with RGB camera could be 

utilized in real-time continuous monitoring in orchards. 
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Table 2.2: Continuous leaf-based measurement which was applied on olive. 

 
 

2.5 Flower-Based Monitoring in Olive 

 
Olive flowering has been investigated in several researches (Mancuso et al., 2002; 

Milicevic et al., 2020; Garrido et al., 2020) with different aims. For instance, Milicevic et 

al. (2020), used deep learning to analyze images of RGB cameras to accurately detect olive 

tree flowering phenophase. It showed the final classification accuracy of 97.2%. This 

means that the entire process is viable and applicable under real conditions (Milicevic et al., 

2020). Olive phenology is a sensitive indicator of climatic warming, besides detection of it 

represents an important parameter for applying various agricultural procedures (Osborne et 

al., 2000; Milicevic et al., 2020). For example, a specific protection product may have an 

optimal application date when 5% of the flowers have opened. For an individual micro 

location, the application time window can be limited to only 2 to 3 days, which requires the 

precise and timely detection of crop phenophases (Milicevic et al., 2020). 

 

2.6 Fruit-Based Monitoring in Olive 

 
Fruit monitoring has numerous applications like fruit recognition (detection), growth 

assessment as well as water stress assessment. Various approaches to fruit recognition have 

been introduced (Saedi et al., 2020). These are mostly dependent on the visual 

characteristics of the fruits, and the associated method is responsible for distinguishing 

fruits from other objects using image processing techniques. This is a challenging task, 

since the environmental effects like complex background, variable light (Feng et al., 2019), 

overlaps and occlusions with other plant parts (Wang et al., 2017) make it difficult to 

recognize fruits accurately. Other challenges are about the generalization property as well 

as the running time of a method, meaning that a proposed algorithm should be able to 

recognize different kinds of fruits in real-time for on-the-go applications (Saedi et al., 

2020). 

Real-time and accurate on-branch fruit recognition could facilitate Precision horticulture 

practices (Saeidi et al., 2020). The main goals of olive fruit detection are ripening stage 

assessment, accurate fruit load determination, fruit quality control, orchard yield mapping, 

mechanized/robotic fruit harvesting, fruit tree disease treatments, and precise agronomic 

and agrochemical applications (Pourreza et al., 2015; Sa et al., 2016; Amatya et al., 2016; 

Gené-Mola et al., 2019; Wu et al., 2019; Saeidi et al., 2020; Khosravi et al., 2021a). The 

most common method for assessing the olives’ maturity is based on the visual 
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determination of the maturity index (MI); it includes evaluating skin and flesh color 

changes as the fruit matures and classifying them by color (Camposeo et al., 2013; 

Khosravi et al., 2021a). 

Olive maturation could be investigated by application of optical sensors (range from RGB 

to  hyperspectral camera) or extensimeter (synonym of fruit gauge). There are several ways 

of analyzing collected data including application of deep learning methods or statistical 

analysis. For instance Khosravi et al. (2021a) used deep learning methods to analyze RGB 

images for ripening assessment and reached an accuracy of 91.9 %. Another researcher 

(Khosravi et al., 2021b) combined RGB camera with extensimeter and used the LabelBox 

platform (Labelbox Inc., San Francisco, CA, USA) to analyze images for both ripening 

assessment and fruit detection. Besides, it evaluated daily fruit growth pattern versus vapor 

pressure deficit (VPD) as one the most significant environmental variables. It performed 

statistical analysis and suggested that visualization of hysteresis curve, in normalized daily 

diameter versus VPD, can be a tool to translate measured data to precise phenological 

phases of fruit growth. 

The fruit gauge detects fruit growth dynamics continuously and output has various 

applications. For instance Fernandes et al. (2018) confirmed that olive fruit growth is 

sensitive to water stress and shows a remarkable capacity to recover following the 

employed irrigation strategy. Scalisi et al. (2020) and Marino et al. (2021) applied fruit 

gauge for water status assessment in olive orchards. Tracking fruit growth could serve as a 

promising approach to schedule regulated deficit irrigation. Moreover, fruit growth is a 

highly relevant variable to measure because of its relationship to fruit yield (Fernandes et 

al., 2018). Khosravi et al. (2022) performed different deficit irrigation regimes and tracked 

third phase of fruit growth by mounting extensimeter on four olive cultivars. It showed a 

hysteretic pattern of daily fruit diameter variation versus VPD and suggested that  

hysteresis magnitude changes can be used as a quantitative index of water stress. Indeed, it 

considered height of hysteresis curves as a quantitative index and showed a significant 

reduction of height of hysteresis curves by irrigation treatments which were not cultivar-

specific (Table 2.3).  

Disease detection, as another application of fruit monitoring, has been performed by some 

researchers. Alruwaili et al. (2019) via deep learning methods analyzed images of RGB 

cameras. Recent research suggested a deep learning model which detected Lepra fruit rot, 

Parlatoria oleae as well as Aspidiotus nerii with an overall accuracy of 99.1%. 

 

Table 2.3: Continuous fruit-based measurement which was applied on olive. 
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2.7 Canopy-Based Monitoring in Olive 

 
Canopy is not an individual organ, but, according to the importance of it, many ground-

based continuous monitoring has been performed on it. It investigated various aims 

including, water status assessment, scheduling precision irrigation, pruning and training 

systems, disease and pest monitoring, integrated pest management as well as nutrition stress 

monitoring. Moreover,  evaluation of the canopy in olive orchards could be well adapted 

for focused specific intervention (e.g., presence of cold damage) (Assirelliet al., 2021). For 

instance, Assirelli et al. (2021) investigated on evaluations of canopy in terms of the 

differential canopy index (delta CI). It showed different distribution of the canopy thickness 

(reduced and developed) which is helpful for the verification of the possibility of the 

practical application such as manual pruning intervention which sees the main advantage in 

indicating the points and intensity of intervention and avoiding the continuous direct field 

control of the operators (Assirelli et al., 2021). In addition, canopy level monitoring can 

collect information that can be linked well with observations acquired by other sensor 

platforms such as airborne or satellite platforms (Zhang et al ., 2019; Assirelli et al., 2021). 

Canopy temperature has long been recognized as an indicator of plant water availability 

(Gates, 1964; Agam et al., 2013). With consideration of technological developments, there 

is a great potential to acquire information on surface temperature, and thus facilitate 

mapping of canopy temperature variability over different scales from local (e.g., mounting 

an infrared thermometer on an elevated device) to regional (satellite images covering large 

areas, but at the expense of lower spatial resolution) (Agam et al., 2013). Canopy 

temperature is determined not only by the water status of the plant, but also by 

environmental conditions. Therefore,  In order to use canopy temperature as a water status 

indicator it must be normalized to account for the varying environmental conditions (Agam 

et al., 2013). For instance,  crop water stress index (CWSI) has been employed by Agam et 

al. (2013) to characterize water status dynamics of olive trees as they enter into and recover 

from stress, and on a diurnal scale. The empirical and analytical CWSI were calculated 

based on canopy temperature extracted from high resolution thermal images. It used an 

uncooled infrared thermal camera which was mounted on a crane about 3 m above the 

canopy. Tree canopy temperatures were determined by averaging pixels extracted from the 

central area of the canopy. The empirical CWSI differentiated between well-watered and 

stressed trees, and depicted the water status dynamics during the drought and recovery 

periods as well as on a diurnal scale (Agam et al., 2013) (Table 2.4). 

Infrared temperature (IRT) sensors is another type of sensor which applied successfully for 

monitoring crown temperature as an indicator of water stress (Berni et al., 2009; Zarco-

Tejada et al., 2012; Calderón et al., 2013). In addition, it suggested that water stress 

detection could be a suitable method for early detection of Verticillium wilt (VW) in olive 

orchards. It applied techniques based on the detection of the effects of VW infection and 

colonization on water flow that eventually cause water stress effects, assessed with thermal, 

multispectral and hyperspectral domains (Calderón et al., 2013). It showed that canopy 

temperature and physiological hyperspectral indices (i.e., Photochemical Reflectance Index 

(PRI) and chlorophyll fluorescence) are related with physiological stress caused by VW and 

suggested that crown temperature and CWSI are good indicators to detect VW at early 

stages of disease development (Calderón et al., 2013) (Table 2.4). 
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Automatic real-time monitoring of the pest is another aspect of canopy monitoring. It  

provides accurate information about the abundance of the targeted pest, and when 

geolocated, to a better understanding of the spatial and temporal distribution of the pest 

(Jiang et al., 2008; Miranda et al., 2019). Indeed, automatic real-time monitoring improved 

the efficiency of the data collection procedure and with time-sensitive gathering of 

information including pest population dynamics and the related ecological factors, the 

precision pest control or Integrated pest management at the right time in the right place is 

accessible (Jiang et al., 2008; Ding and Taylor 2016; Miranda et al., 2019; Cardim Ferreira 

Lima et al., 2020). 

Olive fruit fly is one of the important pests of olive which if not controlled, fruit damage 

due to it can reach up to 90–100% (Tzanakakis, 2003; Miranda et al., 2019). Olive fruit fly 

management by electronic traps (e-traps) has been investigated in several researches to pest 

detection and counting (Ding and Taylor, 2016; Miranda et al., 2019). However, coupling 

e-traps with deep learning techniques was one step further. Whereas, manual counting and 

identification of the pest captured on digital images which is labor intensive, slow, 

expensive, and sometimes error-prone, has been substituted by deep learning techniques 

(Ding and Taylor, 2016). Miranda et al. (2019) developed electronic traps for monitoring 

the spatial and temporal distribution of the olive fruit fly (Table 2.4), but  it still requires 

human intervention for counting. Ding and Taylor (2016) presented an automatic method 

for monitoring pests from images taken inside field traps, where a convolutional neural 

network is applied to image patches to determine the probability of containing a specific 

pest type. It applied to a commercial codling moth dataset, and showed promising 

performance both qualitatively and quantitatively. Another researcher Jiang et al. (2008) 

developed a monitoring system to remote wireless measurements of environmental 

parameters and population dynamics of the oriental fruit fly in real-time. It showed 

reliability of about 95%. The major contribution of recent study was that it makes large 

scale, long distance, and long-term monitoring for agricultural information achievable. 

High spatial and temporal resolutions for monitoring the data of the oriental fruit flies with 

respect to environmental changes. Overall, real-time continuous monitoring system is an 

significant part in integrated pest management (IPM) practices, and the efficiency of 

monitoring system is resulted by accurate data collection and applying appropriate method 

of data analysis (Jiang et al., 2008; Cardim Ferreira Lima et al., 2020). 
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Table 2.4: Continuous Canopy-based measurement which was applied on olive. 

 
 

 

 

2.8 Combination of Plant-based Sensors 
 

One of the main solution to face with challenges is combination of different kind of plant-

based sensors for continuous monitoring (Fernández et al., 2011a; Cuevas et al., 2013; 

Scalisi et al., 2020; Marino et al., 2021)  

The Integration of sap flow sensors with trunk dendrometer sensor has been investigated by 

several researchers (Fernández et al., 2011a; Cuevas et al., 2013) to water status assessment 

of olive. Integration of SF and TDV sensors lead to better understanding of water flow 

kinetics within the tree, however, there is some critical point in implementation of them 

including difficulty to replicate continuous measurements on large numbers of trees 

(Marino et al., 2021), identification of accurate location and number of the instrumented 

trees (Fernández et al., 2011a; Cuevas et al., 2013), knowledge of cultivar-specific 

physiological response to water stress as well as cultivar-specific threshold and indices for 

water stress detection. Among all mentioned issues, detection of cultivar-specific indices or 

parameters is more crucial. For instance Fernández (Fernández et al., 2011a) suggested that 

in water stress detection of old, big “Manzanilla” trees with heavy fruit load, simultaneous 

use of maximum trunk diameter (DMXTD) and DEp values (daily difference of daily plant 

water consumption between the each deficit irrigation treatment tree and the full irrigated 

tree) provides more accurate information. Whereas Cuevas et al. (2013) showed same 

results on the heavy fruit load Arbequina trees but mentioned that the reliability of the 

DMXTD index was poorer than that of DEp. Recent research explained peculiarities on the 

response DEp to changes in water stressing conditions. Consequently, as thresholds of 

indices are different in various water stress conditions and environmental stress conditions, 

the user should take action to set and use correct indices. Moreover, soil water-holding 

condition and cultivar-specific drought resistance mechanisms should be considered. 

Interestingly, Fernandez et al. (2011a) demonstrated hysteresis pattern on daily behavior of 

sap flow versus trunk diameter and mentioned that with the most demanding atmospheric 

conditions, hysteresis pattern is more obvious, however it did not investigate on magnitude 

of hysteresis curve and did not suggest any quantitative index for water stress assessment 

by hysteresis phenomenon. Several characteristics and rotational patterns of hysteresis 

curves in plant-based sensors have been investigated (Khosravi et al., 2021b and 2022), and 

have been used to tentatively set quantitative index for water status assessment in olive 
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orchard (Khosravi et al., 2022). Application of hysteresis concept for analyzing the sensor's 

output could be a useful solution, although further investigation should be done for pattern 

recognition and accurate model development.  

Another common combination of sensors to measure plant water status, is related to 

detection of midday stem water potential (Ψstem) (Ahumada-Orellana et al., 2017; Marino 

et al., 2018 and 2021; Scalisi et al., 2020). However, the reported values of Ψstem are not 

consistent (Marino et al., 2018). The lack of consistency transformed it to cultivar-specific 

indexes which should be modified according to different genotypes and under different 

environmental conditions. Research by Marino (Marino et al., 2018) suggested three 

different levels of stress represented by thresholds in Ψstem values which were above about 

−2.0 (MPa) for no stress, between about −2 and −3.5 (MPa) for moderate stress and below 

about −3.5 (MPa) for high stress levels. Another research by Girón et al. (2015b) identified 

Ψstem threshold of −2.5 (MPa) for moderate stress during the second phase of olive fruit 

growth (pit hardening) and explained different physiological response of tree during the 

period of moderate stress. In addition Scalisi et al. (Scalisi et al., 2020) examined 2 olive 

cultivars during second and third phases of fruit growth and demonstrated diverse threshold 

of Ψstem during different growth phases. Besides, threshold of Ψstem was not same  

among the different cultivars. The differences of Ψstem threshold among the different 

cultivars caused by different drought resistance mechanism of each cultivar which 

highlighted need for genotype-specific models in olive. Other uncertainty regarding the use 

of Ψstem thresholds for irrigation is related to set of accurate threshold to suppress yield 

reduction (Ahumada-Orellana et al., 2017). Finding by Ahumada-Orellana et al. (2017) 

explained that thresholds around −3.5 (MPa) did not have significant effect on the yield 

reduction in the olive trees (cv. 'Arbequina'), but Moriana et al. (Moriana et al., 2012) 

observed 30% yield reduction in olive trees (cv. 'Cornicabra') at Ψstem below −2.0 (MPa). 

Trentacoste et al. (Trentacoste et al., 2015) explained that fruit yield for olive trees (cv. 

'Frantoio') at  Ψstem around −2.5 (MPa) was statistically similar to the control. Although 

Ψstem optimized irrigation scheduling but need further development to become index for 

precise irrigation scheduling. Besides, it is generally obtained by the Scholander pressure 

chamber, which does not allow for continuous monitoring and automated irrigation (Scalisi 

et al., 2020). To set precise threshold of Ψstem, continuous monitoring of water flow’s 

kinetics between stem, leaves and fruits is necessary (Marino et al., 2021). This necessity 

prompted integration of leaf patch clamp pressure (LPCP) with fruit gauge and sap flow 

sensors. 

Scalisi et al. (2020) measured Ψstem  and at the same time used LPCP with fruit gauge. It 

suggested equation for the daily prediction of Ψstem  based on relative rates of fruit 

diameter change (RRfruit) and relative rates leaf pressure change (RRleaf). This research also 

emphasized on various strategies of fruit and leaf water exchanges in droughted trees. 

Interestingly, it showed anti-clockwise hysteretic relationships between (RRfruit) and 

(RRleaf) and briefly explained daily magnitude change of hysteresis curves, however did not 

present any quantitative index for water stress assessment through the hysteresis 

phenomenon. Marino et al. (2021) combined sap flow sensor, LPCP and fruit gauge and 

suggested that monitoring continuously leaf, fruit, and stem water dynamics can help detect 

desirable water stress levels in olive earlier than a single commonly used indicator of water 

stress. 
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2.9 Soft Computing Development 

 
Ground-based sensor platforms are able to collect large amounts of data which should be 

analyzed by effective approaches. In the past many analyzing techniques were based on a 

hard computing approach. The hard computing approach works on exact input data by 

sequential computing method to produce precise outcomes. However, in the real world 

which we face with many uncertainties, probabilities and pervasive imprecisions (Zadeh, 

1998a) in collected (input) data. Therefore, the necessity of novel approach was beneficial. 

On the opposite of hard computing the term of soft computing (SC) was introduced. SC is a 

combination of methodologies such as fuzzy logic, neurocomputing, genetic computing and 

probabilistic computing which provide for the conception, design and deployment of 

intelligent systems (Zadeh, 1998a and 1998b). SC methods have been applied for 

continuous monitoring previously, however, development in mentioned methods could 

enhance continuous monitoring. Indeed, by advanced dynamic data analysis, accurate 

pattern recognition and efficient modeling, the SC  is able to perform more precise data 

assessment. Optimize big data assessment helps researchers to create more physiologically 

meaningful indexes from sensor’s outputs. Besides, in the case of combination of sensors, it 

facilitates integration of outputs. 

 

2.10 Outlook and Conclusion 

 
The significance of the continuous plant-based monitoring of olive orchards through the 

ground-based platforms and restriction aspects of them has been described. To cope with 

the challenges there are some points which can be mentioned. Technological advancement 

is moving forward rapidly which decreases the difficulty of implementation of continuous 

monitoring. One future development of continuous measurement is referred to parameter 

that is not possible to measured continuously now including stem water potential (Ψstem) 

or  leaf gas exchange. Technological development and presenting new sensors could solve 

the issues. One of the novel sensor categories is Nano sensors which introduce 

revolutionary approaches for agriculture (Das et al., 2022). They can be applied in various 

agricultural fields ranging from field sensing of crops up to detection of infection long 

before symptoms in plants (Das et al., 2022). Another possibility is related to enhancement 

of intelligence systems (i.e. machine learning, deep learning etc.). It promotes more 

advanced data collection systems. For instance in time-sensitive cases (i.e. disease or pest 

detection etc.) it facilitates real-time continuous monitoring. A further utilization is the 

combination of non-continuous data collection systems with continuous monitoring 

systems. Many advanced sensing methods or platforms are not suitable for continuous 

monitoring (i.e. light detection and ranging (LiDAR), or unmanned aerial vehicle (UAV)), 

however, their outputs can increase efficiency of decisions made by continuous monitoring 

systems. Besides, advances in CS reduce data processing time by reducing the 

computational time. 

In conclusion, continuous plant-based monitoring in olive orchards via ground-based 

platforms is useful in precision orchard management by demonstrating several tree status 

including water stress, nutrition, disease, pest, and fruit behavior, starting from flower and 
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set, growth and maturation up to harvest. Each continuous monitoring technique has its 

pros and cons, however accurate choosing of sensors and employment of proper data 

analyzing methods are essential. Technological development and SC methods enhancement 

accompanied by theoretical research will improve chance of implementation of continuous 

monitoring in olive orchards. The capacity of real-time continuous monitoring of the tree 

and fruit status by ground-based platforms distinguish them from other platforms. 

Moreover, the key point to promote continuous monitoring by ground-based platforms and 

provide agricultural services by them, is to integrate all type of sensor inputs (information) 

in a unique user-friendly platform. 
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3.1 Abstract 
 

Recently, several studies on olive fruit growth have focused on circadian monitoring as an 

important orchard management tool. The olive fruit growth trend is described by double 

sigmoid model with four growth phases, where the third phase spans from the end of pit 

hardening to initial fruit maturation, and the last phase includes olive maturation up to fruit 

drop. Environmental factors play an important role in fruit growth, with vapor pressure 

deficit (VPD) being a keystone factor. Our experiment was designed to hourly monitor 

olive (Olea europaea L. cv. 'Frantoio') fruit transversal diameter from approximately initial 

pit hardening (II Phase), extension (III Phase) until harvest time (IV Phase) in the attempt 

to determine whether fruit growth dynamically responds to environmental variables such as 

diurnal VPD change in different stages of fruit development. Automatic extensimeters were 

applied in open field and VPD was calculated from data of our weather station. Throughout 

the experiment period, the circadian model of fruit growth showed two steps: shrinkage and 

expansion. Almost in all days of the third phase of fruit growth, daily response of 

transversal diameter to VPD formed complete clockwise hysteresis loops. During the fourth 

phase of fruit growth, with increasing fruit maturation, the complete clockwise hysteresis 

loop experienced some abnormality. At the fourth stage of fruit growth there were 

incomplete and partial clockwise hysteresis loops. We conclude that hysteresis can be 

employed to detect the shift between the end of the third phase (cell expansion) and the 

beginning of the fourth phase (fruit maturation) of fruit growth. The disappearance of the 

complete clockwise hysteresis loop and the substitution with incomplete, or partial 

clockwise hysteresis loops was observable only in the fourth stage of fruit growth. These 

results can be valuable for any smart fruit management of olive fruit production. 

 

Keywords: olive; fruit growth; hysteresis; transversal diameter; fruit maturation; vapor 

pressure deficit (VPD) 
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3.2 Introduction 
 

Olive (Olea europaea L.) is an evergreen tree or shrub which was originally domesticated 

in the Fertile crescent region, from where it spread later on, to many parts of the world with 

Mediterranean climate. Maintaining constant and high olive yields requires an application 

of specific knowledge and techniques. Olive fruit growth and maturation is a combination 

of physiological and biochemical changes influenced by environmental and agronomic 

conditions ( Conde et al ., 2008; Tombesi, 1994; Martinelli et al., 2011). Olive fruit growth 

can be described by a double-sigmoid growth curve (Fernández et al., 2018; Gucci et al., 

2009), which is divided in four growth phases. The first phase (I Phase) is characterized by 

rapid cell division, which induces an exponential expansion of the volume; in the second 

phase (II Phase) the speed of cell division diminishes, while pit is hardening and fruit size 

increases slowly; in the third phase (III Phase) the fruit dimension increases with rapid and 

linear growth continues and leads to a beginning of fruit maturation; the fourth phase (IV 

Phase) finishes with full ripening and eventually fruit drop. 

In addition to this, the growth of the fruit is the result of complex genetic, metabolic, 

hormonal and environmental interactions that determine the size, shape and oil composition 

(Gucci et al., 2009). It is influenced and regulated by endogenous factors such as genetic 

differences and fruit load, and exogenous factors such as water availability and ambient 

temperature (Corelli-Grappadelli and Lakso, 2002; Hammami et al., 2011). One of the most 

significant environmental variables is vapor pressure deficit (VPD). According to research 

of Amitrano et al. (2019), VPD is a driver for transpiration in plants and it is critical for 

plants’ growth and productivity. Such degree of complexity in olive fruit growth demands a 

more accurate management in cultivating this crop. 

Precision farming system is a management approach that has been implemented in 

agriculture in recent years. The ‘precision farming’ concept is based upon observing, 

measuring and responding to inter and intra-field variability in crops or in various aspects 

of animal husbandry (Zarco-Tejada et al., 2014). One of its main research foci in pomology 

consist in monitoring of fruit transversal diameter by an application of sensors, to represent 

fruit growth. Observation of circadian cycles applied to fruit growth contributes to 

gathering information regarding this phenological stage and to yield more data for 

developing precision farming technologies (Mariono et al., 2021; Zucchini et al., 2021). 

Monitoring of fruit growth by following diurnal fluctuation of transversal diameter has 

been investigated in several species. For instance, Fishman and Génard (1998) simulated a 

model for seasonal and diurnal growth of peach (Prunus persica (L.) Batsch), whereas 

Brüggenwirth et al. (2016) showed the diurnal growth of sweet cherry (Prunus avium (L.) 

Sam). Monitoring fruit growth provided good estimations of fruit size and harvest date and 

granted better satisfaction of the target market in apple production (Manfrini et al., 2010). 

Olive fruits have been studied in this regard by Fernandes et al. (2018), that showed fruit 

growth and diurnal changes in olive (Olea europaea (L.) cv. 'Arbequina'), grown under 

different water regimes. 

Production of highly precise instruments for accurate measurement of fruit growth has been 

developed and there are various experimental as well as commercial instruments (Morandi 

et al., 2007a). Nevertheless, Morandi et al. (2007a) described that, in most cases, the 

instrument consists of a sensor, supported by a frame, placed in contact with the epidermis 
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of the growing fruit. One aspect that bears considerably on the choice of sensor and of the 

materials used in constructing field probes is their ruggedness and accuracy under varying 

environmental conditions, including large temperature, precipitation, and air moisture 

changes (Morandi et al., 2007a). 

Monitoring of fruit growth can help the Regulated Deficit Irrigation (RDI) index to 

optimize water consumption without diminishing yields or fruit quality. According to 

research of Goldhamer (1997), Tavor et al. (2002) and Tognetti et al. (2006), pit hardening 

is the best phenological phase for employing RDIs in olive trees but in many cases, 

differences among growth stages are not evident, neither easy to access (Alhaoui et al., 

2015). Thus, in a smart farming approach, it is hence important to find physiological 

parameters that can be continuously measured by the sensors. A common challenge with 

tree-based sensors is to adjust their output to physiologically meaningful parameters in a 

consistent manner (Marino et al., 2021; Fernández, 2017; Jones, 2006). 

The phenomenon of hysteresis in plant systems has been known for a long time, attracting 

the attention of many investigators for years (Mayergoyz, 2003). The root of the word 

hysteresis is Greek and means to “lag behind”. Hysteresis is non-linear loop like behavior 

that does not show affine similarity with respect to time (Phillips, 2003; O’kane, 2005). In 

other words, when the time argument of an input function is stretched or compressed, the 

corresponding output function is not stretched in the same way (O’kane, 2005; Zhang et al., 

2014). For instance, hysteresis as a relation between environmental factor (e.g., 

meteorological factors) and sap flow has been investigated in various eco systems in 

different geographical regions (Zhang et al., 2014; Ewers et al., 2005; Meinzer et al., 2005; 

O’Brien et al., 2004; O’Grady et al., 2008; Unswoeth et al., 2004; Wullschleger et al., 

1998; Zeppel et al., 2004); hysteresis was found also in the relationship between canopy 

conductance and temperature (Bai et al., 2017). Furthermore, Scalisi et al. (2020), 

examined two different olive cultivars under different irrigation regimes and explained 

hysteresis between fruit diameter and leaf pressure on two different olive cultivars. 

According to this research, there was a completely different mechanism of leaf and fruit 

water exchange in response to increasing water deficit in the two cultivars, which might be 

driven by different osmotic adjustments, cell-wall elasticity and tissue water content 

(Scalisi et al., 2020). Recently, in the cherry fruit growth relationship with VPD, full 

hysteresis was found only during the maturation phase while during fruit extension phase 

the hysteresis was null or partial (Zucchini et al., 2021). 

This work examined olive fruit transversal diameter versus VPD and evaluated the presence 

of hysteresis curves. The specific objective is to continuously describe the 'Frantoio' olive 

growth by automatic extensimeter. Besides, the fruit color ‘veraison’ was used to detect the 

transition between fruit growth phases. It was automatically recorded the by time-lapse 

video. To our knowledge, no other studies have yet evaluated the hysteresis curve of 

diurnal variation of olive fruit dimensions vs. VPD. 
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3.3 Materials and Methods 
 

3.3.1. Site Description and Phenology 
 
The study was conducted in 2019 in the olive grove (Olea europaea L., cv. 'Frantoio') of 

the experimental research station and botanical garden of Polytechnic University of Marche 

at Gallignano of Ancona (AN), Italy (43◦34006.200 N 13◦25024.200 E). Trees were 

planted 6 × 6 m and trained as free open vase. These were about 40 years old at the time of 

experiment. The agricultural operations, pest control and fertilization practices were 

accomplished following organic agricultural methods. Olive trees were grown in rainfed 

condition and with permanent grass cover, with mowing 3–4 times during the growing 

season. According to Köppen–Geiger climate classification, Gallignano is classified in the 

Cfb category and this is characterized by warm temperature, highly humid and warm 

summer (Kottek et al., 2006). 

 

3.3.2. Fruit Growth 
 

In 2019, the transversal diameter (synonym of equatorial diameter) of two olive fruits (fruit 

A and fruit B) was measured from August 6th to October 24th (DOY (Day Of the Year) 

118 to DOY 297), from the phase of pit hardening, about 55 days after full bloom (DAFB), 

until harvest. The two different fruits were selected on one representative tree. Fruit 

diameter was measured with highly precise DEX20 extensimeters (Dynamax Inc., Houston, 

TX, USA). DEX20 extensimeters measure the size of small fruits (0–25 mm). This is a 

caliper style device with a full bridge strain gage attached to a flexible arm. The accuracy of 

the extensimeter was 0.05 mm at 20 ◦C and the output signal expressed in millivolt varied 

with a range of ±5 mV. The sensor output showed both diurnal and long-term growth of 

fruit. Data were recorded by CR1000X data logger (Campbell scientific, Inc., Logan, UT, 

USA) every hour and sent to our own cloud service base on Amazon Web Service (AWS) 

twice per day (Figure 3.1). The measured daily data were normalized by Min-Max method 

through the equation: 

 

xʹ = 0.9 × ((x − xmin)/xmax − xmin) + 0.05  (1) 

 

where xʹ is the normalized value, x is the value of the existing data, and xmin and xmax are 

the minimum and maximum values of the data, respectively (Zucchini et al., 2021). 
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Figure 3.1. Olive orchard with camera and 

extensimeter in the olive tree powered by solar 

panel. Camera equipped with solar panel and 

AWS S3 storage(Amazon Web Services, Inc., 

Seattle, WA, USA) (left–top); highly precise 

DEX20 extensimeters (right–top); Campbell 

scientific data logger CR1000X inside the metal 

box of data logger (left–down). 

 

3.3.3 Time-Lapse Video 
 
The camera acquisition system was based on a custom 5Mpix RGB camera (Raspberry Pi 

Foundation, Cambridge, UK) with S-mount camera lens option. The device was attached to 

the mini-CSI port of a Raspberry Pi Zero W module (Raspberry Pi Foundation, Cambridge, 

UK). An IP65 enclosure ensured protection from water. Vision system was powered by a 

10 W solar panel. A dedicated scheduler ensured the acquisition of images at the desired 

time. The acquired data were then synchronized to AWS S3 storage. Data connection was 

ensured by a Wi‐Fi 3.5/4G powered by the solar panel. The camera was set on the orchard 

near to the tree to take pictures hourly (Figure 3.1). The images from the camera were 

labeled by olive maturation experts using Labelbox platform (Labelbox Inc., San Francisco, 

CA, USA); for each olive, the experts assigned a ripening stage according to 0–4 of Jaen 

index (International Olive Council (COI/OH/Doc. No1 November 2011)). Labelbox is fully 

configurable platform which enables us to create and manage machine learning training 

data. It is able to label data accurately with automated labeling workflows. Moreover, all 

data and processes are connected through a single platform with a central system of record. 

It accelerates model training and increases performance with faster iterations 

(https://labelbox.com/product/platform, accessed on 15 September 2021). The ripening 

index yielded by the camera images illustrated the maturity phase of the population of olive 

fruits. On the contrary, the extensimeter did not represent data of population of olive fruits; 

it represented single olive fruit data. Meanwhile, the single olive fruit data was inside the 

data of the population of olive fruits. Therefore, the parameter of 50% ripening of 

population of olive fruits was employed to approve maturation phase; monitoring of 

population of olive fruits was performed until countable full black fruits reached 50% of 

all countable fruit on the picture. 
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3.3.4. Meteorological Data 
 

Meteorological data were recorded by a Vantage pro2 precision weather station (Davis 

Instruments Corporation, Hayward, CA, USA) located in the olive orchard. Vantage pro2 

consists of weather-link software and data logger, which transfer weather data to a 

computer. For the calculation of vapor pressure deficit (VPD), air temperature (T) and 

relative humidity (RH) data were collected from our weather station. Vapor pressure deficit 

was calculated as:  

VPD = (1 − (RH/100)) × SVP   and    SVP (Pascals) = 610.7 × 10^7.5T/(237.3+T) (2) 

The VPD formula was recommended by Monteith and Unsworth (2013); where RH is 

relative humidity, SVP is saturated vapor pressure and T is temperature (◦C). Our 

instrument was set to legal Rome time. In some part of analysis for better comparison 

between VPD and diameter, normalized VPD was considered. Data were normalized by 

Min-Max method and the equation was like Equation (1). Moreover, the other parameter 

used was VPD daily variation, expressed as the percentage of changing VPD in comparison 

with the same measured the day before. The VPD daily variation was employed to describe 

the possible daily different growth trend of fruit. 

 

3.3.5.Hysteresis Curves 
 

In this research, we studied the hysteresis curve of transversal diameter versus VPD. The 

latter has been shown to be especially important in woody plants, where it is the main 

variable affecting their diurnal evolution of transpiration (Perez-Martin et al., 2009). For 

description of the hysteresis curve, the terms of clockwise and anticlockwise loops (or 

curves) were used. To obtain the whole-day picture of the hysteresis curve, the best starting 

point for drawing each circadian graph was sunrise, due to the physiological effect of solar 

energy and its role in the photosynthesis and fruit growth. Consequently, our day started 

from sunrise and continued for 24 h. According to the data of our weather station, sunrise 

time from 6th of August to 5th of September (DOY 218 to 248) was set to 6 AM, from 6th 

of September to 24th of October (DOY 249 to 297) was set to 7 AM. Furthermore, the 

graphic representation of daily fruit growth and its fluctuations were reported from the time 

of sunrise. To obtain the seasonal model of hysteresis, the data should be categorized 

dividing the growing season into different stages (Bai et al., 2017). Therefore, with 

consideration of fruit growth trend in 24 h and its response to VPD, the experiment data 

were divided in two periods. The first period was from August 6th to October 3th (DOY 

218–276) and the second period was from October 4th until end of experiment, on October 

24th (DOY 277–297). 

 

3.3.6. Data Analysis and Presentation 
 

Data were analyzed using correlation and regression analysis. Pearson correlation test was 

used in order to determine the association between fruit diameter and VPD. From DOY 253 

to 276, linear regression analyses between sensor output and time were performed to 

separate different slopes of fruit diameter in the third step of fruit growth. All data analyses 
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and graph design were carried out by Sigmaplot 14.5 (Systat Software, Inc., San Jose, CA, 

USA). 

 

3.4 Results 
 

3.4.1. Fruit Growth 
 

The transversal diameters of the two different fruits (fruit A and fruit B) are reported 

(Figure 3.2). Transversal diameter of fruit A started at 10.71 mm and reached 11.55 mm at 

harvest time, whereas for fruit B started from 8.64 mm up to 9.66 mm. Fruit transversal 

diameter growth was described as continuous increase with diurnal fluctuation. 

 
Figure 3.2. Continuous measurements of transversal diameter of fruit A (blue) and B (red). 

The first period of the study was from DOY 218 to 276 in 2019 and the second period of the 

study was from DOY 277 to 298 in 2019. Green dashed lines were drawn to separate fruit 

growth phases. An interval period of one week separated the end of the II phase from the 

following one. For this reason, there are two green dashed lines for ending the II phase of 

fruit growth. 

 

The fruit’s growth phase was divided in two periods. The first period (DOY 218–276) 

included II phase and the whole III phase of fruit growth. In this period, there was a 
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sequence of fruit diameter stability, followed by a decrease and finally by a fruit diameter 

increase (Figure 3.3). Fruit transversal diameter daily trend can be described with a three 

steps model: stability, decreasing and increasing. Fruit transversal diameter at the end of 

each day was bigger than at the starting point of the same day. Nevertheless, there were 3 

days (DOY 246, 263, 274) for fruit A and 1 day (DOY 263) for fruit B in which transversal 

diameter at the end of the day was smaller than at the starting point of same day and 

categorized as a day with significant transversal diameter reduction. When normalized 

transversal diameter of fruit at the ending point of the day had at least 0.05 units reduction 

in comparison with the starting point of the same day, then it was considered as a 

significant transversal diameter reduction. The first step of fruit growth started at sunrise, 

but it was different throughout the days. At the second step, the diameter downsized with 

dissimilar duration and slope in different days. The last step was continuous growth of 

diameter and continued till the end of the 24th hour of one experimental day. During this 

step, the diameter increased with two different slopes from DOY 218 to 252, with a steep 

slope followed by flatter slope. However, from DOY 253 to 276 just the steep slope was 

observed (Figure 3.3). As starting point of each experimental day was set by sunrise, there 

is time lag aspect which should be considered. In other words, the real time argument of 

sunrise should be considered with a delay. According to the findings of Novick et al. 

(2016), it could be hypothesized that the first step of fruit growth was the sequence of fruit 

growth step from the day before, consequently the daily fruit growth could be explainable 

with two real steps (decreasing and increasing diameter), in the transversal diameter. In this 

first period, there were only 3 days (DOY 249, 262, 276) which did not show similar daily 

growth trends (Figure 3.4). There was no unique pattern for description of the three 

exception days (DOY 249, 262, 276). 

 
 

Figure 3.3. Continuous measurements of transversal diameter of fruit A and fruit B at 

selected days during the first period of the experiment. 

 

In the second period of the experiment (DOY 277–297) which corresponded to the IV 

phase of fruit growth, daily trends of fruit growth for both fruits A and B were similar. It 

can be described in three steps: increasing diameter followed by decreasing diameter and 

again increasing diameter. Here, it also could be hypothesized that the first step of fruit 

growth represents a sequence of fruit growth steps from the day before, and daily fruit 

growth could be explainable with two real steps (decreasing and increasing growth). 
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Moreover, data of transversal diameter at the beginning point of the day and ending point of 

the same day showed that there were 11 days for fruit A and 9 days for fruit B in which 

transversal diameter at the end of the day was smaller than the starting point of the same 

day. All days of the second period showed a similar pattern, two example days are shown in 

Figure 3.5. 

 
 

 
 

Figure 3.4. Continuous measurements of transversal diameter of fruit A and fruit B in 

exceptional days of the first period of experiment. 

 

3.4.2. Analysis of Diameter Growth versus VPD and Hysteresis Curves 

 
In the first period of experiment (DOY 218 to 276), daily growth of fruit transversal 

diameter versus VPD formed a model which was same for both fruit A and fruit B. The 

model was explainable with 3 steps. After sunrise, the value of transversal diameter 

decreased nonlinearly, and VPD had opposite trend and increased. Then there was a period 

of stability of the transversal diameter, during which VPD decreased. The final step 

consisted of a rapid increase of transversal diameter with decreasing VPD. In 84.75% of 

cases (50 out of 59), the mentioned 3 steps model formed a loop, which appeared as a 

complete clockwise hysteresis curve throughout the day (Figure 3.6a). The magnitude of 
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hysteresis loops differed from day to day, but a complete clockwise hysteresis was 

observed, all the time. There were nine exceptional days of a total of 59 days in which it did 

not appear complete clockwise hysteresis. In 10.17% of cases (6 out of 59), the clockwise 

hysteresis curve appeared in some part of the day and was not representative of the whole 

day, so it is called partial clockwise hysteresis (Figure 3.6c). In 1.69% of cases (1 out of 

59), the ending point of the hysteresis loop did not reach the same level of the starting point 

of the loop, so the loop was not completely closed, and it was hence called incomplete 

clockwise hysteresis curve. Hysteresis loops were considered incomplete when the loop 

“opening” was less than 0.05 points (Figure 3.6d). Only in 3.39% of cases (2 out of 59), the 

pattern of daily transversal diameter versus VPD was not related to any noticeable model 

(Figure 3.6b). Figure 3.7 shows all 59 (from DOY 218 to 276) circadian measure series of 

transversal diameter versus VPD, providing an overall view of the first period of the 

experiment. The magnitude and shape of graphs for fruits A and B were similar. 

 
Figure 3.5. Continuous measurements of transversal diameter of fruit A and fruit B at 

example days of the second period of the experiment. 

 

In the second period of the experiment (DOY 277 to 297) trends of daily fruit transversal 

diameter versus VPD formed partial clockwise hysteresis and incomplete clockwise 

hysteresis (Figure 3.8a-c). There were 7 days where the hysteresis pattern of fruit A and B 

was not the same. In fact, fruit A in 71.43% of cases (15 out of 21) showed incomplete 

clockwise hysteresis and in 28.57% of cases (6 out of 21) showed partial clockwise 

hysteresis. The percentage of incomplete clockwise hysteresis and partial clockwise 

hysteresis in fruit B was 47.62 (10 out of 21) for each one. The only exception from these 2 

models was in fruit B which showed complete clockwise hysteresis in 4.76% of cases (1 

out of 21) (Figure 3.8d). The average of VPD at the second period of experiment was 0.85 

± 0.37 (kPa). It showed 58.2% reduction in comparison with first period of experiment. 

There were 9 days with daily average of VPD lower than periodic average(average of 

second period of experiment) of VPD. Meanwhile, just three days (DOY 285, 296 and 297) 

for fruit A and two days (DOY 285 and 297) for fruit B were days with reduction of 

transversal diameter at the end of day. Besides there were two days (DOY 286 and 287) 

with normalized diameter smaller than 0.1. Finally, changing VPD in comparison with 

previous day did not demonstrate any specific results (Table 3.1). Consequently, the VPD 

alone was not able to explain the changing pattern of fruit growth in this second period in 

comparison with the first period, because in some situations decreasing VPD scores caused 
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an increase of fruit transversal diameter. The whole pattern of transversal diameter versus 

VPD for the second period of the experiment is shown in Figure 3.9, where 21 circadian 

measure series (DOY 277 to 297) of transversal diameter versus VPD are displayed. The 

shape of the graph was dissimilar from the one obtained from the first period of the 

experiment; besides fruit A and fruit B showed diverse growth patterns. 

 

 
Figure 3.6. Correlation between transversal diameter and VPD for fruit A and B in four 

example days of the first period of the experiment: (a) complete clockwise hysteresis curve; 

(b) no noticeable model of hysteresis curve; (c) partial clockwise hysteresis curve; (d) 

incomplete clockwise hysteresis curve. 
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Figure 3.7. Transversal diameter versus VPD in all days of the first period of the 

experiment. 

 

  

   
Figure 3.8. Correlation between transversal diameter and VPD for fruit A and B in four 
example days of the second period of the experiment: (a) incomplete clockwise hysteresis 

loop; (b) hysteresis loop which is near partial clockwise hysteresis loop; (c) partial 

clockwise hysteresis loop; (d) incomplete clockwise hysteresis loop for fruit A and complete 

clockwise hysteresis for fruit B. 
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The correlation coefficients of fruit A diameter versus VPD at the first and second period of 

the experiment were −0.527 and −0.286 and for fruit B were −0.453 and −0.232. The data 

showed moderate negative relationships between VPD and fruit diameter at the first period 

of the experiment and very weak negative relationships at the second period of the 

experiment. Furthermore, correlation data for the first part (DOY 218–252) and the second 

part (DOY 253–276) of the first period of the experiment were −0.608 and −0.377 for fruit 

A and −0.541 and −0.256 for fruit B, showing that correlations between fruit diameter and 

VPD decreased during the experiment, as fruits completed their development. 

 

Table 3.1. VPD raw data. DOY 218 was beginning of experiment. So, the percentage of 

changing VPD in comparison with the same measured the day before (VPD daily variation) 

was exclude from table. 

DOY VPD(kPa)

VPD

daily 

variation

 (%)

Normalized 

VPD
DOY VPD(kPa)

VPD

daily 

variation

 (%)

Normalized 

VPD
DOY VPD(kPa)

VPD

daily 

variation

 (%)

Normalized 

VPD

218 2.48 * 0.78 245 0.98 -33.33 0.25 272 1.58 -13.19 0.46

219 1.96 -21.00 0.59 246 0.90 -8.16 0.22 273 1.85 17.09 0.56

220 1.53 -21.91 0.44 247 1.47 63.33 0.42 274 1.28 -30.81 0.36

221 1.54 0.75 0.45 248 1.64 11.56 0.48 275 0.80 -37.50 0.19

222 2.57 66.99 0.81 249 0.41 -75.00 0.05 276 0.47 -41.25 0.07

223 2.97 15.56 0.95 250 0.66 60.98 0.14 277 0.93 97.87 0.37

224 2.72 -8.42 0.86 251 2.02 206.06 0.62 278 0.48 -48.39 0.10

225 1.65 -39.34 0.49 252 1.45 -28.22 0.42 279 1.15 139.58 0.50

226 1.41 -14.55 0.40 253 1.19 -17.93 0.32 280 0.94 -18.26 0.37

227 1.88 33.33 0.57 254 1.10 -7.56 0.29 281 0.97 3.19 0.39

228 1.65 -12.23 0.49 255 1.18 7.27 0.32 282 1.92 97.94 0.95

229 1.99 20.61 0.61 256 1.10 -6.78 0.29 283 1.08 -43.75 0.46

230 2.66 33.67 0.84 257 1.27 15.45 0.35 284 0.53 -50.93 0.13

231 2.83 6.39 0.90 258 0.99 -22.05 0.25 285 0.66 24.53 0.21

232 2.79 -1.41 0.89 259 1.52 53.54 0.44 286 0.46 -30.30 0.09

233 1.76 -36.92 0.52 260 2.18 43.42 0.67 287 0.39 -15.22 0.05

234 1.39 -21.02 0.39 261 1.58 -27.52 0.46 288 0.95 143.59 0.38

235 0.96 -30.94 0.24 262 0.51 -67.72 0.09 289 1.34 41.05 0.61

236 1.25 30.21 0.35 263 1.30 154.90 0.36 290 0.98 -26.87 0.40

237 1.03 -17.60 0.27 264 1.19 -8.46 0.32 291 1.02 4.08 0.42

238 1.25 21.36 0.35 265 0.69 -42.02 0.15 292 0.88 13.73 0.34

239 1.58 26.40 0.46 266 0.51 -26.09 0.09 293 0.93 5.68 0.37

240 1.64 3.80 0.48 267 0.72 41.18 0.16 294 0.83 -10.75 0.31

241 1.43 -12.80 0.41 268 0.86 19.44 0.21 295 0.40 -51.81 0.06

242 1.70 18.88 0.50 269 0.62 -27.91 0.12 296 0.51 27.50 0.12

243 1.42 -16.47 0.41 270 0.88 41.94 0.22 297 0.51 0.00 0.12

244 1.47 3.52 0.42 271 1.82 106.82 0.55  
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Figure 3.9. Transversal diameter versus VPD in all days of the second period of the 

experiment. 

Additionally, the magnitude of hysteresis loops changed and became more compact during 

the experiment, flattening along the VPD axes, due to a reduction of VPD (Figure 3.10). 

Normalized graphs (Figure 3.10) show that the trend of transversal diameter versus VPD in 

the first period of the experiment was different from the second period. In both time 

intervals in the first period (i.e., 219–252 and 253–276 DOYs), maximum transversal 

diameter almost occurred at the minimum range of VPD, however, in the second period this 

trend was not observable. 
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Figure 3.10. VPD versus transversal diameter for fruits A and B in both periods 
(first and second) of the experiment. The red box shows the area with minimum 
VPD and maximum transversal diameter. The orange dotted line shows almond 
shapes for both parts of the first period of the experiment and oval shapes for the 
second part. 

 



 49 

3.4.3. Fruit Monitoring by Time-Lapse Camera 

Figure 3.11 shows the fruit information such as countable fruits and ripening 
stage at random days of the first period of the experiment. According to camera 
images, fruits ripening started at DOY 259 (Figure 3.12), when the percentage of 
black olive fruits in the picture reached 5%. At the end of the first period, the 
ripening (population of countable black olive fruits) was 50% (Figure 3.11). 

 

Figure 3.11. Fruit ripening data extracted from images of time-lapse video. 
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Figure 3.12. Pictures taken by automatic camera at three days of the experiment. The days 

are related to 2 weeks before, starting point and the day after ripening status assessment 

which has been demonstrated in figure 3.11. September 3rd (DOY 246) (left–top); 17th of 

September (DOY 259) (right–top); October 4th (DOY 277) (left–down). The image 

covering area was designed to represent the same fruit situation as fruits that were 

installed in the extensimeters. The collected images represented the canopy situation at the 

selected area. 

 

3.5 Discussion 

 
Dendrometers have been recently used in other research works for continuous monitoring 

of olive fruit, in correlation with water stress and scheduling the irrigation method such as 

regular deficit irrigation (RDI). For instance, Fernandes et al. (2018) explored the effect of 

water relations between leaves and fruits on fruit growth in a high-density olive orchard 

(cv. 'Arbequina') in southern Spain. Recent research (Marino et al., 2021) demonstrated that 

fruits acted as sinks of water during the night and as water sources during the day, leading 

to a strong daily shrinkage and swelling pattern in response to plant stress. This discovery 

highlights the important and still unrevealed role that fruits have as water storage 

compartments in drought resistance mechanisms of olives. Fruit daily diameter variation 

according to this research followed the same trend as our experiment, as reported in Figure 

3.2. Additionally, Scalisi et al. (2020) performed continuous monitoring of two Sicilian 

olive cultivars (Nocellara del Belice and Olivo di Mandanici), in phases two and three of 

fruit development. They aimed at detecting whether fruit and leaf water dynamics of two 

different olive cultivars were differently affected by water deficit and their response to 

changes of midday stem water potential. This showed anti-clockwise hysteretic 

relationships between relative rates of fruit diameter change and relative rates of leaf 

pressure change. Besides, the results highlighted the advantages of the integration of fruit 

and leaf water dynamics to estimate plant water status and the need for genotype-specific 

models in olive. To the best of our knowledge, our work presents the first study on 

continuous measurement of transversal diameter of olive fruit with the description of fruit 

hysteresis according to daily variation of VPD. This study represents the results obtained 

only in 'Frantoio' cultivar in a specific range of environmental conditions, and it provides 
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innovative information about detecting the fourth phase of fruit growth by hysteresis 

phenomenon. 

 

3.5.1. Diurnal Transversal Diameter Change and Its Influencing Factor 

 
In the first period of the experiment, daily fruit growth followed a two steps cycle (decrease 

and increase). Due to the research of Fernandes et al. (2018) and Marino et al. (2021), the 

daily variations in fruit transversal diameters can be expounded as changes in flows of 

water into and out of the fruit hence, these can be connected to VPD and tree water status. 

Furthermore, Morandi et al. (2007b) explained that water and assimilates were translocated 

to the fruit via phloem and xylem streams, while fruit epidermis transpiration and fruit 

respiration were the main outgoing fluxes. This study described that fruit diameter variation 

in a finite time interval can be viewed as the net contribution of phloem import, which is 

always positive, whereas xylem flow, may be positive or negative and transpiration through 

the cuticle, which is always negative. However, the olive species (Olea europaea L.) has a 

very wide genetic pool, which can respond to drought using different leaf and fruit 

physiological and morphological mechanisms (Scalisi et al., 2020; Lo Bianco and Scalisi, 

2016). It includes genotypes that can respond to drought using different mechanisms of leaf 

dehydration tolerance and leaf morphological and structural adaptations (Scalisi et al., 

2020). Lo Bianco and Scalisi (2016) found different leaf stomatal regulation among olive 

cultivars. 

We could monitor three exception days that did not show the daily trend of diameter 

decrease and increase (Figure 3.4). The ripening assessment data showed that the fruits in 

these 3 days where in different phenological phases. DOY 249 in the III phase and DOYs 

262 and 276 in the IV phase of the fruit growth curve. The mean VPD in these 3 days was 

lower than periodic average of VPD (Table 3.1). Nevertheless, there were other days with 

average VPD lower than periodical average that did not show a different daily growth 

curve. Data of normalized VPD showed that all of these days had normalized VPD lower 

than 0.1. There was one day (DOY 266) which had normalized VPD lower than 0.1 but did 

not show a diverse daily growth curve. For the days with the exception daily pattern of 

diameter variation, the VPD daily variation was more than −41.2%; all the other days had 

much lower decrease percentage. Consequently, low daily average of VPD plus sudden 

decrease of VPD daily variation may have caused a different growth pattern during these 3 

days. 

In the first period of the experiment, the transversal diameter increased at the end of each 

day in comparison with starting point of same day. Only 5.1% of days for fruit A and 1.7% 

for fruit B showed an opposite pattern (lower diameter than the start of the day). The 

decreasing of the fruit transversal diameter can be caused by depletion of water reserves in 

fruit exposed to water stress. Considering meteorological data during all these days, the 

daily average of VPD was lower than periodic average of VPD (Table 3.1), however, there 

were other days with same weather condition which did not show daily reduction of 

transversal diameter. 

In the second period of the experiment, daily growth pattern was described as a decrease 

followed by an increase of fruit transversal diameter. Besides, increasing transversal 

diameter at the end of each day in comparison with starting point of same day was not 
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observable in all days. Indeed, percentage of days in which transversal diameter reduced at 

the end of the day with comparison of starting point of the same day was 52.38% for fruit A 

and 42.85% for fruit B. According to Kong et al. (2019), decreasing transversal diameter 

for Olea europaea L. cv. 'Frantoio' could happen in the ripening stage. Data of Figure 3.10 

shows that all days of the second period of the experiment had ripening percentage more 

than 50%, when fruits were in the IV phase of fruit growth. Consequently, fruit ripening 

caused increasing percentage of the days with reduction of transversal diameter at the 

ending point of each day. It could be hypothesized that variation of fruit growth trend 

between the first and second period of the experiment (the deformity on graph pattern) 

resulted from biotic parameters of fruit maturation, together with a high fluctuation of VPD 

and low periodic average of VPD at the second period of the experiment (Figure 3.2). 

 

 

3.5.2. Hysteresis Loop, Challenges and Variations 
 

Hysteresis is an indirect response of vegetation to diurnal changes in the external 

environment, because changes in such environmental controls often lead to complex 

physiological responses (Zhang et al., 2019). Under these environmental circumstances, 

VPD has been shown to be the major factor affecting the diurnal hysteresis loops (Ewers et 

al., 2005; O’Grady et al., 2008; Wullschleger et al ., 1998; Zeppel et al., 2004). 

Additionally, hysteresis can be seen as a way of self-protection for plants to avoid the 

overlapping of peak transpiration and peak VPD, thus preventing excessive extraction of 

water from the stem (Chen et al., 2011). Indeed, as a self-protective mechanism to avoid 

extremely high transpiration rates and adapt to tough weather (Chen et al., 2011). 

Therefore, the reaction time of plants is earlier than declines of meteorological variables 

which directly cause a hysteresis curve of fruit growth (transversal diameter) versus VPD. 

In the first period of experiment (DOY 218–276) and from DOY 218 to 259, the percentage 

of complete clockwise hysteresis was 92.86 which declined to 35.3 in the period of DOY 

260–276. This showed that with increasing fruit ripening, the percentage of complete 

clockwise hysteresis declined. Furthermore, in the same period data showed that the 

percentage of partial clockwise hysteresis and incomplete clockwise hysteresis increased 

from 2.38 to 29.4. The percentage for both kinds of hysteresis was the same. Therefore, 

with enhancing ripening percentage the partial clockwise hysteresis and incomplete 

clockwise hysteresis showed a reverse trend in comparison with complete clockwise 

hysteresis. 

In the second period of the experiment (DOY 277–297) the percentage for complete 

clockwise hysteresis was 2.4, for incomplete hysteresis 64.3 and for partial hysteresis was 

33.3. From Figure 3.10 it is observable that the percentage of ripening in the second period 

of experiment is 50%, so the fruit was at IV phase. Limitations to fruit growth and different 

fruit growth patterns at the ripening stage could be linked to changing in daily growth 

trends. In fact, with increasing fruit maturation the complete hysteresis loop started to show 

abnormality which appeared with incomplete or partial daily hysteresis loop, or with no 

daily hysteresis loop. When the percentage of black fruits is near 50%, the presence of a 

complete clockwise hysteresis loop diminished sensibly. Detecting the moment of 

disappearance of the complete clockwise hysteresis curve could be useful to evaluate more 
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precisely the IV phase of the double sigmoid growth curve of olives. Several studies 

(O’Grady et al., 2008; Bai et al., 2015; Janssen et al., 2008) showed that the magnitude of 

hysteresis loops is affected by biotic factors and abiotic factors. Additionally, findings by 

Scalisi et al. (2020) suggested that an overall decrease of the hysteretic loop area occurred 

from the II phase to the III phase of fruit growth. This is probably driven by the different 

fruit growth pattern at II and III phases (Scalisi et al., 2020). 

Moreover, changing of graph form from almond shape to oval shape (Figure 3.10) was the 

outcome of diverse growth patterns in the third and fourth stages of fruit growth. 

Monitoring hysteretic loops and detecting the magnitude change could be used as a method 

for detecting the growth stages. Further investigations need to be done to promote models 

that evaluate hysteretic loops of olive daily growth versus VPD in different cultivars and 

range of environmental conditions. Nevertheless, our research produced viable data for an 

identification of different growth phases in the 'Frantoio' cultivar. 

 

3.6 Conclusions 

 
This study investigated the continuous transversal diameter growth of the olive fruit from 

pit hardening to harvest. The results demonstrated that almost in all days of the II phase of 

fruit growth the response of fruit transversal diameter to VPD formed a complete clockwise 

hysteresis curve. With the beginning of the IV phase of fruit growth, the complete 

clockwise hysteresis curve showed significant abnormality and became rare. The 

disappearance of complete clockwise hysteresis loop could be a good indicator of fruit 

maturation stage. A visualization of hysteresis curve, in normalized diameter vs. VPD, can 

be a tool to translate measured data to precise phenological phases of fruit growth and can 

be used for orchard management. These results will be useful for creating more robust and 

precise models for olive fruit growth and to gather useful outputs for precision agriculture 

methods. 
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4.1 Abstract 
 

The transversal fruit diameter (FD) was monitored continuously by automatic extensimeters 

(fruit gauges) in order to monitor fruit growth dynamics under deficit irrigation treatments. 

The daily diameter fluctuation (ΔD, mm), the daily growth (ΔG, mm), the cumulative fruit 

growth (CFG, mm), and the fruit relative growth rate (RGR, mm mm−1 h−1) of four olive 

cultivars ('Ascolana dura', 'Piantone di Falerone', 'Arbequina', and 'Lea') were studied 

during the third phase of fruit growth. Two regulated deficit irrigation treatments DI-20 

(20% of ETc) and DI-10 (10% of ETc) were applied. The daily hysteretic pattern of FD 

versus the environmental variable of vapor pressure deficit (VPD) was evaluated using the 

data of a local weather station. The assessment of fruit growth parameters showed cultivar-

specific response to water stress. For instance, after performing deficit irrigation, minimum 

RGR in different cultivars downsized with various slopes which suggested a very different 

response of the cultivars to dehydration. On the other hand, the daily hysteretic pattern of 

FD versus VPD was detected in all the studied cultivars, and a quantitative index (height of 

hysteresis curves) used for explanation of hysteresis magnitude’s changed according to the 

deficit irrigation treatments. The results showed a significant reduction of height of 

hysteresis curves by irrigation treatments which were not cultivar-specific. The quantitative 

index for hysteresis curve magnitude’s change in the four olive cultivars of 'Ascolana dura', 

'Piantone di Falerone', 'Arbequina' and 'Lea' can efficiently estimate the plant water 

response to irrigation treatment in olive orchards. However, further investigation needs to 

be done to implement precise irrigation systems. 

 

Keywords: Olea europaea L.; fruit diameter; hysteresis; deficit irrigation; vapor 

pressure deficit (VPD); water stress index; continuous fruit-based index; extensimeter (fruit 

gauge) 
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4.2 Introduction 

 
The importance of olive (Olea europaea L.) as essential for human diet and landscape 

management is undeniable in areas with Mediterranean climate. Olive production has been 

affected by increasing global demand (table olive and olive oil), which has imposed a 

greater need for agricultural inputs as we address resource scarcity and climate change 

(Seifi et al., 2015; Rodrigues et al., 2018; Fraga et al., 2020). One of the key inputs of olive 

production is water. Around 70% of the world surface of olive groves is irrigated (Romero-

Triqueros et al., 2019), therefore, the development of appropriate methods and strategies of 

sustainable water use in olive groves is fundamental (Fernández, 2014). The most common 

technique for optimizing water efficiency is Regulated Deficit Irrigation (RDI), in which 

water deficits are imposed during phenological periods when the tree is most insensitive to 

water stress (Ahumada-Orellana et al., 2017; Romero-Triqueros et al., 2017; Lodolini et al., 

2011a), and complementary irrigation (Lodolini et al., 2014 and 2016). Furthermore, the 

results of Goldhamer (1999) and Gómez-del Campo (2013) showed that RDI strategies 

resulted in a saving of about 20% of the total amount of water applied without reducing the 

yield, fruit and oil content. Moreover, numerous studies show that deficit irrigation avoids 

or minimizes the negative impact of irrigation on erosion, in particular by reducing surface 

runoff and contributing less to the infiltration of pollutants (herbicides and pesticides) into 

groundwater (Rodríguez Sousa et al., 2019). In the classical method, the calculation of 

irrigation amount is based on multiplying reference evapotranspiration (ET0) by grass-

reference-based crop-specific coefficients (Kc). Nevertheless, the traditional method of 

estimation of Kc for olive orchards could be inaccurate. Kc is affected by some aspects 

such as canopy architecture, ground cover, and the interactions of climatic conditions, soil 

type, cultivars, and irrigation management practices (Ahumada-Orellana et al., 2017). 

To achieve precise irrigation results, some recent research suggested continuous assessment 

of plant water status indices (Scalisi et al., 2020; Marino et al., 2021; Caruso et al., 2022a 

and 2022b). In fact, in Soil Plant Atmosphere Continuum (SPAC), plant plays an interface 

role between soil and the environment, and its physiological response is a combination of 

results (Scalisi et al., 2020; Measham et al., 2017; Fernández, 2017). Furthermore, the 

continuous measurement of plant water status indices would provide a solid base for 

precision irrigation management, by real time response to water stress. However, the olive 

species (Olea europaea) has a very wide genetic pool, which can respond to drought using 

different leaf and fruit physiological and morphological mechanisms (Scalisi et al., 2020; 

Lo Bianco and Scalisi, 2017). It includes genotypes that can respond to drought using 

different tolerances to leaf dehydration and morphological and structural adaptations of the 

leaves (Scalisi et al., 2020). Lo Bianco and Scalisi 2017) found a different leaf stomatal 

regulation among the olive cultivars. Due to this difficulty, the correct choice of the water 

status index of the plant is essential. The most common suggested indices are midday stem 

water potential (ᴪstem), trunk diameter variation (TDV), sap flow (SF), leaf turgor pressure 

(LTP), as well as fruit diameter (FD), which can be used alone or in combination. A 

combination of indices (sensors) could provide robust data, however, increased the 

complexity. Moreover, considering the difficulty of replicating continuous measurements 

on a large number of trees, the need to obtain an accurate index has become more essential. 

The midday stem water potential (ᴪstem) is accurate and reliable, however, not only it is a 
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destructive method, but also not suitable for continuous measurement (Scalisi et al., 2019 

and 2020; Marino et al., 2018). The stem/trunk diameter variation (by trunk dendrometer) is 

another useful index. However, the trunk diameter fluctuations are affected by plant age 

and size, crop load, environmental variables, and growth patterns (Fernández, 2017). The 

sap flow (SF) methods are particularly demanding in terms of installation; most of the SF 

methods suitable for fruit trees are invasive, such that sensors must be installed within the 

trunk of the trees (Fernández, 2014). Moreover, the sap flow rate demonstrates transpiration 

dynamics that depend on stomatal activity and environmental variables (Scalisi et al., 

2019). The leaf turgor pressure (LTP) measurement method is carried out by probe which is 

a cheap and handy method but does not allow for continuous measurement (Boini et al., 

2019). The advanced LTP measurement method employed leaf patch clamp pressure 

(LPCP) probes is able to continuously monitor the pressure, but the different initial 

condition of the leaf related to age (especially in evergreen species) and exposure to light 

inside the canopy leads to obtaining partial information from LPCP (Marino et al., 2021; 

Scalisi et al., 2019). In addition, findings by Jones (2004) suggested that LTP in the 

isohydric species is not very useful in the early detection of plant water deficiency. The 

other innovative plant water status index is fruit diameter (FD). The daily fruit growth 

dynamics can be expounded as changes in flows of water into and out of the fruit, rather 

than carbon gains; thus, the daily fruit diameter variation responds to water deficit (Marino 

et al., 2021; Scalisi et al., 2017; Fernandes et al., 2018; Khosravi et al., 2021). Fruits 

represent the actual goal of production but fruit growth is the result of several genetic, 

metabolic, hormonal, and environmental interactions (Gucci et al., 2009), therefore, optimal 

fruit growth can be determined only by the efficient physiological manipulation of the 

condition tree (Boini et al., 2019). In the olive tree, the root response to localized 

application systems of organic residues, nutrients, and water reveal an enormous plasticity 

of the root system (Giorgi et al., 2008; Lodolini et al., 2011b; Polverigiani et al., 2012) 

which can compensate for local stress. Although olive tree root systems are highly capable 

and could supply a constant water flow, fruit daily growth trend is described by periods of 

shrinkage and then after expansion, which usually lead to increase in fruit size at the end of 

the day (Boini et al., 2019; Khosravi et al., 2021). Due to the research of Fernandes et al. 

(2018) and Marino et al. (2021), the daily variations in fruit transversal diameters can be 

expounded as changes in flows of water into and out of the fruit hence, these can be 

connected to vapor pressure deficit (VPD) and tree water status. Furthermore, Scalisi et al. 

(2020) explained that fruit growth (measured by FD) is strictly related to soil water 

availability and plant water status, it is also influenced by environmental variables, crop 

load, genetic factors, and phenology. Consequently, fruit growth monitoring (by FD) could 

represent a sensitive indicator of plant water and physiological status of the trees, especially 

during cell expansion phase, when fruit growth rate is constant and truly decisive for 

productive performances (Boini et al., 2019; Lakso et al., 1995). FD monitoring has been 

investigated in several studies by researchers to measure daily fluctuation in the volume of 

selected fruits, including pears (Morandi et al., 2014), sweet cherry (Brüggenwirth et al., 

2016; Mancini et al., 2021; Zucchini et al., 2021), mango (Carella et al., 2021), apple 

(Boini et al., 2019), nectarine (Scalisi et al., 2019), orange (Grilo et al., 2019), and olive 

(Scalisi et al., 2020; Marino et al., 2021; Fernandes et al., 2018; Khosravi et al., 2021). The 

continuous FD monitoring provides robust data but water management protocols based on 

FD measurements need further study to develop field applicable models (Marino et al., 
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2021; Boini et al., 2019; Khosravi et al., 2021). A common challenge with tree-based 

sensors is to adjust their output to physiologically meaningful parameters in a consistent 

manner (Fernández, 2017; Khosravi et al., 2021; Zucchini et al., 2021). 

In order to translate outputs of plant-based sensors, the phenomenon of hysteresis should be 

further considered. Explaining the causes of hysteretic phenomenon appears fraught with 

complex interactions between exogenous and endogenous factors to the plant system [39]. 

The root of the word hysteresis is Greek and means to “lag behind” (Zhang et al., 2014; 

Khosravi et al., 2021). Hysteresis is non-linear loop-like behavior that has been known in 

plant systems for a long time (Zhang et al., 2014; Mayergoyz, 2003). In hysteresis, when 

the time argument of an input function is stretched or compressed, the corresponding output 

function is not stretched in the same way, so the hysteresis does not show affine similarity 

with respect to time (Zhang et al., 2014; Phillips, 2003; O’Kane, 2005). For example, a 

diurnal hysteresis between evapotranspiration (ET) (or transpiration) and vapor pressure 

deficit (VPD) has been studied [40]; hysteresis as a relationship between environmental 

factor (e.g., meteorological factors) and sap flow (Zhang et al., 2014; Zappel et al., 2004; 

O’Brein, 2004); hysteresis was found also in the relationship between canopy conductance 

and temperature (Bai et al., 2017); hysteresis between fruit diameter and leaf pressure on 

two different olive cultivars (Scalisi et al., 2020). Furthermore, in the cherry fruit growth 

relationship with VPD, complete hysteresis was found only during the maturation phase 

while during fruit extension phase the hysteresis was null or partial (Zucchini et al., 2021). 

Recently Khosravi et al. (2021) examined the 'Frantoio' olive cultivar and explained the 

different hysteresis curves of the diameter versus the VPD during the second, third, and 

fourth phases of olive fruit development. According to this research, monitoring hysteretic 

loops and detecting the magnitude change could be used as a method for detecting the 

growth phases. In this research, the form, magnitude, and rotational pattern of hysteresis 

curve (loop) of transversal diameter versus VPD were investigated. It has been shown that 

VPD is especially important in woody plants, where it is the main variable affecting their 

diurnal evolution of transpiration (Perez-Martin et al., 2009). 

The aim of this work was to describe third phase of olive fruit development by continuous 

monitoring with extensimeter under regulated deficit irrigation regimes. Furthermore, we 

hypothesized the presence of hysteresis curves by examining the olive fruit diameter (FD) 

compared to VPD. We intended to provide some indexes for smart irrigation in relation to 

the regulated deficit irrigation in a key phenological stage of the fruit. 

 

4.3 Materials and Methods 
 

4.3.1. Site Description and Phenology 
 

The experiment was carried out in 2021 at the experimental farm of the Polytechnic 

University of Marche, located in Agugliano (Marche, Italy) (latitude 43°54′ N, longitude 

13°36′ E, altitude 85 m), in a high-density olive orchard in four self-rooted olive (Olea 

europaea L.) cultivars of 'Ascolana dura', 'Piantone di Falerone', 'Arbequina' and 'Lea'. 

The trees were planted 4 × 2 m (1250 tree ha−1) in May 2012, about 9 years old at the time 

of experiment. Each cultivar was displayed in a separate row. The olive trees were initially 

trained as a central leader, the tree canopy was afterwards flattened according to a 
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hedgerow, removing long branches toward the interrow (Assirelli et al., 2021). Integrated 

agricultural methods were adopted for the agricultural operations, pest control, and 

fertilization practices according to regional guidelines (Agenzia Servizi Settore 

Agroalimentare delle Marche (ASSAM). The irrigation was localized and used to perform 

different irrigation treatments during experiment (see Section 4.3.2. Irrigation). The soil 

was managed with permanent grass cover in the inter-row alley, with mowing 3–4 times 

during the growing season and with tillage along the row (Khosravi et al., 2021). 

 

4.3.2. Irrigation 

 
The olive trees were irrigated by a drip irrigation system with a flow of 8 (L h−1) per tree. 

Two deficit irrigation levels were performed and the higher dose (DI-20) was supplied to 

big fruit varieties while the lower dose (DI-10) was supplied to medium-small fruit 

varieties. DI-20 had 20% of the amount of ETc and was supplied to Ascolana dura and 

Piantone di Falerone trees, while DI-10 had 10% of the amount of ETc and was supplied to 

Lea and Arbequina trees. The crop evapotranspiration ETc was estimated according to 

FAO56 equation which is: 

(ETc = ET0 × Kc) (1) 

 

where the evapotranspiration (ET0) was calculated by the local weather station 

automatically via FAO Penman–Monteith equation and Kc was the crop coefficient 

(Ahumada-Orellana et al., 2017). Moreover, effective rainfall (R) was calculated as: 

R = (Pp − 5) ∗ 0.75 (2) 

where Pp = rainfall obtained from the local weather station (Ahumada-Orellana et al., 

2017). The irrigation treatment was performed according to the randomized block with 

three replications, and each block consisted of at least five adjacent trees on the same row. 

The irrigation was done three times during the experiment period, 17th August (Day of the 

Year, DOY, 229), 19th August (DOY 231), and 16th September (DOY 259). The DI-20 

irrigated cultivars received 62 mm of water during all fruit growth phases which 17.5 mm 

was during the third growth phase. For the DI-10 irrigated cultivars the amount of received 

water during all fruit growth phases and third growth phase were 31 and 8.75 mm, 

respectively. For big fruit varieties of Ascolana dura and Piantone di Falerone, the no 

irrigated fruit (DI-0) was considered as a reference point for detecting the effect of the 

deficit irrigation treatment on fruit growth. The rationale behind using DI-0 against fully 

irrigated treatment comes from the idea of analyzing the effect of deficit irrigation on fruit 

growth (daily and periodical growth) which should be discovered in comparison with 

normal growth conditions (without irrigation). The changes in the daily olive fruit growth 

pattern by irrigation has been explained by some research previously (Scalisi et al., 2020; 

Marino et al., 2021). 
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4.3.3. Fruit Maturation Monitoring 

 
From 19th September (DOY 262) to 26th October (DOY 299) the fruits, which were placed 

inside the extensimeter, were photographed by Canon EOS 1100D Camera (Canon Inc., 

Tokyo, Japan) weekly. In the case of adverse weather conditions, taking images was 

postponed to the next possible day. The ripening status of each olive fruit was assessed 

according to the first five (0–4) classes of Jaen index (International Olive Council (COI) 

COI/OH/Doc. No 1 November 2011) (Table 4.1). Up to DOY 276, fruits inside the 

extensimeter were in the third phase of fruit development, and maturity index ranged from 

0 to 2. Consequently, DOY 276 was considered the ending day of the third phase of fruit 

development. 

 

Table 4.1. Data of ripening index for the fruits, which were mounted on the extensimeters. 

Data were collected weekly from 262 to 299 days of the year (DOY). Maturation indexes 

were performed according to the first five (0 to 4) categories of the Jaen index. Arb1(DI-

10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, 

respectively. Lea1(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit 

irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana 

dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated 

“Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di 

Falerone” at 20% deficit irrigation, respectively. Fal4(DI-0) represents fruit 4 of non-

irrigated “Piantone di Falerone”. 

 

DOY Arb1(DI-10) Arb2(DI-10) Lea1(DI-10) Lea2(DI-10) Asc1(DI-20) Asc2(DI-20) Asc3(DI-0) Fal1(DI-20) Fal2(DI-20) Fal4(DI-0) 

262 0 0 0 0 0 0 0 0 0 0 

269 0 0 0 1 0 0 0 0 0 2 

276 0 0 0 2 0 0 0 2 1 2 

284 0 0 1 3 1 1 1 3 2 2 

291 1 1 1 3 1 1 1 3 3 3 

299 1 1 2 4 3 2 2 4 3 3 
 

 

4.3.4. Fruit Measurement and Experimental Design 

 
The fruit transversal diameter (synonym to equatorial diameter) of ten fruits were 

monitored by automatic extensimeters (synonym to fruit gauge) from 12th August (DOY 

224) to 3rd October (DOY 276) in 2021. We used two kinds of extensimeters; one model 

was Winet (Winet s.r.l. Cesena, Italy) and another model was DEX20 (Dynamax Inc., 

Houston, TX, USA). The Winet experimental extensimeter consisted of a variable linear 

resistance transducer sensor (model MM(R)10-12) (Megatron Elektronik GmbH & Co., 

Munich, Germany) supported by a stainless steel frame. The extensimeters were connected 

to the wireless data-logger system (Winet s.r.l. Cesena, Italy) which collected data at 10 
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min intervals. Data has been sent through the wireless nodes to a central network node, 

which transmits information via general packet radio service (GPRS) modem to the server. 

Second model of extensimeter (DEX20) was a caliper style device with a full bridge strain 

gage attached to a flexible arm; data were recorded by CR1000X data logger (Campbell 

scientific, Inc., Logan, UT, USA) every hour and sent to our own cloud service based on 

Amazon Web Service (AWS) twice per day. Both models of extensimeters were examined 

and showed accurate functionality (Khosravi et al., 2021; Morandi et al., 2007a). 

The full bloom day occurred for Arbequina and Ascolana dura on the 24th and 28th of 

May, and for Piantone di Falerone and Lea on the 31st of May. So, the experiment started 

almost 11 weeks after full bloom (WAFB). Moreover, the BBCH scale was employed to 

obtain a phenological phase. In this scale, the end of the second phase of fruit development 

(pit-hardening) was determined when it was no longer possible to cut the fruit (Ahumada-

Orellana et al., 2017). For each cultivar, 15 fruits were sampled randomly. Sampling was 

repeated every 10 days and pit resistance to cutting were examined by blade. The ending 

day of the second phase of fruit development was observed on the 13th of August (DOY 

225). Consequently, our experiment period started from the third phase (cell expansion) of 

fruit development. 

Eight fruits were mounted on Wi-net extensimeter which consisted of three fruits of 

Ascolana dura (two with DI-20 and one DI-0 (without irrigation) that from here called Asc1 

(DI-20), Asc2 (DI-20) and Asc3 (DI-0), three fruits of Piantone di Falerone (two with DI-

20 and one DI-0 (without irrigation) that from here called Fal1 (DI-20), Fal2 (DI-20) and 

Fal3 (DI-0) and two fruits of Lea with DI-10 irrigation level that from here called Lea1 (DI-

10) and Lea2 (DI-10). In the middle of the experiment the fruit of Fal3 (DI-0) felt down and 

was substituted with Fal4 (DI-0). Two fruits of Arbequina with DI-10 irrigation level were 

mounted on DEX20 extensimeter (Arb1 (DI-10) and Arb2 (DI-10)). The representative 

trees according to irrigation level were selected in the center of the experimental block to 

avoid border effect. Moreover, all extensimeters of the same cultivar-irrigation level were 

installed together on one representative tree. 

According to the importance and physiological effect of daylight on fruit growth and its 

role in photosynthesis, the graphic representation of daily fruit growth and its fluctuations 

were reported from the time of sunrise (Scalisi et al., 2020; Khosravi et al., 2021). In fact, 

the day started from sunrise and continued for 24 h. Based on data from our weather 

station, sunrise time from 12th of August to 5th of September (DOY 224 to 248) was 

estimated at 6 AM, from 6th of September to 3rd of October (DOY 249 to 276) was 

estimated at 7 AM. 

 

4.3.5. Fruit Growth Parameters 
 

In correspondence with the days in which irrigation treatment (DI-20 and DI-10) were 

performed (DOYs 229, 231 and 259), 6 day intervals were selected for assessment of 

deficit irrigation effect on fruit growth. The mentioned window (6 days) consisted of the 2 

days before irrigation up to 3 days after irrigation day. The parameters calculated for each 

intervals were: 1) daily diameter fluctuation (ΔD, mm) which was calculated as the 

maximum diameter minus the minimum diameter of same day, 2) daily growth (ΔG, mm) 

which was calculated as the diameter of ending point of day minus the diameter of starting 
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point of same day, 3) cumulative fruit growth (CFG, mm) as the maximum daily diameter 

of the fruit subtracted from maximum diameter of the previous day (Fernandes et al., 2018), 

4) fruit relative growth rate (RGR, mm mm−1 h−1) was calculated using the following 

equation: 

RGR = [(ln D2 – ln D1)/(t2 – t1)] (3) 

where D1 and D2 are fruit diameters at times t1 and t2, respectively (Scalisi et al., 2020; 

Marino et al., 2021). And the daily range of RGR (RGRrange, mm mm−1 h−1) was 

calculated as the difference between the minimum value and the maximum value of RGR in 

one day. 

In addition, unitless (standardized) data have been used to allow comparisons among fruits 

with different initial diameter when extensimeters were installed. The data of sensors was 

standardized for each day by using: 

x′ = x/x0 (4) 

where x′ is the standardized value, x is the value of the existing data, and x0 is the initial 

values of the data at starting point of same day. 

 

4.3.6. Meteorological Data 

According to Köppen–Geiger climate classification, Agugliano is classified in the Cfa 
category and this is characterized by warm temperature, highly humid and warm summer 
(Kottek et al., 2006) but in recent years the classification is moving toward Csa (hot 
summer Mediterranean). Meteorological data were recorded with a MeteoSense 4.0 
weather station (Netsense S.r.l Florence, Italy) located in the olive orchard. For the 
calculation of vapor pressure deficit (VPD), air temperature (T), and relative humidity (RH) 
data were collected from our weather station. Vapor pressure deficit was calculated as: 

VPD = (1−(RH/100)) × SVP and SVP (Pascals) = 610.7 × 10^(7.5T/(237.3 + T)) (5) 

The VPD formula was recommended by Monteith and Unsworth (Monteith and Unsworth, 

2013); where RH is the relative humidity, SVP is saturated vapor pressure, and T is 

temperature (°C). Our instrument was set to legal Rome time. 

 

4.3.7. Hysteresis Curves  
 

To explore the circadian pattern of hysteresis curve (loop), hourly collected data of 

transversal fruit diameter (FD) versus VPD were considered. For description of the 

hysteresis rotational pattern, the terms of clockwise and anticlockwise curve were 

employed. Furthermore, for characterization of hysteresis form, three concepts of partial, 

incomplete, and complete were used. When the hysteresis curve appeared in some part of 

the day and was not representative of the whole day, it was called partial. When the ending 

point of the hysteresis loop reached the same level of the starting point of the loop, it was 

defined as complete. Lastly, when the ending point of the hysteresis loop did not reach the 

same level of the starting point of the loop, so the loop was not completely closed, it was 
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called incomplete hysteresis curve. For detection of incomplete clockwise hysteresis, 

normalized data of diameter were employed. Hysteresis loops were considered incomplete 

when the loop “opening” was more than 0.05 units. In the case of loop opening, less than 

0.05 is considered as complete (Khosravi et al., 2021). 

The measured daily data were normalized by Min-Max method through the equation: 

x′ = 0.9 × ((x − xmin)/xmax − xmin) + 0.05 (6) 

where x′ is the normalized value, x is the value of the existing data, and xmin and xmax are 

the minimum and maximum values of the data, respectively (Khosravi et al., 2021; 

Zucchini et al., 2021). 

 

4.3.8. Data Analysis and Presentation 

 
One-way repeated measures analysis of variance (ANOVA) was performed for assessing 

significant differences. The significant differences among the treatments were assessed 

using Student–Newman–Keuls’s test (p < 0.05). All data analyses and graph design were 

performed using Sigmaplot 14.5 (Systat Software, Inc., San Jose, CA, USA). 

 

4.4 Results 
 

4.4.1. Environmental Data Analysis and VPD Evolution 

 
Figure 4.1 shows the data of VPD, temperature (T), ET0, and rainfall during the experiment 

(DOY 224 to DOY 276). The highest measured hourly VPD was 5.4 (kPa) on 16th of 

August (DOY 228) and the lowest was 0.05 (kPa) on 23rd and 24th of August (DOYs 235 

and 236). The highest daily average of VPD was 3.0 (kPa) on the 16th of August (DOY 

228) and the lowest was 0.12 (kPa) on the 27th of September (DOY 270). The daily mean 

of VPD during the experiment was 0.91 ± 0.56 (kPa). The daily mean of temperature 

during experiment was 21.30 ± 3.43 (°C), with a minimum daily temperature of 15.76 (°C) 

on the 1st of October (DOY 274) and maximum daily temperature of 32.26 (°C) reached on 

17th of August (DOY 229). The maximum and minimum hourly temperatures were 39.0 

and 9.5 (°C) which reached on 16th of August (DOY 228) and 1st of October (DOY 274), 

respectively. The total reference ET0 was 173.9 (mm) for the experiment period. The 

maximum and minimum daily ET0 was 6.3 (mm day−1) on 16th of August (DOY 228) and 

0.6 (mm day−1) on 27th of September (DOY 270), respectively. The maximum hourly ET0 

was 0.7 (mm hour−1) which reached on 14th, 15th, 16th of August (DOYs 226, 227, and 

228). During the experiment period, the accumulated rainfall was 96.1 (mm), with 

maximum hourly and daily of 17.6 (mm hour−1) and 39.5 (mm day−1) reached on 23rd of 

August (DOY 235). 
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Figure 4.1. Trend of hourly and daily temperature (T), vapor pressure deficit (VPD), 

reference evapotranspiration (ET0) and rainfall, during the experiment period (from 224 to 

276 days of the year (DOY), obtained by MeteoSense 4.0 weather station. 
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4.4.2. Fruit Growth 

 
Figure 4.2 reports the hourly transversal diameter of fruits for the four different cultivars 

from DOY 224 to DOY 276. The typical third phase of the fruit growth was observable in 

all four cultivars (Lea, Figure 4.2A; Arbequina, Figure 4.2B; Piantone di Falerone, Figure 

4.2C; Ascolana dura Figure 4.2D); however, with dissimilar growth slope among different 

cultivars and a final relentless toward maturation (4th phase). The fruit growth showed a 

diameter increase with diurnal fluctuation. The diurnal fluctuation of olive fruit was 

detected as a shrinkage of fruit diameter from mid-morning to early afternoon followed by 

expansion of fruit diameter from late afternoon to early morning (Figure S4.1A). At the end 

of the day, the fruits reached a size larger than the initial point of the same day. In fact, 

Arbequina (DI-10) in 60.4% of cases (64 out of 106), Lea (DI-10) in 82.89% of cases (63 

out of 76), Ascolana dura (DI-0) in 77.5% of cases (38 out of 49), Ascolana dura (DI-20) in 

72.4% of cases (55 out of 76), Piantone di Falerone (DI-0) in 82.5% of cases (32 out of 39) 

and Piantone di Falerone (DI-20) in 87.7% of cases (86 out of 98) reached a size similar or 

larger than the initial point of same day. 

 
Figure 4.2. Continuous measurements of diameter of olive fruits during the experiment 

period (from 224 to 276 days of the year (DOY): (A) fruit 1 and 2 of “Lea” at 10% deficit 

irrigation (Lea1(DI-10) and Lea2(DI-10), respectively); (B) fruit 1 and 2 of “Arbequina” 

at 10% deficit irrigation (Arb1(DI-10) and Arb2(DI-10), respectively); (C) fruit 1 and 2 of 

“Piantone di Falerone” at 20% deficit irrigation (Fal1(DI-20) and Fal2(DI-20), 

respectively) and fruit 3 and 4 of non-irrigated “Piantone di Falerone” (Fal3(DI-0) and 

Fal4(DI-0), respectively) ; (D) fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation 

(Asc1(DI-20) and Asc2(DI-20), respectively) and fruit 3 of non-irrigated “Ascolana dura” 
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(Asc3(DI-0)). Missing data From 224 to 249 day of the year (DOY) for Lea2 (DI-10) and 

Asc1 (DI-20) and from 246 to 249 day of the year (DOY) for panel (A,C,D). 

 

The duration, from beginning to finishing daily fruit shrinkage and expansion, did not show 

similarity among cultivar-irrigation level (Table S4.1). In addition, there were some 

exceptional days which showed different growth patterns (Figure S4.1B). There was no 

unique pattern for explanation of diameter (fruit growth) fluctuation of these days. 

 

4.4.3. Irrigation Response 

 
Monitoring the daily variation of fruit diameter  at 6 days’ window (from DOY 227 to 234) 

in correspondence with first and second irrigation days showed that diameter of Arb1(DI-

10) downsized from 9.91 mm to 9.81 mm, whereas for Arb2 (DI-10) downsized from 8.76 

mm to 8.65 mm, but for Lea1 (DI-10) started from 10.7 mm and increased to 11.1 mm. At 

the same period, diameter of Asc2 (DI-20) started from 20.4 mm up to 20.9 mm, Fal1 (DI-

20) started from 13.7 mm up to 14.4 mm, and Fal2 (DI-20) started from 13.0 mm and 

reached 13.8 mm, whereas transversal diameter of Asc3 (DI-0) and Fal3 (DI-0) started from 

15.6 mm and 15.4 mm up to 15.7 mm and 15.4 mm, respectively (Figure S4.2A–D). It 

showed diameter increase for both cultivar with and without irrigation treatment, 

nevertheless, standardized diameter (Table 4.2) showed different ratio  of diameter growth.  

For irrigated Ascolana dura and Piantone di Falerone, the ratio of diameter growth was 

higher than non-irrigated treatment. 
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Table 4.2. Standardized data of diameter for period of 227 to 234 day of the year (DOY) 

and 257 to 262 day of the year (DOY). Data of DOY 227 and 257 is related to the starting 

point of day and for DOY 234 and 262 is related to the ending point of day. Arb1(DI-10) 

and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, 

respectively. Lea1(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit 

irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana 

dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated 

“Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di 

Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent 

fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively. Fal3 (DI-0) fell down 

and has been substituted with Fal4 (DI-0) for 257 to 262 day of the year (DOY). Missing 

data from 227 to 234 day of the year (DOY) for Lea2 (DI-10) and Asc1(DI-20). 
 

DOY 

Arb1 

(DI-10) 

Arb2 

(DI-10) 

Lea1 

(DI-10) 

Lea2 

(DI-10) 

Asc1 

(DI-20) 

Asc2 

(DI-20) 
Asc3(DI-0) 

Fal1 

(DI-20) 

Fal2 

(DI-20) 
Fal3(DI-0) Fal4(DI-0) 

  

First and second irrigation treatment (DOYs 229 

&231)              

227 0.4 0.46 0.29 - - 0.41 0.62 0.34 0.32 0.72 - 

234 0.13 0.15 0.79 - - 0.91 0.9 0.95 0.95 0.89 - 

  Third irrigation treatment (DOY 259)         -   

257 0.19 0.2 0.23 0.24 0.38 0.95 0.1 0.17 0.08 - 0.81 

262 0.95 0.91 0.95 0.83 0.89 0.95 0.95 0.92 0.92 - 0.95 

 
In correspondence with the third irrigation day (from DOY 257 to 262), diameter of Arb1 

(DI-10) started at 10.2 mm reached 10.8 mm, and for Arb2 (DI-10) started from 9.0 mm up 

to 9.6 mm. Diameter of Lea1 (DI-10) started from 12.7 mm and reached to 13.3 mm, and 

for Lea2 (DI-10) started from 11.3 mm up to 11.7 mm. About Asc1 (DI-20) diameter 

started from 20.3 mm and reached 20.7 mm and for Asc2 (DI-20) started from 21.3 mm 

and remained the same size. About Fal1 (DI-20), diameter started from 15.7 mm and 

reached 16.3, and Fal2 (DI-20) started from 15.0 mm and reached 15.5 mm. In the non-

irrigated fruits, the diameter of Asc3 and Fal4 started from 18.77 mm and 11.4 mm up to 

19.3 mm and 11.6 mm, respectively (Figure S4.2E–H). Data showed diameter increase for 

all the four cultivars with different irrigation levels and for two cultivars (Ascolana dura 

and Piantone di Falerone) without irrigation treatment. Data of standardized diameter 

explained that diameter growth ratio in irrigated Ascolana dura was lower than non-

irrigated and for irrigated Piantone di Falerone was higher than non-irrigated (Table 4.2). 

 

The daily growth (ΔG) (Table 4.3) provided more information related to diameter change in 

correspondence with irrigation days. On the first irrigation day (DOY 229), for both 

cultivars with DI-20, not only ΔG was positive, but it was higher than ΔG of the previous 

day. At the same time, ΔG for non-irrigated fruits did not show any growth in comparison 

with the previous day. In fact, ΔG of Ascolana dura (DI-0) was positive and the same as the 

previous day and for Piantone di Falerone (DI-0) was negative and lower than previous 

day. About cultivars with DI-10, ΔG was higher than the previous day but for Lea it was 

positive and for Arbequina it was negative. In all four irrigated cultivars (with DI-10 or DI-

20), in the day after irrigation ΔG increased in comparison with the day before. The trend 
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of ΔG in the non-irrigated fruits at the day after Irrigation for Ascolana dura was 

downward, and for Piantone di Falerone did not show any changes. 

 

Table 4.3. Standardized data of daily fruit growth (ΔG) in correspondence with irrigation 

days. Data was related to the 6 days window (2 days before and 3 days after irrigation 

day). Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit 

irrigation, respectively. Lea1(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 

10% deficit irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of 

“Ascolana dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of 

non-irrigated “Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of 

“Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) 

represent fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively. Fal3 (DI-0) 

fell down and has been substituted with Fal4 (DI-0) for 257 to 262 day of the year (DOY). 

Missing data from 227 to 234 day of the year (DOY) for Lea2 (DI-10) and Asc1(DI-20). 

DOY 
Arb1(DI-

10) 

Arb2(DI-

10) 
Lea1(DI-10) Lea2(DI-10) 

Asc1(DI-

20) 

Asc2(DI-

10) 
Asc3(DI-0) Fal1(DI-20) Fal2(DI-20) Fal3(DI-0) Fal4(DI-0) 

227 0.0004 0.0021 0.0019 - - −0.0029 −0.0006 −0.0029 −0.0031 0.0000 - 

228 −0.0005 0.0021 0.0028 - - 0.0000 0.0013 −0.0044 −0.0054 0.0006 - 

229 −0.0050 −0.0086 0.0102 - - 0.0054 0.0013 0.0102 0.0139 −0.0013 - 

230 −0.0076 −0.0066 0.0119 - - 0.0063 −0.0013 0.0116 0.0144 −0.0013 - 

231 −0.0034 −0.0029 0.0073 - - 0.0048 −0.0006 0.0086 0.0097 0.0000 - 

232 0.0158 0.0177 0.0027 - - 0.0034 0.0006 0.0064 0.0074 0.0006 - 

233 0.0134 0.0113 −0.0018 - - 0.0029 0.0006 0.0049 0.0044 0.0006 - 

234 0.0029 0.0029 −0.0090 - - −0.0010 0.0000 0.0021 0.0022 0.0000 - 

257 0.0043 0.0059 0.0000 −0.0044 −0.0089 0.0000 −0.0011 −0.0032 0.0000 - −0.0236 

258 0.0030 0.0041 −0.0063 0.0018 −0.0045 −0.0042 0.0011 −0.0019 −0.0007 - −0.0170 

259 0.0008 −0.0017 0.0174 0.0116 0.0145 −0.0005 0.0048 0.0089 0.0100 - −0.0009 

260 −0.0395 −0.0408 0.0194 0.0159 0.0108 −0.0024 0.0058 0.0063 0.0072 - 0.0027 

261 −0.0177 −0.0204 0.0076 0.0201 0.0015 0.0000 0.0074 0.0088 0.0098 - 0.0154 

262 −0.0022 0.0020 0.0053 0.0009 0.0068 0.0071 0.0084 0.0137 0.0052 - 0.0294 

 

On the second irrigation day (DOY 231), ΔG for both cultivars with DI-20 was positive, 

however, it was lower than ΔG of the previous day. Concurrently, ΔG of non-irrigated 

fruits was higher than the previous day. Although, ΔG of Ascolana dura (DI-0) was 

negative and for Piantone di Falerone (DI-0) was zero. About cultivars with DI-10, for 

Arbequina ΔG was greater than the previous day and with a negative amount and for Lea it 

was lower than the previous day with a positive amount. In both irrigated cultivars with DI-

20, in the day after irrigation, ΔG decreased in comparison with the day before, whereas 

ΔG of non-irrigated fruits for both cultivars increased. About cultivars with DI-10, in the 

day after irrigation, for Arbequina ΔG increased and for Lea ΔG decreased in comparison 

with the previous day. 

On the third irrigation day (DOY 259), ΔG for both cultivars of Ascolana dura and 

Piantone di Falerone (irrigated (DI-20) and non-irrigated (DI-0)) was higher than the 

previous day. About cultivars with DI-10, ΔG of Arbequina was lower than the previous 
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day but for Lea was higher. On the day after irrigation, ΔG for both cultivars with DI-20 

was lower than the irrigation day, whereas ΔG of non-irrigated (DI-0) cultivars was higher 

than the irrigation day. About cultivars with DI-10, in the day after irrigation, for 

Arbequina ΔG reduced and for Lea ΔG enlarged in comparison with the previous day 

(Table 4.3). 

The daily diameter fluctuation (ΔD) in the first irrigation day was reduced in both cultivars 

with DI-20 and reduction continued until the day after irrigation, whereas in both cultivars 

with DI-10, ΔD increased and the day after decreased. In the second irrigation day, ΔD in 

both cultivars with DI-20 was almost the same as the previous day, and in the day after 

irrigation, followed by slight increase for cultivar Piantone di Falerone and stability for 

Ascolana dura. In the second irrigation day, ΔD for cultivar with DI-10 followed the 

opposite trend, which was a reduction for Arbequina and an increase for Lea; however, in 

the day after irrigation ΔD for both DI-10 cultivars increased. In the third irrigation day, 

ΔD for Piantone di Falerone DI-20 increased and in the day after decreased. For the 

Ascolana dura DI-20, one fruit showed decreasing of ΔD followed by increasing in the day 

after, and other fruit showed increasing of ΔD followed by decreasing in the day after. 

About cultivar with DI-10, ΔD showed a different trend. Indeed, for Arbequina ΔD 

decreased and in the day after irrigation increased, but for Lea ΔD increased and in the day 

after irrigation one fruit showed ΔD reduction and other one showed ΔD increase (Figure 

S4.3A–D). 

The cumulative fruit growth (CFG), for all irrigated cultivars (DI-20 and DI-10), in 

correspondence with the first irrigation day increased and the upward trend has continued in 

the day after irrigation (Figure 4.3A and B). In non-irrigated cultivars, a small growth of 

CFG was observed which was followed by a reduction in the day after irrigation (Figure 

4.3B). In the second irrigation day, CFG for all irrigated cultivars (DI-20 and DI-10) 

decreased, the downward trend continued in the day after irrigation but with a slight slope 

(Figure 4.3A and B). In the same time, CFG of DI-0 treatments decreased but in the day 

after irrigation it increased (Figure 4.3B). On the third irrigation day, CFG for all irrigated 

(DI-20 and DI-10) and non-irrigated cultivars increased (Figure 4.3C and D). The only 

exception was one fruit of Ascolana dura (Asc2 (DI-20)) which CFG decreased (Figure 

4.3D). On the day after irrigation, CFG of both cultivars with DI-20 was the same as 

irrigation day and did not show any change (Figure 4.3D), nevertheless CFG of both 

cultivars with DI-10 increased (Figure 4.3C). CFG for Ascolana dura (DI-0) was the same 

as the previous day and did not change, whereas, CFG of Piantone di Falerone (DI-0) 

increased (Figure 4.3D). 
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Figure 4.3. Standardized cumulative fruit growth (CFG). From 227 to 234 day of the year 

(DOY) (in correspondence with first and second irrigation days) for the olive cultivar 

Arbequina and Lea (A) and for the olive cultivars Ascolana dura and Piantone di Falerone 

(B). From 257 to 262 day of the year (DOY) (in correspondence with third irrigation day) 

for the olive cultivar Arbequina and Lea (C) and for the olive cultivars Ascolana dura and 

Piantone di Falerone (D). Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of 

“Arbequina” at 10% deficit irrigation, respectively. Lea1(DI-10) and Lea2(DI-10) 

represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20) and 

Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, 

respectively. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fal1(DI-20) 

and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% deficit 

irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated 

“Piantone di Falerone”, respectively. 

 

After the first and second irrigation day, daily fruit relative growth rate (RGR) changed 

significantly (Figure 4.4B–F). After the first irrigation day the minimum amount of RGR 

was near zero and then decreased continuously (dashed orange line). The minimum of RGR 

downsized with dissimilar slopes in different irrigation levels. Moreover, the trend of 

minimum RGR reduction in different cultivars with the same irrigation level was diverse 

too. The maximum amount of RGR for both cultivars with DI-20 increased slightly (dashed 

black line in Figure 4.4B,D), whereas cultivars with DI-10 did not show any consistent 

decreasing or increasing of maximum RGR (Figure 4.4E,F). At the same time, minimum 

RGR of Piantone di Falerone (DI-0) and Ascolana dura (DI-0) showed consistent decrease 

(dashed orange line in Figure 4.4A,C). The maximum RGR for Piantone di Falerone (DI-0) 
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did not show any specific patterns, however, for Ascolana dura (DI-0) was stable (dashed 

black line in Figure 4.4C). 

 

 
Figure 4.4. Daily fruit relative growth rate (RGR) from 227 to 234 day of the year (DOY) 

(in correspondence with first and second irrigation days. The olive cultivar 'Piantone di 

Falerone' (A,B); the olive cultivar 'Ascolana dura' (C,D); the olive cultivar 'Arbequina' 

(E); the olive cultivar 'Lea' (F). Fal3(DI-0) represents fruit 3 of non-irrigated “Piantone di 

Falerone”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” 
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at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated 

“Ascolana dura”. Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 20% deficit 

irrigation. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% 

deficit irrigation, respectively. Lea1(DI-10) represents fruit 1 of “Lea” at 10% deficit 

irrigation. 

After irrigation withholding, RGRrange amount of two cultivars (Ascolana dura and Piantone 

di Falerone) with DI-20 irrigation treatment increased (Figure 4.5B). The RGRrange 

enlargement has been reported by other research as a water stress signal in olive (Scalisi et 

al., 2020; Marino et al., 2021; Fernandes et al., 2018). However, there is no defined 

threshold for RGRrange as a water stress index. The trend of RGRrange in the cultivars with 

DI-10 irrigation treatment was not same as each other. Indeed, the trend for cultivar Lea 

was more similar to DI-20 irrigation treated cultivars (Figure 4.5A), whereas, the trend of 

Arbequina up to the day after first irrigation treatment was close to Lea and then after 

followed dissimilar trend (Figure 4.5A). The trend of Asc3 (DI-0) was mismatched with 

Fal3 (DI-0), besides, both of them (DI-0s) showed diverse pattern in comparison with 

related irrigated cultivar (Figure 4.5C). 

 

 
 

Figure 4.5. Relative growth rate range (RGRrange) from 227 to 234 day of the year (DOY) 

(in correspondence with first and second irrigation days: (A) fruit 1 and 2 of “Arbequina” 

at 10% deficit irrigation (Arb1(DI-10) and Arb2(DI-10), respectively) and fruit 1 of “Lea” 

at 10% deficit irrigation (Lea1(DI-10) ); (B) fruit 1 and 2 of “Piantone di Falerone” at 

20% deficit irrigation (Fal1(DI-20) and Fal2(DI-20), respectively) and fruit 2 of “Ascolana 

dura” at 20% deficit irrigation (Asc2(DI-20)); (C) fruit 3 of non-irrigated “Ascolana 

dura” (Asc3(DI-0)) and fruit 3 of non-irrigated “Piantone di Falerone” (Fal3(DI-0)). 
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After third irrigation treatment, fruit RGR dynamics did not show similarity to first and 

second irrigation treatment (Figure 4.6A–F). Moreover, the pattern of the fruit with the 

same cultivar-irrigation level was diverse too. For instance, minimum RGR of Piantone di 

Falerone (DI-20) for one fruit (Fal1) was stable and almost zero, but for other fruit (Fal2) 

followed oscillation and was negative, whereas maximum RGR for both Piantone di 

Falerone (DI-20) had same trend but without any progressive decrease or increase (Figure 

4.6B). Maximum RGR for Ascolana dura (DI-20) in one fruit (Asc1) showed consistent 

reduction but for the other one was almost stable and near zero (Figure 4.6D). 

 

 
Figure 4.6. Daily fruit relative growth rate (RGR) from 257 to 262 day of the year (DOY) 

(in correspondence with the third irrigation day). The olive cultivar 'Piantone di Falerone' 

(A,B); the olive cultivar 'Ascolana dura' (C,D); the olive cultivar 'Arbequina' (E); the olive 

cultivar 'Lea' (F). Fal4(DI-0) represents fruit 4 of non-irrigated “Piantone di Falerone”. 
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Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% 

deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana 

dura”. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% 

deficit irrigation, respectively. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of 

“Arbequina” at 10% deficit irrigation, respectively. Lea1(DI-10) and Lea2(DI-10) 

represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. 

 

After irrigation withholding up to first rainy day (DOY 260), RGRrange amount of Ascolana 

dura with DI-20 irrigation treatment increased (Figure 4.7B), whereas, in the Piantone di 

Falerone with DI-20 irrigation treatment, RGRrange amount in the one fruit increased and in 

other one decreased (Figure 4.7B). In addition, on the day after first rain the RGRrange 

amount of Ascolana dura with DI-20 irrigation treatment decreased and for Piantone di 

Falerone increased (Figure 4.7B). Finally, the increase of RGRrange in Ascolana dura and 

Piantone di Falerone (Figure 4.7B) in 2 rainy days (DOYs 260 and 262) was in contrast 

with our expectation. Nevertheless, it resulted from the time of rainfall. Data showed that 

rainfall in DOY 260 and 262 started at 16:00 and 15:00, respectively. Consequently, the 

fruit experienced water stress before rain fall, and RGRrange increased. RGRrange of Asc3 

(DI-0) and Fal4 (DI-0) in correspondence with two rainy days showed the same results of 

DI-20 treated and confirmed the effect of time of rainfall happening (Figure 4.7C). 
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Figure 4.7. Relative growth rate range (RGRrange) from 257 to 262 day of the year (DOY) 

(in correspondence third irrigation day): (A) fruit 1 and 2 of “Arbequina” at 10% deficit 

irrigation (Arb1(DI-10) and Arb2(DI-10), respectively) and fruit 1 and 2 of “Lea” at 10% 

deficit irrigation (Lea1(DI-10) and Lea2(DI-10), respectively); (B) fruit 1 and 2 of 

“Ascolana dura” at 20% deficit irrigation (Asc1(DI-20) and Asc2(DI-20), respectively) 

and fruit 1 and 2 of “Piantone di Falerone” at 20% deficit irrigation (Fal1(DI-20) and 

Fal2(DI-20), respectively); (C) fruit 3 of non-irrigated “Ascolana dura” (Asc3(DI-0)) and 

fruit 4 of non-irrigated “Piantone di Falerone” (Fal4(DI-0)). 

 
The RGRrange in the cultivars with DI-10 irrigation treatment did not show similarity to each 

other (Figure 4.7A). On the irrigation day, the RGRrange of Arbequina increased but for Lea 
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in Lea1 increased and in Lea2 decreased (Figure 4.7A). From irrigation day up to the end of 

6 days window (DOY 262), the RGRrange trend of Arbequina (DI-10) was similar to 

Ascolana dura (DI-20) (including pattern in 2 rainy days (DOYs 260 and 262)). Whereas, 

Lea showed dissimilar trend in comparison with Arbequina. In addition, RGRrange trend of 

Lea1 and Lea2 was diverse too (Figure 4.7A). 

 
4.4.4. Hysteresis Curves of Fruit Growth versus VPD 
 
The hysteresis phenomenon is an indirect response of vegetation to diurnal changes in the 

external environment and the time lag is a major characteristic of hysteresis (Zhang et al., 

2019). In our case hysteresis is formed by the time lag between VPD and fruit growth. To 

better capture the time lag between daily diameter and VPD, the normalized data of 

diameter and VPD have been used.  The blue box showed a time lag between some example 

fruits diameter and VPD (Figure 4.8). 

 
Figure 4.8. Normalized diameter of example fruits versus normalized vapor pressure deficit 

(VPD) in 228 day of the year (DOY). The blue box shows daily time lag between VPD and 

fruit diameter. In the blue box darkness of color shows increasing time lag. To better 

demonstrate time lag, a negative normalized amount of VPD has been employed. Lea1(DI-

10) represents fruit 1 of “Lea” at 10% deficit irrigation. Arb1(DI-10) represents fruit 1 of 

“Arbequina” at 10% deficit irrigation. Fal1(DI-20) represents fruit 1 of “Piantone di 

Falerone” at 20% deficit irrigation. Fal3(DI-0) represents fruit 3 of non-irrigated 

“Piantone di Falerone”. Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 20% deficit 

irrigation. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. 

 

In most periods of experiment, the daily growth of fruit transversal diameter versus VPD 

formed clockwise curves. The mentioned curves, according to their shape, were explainable 

as complete hysteresis (Figure 4.9A), incomplete hysteresis (Figure 4.9B), or partial 

hysteresis (Figure 4.9C). Although, different kinds of hysteresis curves have appeared by 

dissimilar frequency, shape, and magnitude in each cultivar-irrigation level (Table 4.4). 
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Figure 4.9. Hysteresis loops of diameter versus vapor pressure deficit (VPD) in one 

example day (232 day of the year (DOY)). (A) Complete clockwise hysteresis; (B) 

incomplete clockwise hysteresis; (C) partial clockwise hysteresis. Dotted black line shows 

the rotational pattern and starting and ending point of hysteresis loops. Arb1(DI-10) and 

Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, respectively. 

Lea1(DI-10) represents fruit 1 of “Lea” at 10% deficit irrigation. Asc2(DI-20) represents 

fruit 2 of “Ascolana dura” at 20% deficit irrigation. Asc3(DI-0) represents fruit 3 of non-

irrigated “Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of 

“Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) represents fruit 

3 of non-irrigated “Piantone di Falerone”. 
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Table 4.4. Data of percentage of appearance of different hysteresis curves. Invalid data 

were excluded from the table. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 of 

“Arbequina” at 10% deficit irrigation, respectively. Lea1(DI-10) and Lea2(DI-10) 

represent fruit 1 and 2 of “Lea” at 10% deficit irrigation, respectively. Asc1(DI-20) and 

Asc2(DI-20) represent fruit 1 and 2 of “Ascolana dura” at 20% deficit irrigation, 

respectively. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. Fal1(DI-20) 

and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% deficit 

irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated 

“Piantone di Falerone”, respectively. 

 
Type of 

 hysteresis 

Arb1(DI-

10) 

Arb2(DI-

10) 

Lea1(DI-

10) 

Lea2(DI-

10) 

Asc1(DI-

20) 

Asc2(DI-

20) 

Asc3(DI-

0) 

Fal1(DI-

20) 

Fal2(DI-

20) 

Fal3(DI-

0) 

Fal4(DI-

0) 

Complete 27.45 15.69 19.05 12.50 15.00 12.82 27.66 6.67 10.26 35.29 0.00 

Incomplete 41.18 50.98 23.81 62.50 50.00 25.64 19.15 42.22 15.38 17.65 33.33 

Partial 23.53 25.49 42.86 16.67 15.00 30.77 34.04 26.67 48.72 23.53 50.00 

No hysteresis 7.84 7.84 14.29 8.33 20.00 30.77 19.15 24.44 25.64 23.53 16.67 

 
The trend of hysteresis curves in correspondence with irrigation days has been shown in 

Table 4.5. In the first and second irrigation day, in all irrigated cultivars (with DI-10 and 

DI-20), a partial clockwise hysteresis curve has appeared. Nevertheless, on the third 

irrigation day, it did not form any hysteresis pattern. 
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Table 4.5. Data of hysteresis curve types in correspondence with irrigation days. Arb1(DI-

10) and Arb2(DI-10) represent fruit 1 and 2 of “Arbequina” at 10% deficit irrigation, 

respectively. Lea1(DI-10) and Lea2(DI-10) represent fruit 1 and 2 of “Lea” at 10% deficit 

irrigation, respectively. Asc1(DI-20) and Asc2(DI-20) represent fruit 1 and 2 of “Ascolana 

dura” at 20% deficit irrigation, respectively. Asc3(DI-0) represents fruit 3 of non-irrigated 

“Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di 

Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) and Fal4(DI-0) represent 

fruit 3 and 4 of non-irrigated “Piantone di Falerone”, respectively. From 227 to 234 day of 

the year (DOY), extensimeters of Lea2 (DI-10) and Asc1 (DI-20) were missing (marked by 

”-“ in the table). In the 257 day of the year (DOY), data of extensimeters of Lea1 (DI-10), 

Asc2 (DI-20), and Fal2 (DI-20), and in 261 day of the year (DOY) data for Asc2 (DI-20) 

were incorrect and excluded from the table (marked by ” # “ in the table). 

 

 DOY Arb1(DI-10) Arb2(DI-10) Lea1(DI-10) Lea2(DI-10) Asc1(DI-20) Asc2(DI-20) Asc3(DI-0) Fal1(DI-20) Fal2(DI-20) Fal3(DI-0) Fal4(DI-0) 

227 Complete Incomplete Complete - - Incomplete Complete Incomplete Incomplete Complete - 

228 Complete Incomplete Complete - - Complete Complete Incomplete Incomplete Complete - 

229 Partial Partial Partial - - Partial Partial Partial Partial Incomplete - 

230 Partial Partial Partial - - Partial Incomplete Partial Partial Incomplete - 

231 Partial Partial Partial - - Partial Complete Partial Partial Complete - 

232 Incomplete Incomplete Complete - - Partial Complete Partial Partial Complete - 

233 Incomplete Incomplete Incomplete - - Partial Incomplete Partial Partial Partial - 

234 Incomplete Incomplete Incomplete - - Incomplete Complete Complete Complete Complete - 

257 Incomplete Incomplete # Incomplete Incomplete # Incomplete Incomplete # - Incomplete 

258 Incomplete Incomplete Incomplete Complete Incomplete Incomplete Complete Incomplete Incomplete - Incomplete 

259 No No No No No No No No No - No 

260 Partial Partial No Partial No No Partial No No - Complete 

261 No No Partial Incomplete Partial # Partial Incomplete Partial - Partial 

262 Partial Incomplete Partial Chaos Partial Partial Partial Partial Partial - Partial 

 

In the past decade, several researchers have developed indices to quantify the shape, size, 

and direction of hysteresis curves (Zuecco et al., 2016). In all indices or metrics, three main 

characteristics of hysteresis relation which are shape, direction, and the extent of loop 

should be considered (Zuecco et al., 2016). About hysteresis direction, according to our 

results all hysteresis curves were clockwise. In addition, all shapes of hysteresis were 

circular (i.e., eight-shaped or linear form has not been formed). Therefore, for detecting 

extent change, the loop’s height was employed (blue, red, and green dotted lines in Figure 

10). Loop’s height was calculated as the maximum normalized diameter minus the 

minimum normalized diameter inside the loop. In addition, according to the employment of 

normalized diameter for calculation of loop’s height, it is a normalized unitless parameter. 
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Figure 4.10. Hysteresis loops of diameter versus vapor pressure deficit (VPD) in first (229 

day of the year (DOY)) and second (231 day of the year (DOY)) irrigation days. (A) 229 

day of the year (DOY) for Ascolana dura; (B) 231 day of the year (DOY) for Ascolana 

dura; (C) 229 day of the year (DOY) for Piantone di Falerone; (D) 231 day of the year 

(DOY) for Piantone di Falerone. Asc2(DI-20) represents fruit 2 of “Ascolana dura” at 

20% deficit irrigation. Asc3(DI-0) represents fruit 3 of non-irrigated “Ascolana dura”. 

Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of “Piantone di Falerone” at 20% 

deficit irrigation, respectively. Fal3(DI-0) represents fruit3 of non-irrigated “Piantone di 

Falerone”. Dotted lines show the height of hysteresis curves. 

 

In the first and second irrigation days, for the cultivar of Ascolana dura deficit irrigation 

treatment reduced height of hysteresis curve (red dotted line in Figure 4.10A,B) in 

comparison with non-irrigated treatment (blue dotted line in Figure 4.10A,B). In the same 

time, Piantone di Falerone (deficit irrigated) experienced the same magnitude change as 

Ascolana dura (Figure 4.10C, D). 

The hysteresis height was tested by the repeated measures ANOVA test and the test 

revealed significant differences (p = 0.005 for Piantone di Falerone and p = 0.019 for 

Ascolana dura) among irrigated cultivars with their non-irrigated (Table 4.6). Indeed, 

multiple comparison tests of Student–Newman–Keuls showed significant differences 

between Fal1 (DI-20) and Fal3 (DI-0), Fal2 (DI-20), and Fal3 (DI-0) as well as Asc2 (DI-

20) and Asc3 (DI-0). 
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Table 4.6. One way repeated measures ANOVA testing hysteresis height (mean) of different 

cultivar irrigation treatment from 227 to 234 day of the year (DOY). Asc2(DI-20) 

represents fruit 2 of “Ascolana dura” at 20% deficit irrigation. Asc3(DI-0) represents fruit 

3 of non-irrigated “Ascolana dura”. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 

of “Piantone di Falerone” at 20% deficit irrigation, respectively. Fal3(DI-0) represents 

fruit 3 of non-irrigated “Piantone di Falerone”. Before performing repeated measures 

ANOVA test, selected data were examined by normality test and equal variance test (for the 

Fal1 (DI-20), Fal2 (DI-20), and Fal3 (DI-0) normality test (Shapiro–Wilk, passed p = 

0.425) and equal variance test (Brown–Forsythe, passed p = 0.185); for the Asc2 (DI-20) 

and Asc3 (DI-0) normality test (Shapiro–Wilk, passed p = 0.325) and Equal variance test 

(Brown–Forsythe, passed p = 1.000)). 

Treatment 
Name  N  Mean 

Std 
Dev SEM 

Student-Newman-Keuls 
test  

Fal1 (DI-20) 8 62.125 25.503 9.017 A 
Fal2 (DI-20) 8 70 18.83 6.657 A 
Fal3 (DI-0) 8 90 0 0 B 

Asc2 (DI-20) 8 56.125 31.692 11.205 A 
Asc3 (DI-0) 8 90 0 0 B 
 

On the third irrigation day, the hysteresis curve did not appear (Table 4.5). As VPD were 

the input of hysteresis curve, appearance and characteristic of the hysteresis curve were 

affected by VPD, so disappearance of hysteresis curve can be related to different circadian 

cycles (daily pattern) of VPD. In the normal circadian cycle, VPD tended to peak in the 

early afternoon, but on the third irrigation day from 11 AM up to 1 PM the VPD decreased. 

Mentioned reduction of VPD suppressed formation of hysteresis curves. Fruit development 

is also a significant parameter which influences daily growth patterns and therefore the 

formation and characteristic of the hysteresis curve (Khosravi et al., 2021). Recent research 

explained disappearance of hysteresis curve in 'Frantoio' olive cultivar during fruit 

maturation, and finding by Scalisi et al. (2019) suggested hysteresis magnitude changes or 

disappearance of it in nectarine during different stages of fruit development. However, 

Table 4.1 did not show any fruit maturation during our experiment. 

 

4.5 Discussion 

 
The daily olive fruit growth patterns were detected through the continuous monitoring of 

FD. The FD increased with diurnal variations as it was observed in peach (Prunus persica 

(L.) Batsch) (Fishman and Génard, 1998), sweet cherry (Prunus avium L.) (Brüggenwirth 

et al., 2016; Zucchini et al., 2021), apple (Malus x domestica cv. 'Imperial Gala') (Boini et 

al., 2019), kiwi (Actinidia deliciosa cv. 'Summerkiwi 4605') (Morandi et al., 2010), and 

olive (Olea europaea L.) (Fernandes et al., 2018; Khosravi et al., 2021). Indeed, during the 

hottest hours (mid-morning to early afternoon) due to low xylem flow (low water potential) 

or/and xylem backflow and maximum transpiration rate, fruit faces with size reduction and 

shrinks, while from the late afternoon to early morning, xylem water potential restored and 
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fruit gradually expands and usually reaches size larger than the initial point of same day 

(Carella et al., 2021; Grilo et al., 2019). 

On the other hand, there are some exceptional days with different growth patterns (Figure 

4.S1B). Khosravi et al. (2021) already showed that for olive (Olea europaea (L.) cv. 

'Frantoio' there were some days with different daily growth patterns related to the change in 

the daily VPD pattern. 

 

4.5.1. Response of Fruit Growth to Deficit Irrigation and Rain 

 
During the third phase of olive fruit development, the growth would be mainly driven by 

cell expansion with cell division processes becoming much less important (Hernandez-

Santana et al., 2021). Therefore, the third phase of olive fruit development (fruit expansion) 

requires an adequate flow of water to the fruit and sufficient turgor to drive in cell 

enlargement (Ahumada-Orellana et al., 2017). Our results in first and second irrigation days 

(DOYs 229 and 231) were in line with what we would expect from increasing flow of 

water. Indeed, ΔG and CFG increased, but with dissimilar slope and amount in diverse 

cultivars (Table 4.3 and Figure 4.3A,B). With first and second irrigation days (DOYs 229 

and 231), Ascolana dura and Piantone di Falerone, which are categorized as a table olive 

and treated with same irrigation regimes (DI-20), had the same CFG trend (Figure 4.3B), 

while Arbequina and Lea, which are categorized as oil varieties and treated with same 

irrigation regimes (DI-10), had the different CFG trend (Figure 4.3A). Dissimilarity in CFG 

trend is resulted by different irrigation treatments (DI-10 and DI-20), crop load, genetic 

factors, and phenology (Scalisi et al., 2020). In the 6 days in correspondence with first and 

second irrigation days, data of the standardized diameter (Table 4.2) showed that the ratio 

of diameter increase for both cultivars with DI-20 irrigation treatment is higher than non-

irrigated, which confirmed the positive effect of irrigation. 

On the other hand, the decreasing minimum of RGR after the first and second irrigation 

event (orange dashed line in Figure 4.4B,D–F) confirmed the positive effect of water flow 

too. Minimum RGR in different cultivars downsized with various slopes which suggested a 

very different response of cultivars to dehydration. Similar results were previously 

explained for two Sicilian olive cultivars of Nocellara del Belice and Olivo di Mandanici 

(Marino et al., 2021). On the contrary, minimum RGR for Ascolana dura (DI-0) and 

Piantone di Falerone (DI-0) increased (orange dashed line in Figure 4.4A,C). It could be 

hypothesized that with positive changes in the environmental condition (here was 

significant reduction of daily average of VPD from 3 (kPa) in DOY 228 to 1.14, 1.17, 1.34, 

1.44 and 1.38 (kPa) in the days after, respectively), the minimum RGR increased. 

In the 6 days in correspondence with the third irrigation day (DOY 259), flow of water to 

the fruit has been affected not only by irrigation, but also by rain. Therefore, diameter of 

both DI-20 irrigated and non-irrigated treatments increased, but with dissimilar ratios 

(Table 4.2), the only exception was Asc2 (DI-20) which did not show any changes in 

diameter. In addition, the CFG amount in both DI-20 irrigated and non-irrigated treatments 

increased too, the only exception was Asc2 (DI-20) which did not show any changes in 

irrigation day (Figure 4.3C,D). However, the effect of rain on CFG was not the same in 

different cultivars. For instance, in the first rainy day (DOY 260), CFG for Asc2 (DI-20), 

Asc3 (DI-0), and Fal4 (DI-0) increased, for Fal2 (DI-20) decreased, and for Asc1 (DI-20) 
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and Fal1 (DI-20) was constant. This dissimilarity of the CFG trend between cultivars and 

among different fruits of the same cultivar was detectable also in the second rainy day 

(DOY 262). The dissimilarity of CFG trend between cultivars could be resulted by crop 

load, genetic factors and phenology (Scalisi et al., 2020), and different cultivar specific 

drought resistance mechanisms and still unrevealed role that fruits have as water storage 

compartments in drought resistance mechanisms of olive (Marino et al., 2021). 

Although, in the same time, RGR graphs show some similarity between cultivars of 

Ascolana dura and Piantone di Falerone, including pronounced maximum amount after 

second rainy day for both irrigated and non-irrigated treatments (Figure 4.6A–D), or sudden 

decreasing of minimum RGR for cultivars of Arbequina and Lea after the second rainy day; 

but RGR pattern did not show any sameness to the trend of first and second irrigation 

events (Figure 4.6A–F). 

At the same time, RGRrange showed diverse patterns in different cultivars. Moreover, in 

some cases the pattern was different among fruits of the same cultivar (Figure 4.7A–C). 

Overall, due to different responses of diverse cultivars to deficit irrigation, the use of 

common fruit development indices (i.e., RGRrange) as an indicator of water status should be 

cultivar-specific. Indeed, cultivar-specific thresholds should be adopted. In addition, fruit 

growth is affected by parameters such as fluctuation in environmental conditions, 

phenological stage, and crop load (Morandi et al., 2007b; Marino et al., 2021), therefore, 

the effects should be considered in threshold definition. 

 

4.5.2. Hysteresis Curves Variations 

 
VPD (input) and FD (output) time series (blue box in the Figure 4.8) formed FD-VPD 

loops, which are examples of hysteresis curves (Figure 4.9). The magnitude and 

characterization of hysteresis curves differed from day to day. Magnitude change of 

hysteresis curves was reported by other researchers as well (Scalisi et al., 2019; Khosravi et 

al., 2021; Zhang et al., 2014). 

Interestingly, in our research, magnitude change of hysteresis curves versus VPD is not 

cultivar-specific (Figure 4.10), accordingly, acquired indices are not cultivar-specific. 

Zhang et al. (2014) suggested that the relation between the hysteresis magnitude and plant 

water potential provides a possible way to detect plant water stress. However, other factors 

are also involved since it has been shown that formation of hysteresis curves resulted from 

complex interactions between exogenous and endogenous factors (Zhang et al., 2014). 

Moreover, according to research by Zuecco et al. (2016), hysteresis can be thought of as the 

dependence of a response variable not only on the value of a driving variable but also on its 

past history. Here, height reduction of hysteresis curves (magnitude change) by irrigation 

treatment (reduction of water stress) (Figure 4.10), could be employed as an index for 

estimation of water status of plants. 

With normal circadian pattern of VPD, the hysteresis height’s change is influenced by fruit 

diameter change (daily fruit growth dynamics). In the third stage of the fruit development 

(cell expansion stage) the daily fruit growth dynamics can be explained as changes in flows 

of water into and out of the fruit, rather than carbon gains; thus, fruit diameter variation 

responds to water deficit (Marino et al., 2021; Boini et al., 2019; Scalisi et al., 2017; 

Fernandes et al., 2018; Khosravi et al., 2021; Lakso et al., 1995). Consequently, hysteresis 
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magnitude change is closely related to water status of fruit. Indeed, in the day with normal 

circadian pattern of VPD, with increasing water flow into the fruit (by irrigation), the 

hysteresis height’s decreases. Therefore, increasing hysteresis height’s is the sign of 

reduction of water flow into fruit and could be used for water stress detection (Figures 

4.10A–D and S4.4). 

Overall, results highlight the magnitude change of hysteresis curves (height of loop) as a 

non-cultivar-specific quantitative index in two cultivars of Ascolana dura and Piantone di 

Falerone which can be taken in order to estimate the water status. However, development of 

quantitative assessment of hysteresis curves using an index approach is vital in this regard. 

 

4.6 Conclusions 

 
The paper presents some physiological basis to better monitor deficit irrigation in olive in 

different varieties. In the four olive cultivars ('Ascolana dura', 'Piantone di Falerone', 

'Arbequina' and 'Lea'), fruit growth parameters including CFG and RGR showed different 

response to irrigation treatment which resulted by cultivar specific drought response 

mechanisms and suggest cultivar-specific water stress detection strategy. Moreover, during 

the third phase of olive fruit development, the hysteresis pattern between FD and VPD were 

explained and for the first time the quantitative differences of hysteresis curves for two 

deficit irrigated cultivars of Ascolana dura and Piantone di Falerone were demonstrated and 

discussed. In addition, the height of the hysteresis curve was significantly affected by 

irrigation. In general, height of hysteresis curves is reduced by deficit irrigation treatment 

for all four olive cultivars. Hysteresis magnitude’s change resulted in a non-cultivar-

specific parameter that could enable it to monitor plant water status and perform better 

tuned irrigation treatment in olive orchards. However, further studies should be performed 

to develop this continuous fruit-based parameter. In particular, various percentage of deficit 

irrigation treatments on different cultivars and in the diverse environmental conditions 

should be examined to enhance non-cultivar-specific index derived from hysteresis 

magnitude’s change. Moreover, fruit growth-related factors (i.e., crop load, previously 

experienced stress, and phenological stage) should be considered to establish an efficient 

index (Marino et al., 2021). These results can be useful for setting up more robust and 

precise indicators to detect water stress in olive orchards and improve precision irrigation 

methods. 
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Supplementary Materials 

 
Table S4.1. Data for starting and finishing time of shrinkage and expansion for different 

cultivar-irrigation levels in 3 consecutive example days (from 228 to 230 day of the years 

(DOY)). The ending time of Expansion is on the next day. Arb(DI-10) represents average 

data of  two fruits of ‘Arbequina’ at 10% deficit irrigation. Lea(DI-10) represents average 

data of  two fruits of ‘Lea’ at 10% deficit irrigation. Asc(DI-20) represents average data of  

two fruits of ‘Ascolana dura’ at 20% deficit irrigation. Asc(DI-0) represents  data of one 

non-irrigated fruit of ‘Ascolana dura’. Fal(DI-20) represents average data of  two fruits of 

‘Piantone di Falerone’ at 20% deficit irrigation. Fal(DI-0) represents  data of one non-

irrigated fruit of ‘Piantone di Falerone’. 

 

 
 

 
Figure S4.1. Continuous measurements of diameter of olive fruit in two example days of the 

experiment: (A) fruits with normal growth pattern in day of the year (DOY) 225; (B) fruit 

with exceptional growth pattern during rainy day (rainfall at beginning hours of the day) in 

day of the year (DOY) 236, in addition, it was the day after heavy rainfall. Arb1(DI-10) and 

Arb2(DI-10) represent fruit 1 and 2 of ‘Arbequina’ at 10% deficit irrigation, respectively. 

Lea1(DI-10) represents fruit 1 of ‘Lea’ at 10% deficit irrigation. Asc2(DI-20) represents 

fruit 2 of ‘Ascolana dura’ at 20% deficit irrigation. Asc3(DI-0) represents fruit 3 of non-

irrigated ‘Ascolana dura’. Fal1(DI-20) and Fal2(DI-20) represent fruit 1 and 2 of 

‘Piantone di Falerone’ at 20% deficit irrigation, respectively. Fal3(DI-0) represents fruit 3 

of non-irrigated ‘Piantone di Falerone’. 
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Figure S4.2. Daily variation of fruit diameter from 227 to 234 day of the year (DOY) and 

from 257 to 262 day of the year (DOY). (A) cultivar of 'Arbequina' in the first and the 

second irrigation days; (B) cultivar of 'Lea' in the first and the second irrigation days; (C) 

cultivar of 'Ascolana dura' in the first and the second irrigation days; (D) cultivar of 

'Piantone di Falerone' in the first and the second irrigation days; (E) cultivar of 

'Arbequina' in the third irrigation day; (F) cultivar of 'Lea' in the third irrigation day; (G) 

cultivar of 'Ascolana dura' in the third irrigation day; (H) cultivar of 'Piantone di 

Falerone' in the third irrigation day. Arb1(DI-10) and Arb2(DI-10) represent fruit 1 and 2 

of ‘Arbequina’ at 10% deficit irrigation, respectively. Lea1(DI-10) and Lea2(DI-10) 

represent fruit 1 and 2 of ‘Lea’ at 10% deficit irrigation, respectively. Asc1(DI-20) and 

Asc2(DI-20) represent fruit 1 and 2 of ‘Ascolana dura’ at 20% deficit irrigation, 

respectively. Asc3(DI-0) represents fruit 3 of non-irrigated ‘Ascolana dura’. Fal1(DI-20) 
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and Fal2(DI-20) represent fruit 1 and 2 of ‘Piantone di Falerone’ at 20% deficit irrigation, 

respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated ‘Piantone 

di Falerone’, respectively. 

 

 
Figure S4.3. Standardized Fruit daily diameter fluctuation (ΔD). From 227 to 234 day of 

the year (DOY) (in correspondence with first and second irrigation days) for the olive 

cultivar Arbequina and Lea (A) and for the olive cultivars Ascolana dura and Piantone di 

Falerone (B); From 257 to 262 day of the year (DOY) (in correspondence with third 

irrigation day) for the olive cultivar Arbequina and Lea (C) and for the olive cultivars 

Ascolana dura and Piantone di Falerone (D). Arb1(DI-10) and Arb2(DI-10) represent fruit 

1 and 2 of ‘Arbequina’ at 10% deficit irrigation, respectively. Lea1(DI-10) and Lea2(DI-

10) represent fruit 1 and 2 of ‘Lea’ at 10% deficit irrigation, respectively. Asc1(DI-20) and 

Asc2(DI-20) represent fruit 1 and 2 of ‘Ascolana dura’ at 20% deficit irrigation, 

respectively. Asc3(DI-0) represents fruit 3 of non-irrigated ‘Ascolana dura’. Fal1(DI-20) 

and Fal2(DI-20) represent fruit 1 and 2 of ‘Piantone di Falerone’ at 20% deficit irrigation, 

respectively. Fal3(DI-0) and Fal4(DI-0) represent fruit 3 and 4 of non-irrigated ‘Piantone 

di Falerone’, respectively. 
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Figure S4.4. Height of hysteresis curves from 227 to 234 day of the year (DOY) (in 

correspondence with first and second irrigation days). (A) fruit 1 and 2 of 'Arbequina' at 

10% deficit irrigation (Arb1(DI-10) and Arb2(DI-10), respectively) and fruit 1 of 'Lea' at 

10% deficit irrigation (Lea1(DI-10)); (B) fruit 1 and 2 of 'Piantone di Falerone' at 20% 

deficit irrigation (Fal1(DI-20) and Fal2(DI-20), respectively) and fruit 2 of ‘Ascolana 

dura’ at 20% deficit irrigation (Asc2(DI-20)); (C) fruit 3 of non-irrigated 'Ascolana dura' 

(Asc3(DI-0)) and fruit 3 of non-irrigated 'Piantone di Falerone' (Fal3(DI-0)). 
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Nomenclature 
FWSII,Est  Fruit water stress index calculated by equ. 2 (Irmak et al., 2000) using TEst (°C) 

FWSII,Ref  Fruit water stress index calculated by equ. 2 (Irmak et al., 2000) using TRef (°C) 

FWSII,Val  Fruit water stress index calculated by equ. 2 (Irmak et al., 2000) using TVal (°C) 

FWSIJ,Est  Fruit water stress index calculated by equ. 4 (Jones, 1992) using TEst (°C) 

FWSIJ,Ref  Fruit water stress index calculated by equ. 4 (Jones, 1992) using TRef (°C) 

FWSIJ,Val  Fruit water stress index calculated by equ. 4 (Jones, 1992) using TVal (°C) 

FWSIN,Est  Fruit water stress index calculated by normalisation (equ. 5) using TEst (°C) 

FWSIN,Ref  Fruit water stress index calculated by normalisation (equ. 5) using TRef (°C) 

FWSIN,Val  Fruit water stress index calculated by normalisation (equ. 5) using TVal (°C) 

TEst (°C)  Calibrated fruit temperature derived from LiDAR  

TRaw (°C)  Fruit temperature obtained by LiDAR 

TRef (°C)  Manually measured fruit temperature 

TVal (°C)  Fruit temperature derived from LiDAR using cross-validation data split 

 

 

5.1 Introduction 

 
Water status detection has been addressed as one of the pivotal topics in the precision 

orchard management (Agam et al., 2013; Helman et al., 2018), which is closely related to 

orchard performance by affecting several aspects such as fruit growth (quality and size) 

(Measham  et al., 2014; Fernandes et al., 2018; Bahat et al., 2021) and water use by site-

specific Irrigation (Cohen et al., 2017). Therefore, suitable monitoring tools and methods 

for precise water status detection are essential (Agam et al., 2013b). There are several 

different ways for categorizing current continuous monitoring systems according to 

technological point of view, application area and sensor type etc. (Zude-Sasse et al., 2016). 

Regarding sensor types, water status monitoring can be performed by different proximal or 

remote sensors. Proximal sensors can be used individually (Khosravi et al., 2022), however 

several research suggested combination of sensors to achieve precise and cultivar-specific 

data (Marino et al., 2021). As an example, combination of fruit gauge and leaf patch clamp 

pressure probe for continuous monitoring of olive (Olea europaea L.) (Scalisi et al., 2020; 

Marino et al., 2021) and nectarine (Prunus persica L.) (Scalisi et al.,2019); monitoring of 

apple (Malus  domestica.) by integration of fruit gauge and Scholander  pressure chamber 

(Boini et al., 2019); continuous monitoring of orange (Citrus sinensis) by combination of 

fruit gauge and sap flow sensor (Grilo et al., 2019). Although continuous monitoring by 

combination of proximal sensors increase accuracy, this method has been restricted by 

several cons such as difficulty of replicate of continuous measurements on large numbers of 

trees (commercial orchards), specific knowledge of installation and maintenance of sensors 

as well as choosing proper indices for water status detection in orchard condition 
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(Fernandez. 2014; Marino et al., 2021). Consequently, proximal measurements are less 

common for water stress detection.  

Considering remote sensing method for water stress detection by thermal sensors, the 

standardized crop water stress index (CWSI) has been employed widely. One of the main 

reasons of popularity of CWSI is related to applicability for large-scale monitoring via 

airborne systems which make it suitable for real scenario application in the commercial 

orchards (Sánchez-Piñero et al., 2022). Water status detection by remote sensing have been 

investigated in several research including the use of aerial thermal imagery to estimate 

CWSI in date-palm (Phoenix dactylifera L.) trees (Cohen et al., 2012). Photogrammetry 

using the visible-spectrum and infrared thermography was applied to measure CWSI of 

pistachio (Pistacia vera L.) trees using convolutional neural networks (Pantelidakis et al., 

2022). UAV-based thermal and multispectral images were employed to measure CWSI and 

normalized difference vegetation index (NDVI) in mild and moderate water stress levels in 

almond (Prunus dulcis Mill. (D.A. Web)) trees (Gutiérrez-Gordillo et al., 2021).  

The CWSI has been calculated based on the empirical (Idso et al., 1981) or theoretical 

(Jackson et al., 1981) approaches. Recently, the equations have been improved by many 

researches (Osroosh et al., 2015; Sánchez-Piñero et al., 2022), however all of them 

measured canopy and air temperature in the actual, well-watered as well as extreme water 

stress situation. The typical application is the analysis of CWSI of canopies following the 

causal chain that water stress reduces stomatal conductance and transpiration rate at the leaf 

level.  

It has been shown recently that fruit can be visualized in 3D point clouds of the entire 

canopy using photogrammetry by means of binocular stereo vision, structure-from-motion, 

and multi-view stereo vision (Rosell and Sanz, 2012). However, photogrammetry still has 

limitations due to varying lighting conditions according to angle and intensity of global 

radiation as well as shading effects into the canopy. Sensors with own light source, 

particularly, light detection and ranging (LiDAR) overcomes such limits to some extent. In 

navigation questions, object detection and path following control for autonomous mowing 

by unmanned ground vehicle was achieved with LiDAR (Kurita et al., 2022). Terrestrial 

LiDAR sensors have been employed in several research carried out in orchards for canopy 

volume estimation (Rud et al., 2016), estimation of leaf area (Penzel and Tsoulias, 2022), 

and fruit detection (Tsoulias et al., 2020; Kang et al., 2022). Having the fruit visualization 

by LiDAR at hand, the annotation with temperature data would enable to analyze 4D point 

clouds of canopies and fruit. To our knowledge, no study has yet computed CWSI or, more 

specific, the fruit water stress index (FWSI) by application of the LiDAR. 

Objectives of the present study were (i) to extract the fruit surface temperature from 

terrestrial remote sensing based on LiDAR and thermal imaging; (ii) to compare estimated 

and manually measured FWSI; and (iii) to gain first results of the new method when 

applied in apple trees. 
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5.2 Material and Methods 
 

5.2.1 Experimental layout 

 
The experiment was conducted in the experimental station of Leibniz Institute for 

Agricultural Engineering and Bioeconomy (ATB), located in Potsdam-Marquardt, 

Germany (Latitude: 52.466274◦ N, Longitude: 12.57291◦ E), planted with Malus × 

domestica Borkh. ‘Gala-Brookfield’ on M9 rootstock with 0.95 m distance between trees, 

trained as slender spindle with an average tree height of 2.8 m. Trees were statically 

supported by horizontally parallel wires. Measurements took place throughout the season at 

67, 81, 132 and , 152, 153, 166 days after full bloom (DAFB67, DAFB81, 

DAFB132,DAFB152 DAFB153 and DAFB166), respectively. Daily measurements were 

carried out during DAFB152 and DAFB153 , with six intervals at 7:00, 8:00, 10:00 am and 

at 12:00, 13:00 and 18:00 pm. 

Weather data (Uniklima vario, Toss, Germany) were obtained in the orchard in x min 

interval, recording air temperature (°C), relative air humidity (%), global normal irradiance 

(GNI; W m-2), and precipitation (mm). The water vapour partial pressure deficit (VPD, 

kPa) was calculated as: 

VPD = (1-( RH/100)) × SVP   and  SVP(Pascals) = 610.7 × 10(7.5 T/(237.3+T))            (1)                                

 

5.2.2 Remote sensing 

 
A phenotype sensing system was set up on a circular conveyor platform in the experimental 

apple orchard after calibration. The platform used an electrical engine operating at 50 Hz 

and a stainless-steel chain with mechanical suspensions to support the plant sensors 

(DRN71, SEW Eurodrive, Germany). A mobile 2D LiDAR sensor with a wavelength of 

905 nm (LMS-511, Sick AG, Waldkirch, Germany) was mounted vertically on the metal 

frame at 0.7 m above the ground level. The LiDAR sensor had a configuration with a 

0.1667° angular resolution, 25 Hz scanning frequency, and a scanning angle of 180. A 

thermal camera (A655sc, FLIR Systems Inc., MA, USA) was also installed, positioned 0.2 

m above the laser scanner. The camera had a spatial resolution of 640 × 480 pixels at 50 Hz 

and a spectral range from 7.5 to 14 μm, with an operational temperature range from −40°C 

to 150°C and a thermal resolution < 0.05°C. A lens (T198065, FLIR Systems Inc., MA, 

USA) with a focal length of 6.5 mm (diagonal 80o) was attached to the camera. The system 

underwent intrinsic and extrinsic calibration using a lightbulb pattern (Tsoulias et al., 

2022). The data was geo-referenced using a real-time kinematic global navigation satellite 

system (AgGPS 542, Trimble, Sunnyvale, CA, USA), while orientation information was 

acquired using an inertial measurement unit (MTi-G-710, XSENS, Enschede, Netherlands), 

both of which were arranged on the sensor frame. The orientation information had a root 

mean square error (RMSE) of 0.25° for roll, pitch, and yaw. 
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5.2.3 Reference temperature 

 
During the growing period, the temperature on the surface of forty apples (n = 200) was 

manually measured (TRef) from both sides of three trees (n = 3) with an infrared 

thermometer (Microscanner D501, Exergen, Watertown, USA), and compared with the 

corresponding averaged temperature obtained by LiDAR TRaw over the growth stages. To 

determine the local maximum (Tmax) and minimum (Tmin) temperatures among the apples, 

two individual fruits were covered with Vaseline and soap mixed with water, respectively. 

Similarly, during the daily temperature measurements of TRef, only apples from the west 

side of five trees (n=5) were sampled (n=55). For each individual tree, one apple was 

covered with Vaseline to acquire Tmax, while plastic boxes filled with water were used to 

measure Tmin. 

 

5.2.4 Stem water potential 

 
Stem water potential was measured in the orchard with a Scholander bomb (Plant Water 

Status Console 3000, Soilmoisture Equipment Corp., USA) on three shaded leaves sealed 

in plastic bags for 30 min. Subsequently, leaves were transported in plastic bags to the 

laboratory, and frozen at −30 °C. After thawing, centrifuged tissue sap was analyzed with 

water vapor osmometer (Vapro 5520, Wescor Inc., USA). The osmotic potential of tissue 

sap was calculated according to the van’t Hoff’s equation (vonWillert et al., 1995). The 

measurement was carried out during full bloom, cell division, and harvest. An average out 

of four measurements was taken for each individual tree sampled (n = 20). 

 

5.2.5 Fruit quality 

 
After each measurement with the phenotyping sensor system, apple samples (n = 10) were 

collected for reference analyses. Fruit diameter (D) [mm] was manually measured in the 

laboratory by means of a digital calliper gauge considering the mean diameter of two 

measurements taken equatorially with 90o difference. The fresh mass (FM) [kg] was 

measured by weighting each fruit sample. Soluble solids content (SSC) [%] was measured, 

from juice obtained during the firmness test, collected with pipette and analysed by a digital 

refractometer (Pal-1, Atago, Tokyo, Japan). Fruit flesh firmness [N] was measured by 

Texture Analyzer (TA-XT Plus, Stable Micro Systems, Godalming, Surrey, UK) using a 

11.13 mm diameter, convex plunger at 4 mm s-1 speed on a peeled area in the equatorial 

region. Load value was measured at 8 mm depth of penetration and corrected according to 

the plunger size.  

The chlorophyll content of apples' skin and hypodermis tissue (2 mm thickness) was 

measured destructively at each measuring date during fruit development. The 

chlorophyll_A, _B, and pheophytin_A contents were determined using spectrophotometry 

after the extraction with acetone/diethyl ether. Specifically, apples were probed with a cork 
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borer to obtain equal numbers of 1 mm thick discs. The fruit tissue and pinch of calcium 

carbonate, was ground (Ultra Turrax, Germany) in acetone containing 0.1% butylated 

hydroxytoluene on ice. Resulting pigment extracts were filtered using a glass frit (pore size 

3) attached to a vacuum pump. Phase separation in separating funnel was achieved by 

adding distilled water, transferring non-polar pigments like chlorophyll a and b, pheophytin 

a, and most of the carotenoids to a non-polar diethyl ether phase. The absorbance spectrum 

of the non-polar phase was recorded (Lambda 950, Perkin Elmer). The standard spectra of 

the three chlorophylls were considered in the iterative multiple linear regression analysis 

method used for this purpose (Pflanz and Zude, 2008). 

The maximum daily shrinkage of stem was measured using x dendrometers (DD-L, 

Ecomatic GmbH, Dachau, Germany), installed 70 cm above ground, 50 cm above the 

grafting zone. Data were recorded with a CR10X data logger with an AM416 multiplexer 

(Campbell Scientific, Logan, USA). 

 

5.2.6 LiDAR data processing 
 
The 3D point cloud dataset was generated and processed using the Computer Vision 

Toolbox™ of MATLAB (2018b, Mathworks, Natick, MA, USA). To calibrate the apparent 

reflectance intensity (RToF) of the LiDAR and obtain the RToF [%] at 905 nm for each 

point in the 3D point cloud, board targets coated with white barium sulphate (BaSO4, CAS 

Number: 7727–43-7, Merck, Germany) for maximum values and blackened urethane (S 

black, Avian Technologies, New London, NH, USA) for minimum values were utilized. 

The 3D point cloud data underwent rigid translations and rotations, and the alignment of 

pairing tree sides was achieved using the iterative closest point algorithm, as described by 

Tsoulias et al. (2019). To obtain points per tree (PPT) from each plant, trees were 

segmented based on their stem position and planting distance. The bivariate point density 

histogram facilitated the detection of the peak of laser hits for each individual tree, 

assuming that stem points are located at the center of the canopy. Based on the slender 

spindle tree training system, the area closer to the stem position is expected to have a higher 

frequency. The estimated stem position coordinates were used as the center for 

segmentation cylinders, which were used to obtain the points belonging to each individual 

tree. The points within the cylinder boundaries were segmented and considered as the tree 

points. 

 

5.2.7 Temperature segmentation in apples 

 
The position and shape of apples were determined by utilizing the geometric feature of 

linearity (L), curvature, (C) and RToF, considering each point of the 3D tree point cloud 

(Tsoulias et al., 2020). Local neighbors were decomposed and eigenvalues were generated, 

with values closer to 100 indicating a higher likelihood for the shape of point appearance to 

be curved. The mean of all nearest neighbors was estimated using the total number of 

neighbourhood points within each tree's cloud, which was then used to produce eigenvalues 

(λ1, λ2, λ3) after the covariance matrix was decomposed. To distinguish the 3D points of 

woody parts (W) from leaves, the probability density function was performed to define the 

thresholds of L, C, and LiDAR's backscattered intensity (RToF). The most frequent value 
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within the distribution of LW, CW, and RToF,W was used as the threshold (Rth,W, Cth,W, and 

Lth,W). Points that met the criteria of LW ≤ Lth,W, Cth,W ≤ CW, and Rth,W ≤ RToF,W were 

segmented and subtracted from the total number of PPT. To define threshold values of 

apple points in terms of C and reflected intensity (CA and RToF,A), following which the 

points satisfying the criteria of Cth,A ≤ CA, and Rth,A ≤ RToF,A were segmented and labelled as 

apple. Subsequently, a density-based scan algorithm was applied to find the point sets, with 

the mean manually measured diameter of fruit found in the neighborhood search radius and 

the value 10, based on manual measurements, as the minimum number of neighbors. This 

allowed to define the temperature values on the surface of canopy and apples by means of 

LiDAR (TF). 

 

5.2.8  FWSI estimation 
 
The extracted temperature points from the surface of apples, by means of LiDAR point 

cloud, was exploited to estimate the fruit waster stress index by 3 alternative methods 

(equations 2, 4 and 5). FWSII was calculated by Irmark method (Irmark et al., 2000) 

(equation 2): 

FWSII =          (2) 

where TF  the extracted temperature for each point on apple surface, Tmin  represents the 

minimum fruit temperature of the segmented point clouds, measured at each individual 

measuring day, respectively. Ta is average of air temperature (measured from equation 3) 

plus 5(°C).  

                                                               (3) 

where T is air temperature and n is exact hour of measuring fruit temperature at each 

individual measuring day. The FWSIJ was calculating according to Jones equation (Jones, 

1992): 

FWSIJ =          (4) 

where TW is temperature of fully transpiring fruit and TD is temperature of non-transpiring 

fruit of the segmented point clouds, measured at each individual measuring day, 

respectively. FWSIN called normalized fruit water stress index and was calculated as: 

FWSIN =                    (5) 
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TMin and TMax represent the minimum and maximum fruit temperature of the segmented 

point clouds, measured at each individual measuring day, respectively. 

For the demonstration of performance of different FWSI approaches, the parameter of 

∆T(°C) has been employed. It was calculated as: 

∆T = TF - TAir                                                              (6) 

where TF represents actual fruit temperature (TEst) and TAir is actual air temperature. 

5.2.9  Data evaluation  
 
Descriptive statistics were applied to all datasets capturing minimum, maximum, mean, 

standard deviation. A regression analysis was performed to quantify linear and logarithmic 

relationships between the manual measurements and LiDAR-derived data over the growing 

stages, and root mean square error (RMSE), mean bias error (MBE), coefficient of 

determination (R2) were calculated. Descriptive statistics and graph design were performed 

using Sigmaplot 14.5 (Systat Software, Inc., San Jose, CA, USA). 

 
 

5.3. Results and discussion 

 
5.3.1 Fruit surface temperature estimation 

 
Slender spindle form the major training system of apple trees in world-wide production, 

providing a 3D structure in which the fruit are more or less evenly distributed according to 

the success of the thinning measure. Apple temperature monitoring is considered as an 

important step when implementing precision horticulture techniques in orchards. In the 

present study, a LiDAR laser scanner and a thermal camera were used to monitor the 

temperature variation in terms of FWSI. The extrinsic calibration applied to acquire the 

thermal 3D point cloud of trees (Figure 1), revealing an 1.82  RMSE pixel-1. The LiDAR 

estimated temperature (TRaw) varied in the 3D point cloud of the trees. Tree organs, found 

above 2 m, revealed reduced TRaw not exceeding 20 °C. Moreover, the TRaw on stem points 

showed a mean value of 20.6 °C with 0.65 °C standard deviation. The segmented leaf area 

(Fig. S5.1) 
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Figure. 5.1: Spatial temperature distribution in the canopy analysed by means of LiDAR 

and thermal sensors remotely. 

 
The fruit segmentation routine was described earlier (Tsoulias et al., 2020), allowing to 

exclude leaf area and wood structure from the point cloud. The fruit temperature estimated 

by means of LiDAR laser scanner (TRaw) ranged from 12 to 48 °C with a mean value of 

25.2 °C , while the manually measured temperature on apple surface (TRef)depicted a range 

from 12 to 40 °C with a mean value of 24.3 °C considering all measuring days.  A linear 

regression model described the relation between the latter two parameters (Table 5.1). 

 

 

Table 5.1: Descriptive statistics of estimated fruit temperature by means of LiDAR and 

thermal sensors (TRaw) compared to manually measured data (TRef) capturing coefficient of 

determination in the calibration (ΤEst) and cross validation (Tval) , root mean square error, 

and bias. In the calibration 80 % of data (N=241), whereas remaining 20 % of data 

(N=61) were used in cross validation. 

 

 Min Max Mean Bias (°C) R2 RMSE (%) 

TEst 8.94 43.18 22.87 -0.99 0.93 1.59 

Tval 10.37 41.1 24.14 -1.23 1.00 1.91 
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To evaluate the robustness and transferability of the relationship between the TRaw and the 

TRef data, calibration and cross-validation were performed, considering 80 and 20 % of the 

data, respectively. The measuring uncertainty of calibration was 1.59 % with an R2 of 0.93, 

while an enhanced coefficient of determination appeared after cross validation. Moreover, 

the mean bias error increased from 0.99 to 1.23 °C, considering cross validation. In 

addition, a 1:1 linear relationship was observed among field data and cross validation 

predicted values (Fig. 5.2c). Whereas, the RMSE values from these cross-validation models 

were slightly higher than to those obtained by using both training and calibration samples 

from the same study site. 

 
Figure 5.2: Scatter plots of: (a) raw LiDAR-derived temperature (TRaw) (N=302), 

(b)calibrated data (N=241) (TEst) according the linear regression and (c) cross-validation  

(Tval) (N=61), including all growth stages. 

https://www.sciencedirect.com/science/article/pii/S0303243420309168#f0020
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. 

 

5.3.2  Comparison of fruit water stress index approaches 

 
After fruit localization, the fruit water stress index (FWSI) was estimated for all alternative 

methods, considering the calibrated and cross validated values (Table 5.2). The Jones FWSI 

index presented an increased variation, ranging from -2.81 to 6.06 and from -1.69 to 5.39 in 

FWSII,Est  and FWSII,Val, respectively. Whereas, FWSIN and FWSII presented similar 

average values for the calibrated and crossed validated cases. 
 

Table 5.2: Descriptive statistics capturing coefficient of determination (R²), root mean 

square error (RMSE, %), and bias (%) of fruit water stress index (FWSI) approaches 

considering the remotely measured fruit temperature compared to manual fruit temperature 

readings, for FWSIEst N=241 and for FWSIVal N=61. 

 

 Min Max Mean Bias (%) RMSE (%) R2 

FWSII,Est -0.01 1.58 0.48 -0.08 0.11 0.99 

FWSII,Val 0.00 1.98 0.50 -0.16 0.24 0.99 

FWSIN,Est -0.01 1.00 0.44 0.01 0.02 0.99 

FWSIN,Val 0.00 1.00 0.46 -0.02 0.05 0.98 

FWSIJ,Est -2.81 6.06 0.53 -0.89 2.27 0.66 

FWSIJ,Val -1.69 5.39 0.91 -1.02 2.00 0.80 

 

 

On the other hand, similar good results were found in FWSII and FWSIN (Figure 5.3 A,D; 

C,F). More specifically, a higher uncertainty of 0.11 % and 0.24 % RMSE with an 

underestimation of -0.08 % and -0.16 % was observed in FWSII,Est  and FWSII,Val, 

respectively. Generally, enhanced measuring uncertainty was noticed in the FWSIJ,Est, 

presenting an 0.66 R2 with an 2.27 % RMSE, while a moderate correlation was revealed in 

FWSIJ,Val (Figure5.3 B,E).  
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Figure. 5.3: Scatter plots of correlation of FWSI obtained from TRef and TEst A and B and C 

is calculated by validated data (N=241). D and E and F is calculated by cross validated 

data (N=61). 

 
. 
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Fig. 5.4:  (a) Segmented fruit temperature, (b) FWSIN,Est and (c) FWSII,Est measured by 

means of LiDAR and thermal sensors remotely. During midday at DAFB153 . 

 
*) The values of  FWSIN,Est  were highly variated between 2 and 3 m. Whereas lower values 

found at the top of the tree. 

*) A less pronounced variation / or a more homogenous result was observed in FWSII,Est. 

The values mainly deviated between 0.8 and 1 

 

 

(a) 
(b) 

(c) 
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Fig. 5.5: Segmented apple waster stress index during midday at DAFB153 of (Top) FWSIN,Est 

and (Down) FWSII,Est measured by means of LiDAR and thermal sensors remotely. 
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5.3.3  Seasonal course of FWSI 
 

 
Figure 5.6: Seasonal curse of FWSI calculated as normalized index considering the max 

and min fruit temperature measured and according to Irmak et al. 2000. (N=302). 

 

• The FWSII,Est showed higher  mean value than FWSIN,Est during DAFB 67 

• Similar values between 81 and 132 DAFB. 

• Steep decrease  of mean values and of variability for both cases. 
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 5.3.4  Diel course of FWSI 

 

Figure 5.7: Diurnal courses of air and fruit temperature measured on 21th and 22th 

September (DAFB 152 and 153, respectively). Fruit were measured each measuring time 

(N=600). 
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Fig. 5.8: Diurnal courses of FWSI. (A and C) calculated by Irmak equation; (B and D) 

calculated by Normalized equation..  N=600.(A and B) Are related to 21th 

September(DAFB152); (C and D) are related to 22th September(DAFB153). 

 

5.4 Conclusion 
 
Computing FWSI based on 3D fruit temperature (obtained from integration LiDAR and 

thermal camera) is an innovative methodology which can be used in precision orchard 

management. The developed methodology calculated FWSI with 3 methods and with good 

relation to FWSI calculated by reference data. However, FWSIN,Est and FWSII,Est was high 

related to the FWSII,Ref and FWSIN,Ref (Table5.2). The method is under development and we 

are going to publish data till end of the June (Approximately). 

 

 

 

 

 

 

 



 113 

Supplementary Materials 
 

 

 
Figure S5.1: Spatial  distribution  temperature of normalized fruit water stress index 

(FWSIN) of entire canopy analysed by means of LiDAR and thermal sensors. 

 
 Figure S5.2: Air temperature and global radiation at 15:00 (A), wind speed at 15:00 (B), 

from 50 to 170 days after full bloom (DAFB). On the 166 DAFB, all data were collected at 

13:00. 
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Figure S5.3: Leaf temperature in 152 and 153 DAFB (A); Leaf water potential in 152 and 

153 DAFB (B). data are related to  means (n=15 ± SD). 

 

 

 

 



 115 

 
Figure S5.4: Leaf water potential (A); stem water potential (B). means (n=6± SD). 
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Figure S5.5: Scater plot of ∆T and FWSI. 
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Chapter 6. 
 

Development of territory through the production of extra virgin 

olive oil 

 

 

6.1 Introduction 

 
The olive tree (Olea europaea) represents a principal element of Mediterranean landscape, 

where it has been cultivated for its fruits and wood since the prehistoric period (Carrión 

et al., 2010; Kaniewski et al., 2012; Brunori et al., 2018). Indeed in the Mediterranean 

Basin, olive groves (plantations of Olea europaea L.) constitute a very traditional land use 

presenting highly recognized ecological, cultural, social and economic values (Loumou and 

Giourga, 2003; Torres-Miralles et al., 2017). The timing of the domestication of the olive is 

controversial and genetic analyses of modern olive trees provide varied results, suggesting 

that domestication did not occur as a single event, but rather as a long and gradual process 

that might have developed in different places at different times in the wider region of the 

Mediterranean (Besnard et al., 2001; Breton et al., 2009; Belaj et al., 2012; Diez et al., 

2015; Caracuta, 2020). In Italy olive cultivation has been a pillar of culture and economy 

since antiquity and olive growing continues to thrive even today in many regions (Rodrigo-

Comino et al., 2021). Comprehensive studies of the presence of olive on the Italian 

peninsula show records of it there since the Early Holocene (Caracuta, 2020; Rodrigo-

Comino et al., 2021). The earliest evidence (ca. 6700–5700 BC) comes from Sicily, where 

Olea pollen is recorded in the pollen sequences from Lago di Pergusa and Gorgo Basso 

(Sadori and Narcisi, 2001; Tinner et al., 2009; Caracuta, 2020) and olive charcoal has been 

found in the Mesolithic layers of Grotta dell’Uzzo (ca. 6600–6100 BC) (Costantini, 1989). 

The transition from management of wild olives to cultivation on a large scale happened 

much later, during the Iron Age–Archaic period, coinciding with the time when the Greeks 

extended their influence over a large part of southern Italy through their colonies (Caracuta, 

2020). For centuries, olive growing has played a major role in the central regions of Italy, 

with hectares of olive groves surrounding hill towns and hamlets as part of a strong deep-

rooted farming tradition (Palazzo et al., 2017). However, driving forces, such as 

demographic dynamics, urban development, market-oriented behaviors and climate change, 

are challenging landscape characters (Palazzo et al., 2017; Rodrigo-Comino et al., 2021). In 

some cases, these issues were hypothesized to force farmers to adopt, in a sufficiently long 

time window, practical solutions to maintain as high of olive oil production as possible 

(e.g., rethinking the spatial localization of olive trees). Besides, in the case of olive oil, high 

quality product is emphasized, where the nutritional value, the link with the territory, the 

environmental and social responsibility are an added value and a marketing tool to both 

attract and protect consumers (Lombardo et al., 2021).The olive oil quality is certified 

under the brands of Protected Designation of Origin (PDO) and Protected Geographical 
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Indication (PGI) which meet the criteria and indices established by European Union (de 

Salvo et al ., 2013). These typical products (DOP and IGP) are associated to numerous eco-

social benefits including benefit increase for the agricultural firms located in the rural areas, 

establishment and enhancement of a qualified occupation, conservation of the traditional 

activities, gastronomic tourism development which can help improving the economical 

sustainability of the referring territories (de Salvo et al., 2013). Recent research explained 

the phenomenon of olive oil tourism and mentioned that olive oil is a particular food 

product with potential attraction for a category of curious tourists willing to become 

familiar with the culture and the identity of a territory through its food products. 

Furthermore, it is also clear that high-quality olive cultivation is nowadays asked to provide 

multifunctional outcomes including ecosystem services (e.g. hydrological functions, 

biodiversity, etc.) and even support for ecotourism (e.g. monumental trees, cultural 

heritage, etc.) (Manna et al., 2020). Consequently, enhancement of olive cultivation 

techniques and sustainable production of EVOO will lead to development of local products, 

territory and agritourism. Olive cultivation systems were defined by obsolete production 

structures having high costs and low profits, also due to poor mechanization (Lombardo et 

al., 2021). In addition to this, olive fruit growth is the result of genetic, metabolic, hormonal 

and environmental interactions that determine the size, shape and oil composition (Gucci et 

al., 2009). It is influenced and regulated by endogenous factors such as genetic differences 

and fruit load, and exogenous factors such as water availability and ambient temperature 

(Corelli-Grappadelli and Lakso, 2002; Hammami et al., 2011). Such degree of complexity 

in olive fruit growth demands a more accurate management in cultivating this crop 

(Khosravi et al., 2021a). In this sense implementation of innovative techniques for 

optimization of orchard performance is advantageous. One the most recent management 

approach that has been implemented in orchards is precision farming (PF). The PF concept 

is based upon observing, measuring and responding to inter and intra-field variability in 

crops or in various aspects of animal husbandry (Zarco-Tejada et al., 2014). PF aims to 

utilize technology to record and manage the variation of crops and soils within a field, thus 

reducing surplus inputs (e.g. fertilizer), increasing yields and aiding environmental 

sustainability (Morgado et al., 2020). In order to improve the efficiency of the data 

collection procedure, and to improve the precision with which agricultural operations are 

managed, it is helpful to use an automated system that collects data, especially to record 

long-term and up-to-the-minute fluctuations (Jiang et al., 2008). Thus, continuous 

monitoring and collecting data is a fundamental component in precision agriculture. One of 

its main research foci in pomology consist in monitoring of fruit transversal diameter by an 

application of sensors, to represent fruit growth (Khosravi et al., 2021). Observation of 

circadian cycles applied to fruit growth contributes to gathering information regarding this 

phenological stage and to yield more data for developing precision farming technologies 

(Marino et al., 2021; Zucchini et al., 2021; Khosravi et al., 2021a). 

Therefore taking into account the significance of high quality olive products for 

development of territory and the necessity of application of the continuous fruit growth 

monitoring in optimization of orchard performance (quality and quantity), the present 

chapter contributes to describe the importance of maturation detection and precision water 

status detection via continuous olive fruit monitoring (which explained on the chapter 3 and 

4) for territorial development.  
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6.2 Results and Discussion 

 
6.2.1 Maturation and Olive Oil Quality (Related to the Article of Continuous 

Monitoring of Olive Fruit Growth by Automatic Extensimeter in Response to Vapor 

Pressure Deficit from Pit Hardening to Harvest (Published in Horticulturae 2021, 

7, 349; see chapter 3) 
 
Maturation of olive fruit is integration of physiological and biochemical changes influenced 

by environmental and cultural  conditions (kong et al., 2019). Additionally, during ripening, 

chemical composition, enzymatic activity, and physical properties of the fruit will be 

changed and lead to changing of EVOO composition and quality (Lukić et al., 2017). The 

pungency and bitterness in EVOO are resulted from Phenolic compounds, so the adequate 

amount of them is important to guarantee the best palatability of the EVOO (Cecchi et al., 

2013). With fruit maturation, the amount of polyunsaturated fatty acids, increases, and the 

amount of total phenol decreases, photosynthetic activity decreases, and the concentrations 

of both chlorophylls and carotenoids progressively decrease (Khosravi et al., 2021b; 

Amanpour et al., 2019). Therefore, accurate detecting of maturation status is vital. The 

common ripening index are detachment index (DI) (Camposeo and Godini, 2010), pigment 

index (PI) (Camposeo and Vivaldi, 2013; Bellincontro et al., 2012), colorimetric index (CI) 

(Camposeo and Vivaldi, 2013). The DI method is based on detachment force (measured by 

dynamometer) and fruit fresh weight. It can reach up to 95% of accuracy (Camposeo and 

Godini, 2010), however it is a time consuming and destructive approach. The PI method 

works by monitoring the color changing of mesocarp and epicarp of fruit (Camposeo and 

Vivaldi, 2013; Bellincontro et al., 2012). Because of its great laboriousness and variability, 

the PI is used in combination with the flesh firmness, which is destructive (Garcia et al., 

1996). The CI is a quick and nondestructive method and easy to use and based on 

monitoring of the olive fruit color (Camposeo and Vivaldi, 2013). Recent research tried to 

make a relation between DI and CI to obtain the best harvesting time but it is not suitable 

for all varieties. A good ripening index must be well correlated with ripening, simple and 

easily detectable, objective, economic and preferably not destructive (Crisosto, 1994). 

Proximal and remote sensing methods are suitable for ripening assessment where they are 

able to detect maturation status with high accuracy, in real-time and in a non-destructive 

way. Besides, with recent developments in soft computing (i.e. enhancement of  algorithms 

and deep learning techniques), ripening assessment by proximal and remote sensing 

methods have become less laborious.  

In 2019, from August 6th to October 24th (DOY (Day Of the Year) 118 to DOY 297), 

continuous monitoring of olive fruit growth by combination of extensimeter (synonym of 

fruit gauge) and RGB camera have been performed by us (Khosravi et al., 2021a). Data was 

recorded by CR1000X data logger (Campbell scientific, Inc., Logan, UT, USA) every hour. 

Our experiment was designed to hourly monitor olive (Olea europaea L. cv. 'Frantoio') 

fruit transversal diameter from approximately initial pit hardening (II Phase), extension (III 

Phase) until harvest time (IV Phase) in the attempt to determine whether fruit growth 

dynamically responds to environmental variables such as diurnal vapor pressure deficit 

(VPD) change in different stages of fruit development (Khosravi et al., 2021a). A common 
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challenge with tree-based sensors is to adjust their output to physiologically meaningful 

parameters in a consistent manner (Marino et al., 2021; Fernández , 2017; Jones , 2006). 

The phenomenon of hysteresis has been employed to analyze proximal sensor 

(extensimeter) outputs. The root of the word hysteresis is Greek and means to “lag behind”. 

Hysteresis is non-linear loop-like behavior that does not show affine similarity with respect 

to time (Phillips , 2003; O’Kane , 2005). In other words, when the time argument of an 

input function is stretched or compressed, the corresponding output function is not 

stretched in the same way (O’Kane , 2005 ; Zhang et al., 2014). We studied the hysteresis 

curve of transversal diameter versus VPD. The latter has been shown to be especially 

important in woody plants, where it is the main variable affecting their diurnal evolution of 

transpiration (Perez-Martin et al., 2009). For description of the hysteresis curve, the terms 

of clockwise and anticlockwise loops (or curves) were used. To obtain the whole-day 

picture of the hysteresis curve, the best starting point for drawing each circadian graph was 

sunrise, due to the physiological effect of solar energy and its role in the photosynthesis and 

fruit growth. Consequently, our day started from sunrise and continued for 24 hours 

(Khosravi et al., 2021a). For characterization of hysteresis form, three concepts of partial, 

incomplete, and complete were used. When the hysteresis curve appeared in some part of 

the day and was not representative of the whole day, it was called partial. When the ending 

point of the hysteresis loop reached the same level of the starting point of the loop, it was 

defined as complete. Lastly, when the ending point of the hysteresis loop did not reach the 

same level of the starting point of the loop, so the loop was not completely closed, it was 

called incomplete hysteresis curve (Khosravi et al., 2022). According to the daily growth 

pattern of the fruit, The experiment was divided in two periods (see chapter3). The first 

period (DOY 218–276) included II phase and the whole III phase of fruit growth and the 

second period of the experiment (DOY 277–297) which corresponded to the IV phase of 

fruit growth. In the first period of experiment (DOY 218–276) and from DOY 218 to 259, 

the percentage of complete clockwise hysteresis was 92.86 which declined to 35.3 in the 

period of DOY 260–276. This showed that with increasing fruit ripening, the percentage of 

complete clockwise hysteresis declined. Furthermore, in the same period data showed that 

the percentage of partial clockwise hysteresis and incomplete clockwise hysteresis 

increased from 2.38 to 29.4. The percentage for both kinds of hysteresis was the same. 

Therefore, with enhancing ripening percentage the partial clockwise hysteresis and 

incomplete clockwise hysteresis showed a reverse trend in comparison with complete 

clockwise hysteresis. In the second period of the experiment (DOY 277–297) the 

percentage for complete clockwise hysteresis was 2.4, for incomplete hysteresis 64.3 and 

for partial hysteresis was 33.3. Moreover, the images of RGB camera were analyzed to add 

more information about fruit growth phases. The camera acquisition system based on a 

custom 5 Mpix RGB camera (Raspberry Pi Foundation, Cambridge, UK) was set on the 

orchard near to the tree to take pictures hourly. The images from the camera were labeled 

by olive maturation experts using Labelbox platform (Labelbox Inc., San Francisco, CA, 

USA); for each olive, the experts assigned a ripening stage according to 0–4 of Jaen index 

(International Olive Council, 2011). The results of image analysis (see chapter 3) showed 

that the percentage of ripening in the second period of experiment is 50%, so the fruit was 

at IV phase (maturation phase). Limitations to fruit growth and different fruit growth 

patterns at the ripening stage could be linked to changing in daily growth trends. In fact, 
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with increasing fruit maturation the complete hysteresis loop started to show abnormality 

which appeared with incomplete or partial daily hysteresis loop, or with no daily hysteresis 

loop. When the percentage of black fruits is near 50%, the presence of a complete 

clockwise hysteresis loop diminished sensibly. Detecting the moment of disappearance of 

the complete clockwise hysteresis curve could be useful to evaluate more precisely the IV 

phase (fruit maturation) of the double sigmoid growth curve of olives (Khosravi et al., 

2021a). 

 

 

6.2.2 Precision Irrigation and Olive Oil Quality (Related to the Article of 

Continuous Third Phase Fruit Monitoring in Olive with Regulated Deficit 

Irrigation to Set a Quantitative Index of Water Stress (Published in Horticulturae 

2022, 8, 1221. See chapter 4; see chapter 4) 
 
In recent decades, olive fruit and olive oil consumption has increased on a global scale 

(Amanpour et al., 2019). Consequently, major increases in olive production through 

agricultural intensification are generally deemed necessary to meet the demands of a fast-

increasing global population (Crist et al., 2017; Morgado et al., 2020). The new intensive 

high-yielding irrigated orchards (400–700 trees ha−1), or high intensive irrigated hedgerow 

systems (1,000–2,500 trees ha−1) have been developed, which facilitate the use of the 

mechanical harvesters and the achievement of very high yields (Tous et al., 2014; Connor 

et al., 2014; Silveira et al., 2018; Morgado et al., 2020). The changes in the orchard 

structure (intensification) is associated with higher water input (Tous et al., 2014; Sánchez-

Martínez and Cabrera, 2015; Infante-Amate et al., 2016; Russo et al., 2016; Morgado et al., 

2020). Therefore, precision irrigation treatment plays a key role in olive grove 

management. 

On the other hand, several researches explained that tuned irrigation has a significant effect 

on the olive oil quality and olive fruit properties (Romero-Trigueros et al., 2019; Caruso et 

al., 2017; Rosecrance  et al., 2015). Romero-Trigueros et al. (2019), explained reduction in 

the acidity and peroxides and an increase in the polyphenols of the oil by water stress. 

Caruso et al. (2017) explained the negative correlation between volume of water applied 

and the concentrations of phenols, ortho-diphenols and secoiridoids. Rosecrance  et al. 

(2015) suggested that moderate water stress can increase olive oil yield and quality and 

accelerate fruit maturity. Therefore, precision irrigation management is beneficial in olive 

orchards (Khosravi et al., 2022). The most common technique for optimizing water 

efficiency is Regulated Deficit Irrigation (RDI) (Ahumada-Orellana et al., 2017), in which 

water deficits are imposed during phenological periods when the tree is most insensitive to 

water stress (Ahumada-Orellana et al., 2017; Lodolini et al., 2011) , and complementary 

irrigation (Lodolini et al., 2014 and 2016). Furthermore, the results of Goldhamer,(1999) 

and Gómez-del Campo, (2013) showed that RDI strategies resulted in a saving of about 

20% of the total amount of water applied without reducing the yield, fruit and oil content. 

Moreover, numerous studies show that deficit irrigation avoids or minimizes the negative 

impact of irrigation on erosion, in particular by reducing surface runoff and contributing 

less to the infiltration of pollutants (herbicides and pesticides) into groundwater (Rodríguez 

Sousa yet al., 2019). To achieve precise irrigation results, some recent research suggested 
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continuous assessment of plant water status indices (Marino et al., 2021; Khosravi et al., 

2022). The indices could obtained from the soil or plant continuous monitoring, However  

In the soil plant atmosphere continuum (SPAC), plants play an interface role between soil 

and the environment, and its physiological response is a combination of results (Scalisi et 

al., 2020; Khosravi et al., 2022). However, the olive species (Olea europaea) has a very 

wide genetic pool, which can respond to drought using different leaf and fruit physiological 

and morphological mechanisms (Scalisi et al., 2020; Khosravi et al., 2022). Therefore 

development of non- cultivar specific indices of water status detection is essential. 

 

In 2021, from August 12th to 3rd October (DOY (Day Of the Year) 224 to DOY 276), The 

fruit transversal diameter (FD) (synonym to equatorial diameter) of four olive cultivars 

('Ascolana dura', 'Piantone di Falerone', 'Arbequina', and 'Lea') were studied during the 

third phase (cell extension) of fruit growth (Khosravi et al., 2022). We used two kinds of 

extensimeters; one model was Winet (Winet s.r.l. Cesena, Italy) and another model was 

DEX20 (Dynamax Inc., Houston, TX, USA). The Winet extensimeters were connected to 

the wireless data-logger system (Winet s.r.l. Cesena, Italy) and the DEX20 extensimeter 

were connected to CR1000X data logger (Campbell scientific, Inc., Logan, UT, USA).  

The daily diameter fluctuation (ΔD, mm), the daily growth (ΔG, mm), the cumulative fruit 

growth (CFG, mm), and the fruit relative growth rate (RGR, mm mm−1 h−1) were studied 

during the third phase of fruit growth. The phenomenon of hysteresis has been employed to 

analyze proximal sensor (extensimeter) outputs. The daily hysteretic pattern of FD versus 

the environmental variable of vapor pressure deficit (VPD) was evaluated using the data of 

a local weather station. For description of rotational pattern of hysteresis loop the terms of 

clockwise and anticlockwise loops (or curves) were used and for explanation of 

characteristics of hysteresis loop, three concepts of partial, incomplete, and complete were 

used (Khosravi et al., 2022). Two deficit irrigation levels were performed and the higher 

dose (DI-20) was supplied to big fruit varieties while the lower dose (DI-10) was supplied 

to medium-small fruit varieties. DI-20 had 20% of the amount of ETc and was supplied to 

Ascolana dura and Piantone di Falerone trees, while DI-10 had 10% of the amount of ETc 

and was supplied to Lea and Arbequina trees (see chapter 4). 

In the four olive cultivars (Ascolana dura, Piantone di Falerone, Arbequina and Lea), fruit 

growth parameters including CFG and RGR showed different responses to irrigation 

treatment which resulted by cultivar specific drought response mechanisms and suggest 

cultivar-specific water stress detection strategy. On the other hand, the daily hysteretic 

pattern of FD versus VPD was detected in all the studied cultivars, and a quantitative index 

(height of hysteresis curves) used for explanation of hysteresis magnitude’s changed 

according to the deficit irrigation treatments. The quantitative differences of hysteresis 

curves for two deficit irrigated cultivars of Ascolana dura and Piantone di Falerone were 

demonstrated and discussed that the height of the hysteresis curve was significantly 

affected by irrigation. The results showed a significant reduction of height of hysteresis 

curves by irrigation treatments which were not cultivar-specific. The quantitative index for 

hysteresis curve magnitude’s change in the four olive cultivars of Ascolana dura, Piantone 

di Falerone, Arbequina and Lea can efficiently estimate the plant water response to 

irrigation treatment in olive orchards (Khosravi et al., 2022). 
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6.3 Conclusion   
 
The development and promotion of EVOO as a typical product (consisting of DOP and IGP 

certification), becomes a territorial development strategy, especially in those areas which 

are most vulnerable, as the rural ones (de salvo et al., 2013). Taking territorial development 

advantage of  EVVO depends on precision management of the olive orchard to maintain 

production constant and high (quality and quality). In our studies, continuous fruit growth 

monitoring has been applied to enhance orchard performance by accurate ripening detection 

and setting a quantitative index of water status detection (Khosravi et al., 2021a and 2022). 

Both ripening and water status detection are fundamental aspects for production of high 

quality  EVOO, whereas nutritional and organoleptic quality EVOO are affected by them 

(Sáinz et al., 2019). During fruit maturation,  the levels of the Phenolic compounds, amount 

of polyunsaturated fatty acids, and changing concentrations of both chlorophylls and 

carotenoids change, therefore producing EVOO with specific organoleptic quality is related 

to proper identification of ripening status. Additionally, water availability in the soil is 

another important aspect that can affect organoleptic quality of EVOO by changing the 

level of acidity, peroxides as well as polyphenols. Therefore Tuned irrigation by precise 

detection of water status of fruit is beneficial too.  

These results will be useful for creating more robust and precise models for olive fruit 

ripening detection and setting up more robust and precise indicators to detect water stress in 

olive orchards and improve olive orchard performance through the resilient production of 

extra virgin olive oil. 
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Chapter 7. 
 

Concluding Remarks 
 

The Project was developed under Innovative PhD programs with industrial characterization 

which was financed by Marche Region. Two experiments were carried out in olive orchards 

in the Marche region (central Italy), and one innovative methodology was developed in 

Potsdam (Germany) to calculate water stress index of apple fruit. The aims of the two 

experiments in the olive orchard were optimization of the olive grove’s performance (both 

quality and quantity), and enhancement of olive fruit growth monitoring systems for 

development of local olive production. The goal for the innovative methodology for apple 

fruit monitoring was the integration of different remote sensing techniques to calculate fruit 

water stress index (FWSI). 

In the first research, the idea was observing fruit growth patterns (ranging from seasonal 

period up to hour intervals) in the intensive olive orchard (Olea europaea L., cv. 'Frantoio') 

at the experimental research station and botanical garden of Polytechnic University of 

Marche at Gallignano of Ancona (AN), in the attempt to determine whether fruit growth 

dynamically responds to environmental variables such as diurnal vapor pressure deficit 

(VPD) change in different stages of fruit development. The seasonal and circadian models 

of fruit growth were extracted. Besides,  the shift between the end of the third phase (cell 

expansion) and the beginning of the fourth phase (fruit maturation) of fruit growth has been 

detected. Identification of the fruit maturation (fourth phase) by non-destructive method is 

recommended tools for enhancement of orchard performance (quality and quantity). 

In the second research, the idea was setting a water status index through assessment of fruit 

growth parameters under different deficit irrigation regimes in a high-density olive orchard 

in four olive (Olea europaea L.) cultivars of 'Ascolana dura', 'Piantone di Falerone', 

'Arbequina' and 'Lea' at the experimental farm of the Polytechnic University of Marche, at 

Agugliano of Ancona (AN). The assessment of fruit growth parameters showed cultivar-

specific response to water stress. However, monitoring hysteresis curve of fruit diameter 

versus VPD showed a significant reduction of hysteresis curve magnitude by irrigation 

treatments which were not cultivar-specific. The quantitative index for hysteresis curve 

magnitude’s change in the four olive cultivars of 'Ascolana dura', 'Piantone di Falerone', 

'Arbequina' and 'Lea' can efficiently estimate the plant water response to irrigation 

treatment in olive orchards. 

In the third research, the idea was the development of an innovative methodology for FWSI 

calculation, based on 3D fruit temperature (by integration of LiDAR and thermal camera), 

where data come from the apple orchard (Malus x domestica , cv. 'Gala'/M9) at the 

experimental field of ATB (Field Lab for digital agriculture) Potsdam, Germany. The 3D 

estimated temperature showed close relation with manually measured temperature. In 

addition, three alternative approaches have been employed for calculation of FWSI. 

Statistical analysis demonstrated that FWSI calculated via 3D estimated temperature are 

strongly related to FWSI calculated via manually measured temperature. However, the 

accuracy of all three calculation approaches were not the same. 
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All the studies in this thesis revealed innovative utilizations and output analysis of fruit 

monitoring (by proximal or/and remote sensing techniques) with an aim to enhance orchard 

performance by precision orchard management. Moreover, accurate ripening detection and 

water status assessment in the olive orchards will provide beneficial data for appropriate 

management of orchards to achieve high quality olive products (olive oil and table olive 

which are associated with numerous eco-social benefits, which can help territorial 

development (Figure 7.1).  

 
Figure 7.1. Flow chart of concluding of remarks 

 

 

To promote our project findings to the international level, we published two peer reviewed 

articles in the international Journal and 2 other articles are under submission. In addition, 

several webinars, seminars  and field demonstrations were organized involving universities, 

olive producers and private and public organizations with our university research body. Part 

of the work will be presented at the IX International olive symposium in September 2023 at 

Davis, CA (United States of America). 

 
 

 


